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RESUMO

Estimulos inflamatorios ou lesdes no tecido estimulam um intenso recrutamento de
leucocitos, especialmente neutréfilos para o foco inflamado. Além disso, ha a
producao e liberacdo da cascata de citocinas, que levam a liberacdo de mediadores
inflamatorios (prostandides e aminas simpaticas), responsaveis pela dor inflamatéria.
Acido Pimaradienoico (ent-pimara-8(14),15-dien-19-oic acid) e &acido Caurenoico
(ent-kaur-16-en-19-oic acid) s&o diterpenos encontrados em plantas do cerrado
brasileiro. Existem evidéncias do efeito analgésico e anti-inflamatorio desses
diterpenos. NOs investigamos estes efeitos em diferentes modelos de dor
inflamatoria em camundongos e seus mecanismos foram investigados. Em modelo
de peritonite induzido por carragenina em camundongos, acido Pimaradiendico inibiu
o recrutamento de leucadcitos totais e neutroéfilos para a cavidade peritoneal de forma
dose-dependente. Acido Pimaradiendico também inibiu a formacido de edema de
pata e a atividade da mieloperoxidase (MPO) no tecido plantar induzido pela
administracdo de carragenina. O mecanismo anti-inflamatério do &cido
Pimaradiendico depende da manutencédo da atividade anti-oxidante, producdo de
citocinas inflamatorias (TNF-a and IL-1B) e inibicdo da ativagdo do NFkB. Acido
caurenoico inibiu o recrutamento de leucocitos totais, neutrofilos e células
mononucleares em modelo de peritonite induzida pela adminstracéo de LPS. Inibiu a
producdo de citocinas e ativacdo do NFkB no lavado peritoneal. Acido Caurendico
também inibiu a hiperalgésia mecénica e térmica, a atividade da MPO e o estresse
oxidativo na pata indizido por LPS. Em modelo de constricdo cronica do nervo
ciatico (CCl), tanto o pré como pds tratamento com acido Caurendico inibiu a
hiperalgesia mecanica causada pela CCl. Acido cauraenoico aumentou a expressao
de RNAmM de Nrf2 e inibiu a deplecdo de gluationa reduzida (GSH) na medula
espinal. Além disso, o acido Caurendico inibiu a ativacdo de NFkB, ativacdo da
microglia e de astrécitos, e a expressdao de RNAm de citocinas (TNF-a e IL-33) na
CCI. Nossos resultados demonstram que os diterpenos acido Pimaradiendico e
acido Caurendico apresentam efeito anti-inflamatério em diferentes modelos
inflamatorios e representam importantes candidatos no controle da inflamacgéo
aguda e cronica.

Palavras-chave:Acido Pimaradiendico. Acido Caurendico. Inflamacdo. Citocinas.
NFkB.
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ABSTRACT

Inflammatory stimuli or tissue injuries stimulate an intense recruitment of leukocytes,
especially neutrophils to the inflammatory focus. Furthermore, there are production
and release of cytokine cascades, which trigger the release of inflammatory media-
tors (prostanoids or sympathetic amines) responsible for inflammatory pain. Pimara-
dienoic acid (ent-pimara-8(14),15-dien-19-oic acid) and Kaurenoic acid (ent-kaur-16-
en-19-oic acid) are diterpenes found in plants in the Brazilian savannas. Although
there are evidences on the analgesic and anti-inflammatory effects theses diter-
penes. We investigated this effect in different models of inflammatory pain and its
mechanisms in mice were investigated further. In a model of carrageenan-induced
peritonitis in mice, Pimaradienoic acid inhibited carrageenan-induced recruitment of
total leukocytes and neutrophils to the peritoneal cavity in a dose-dependent manner.
Pimaradienoic acid also inhibited carrageenan-induced paw edema and myeloperox-
idase (MPO) activity in the paw skin. The anti-inflammatory mechanism of Pimaradi-
enoic acid depended on maintaining paw skin antioxidant activity, production of in-
flammatory cytokines (TNF-a and IL-1B3) and inhibits the NFkB activation. Kaurenoic
acid inhibited the recruitment of total leukocytes, neutrophils and mononuclear cells
in LPS-induced peritonitis in mice. Inhibited LPS-induced production of cytokines and
NFkB activation in peritoneal lavage. Kaurenoic acid also inhibited LPS-induced me-
chanical and thermal hyperalgesia, MPO activity and oxidative stress in the paw. In a
model of neuropathic pain induced by chronic constriction injury (CCIl) of sciatic
nerve, pre or post-treatment with Kaurenoic acid inhibited CCl-induced mechanical
hyperalgesia. Kaurenoic acid enhanced Nrf2 mRNA expression and inhibited the de-
pletion of the antioxidant reduced glutathione (GSH) in the spinal cord of CCI mice.
Furthermore, Kaurenoic acid inhibited the NFkB activation, activation of microglia and
astrocyte and mRNA expression of cytokines (TNF-a and IL-33) in CCI. Our results
provide evidences that the diterpenes Pimaradienoic acid and Kaurenoic acid pre-
sents anti-inflammatory effect in different inflammatory models, and thus represent
important candidates to control to acute and chronic inflammation.

Keywords: Pimaradienoic acid. Kaurenoic acid. Inflammation. Cytokines. NFkB.
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1. Introducéo

1.1. Processo Inflamatorio

A inflamacdo € um importante componente da imunidade inata e seu
desenvolvimento tem por funcdo destruir ou inativar o agente agressor e reparar,
quando possivel, o tecido lesionado. Pode ser desencadeado por diferentes
estimulos por exemplo: bactérias, virus, isquemia, interacdo antigeno-anticorpo,
lesbes traumaticas ou provocado por agentes fisicos ou quimicos (TAKEUCHI;
AKIRA, 2010). O processo inflamatério pode ser dividido em duas fases: aguda e

cronica.

A inflamacédo aguda inicia-se rapidamente ap0s o contato com o0 agente
inflamatoério e possui curta duracdo, cerca de horas a poucos dias. Envolvem
alteracOes vasculares e celulares e apresenta o desenvolvimento de cinco sinais
cardinais: rubor, calor, edema, dor e dependendo da intensidade e extensédo do
processo inflamatorio pode ocorrer a perda da funcdo (COTRAN; KUMAR,;
COLLINS, 2000). Dentre as alteracdes vasculares que ocorrem durante a inflamacéao
temos a vasodilatagdo de arteriolas e vénulas e abertura de capilares induzida pela
liberacdo de mediadores quimicos, como histamina e Oxido nitrico (NO). Este
processo induz ao aumento do volume sanguineo no local, resultando no rubor ou
eritema, e aumento de temperatura local (calor). O aumento do volume local eleva a
pressao hidrostética em conjunto com a vasodilacédo e abertura de lacunas entre as
células endoteliais, contribuindo para o aumento da permeabilidade e
extravassamento de liquido rico em proteinas (exsudado) e formacdo do edema
(COTRAN; KUMAR; COLLINS, 2000).

Apesar do volume sanguineo aumentar no foco inflamatério, ha diminuigéo da
sua velocidade durante o fluxo sanguineo devido a abertura de capilares. Essa
reducdo da velocidade permite a saida dos leucdcitos da coluna central do fluxo
sanguineo ou sua marginalizacdo. Essa marginalizacdo aliada a ativacdo de
moléculas de adesdo ao endotélio, contribui para a posterior transmigracdo e
migracao dos leucdcitos para o foco inflamatério. No foco inflamatério, essas células
tentam combater e eliminar o agente agressor através de mecanismos como

fagocitose, pinocitose, liberagdo de enzimas e granulos microbicidas, producao de



a b~ W N -

© 00 N O

10
11
12

13

14

15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30

13

espécies reativas de oxigénio (ROS) e ativacdo de mediadores inflamatérios
(COTRAN; KUMAR; COLLINS, 2000; CUNHA et al, 2008). A liberacao de
mediadores inflamatorios (por exemplo histamina leucotrienos, aminas simpéticas,
citocinas dentre outros) contribue para o desenvolvimento da dor inflamatéria e lesédo
tecidual (CUNHA et al., 2008; VERRI et al., 2006).

Caso o organismo nao consiga eliminar o patégeno ou agente agressor ha o
desenvolvimento da cronificagcdo do processo (COTRAN; KUMAR; COLLINS, 2000).
De duracgéo prolongada (semanas, meses ou anos), a inflamacéao cronica ocorre na
presenca de inflamacé&o ativa, com infiltrado de macrofagos, linfécitos e plamdécitos,
juntamente com a destruicédo tecidual e reparacédo envolvendo proliferacdo de novos
vasos (angiogénese) e cicatrizagdo por fibrose (COTRAN; KUMAR; COLLINS,
2000).

1.2. Migracéao Celular

Os neutrdéfilos sdo as primeiras células do sistema imunol6gico a chegarem
ao local do dano e séo responsaveis pela eliminacdo do agente infeccioso.
Entretanto, em certos casos ocorre falha em controlar o recrutamento dessas células
(FERREIRA et al., 2009), sendo responsaveis pelo dano tecidual e associados ao
desenvolvimento e cronicidade de inimeras doencgas como artrite reumatéide, asma,
esclerose mudltipla, doenca pulmonar obstrutiva cronica e colite ulcerativa (DAL-
SECCO et al., 2003; GUERRERO et al., 2006; PAULA-NETO et al., 2011). Isso se
da ao fato de que os neutrdéfilos quando chegam ao local inflamado sdo ativados e

passam a produzir substancias toxicas para o tecido (FERREIRA et al., 2009).

O processo de migracdo celular ocorre primeiramente pelo rolamento,
seguido de adeséo firme dos leucdcitos ao endotelio e posterior transmigracao pelo
tecido (Figura 1). O rolamento é mediado por moléculas de adesédo da familia das
selectinas, glicoproteinas que apresentam um dominio N-terminal extracelular que
se ligam a acucares. Essa ligacédo a carboidratos fornece uma interacéo fraca entre
leucécitos e endotélio vascular resultando no rolamento e também ativacdo de

integrinas. Posteriormente, o0s leucdcitos interagem com moléculas de adesdo da
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1  superfamilia das imunoglobulinas (VCAM, ICAM, PCAM) permitindo a adeséo firme
2 dos leucécitos e posterior migracéo pelo tecido (COTRAN; KUMAR; COLLINS, 2000;
3 DAL-SECCO et al., 2003; LEITE et al., 2009; SADIK; LUSTER, 2012).
4
5 Figura 1 - Ativacdo e migracédo de leucécitos
Rolamento ‘”"':’;w‘;;‘:‘:“"“' Aderencia Estivel M e
Leucéerto Ghcoproteina modificada
‘.':> Integrina (condig o de baixa afinidade)
4
}‘ — n uomk«m.uwcml
PECAM Y
(090"
Endotélio ? ? ' !
Paelectina  E-selectina & @ Integrina igante
° Protecglicane (ICAM-1)
L o ¢ v ) Q B @
Citocinas Macréfage SRt »
Tecido Lealoal com Micréblos

Fibrina ¢ Fibronectina
(Matriz Extraceiular)

6 Fonte: COTRAN; KUMAR; COLLINS, 2000)

8 A correta migracdo dos leucécitos ativados até o foco inflamatério ocorre
9 mediante a liberacdo de substancias quimioatrativas. Dentre elas podemos citar os
10 componentes do sistema complemento C3a e Cba, leucotrienos (LTB,), fator de
11 agregacdo plaquetaria, citocinas pro- inflamatoérias e quimiocinas (DAL-SECCO et
12 al.,, 2003; SADIK; LUSTER, 2012). Concomitante a liberacdo de fatores
13 quimioatrativos, ha a liberagdo de mediadores anti-inflamatorios, como as
14  interleucinas (IL) 10 e 4 e lipoxina, que irdo modular de forma negativa o
15 recrutamento de leucécitos (DAL-SECCO et al., 2003).

16 Os leucdcitos também estédo relacionados ao desenvolvimento da dor, mas o
17 real mecanismo de como ocorre essa sensibilizacdo dos nociceptores pelos
18 leucocitos ainda néo foi totalmente esclarecido (CUNHA; VERRI, 2006). Em modelo
19 de inflamacédo induzida pela adminstracdo de carragenina, os leucocitos recrutados,

20 principalmente neutréfilos, contribuem para o desenvolvimento da hiperalgesia por
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produzirem prostaglandina E; e o pré-tratamento com Fucoidin (inibidor da adeséao
de neutréfilos) reverteu a hiperalgesia induzida pela carragenina (CUNHA et al.,
2008).

1.3.Dor Inflamatéria ou Nociceptiva

A dor € um sentimento desagradavel, porém essencial para o sistema de
defesa do corpo. Se ndo sentissemos dor ndo teriamos, por exemplo, a acdo de
retirada do pé quando pisamos em algo pontiagudo ou a retirada do braco de uma
chama quente. Segundo a International Association from the Study of Pain (IASP), a
dor é considerada uma experiéncia sensorial e emocional desagradavel, associada
ao dano tecidual potencial ou real (MERSKEY, 1980) e, subjetiva pois a intensidade

de sua percepc¢éao pode variar de pessoa para pessoa.

A dor persistente pode ser subdividida segundo sua origem em dor
nociceptiva e dor neuropatica. A dor nociceptiva resulta da ativacdo direta de
nociceptores em resposta a um agente agressor. A dor neuropética ou neurogénica
origina-se devido a lesdes de nervos periféricos ou do sistema nervoso central
(KLAUMANN; WOUK; SILLAS, 2008).

Nocicepcao (do latim nocere, ‘nocivo’) consiste nos processos de transdugéo,
transmissdo e modulacdo de sinais gerados em resposta a um estimulo nocivo
(KLAUMANN; WOUK; SILLAS, 2008). Essa transmissdo e modulacdo de sinais
ocorre primariamente nos nociceptores ou neurdnios nociceptivos, que sao
terminagbes nervosas livres de fibras aferentes primarias. Existem trés tipos
principais de fibras aferentes priméarias que transmitem os estimulos periféricos ao
sistema nervoso central (SNC): as fibras do tipo AB, Ad e as do tipo C. As fibras Ad e
AB sao mielinizadas e as do tipo C sdo amielinizadas. As fibras A conduzem os
estimulos mais rapidamente, em torno de 5-30 m/s e respondem a estimulos
térmicos e mecanicos, enquanto as fibras do tipo C conduzem os estimulos a uma
baixa velocidade (< 1m/s) porém com maior intensidade e respondem a estimulos de
origem térmica, mecanica ou quimica (FERREIRA et al., 2009). Existem também

uma outra classe de nociceptores chamados de “silenciosos” ou “adormecidos”
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(silent ou sleeping nociceptors) descritos por Schaible e Schimidt em 1988 (revisado
por FERREIRA et al.,, 2009). Estes nociceptores ndo respondem a estimulos
térmicos ou mecéanicos mas sdo ativados durante o processo inflamatoério
(FERREIRA et al., 2009). Cada fibra transmite um tipo de sinal doloroso, como por
exemplo, a estimulagao de fibras do tipo Ad produzem uma dor na forma de picada
ou ferroada, enquando fibras do tipo C produzem dor em forma de queimacéo
(KLAUMANN; WOUK; SILLAS, 2008).

A liberacdo de mediadores inflamatérios como prostaglandina (PG), aminas
simpatica, substancia P, histamina, serotonina, citocinas e quimiocinas agem sobre
as fibras C e nociceptores silenciosos ativando segundos mensageiros como a via
da adenosina monofosfato ciclico (AMPc), proteinas quinases A e C (PKA e PKC).
Ocorre também a fosforilagdo de canais i6nicos, como os de sddio, célcio e potassio
voltagem-dependente, presentes na membrana dos neurbnios, levando a um
aumento do influxo intracelular de sédio e calcio. O resultado disto, sdo alteracdes
nos potenciais de repouso, despolarizagdo e consequente excitabilidade da
membrana neuronal e transmissdo do impulso nervoso da periferia até a medula
espinal, tdlamo e cortex somatossensorial, onde sera interpretada como dor
(FERREIRA et al., 2009; KLAUMANN; WOOUK; SILLAS, 2008; VERRI et al., 2006)

1.4.Dor Neuropatica ou Neurogénica

A dor neuropatica € uma sindrome complexa resultante de lesGes ou disfun-
¢cOes de fibras nervosas (WOOLF; MANNION, 1999). A leséo das fibras condutoras
causa disturbios das fun¢des motoras e sensoriais e pode vir associada a hiperalge-
sia (aumento da resposta a um estimulo doloroso), parestesia (sensacao de formi-
gamento ou dorméncia), alodinia (dor resultante de estimulo ndo doloroso, por
exemplo o vento) e dor espontanea (AUSTIN; MOALEM-TAYLOR, 2010;
CAMPBELL; MEYER, 2006; SCHOLZ; WOOLF, 2007; WOOLF; MANNION, 1999). A
dor neuropatica pode originar de varios tipos de lesbes ou doencas que afetam o
sistema somatossensitivo periférico ou central, como diabetes mellitus, infeccéo por

HIV, herpes-zoster, induzida por drogas, processos compressivos, lesdo neural
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traumatica, neuralgia do trigémio e cancer (CAMPBELL; MEYER, 2006; GAO; JI,
2010b; WOOLF; MANNION, 1999).

Estudos tém revelado a participacédo de outras células além dos neurdnios no
desenvolvimento da dor neuropética. Dentre elas destacam-se macréfagos, células
da glia (células de Schwann, astrocitos e microglia), linfocitos T e neutrofilos, que
levam a producao de citocinas pré-inflamatérias que irdo contribuir para o dano axo-
nal, modulagédo da atividade espontanea dos nociceptores e a sensibilidade a esti-
mulos (GAO; JI, 2010a, 2010b; SCHOLZ; WOOLF, 2007).

Em modelo animal de injaria por constricdo cronica (CCI) do nervo ciatico ha
aumento da hiperalgesia, caracteristico da dor neuropatica (ZARPELON et al.,
2016). Apos a lesdo do nervo, ocorre a ativagdo de nociceptores periféricos e esta
ativagdo promove o recrutamento de células e a liberagcdo de mediadores inflamaté-
rios. O recrutamento de neutréfilos e a ativacdo de macréfagos e células de
Schwann séo orquestradas por quimiocinas e citocinas que contribuem para a dege-
neragcdo axonal, também conhecida como degeneracdo Walleriana (GAO; JI, 2010a,
2010b; SCHOLZ; WOOLF, 2007; ZARPELON et al., 2016). Mediadores vasoativos,
substancia P, bradicinina e NO s&o liberados nos axénios lesionados causando
edema e inchaco, proporcionando maior recrutamento de células do sistema imune
agindo diretamente no axonio, ganglio da raiz dorsal (GRD) e SNC, sensibilizando-
0s (GAO; JI, 2010a, 2010b; SCHOLZ; WOOLF, 2007).

Em resposta a lesdo, além da ativacdo de células de Schwann ocorre também
a sua proliferacdo, que culmina na liberacdo de sinais quimicos promovendo o cres-
cimento irregular axonal e remielinizagéo do axdnio (SCHOLZ; WOOLF, 2007). Este
fendmeno contribui para o surgimento de dores espdntaneas. Células de Schwann
também ativam macrofagos residentes, neutrofilos e mastocitos a liberarem PG, ci-
tocinas pro-inflamatdrias, incluindo IL-183, IL-6, IL-12, IL-18, interferon gama e fator
de necrose tumoral alfa (TNF-a), e citocinas anti-inflamatérias ou reguladores de
funcdo, como IL-10 e fator de transformacao de crescimento beta (TGF-B)(GAO; JI,
2010b; SCHOLZ; WOOLF, 2007).

TNF-a, principal citocina envolvida na transmissdo da dor (CUNHA et al.,
1992; VERRI et al., 2006), ao se ligar ao seu receptor (TNFR) pode levar a fosforila-
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cdo e ativacdo da via das MAPK (proteinas ativadas por mitdgenos) — ERK, JNK,
p38-MAPK e PI3K, regulando a ativacdo do fator nuclear de transcricdo kappa B
(NFkB). Além disso, TNF-a induz a liberagdo de moleculas de adesao ICAM, favore-
cendo o recrutamento de leucdcitos (GAO; Jl, 2010b; GAO; ZHANG; JI, 2010;
SCHOLZ; WOOLF, 2007) e ativam canais de sédio voltagem-dependente nos GRD
facilitando a transmisséo dolorosa (SCHOLZ; WOOLF, 2007).

Paralelamente a esses eventos, microglia e astrocitos sofrem ativacéo e proli-
feracdo. A ativacdo da microglia vem acompanhada de aumento do recrutamento de
linfécitos T (SCHOLZ; WOOLF, 2007). A ativacao da microglia € caracterizada pela
expressao de varios marcadores como receptores do complemento CR3 ou CD11b
(OX42), proteina de ligacdo do célcio inonizado (Iba-1), cluster de diferenciagédo 14
(CD14) e receptor toll do tipo 4 (TLR4), bem como ativacdo da via p38-MAPK
(AUSTIN; MOALEM-TAYLOR, 2010). Em resposta a sua ativacdo, microglia promo-
ve a producédo de citocinas, quimiocinas e fatores neurotréficos que alteram a exci-
tabilidade neuronal (TRANG; BEGGS; SALTER, 2012).

Astrocitos, a maior populacédo de células do SNC, sdo capazes de manter a
homeostase pela regulacéo extracelular de ions, prétons e concentracdes de neuro-
transmissores ao seu redor (AUSTIN; MOALEM-TAYLOR, 2010). A ativacéo de as-
trocitos € morfologicamente caracterizada por hipertrofia do corpo e seus prolonga-
mentos e proliferacdo de filamentos intermediarios, proteina glial fibrilar acida
(GFAP), vementina ou nestina, e funcionalmente por aumento na producédo de varios
mediadores inflamatorios (AUSTIN; MOALEM-TAYLOR, 2010).

Existem diferentes terapias para o controle da dor neuropética, em geral vol-
tadas para a diminuicdo da atividade neuronal, mas os tratamentos atuais deixam a
desejar quanto a eficacia (CAMPBELL; MEYER, 2006; WOOLF; MANNION, 1999).
Pacientes ndo respondem bem as terapias com anti-inflamatérios nao esteroidais e
a resisténcia e tolerancia aos opiacios é comum (CAMPBELL; MEYER, 2006). Paci-
entes sdo também tratados com antidepressivos triciclicos ou anticonvulsivantes,
porém todos apresentam eficacia limitada (CAMPBELL; MEYER, 2006; WOOLF,;
MANNION, 1999).
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1.5. Oxido Nitrico e Ativacdo da Via NO/GMPc/PKG/ K*ATP

O oxido nitrico (NO) é formado pela 6xido nitrico sintase (NOS) a partir da L-
arginina tendo como subproduto a L-citrulina. Existem trés isoformas de NOS: NOS
neuronal (NNOS), NOS endotelial (eNOS) e NOS induzivel (iNOS). A nNOS e eNOS
sdo vias constitutivas dependentes de calcio e agem em baixas concentracdes. A
INOS ¢é independente de calcio intracelular e é ativada por macréfagos estimulados,
por bactérias, toxinas e citocinas, e requer algumas horas para ser expressa. Uma
vez sintetizada, libera quantidades maiores de NO . Ha relatos da existéncia de uma
guarta isoforma a mNOS presente em mitocondrias (DUSSE; VIEIRA; CARVALHO,
2003; COELHO, 2009; MICLESCU; GORDH, 2009).

O NO esta envolvido em muitos processos biolégicos como vasodilatagdo do
endotélio, relaxamento do musculo liso, inibicdo da adeséo e agregacao plaquetaria,
potencializacdo e depressédo de longo prazo no hipocampo e cerebelo, age como
neurotransmisssor com capacidade potencializadora, atua na memoria e no
aprendizado e regulacéo e liberacdo de outros neurotransmissores (CERQUEIRA,;
YOSHIDA, 2002; CURY et al, 2011, FLORA FILHO; ZILBERSTEIN, 2000;
MONCADA; HIGGS, 2006). Desempenha sua funcdo também no sistema imune, no
qual ele é o principal mediador citotéxico de células imunes efetoras, sendo uma
importante molécula reguladora do sistema imune (DUSSE; VIEIRA; CARVALHO,
2003).

Inimeros autores relatam a participacdo do NO na regulacéo do recrutamento
celular, porém existem divergéncias em relacdo ao seu papel como indutor ou
agente inibitério do recrutamento celular. Dal-Secco e colaboradores (2003; 2006)
demonstraram que o NO induz a diminuigdo no recrutamento de neutrofilos e isso se
deve a reducdo na expressdo de moléculas de adesdo (ICAM) no endotélio,
diminuindo assim o rolamento e a adeséo de neutrofilos. Além disso, esta agédo seria
mediada via guanilato monofosfato ciclico (GMPc) (DAL SECCO et al., 2006; DAL-
SECCO et al., 2003).

Estudos demonstram que o NO também participa na resposta inflamatéria
podendo ter efeitos tanto pr6 como anti-inflamatorio, tais efeitos dependem da
concentracdo, do local de atuacdo e do modelo utilizado para se avaliar a dor
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(MICLESCU; GORDH, 2009). O NO formado pela NOS ¢é rapidamente permeavel
através de membranas bioldgicas e ativa a enzima guanilato ciclase soluvel que
produz um aumento nos niveis de guanosina monofosfato ciclico (GMPc). O GMPc
estimula a proteina quinase dependente de GMPc, a PKG, que pode fosforilar
diversas proteinas e ativar canais de potassio sensiveis ao ATP (K*ATP), levando a
hiperpolarizacdo ou a saida de célcio do citoplasma (FERREIRA et al., 2009;
MISCLESCU; GORDH, 2009; MONCADA; HIGGS, 2006), contribuindo para a
vasodilatacdo e modulag¢édo da transmissao sinaptica (MICLESCU; GORDH, 2009;
MONCADA; HIGGS, 2006).

A via de sinalizacdo NO/GMPc/PKG/canais de K*ATP contribui para a anti-
hiperalgesia em modelos animais de dor e vem sendo alvo de diversos estudos de
drogas potencialmente analgésicas (CUNHA et al., 2010; POSSEBON et al., 2014;
SACHS; CUNHA; FERREIRA, 2004; STAURENGO-FERRARI et al., 2014). Drogas
gue bloqueiam de maneira direta a hiperalgesia agem bloqueando a sensibilizac&o
dos nociceptores por promover a abertura dos canais de potassio sensiveis a ATP,
no qual a saida desse ion da célula contrabalancaria o limiar de ativacdo aumentado
devido a modulacdo de canais de sédio e calcio durante a sensibilizacdo neuronal
(SACHS; CUNHA; FERREIRA, 2004).

Para se avaliar o efeito de novas substancias sobre a via de sinalizagéo do
oxido nitrico séo utilizados diversos inibidores da via L-
arginina/NO/GMPc/PKG/K*ATP, uma vez que o uso de inibidores ir4 coibir a
producdo de NO e toda a cascata de eventos posteriores (Figura 2) (FERREIRA, et.
al, 2008).
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Figura 2 — Via L-Arginina/NO/GMPc/PKG/K*ATP
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1.6. Acido Pimaradiendico

Acido Pimaradiendico (ent-pimara-8(14),15-dien-19oic acid) (Figura 3) é um
diterpeno pimarano pertencente a familia das Asteraceas. No Brasil sdo encontrados
cerca de 35 espécies dessa familia, a maioria em regides de cerrados brasileiro. Os
diterpenos pimaranos apresentam diversas atividades, tais como: acao
antiespasmoddica e relaxante sobre o musculo liso (AMBROSIO;SCHORR; DA
COSTA, 2004; AMBROSIO et al., 2002;), anti-inflamatoria (KANG et al., 2008; LIM et
al., 2009; MIZOKAMI et al., 2016; POSSEBON et al., 2014), antimicrobiana
CHEUNG; FU; SMAL, 1994) e analgésica (OKUYAMA; NISHIMURA; YAMAZAKI,
1991; POSSEBON et al., 2014).
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Figura 3 — Estrutura quimica do acido Pimaradiendico

CHy

CHa

Fonte: AMBROSIO et al., 2002

Em relacdo ao seu efeito anti-inflamatorio, o 4cido Pimaradiendico na dose de
100 pM se mostrou eficaz ao inibir, in vitro, a producdo de NO e PGE,,
ciclooxigenase-2 e IL-6, bem como induziu o aumento da expressdao de RNA
mensageiro para iINOS e ativou NFKB em culturas de macréfagos RAW 264.7
estimuladas com LPS (KANG et al., 2008). In vivo, o acido Pimaradiendico inibiu a
formacdo de edema de pata induzido pela administracdo de carragenina em
camundongos (LIM et al, 2009; POSSEBON et al.,, 2014). Em modelo de dor
manifesta, o tratamento com acido Pimaradiendico nas doses de 1-100 mg/kg inibiu
0 numero de contor¢bes abdominais induzido pela adminstracdo intraperitoneal de
acido acético (OKUYAMA; NISHIMURA; YAMAZAKI, 1991; POSSEBON et al., 2014)
e inibiu o numero de sacudidas e o tempo de lambida na pata apds adminstracéo de
solucéo de formalina 1,5% ou Adjuvante completo de Freund (CFA) na dose de 10
mg/kg, administrado por via oral (POSSEBON et al., 2014). Estes experimentos
estdo relacionados com a liberacdo de histamina, serotonina, prostaglandinas e
citocinas, no qual culminam na instalacdo e no desenvolvimento do processo
inflamatorio (BORGHI et al., 2013; PAVAO-DE-SOUZA et al., 2012).

Acido Pimaradientico (10 mg/kg) também inibiu a hiperalgesia mecanica
induzida pelos estimulos hiperalgésicos CFA e carragenina por inibir a ativacdo de
NFkB, producédo de citocinas (TNF-a, IL-1B, IL-33 e IL-10) e ativar a via NO-cGMP-
PKG-canais de potassio sensiveis ao ATP (POSSEBON et al., 2014). Em relacdo a
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sua toxicidade, o acido Pimaradiendico ndo alterou os niveis plasmaticos de
aspartato aninotrasferase (AST) e alanina aminotrasferase (ALT), ndo havendo dano
hepatico apds sete dias de tratamento (POSSEBON et al., 2014).

1.7. Acido Caurendéico

Ent-kaur-16-en-19-oic acid ou acido Caurendico (Figura 4) é um diterpeno
presente em maior quantidade na Sphagneticola trilobata (L.) Pruski (sinbnimos:
Wedelia Paludosa, Acmela brasiliensis), também conhecida popularmente como
pseudo-arnica, margariddo, mal-me-quer-do-brejo, vedelia ou picdo da praia
(FUCINA et al., 2012; MEOTTI et al., 2006). Participa como caurano intermediario na
biogénese das giberelinas, hormdnios que controla varias fun¢des bioldgicas da
planta como germinacdo, crescimento, floracdo e defesa contra microrganismos
(CASTRILLO et al., 2001).

Figura 4 — Estrutura quimica do acido Caurendico

Fonte: TIRAPELLI et al., 2004

O acido Caurendico apresenta diversas atividades farmacolégicas, dentre as
quais destacam-se sua acdo antibacteriana (SILVA et al., 2002; YATSUDA et al.,
2005), anti-parasitaria (MACRI et al., 2014; MIRANDA et al., 2015; VIEIRA et al.,
2002), anti-cancerigeno (COSTA-LOTUFO et al., 2002; LIZARTE NETO et al., 2013),
anti-asmatico (CHO et al., 2010), antiespasmoético e vasorelaxante (AMBROSIO et
al., 2004; TIRAPELLI et al., 2004), anti-glicEmico (BRESCIANI et al., 2004), analgé-
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sico (BLOCK et al., 1998; MIZOKAMI et al., 2012) e anti-inflamatoério (BOLLER et al.,
2010; CHOI et al., 2011; DIAZ-VICIEDO et al., 2008; LIM et al., 2009; LYU et al.,
2011; MIZOKAMI et al., 2012; PAIVA et al., 2002).

Em relacdo a sua atividade antibacteriana, o acido Caurendico mostra ser
mais eficaz contra bactérias do tipo gram-positivas. Apresenta atividade tanto bacte-
riostatica quanto bactericida contra Streptococcus mutans, Staphylococcus aureus,
Staphylococcus epidermidis e Bacillus cereus (OKOYE et al.,, 2012; SILVA et al.,
2002; YATSUDA et al., 2005) e ineficaz contra o crescimento de bactérias gram-
negativas como Escherichia coli (OKOYE et al., 2012; SILVA et al., 2002) e Pseu-
domonas aeruginosa (SILVA et al., 2002). Essa acé&o diferente em relacéo ao tipo de
bactéria pode ser devido aos componentes existentes na parede das bactérias
gram-negativas, que impediria 0 &cido Caurendico de atravessar a membrana bacte-
riana e chegar até o citoplasma para desenvolver sua acédo (WILKENS et al., 2002).
Acido Caurenoico também se mostrou eficaz ao inibir a adeséo e formac&o de placa
bacteriana causada por Streptococcus mutans (JEONG et al., 2013; YATSUDA et
al., 2005), o maior causador de placa bacteriana e caries dentais. Streptococcus mu-
tans pode metabolizar acucares em acido latico e formico, reduzindo o pH do dente,
desmineralizando o esmalte do dente e levando ao surgimento de caries (JEONG et
al., 2013).

Seu efeito anti-tumorogénico foi testado in vitro em diferentes culturas de ceé-
lulas tumorais apresentando efeito citotéxico e antiproliferativo contra células tumo-
rais do c6lon e mama (COSTA-LOTUFO et al., 2002; HENRY et al., 2006), da pros-
tata (HENRY et al., 2006), do rim, pancréas e HeLa (OKOYE et al., 2014), e contra
glioblastoma (tumor maligno cerebral) (LIZARTE NETO et al., 2013) e células leu-
cémicas (COSTA-LOTUFO et al.,, 2002). O mecanismo molecular envolvido nesta
atividade inclui a inibicdo de fatores oncogénicos e a ativacao da via apoptoética atra-
vés da inibicdo da ativacdo de NFkB e ativacao de caspase 8 (FERNANDES et al.,
2013; LIZARTE NETO et al., 2013; OKOYE et al., 2014).

Cho e colaboradores (2010) avaliaram a atividade anti-espasmotica do diter-
peno extraido da raiz da Aralia cordata. Em seus experimentos, foi avaliada a agéo
do acido Caurendico na resisténcia das vias aéreas na fase imediata e tardia da as-

ma induzida por Ig-E em porcos sensibilizados com ovalbumina. Foram avaliados
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também o recrutamento de neutréfilos e a presenca de mediadores quimicos no flui-
do lavado broncoalveolar (BALF). Acido Caurendico na dose de 50 mg/Kg diminuiu a
resisténcia das vias aéreas na fase tardia da asma em mais de 40% e o recrutamen-
to de eosindfilos e neutréfilos para o pulméo, principais células responsavés pelo
quadro inflamatério da asma. Diminuiu a liberacdo de histamina, a atividade da fos-
folipase A2 (PLA;) e a peroxidase eosinofilica (EPO) analisadas no BALF. Além dis-
so, revelou efeito semelhante ao encontrado com drogas anti-asmaticas disponiveis
no mercado (CHO et al., 2010).

Tirapelli (2004) verificou in vitro, o efeito do acido Caurendico em modelo de
contracdo de artérias isoladas de ratos. O endotélio da artéria aorta integra ou seus
anéis foram conectados a um transdutor de forca e as contra¢cdes do musculo indu-
zidas por fenilefrina ou cloreto de potassio (KCl). O pré-tratamento com acido Cau-
rendico (10, 50 e 100 yM) reduziu de maneira dose-dependente as contra¢cdes indu-
zidas por fenilefrina e KCI tanto no endotélio da aorta integra quanto nos anéis aorti-
cos e causou o relaxamento do vaso. Isto se deve ao fato do acido caurendico blo-
quear os canais de célcio pela ativacdo da via NO/GMPc e abertura dos canais de
potassio (TIRAPELLI et al., 2004).

A acdo analgésica do acido Caurendico foi primeiramente demonstrada por
Block e colaboradores em 1998. Extrato contendo acido caurendico extraido da We-
delia paludosa foi administrado via intraperitoneal nas doses de 1-60 mg/Kg e o
namero de contor¢cdes abdominais induzido pela administracdo de acido acético 0,6
% foi avaliada. A dose de 3 mg/Kg do extrato inibiu 55% o0 numero de contor¢des
induzido por acido acético (BLOCK et al., 1998). Corroborando com esses dados,
acido Caurendico extraido da Annona reticulada L. Bark e Sphagneticola trilobata
também inibiu o namero de contorcbes abdomais induzida por acido acético
(CHAVAN et al., 2012; MIZOKAMI et al., 2012). Tratamento com acido Caurendico
na dose de 10 mg/Kg, por via oral, inibiu 0 nimero de contor¢cdes abdominais indu-
zido pela adiminstracdo de PBQ (Phenil-p-benzoquinona) e inibiu o nimero de sa-
cudidas e o tempo de lambida na pata estimuladas com solucdo de formalina ou
CFA (MIZOKAMI et al., 2012).

Em modelos de colite induzido pela administragéo de acido acético, o diterpe-

no reduziu significativamente o dano tecidual e o edema do colon em ratos na dose
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de 100 mg/Kg. Diminuiu de maneira dose-dependente a atividade da mieloperoxida-
se (MPO) para o local inflamado (PAIVA et al., 2002). MPO é uma enzima presente
dentro dos leucdcitos e utilizada de forma indireta na analise de migragao de leucoci-
tos, especialmente neutrofilos (CASAGRANDE et al., 2006; MIZOKAMI et al., 2016),
Acido Caurenoico diminuiu também a concentracdo de malondialdeido (MDA), um
indicador da lipoperoxidacéo lipidica. Em modelos de colite induzida por acido acéti-
co o aumento da MPO e MDA podem gerar radicais livres e consequente instalacao
do processo inflamatorio e a formacéo de ulceragbes (PAIVA et al., 2002).

Ademais, a aplicacéo topica do acido Caurendico inibiu a formacdo de edema
de orelha induzido por 6leo de créton (dose de 1 mg/mL; DE CARLI et al., 2009) e
12-O-tetradecanoilforbol acetato (TPA; dose de 0,1-1 mg/orelha; BOLLER et al.,
2010) em camundongos. O composto extraido da Aralia continentalis também inibiu
a formacéo de edema de pata em camundongos induzido pela administracéo de car-
ragenina, porém nao inibiu de forma significativa a producdo de PE, na concentra-
¢ao de 100 uM em culturas de células de macréfagos RAW 264.7 ativadas por LPS.
Os autores sugerem gque esta diferenca na atividade anti-inflamatéria em modelos in
Vivo e in vitro pode estar relacionada ao mecanismo de acédo do acido Caurendico,

como a inibicdo de citocinas proé-inflamatérias (LIM et al., 2009).

Nosso laboratério também confirmou o efeito anti-inflamatério do acido Cau-
rendico em modelo de hiperalgesia induzido por carragenina, PGE; e CFA. Trata-
mento com acido Caurendico na dose de 10 mg/Kg por via oral, inibiu a hiperalgesia
mecéanica induzida por essas drogas e o0 mecanismo anti-inflamatorio do acido Cau-
rendico esta relacionado a diminuicdo na producdo de citocinas pré-inflamatéria
(TNF-a e IL-1B), produgcdo de NO e ativacdo da via anti-hiperalgésica
GMPCc/PKG/K*ATP (MIZOKAMI et al., 2012). Outros autores também demonstram a
participagdo do acido Caurendico em inibir a ativacdo de NFkB e consequentemen-
te, a producdo de mediadores inflamatérios (CASTRILLO et al., 2001; CHOI et al.,
2011).

Em relacdo a toxicidade, o acido Caurendico demonstrou ser seguro nao
apresentando alteragBes em exames bioquimicos, histolégicos e de avaliagdo com-
portamental (BURGER et al., 2005; MIZOKAMI et al., 2012). Biirger e colaboradores

em 2005, avaliaram a toxicidade aguda e subaguda do diterpeno. Camundongos
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receberam por via oral extrato hidroalcodlico contendo acido Caurendico na dose
100-4.000 mg/Kg em dose Unica (toxicidade aguda) ou durante 15 dias (toxicidade
subaguda). O tratamento agudo e subagudo com o composto hidroalcodlico néo
apresentou nenhuma mudanca em relacdo ao comportamento, ao sistema respirato-
rio, nervoso, gastrointestinal ou metabolismo do animal durante o tratamento. Tam-
bém nao foi apresentado nenhum efeito cutdneo ou aumento da taxa de mortalida-
de. A analise dos niveis de AST, ALT e gama-glutamiltransferase (GGT) ndo de-
monstraram lesdo hepatocelular e a analise macroscépica do figado, pulméo, cora-
cao, baco e rim ndo apresentou nenhuma alteracéo em relacéo a cor e textura, indi-
cando que o acido Caurendico ndo apresenta toxicidade quando administrado em

altas doses ou por periodo mais prolongado (BURGER et al., 2005).

Baseado nos dados revisados nés propomos investigar o efeito analgésico e
anti-inflamatoério dos diterpenos acido Pimaradiendico e acido Caurendico em dife-

rentes modelos inflamatérios em camundongos.
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2. Objetivos
2.1. Objetivo Geral

Investigar a acgdo analgésica e anti-inflamatoria dos diterpenos &cido
Pimaradiendico e acido Caurendico em diferentes modelos de inflamacdo em

camundongos bem como seus possiveis mecanismos de acao.

2.2. Objetivos Especificos

- Verificar a acao anti-inflamatéria do &cido Pimaradiendico em modelo de

peritonite induzida pela adminstracdo de carragenina;

- Avaliar o efeito do pés tratamento com acido Caurendico no modelo de

peritonite induzida por LPS;

- Verificar a acdo analgésica e anti-inflamatéria do acido Caurendico no

modelo de peritonite induzido por LPS;

- Verificar a acdo analgésica e anti-inflamatéria do acido Caurendico no apos

a administracao de LPS na pata do camundongo;

- Avaliar a acgdo anti-inflamatoria do acido Caurendico em modelo de dor

neuropatica pela constricdo do nervo ciatico (CCl);

- Verificar se a acdo anti-inflamatodria do acido Caurendico permanece durante

o tratamento por sete dias no modelo de CCI;
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3. Artigos

Este trabalho foi realizado pelo Laboratorio de Dor, Inflamacao, Neuropatia e
Cancer e é composto por 03 artigos.

Artigo 1: Pimaradienoic Acid Inhibits Carrageenan-Induced Inflammatory Leucocyte
Recruitment and Edema in Mice: Inhibition of Oxidative Stress, Nitric Oxide and Cy-
tokine Production.

O artigo 1 foi aceito e segue as normas da revista Plos One (ISSN: 1932-
6203).

Artigo 2: Kaurenoic Acid Reduces Lipopolysaccharide-Induced Leukocyte Recruit-

ment, Hyperalgesia and Oxidative Stress in Mice.

A formatagdo do artigo 2 segue as normas da Revista Journal Natural Pro-
ducts (ISSN:0163-3864)

Artigo 3. Kaurenoic Acid Inhibits Ongoing Chronic Constriction Injury-Induced Neu-

ropathic Pain by Inhibing Spinal Cord Neuroinflammation.

A formatacdo do artigo 3 segue as normas da Revista Neuropharmacology
(ISSN: 0028-3908).
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Abstract

Pimaradienoic acid (PA; ent-pimara-8(14),15-dien-19-oic acid) is a pimarane diter-
pene found in plants such as Vigueira arenaria Baker (Asteraceae) in the Brazilian
savannas. Although there is evidence on the analgesic and in vitro inhibition of in-
flammatory signaling pathways, and paw edema by PA, its anti-inflammatory effect
deserves further investigation. Thus, the objective of present study was to investigate
the anti-inflammatory effect of PA in carrageenan-induced peritoneal and paw in-
flammation in mice. Firstly, we assessed the effect of PA in carrageenan-induced
leukocyte recruitment in the peritoneal cavity and paw edema and myeloperoxidase
activity. Next, we investigated the mechanisms involved in the anti-inflammatory ef-
fect of PA. The effect of PA on carrageenan-induced oxidative stress in the paw skin
and peritoneal cavity was assessed. We also tested the effect of PA on nitric oxide,
superoxide anion, and inflammatory cytokine production in the peritoneal cavity. PA
inhibited carrageenan-induced recruitment of total leukocytes and neutrophils to the
peritoneal cavity in a dose-dependent manner. PA also inhibited carrageenan-
induced paw edema and myeloperoxidase activity in the paw skin. The anti-
inflammatory mechanism of PA depended on maintaining paw skin antioxidant activi-
ty as observed by the levels of reduced glutathione, ability to scavenge the ABTS
cation and reduce iron as well as by the inhibition of superoxide anion and nitric ox-
ide production in the peritoneal cavity. Furthermore, PA inhibited carrageenan-
induced peritoneal production of inflammatory cytokines TNF-a and IL-13. PA pre-
sents prominent anti-inflammatory effect in carrageenan induced inflammation by
reducing oxidative stress, nitric oxide, and cytokine production. Therefore, it seems to

be a promising anti-inflammatory molecule that merits further investigation.
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Introduction

Inflammation is a common mechanism of many diseases. Despite the importance of
controlling inflammation, the current anti-inflammatory drugs present many side ef-
fects that limit their clinical use [1]. Therefore, it is still necessary to develop novel
anti-inflammatories. Inflammatory cardinal signs include the development of pain,
erythema, heat, edema, and loss of function. An important non-clinical sign of in-
flammation involves the recruitment of leukocytes to the inflammatory foci [2]. Upon
an inflammatory stimulus, resident cells produce cytokines to communicate the threat
to other cells and respond to it. Cytokines activate the endothelial cells to express
adhesion molecules and chemoattract leukocytes to the inflammatory foci [3]. These
leukocytes are mainly neutrophils in acute inflammation. At the inflammatory foci,
neutrophils produce reactive oxygen species such as superoxide anion and nitric ox-
ide [3], which induce tissue damage by oxidative stress and forming the highly reac-
tive and deleterious peroxynitrite [4]. Due to the harmful effects of exacerbated in-
flammation, the use of anti-inflammatories is a useful clinical tool to control inflamma-
tion and reduce tissue damage [1].

Ent-pimara-8(14),15-dien-19-oic acid is a pimarane diterpene known as pimaradi-
enoic acid (PA). Various plants produce PA, especially Vigueira arenaria Baker
(Asteraceae), which presents PA in high concentrations. V. arenaria is a herbaceous
plant native of the Brazilian savannas [5—7]. The pharmacological activities of PA in-
clude the antispasmodic and relaxant actions on vascular smooth muscle and inhibi-
tion of rat carotid contractions [7-9], and antimicrobial activity [10, 11].

Furthermore, evidence supports the anti-inflammatory action of PA as follows. In
vitro, PA inhibits LPS-induced production of IL-6, nitric oxide (NO) and prostaglandin
(PG) E; as well as cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iN-
0OS) mRNA expression, and NF-kB activation in RAW 264.7 macrophages [12]. In
vivo, PA inhibited carrageenan-induced inflammatory paw edema in mice [13]. More-
over, PA inhibited acetic acid-induced inflammatory abdominal writhing response [14,
15]. PA also inhibited carrageenan- and complete Freund’s adjuvant-induced me-
chanical hyperalgesia by inhibiting paw skin NFkB activation, cytokine production,
and activating the nitric oxide (NO)/ cyclic guanosine monophosphate (cGMP)/ ATP-

sensitive potassium channels signaling pathway [14]. Importantly, PA does not in-
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duce gastric or liver damage within a seven days treatment protocol [14], which cor-
roborates its potential applicability to control inflammation with reduced side effects
compared to nonsteroidal anti-inflammatory drugs. It is also not expected that PA
would present corticoid-like side effects since these occur as a result of binding to
corticoid receptor and activation of corticoid responsive genes [16].

Despite the above-mentioned evidence, it remains to be determined whether PA
inhibits other inflammatory parameters in addition to paw edema and its mechanisms
in vivo. Therefore, the anti-inflammatory effect and mechanisms of PA were investi-

gated in the present study.

Materials and Methods

Animals

Male Swiss mice (20-25 g), from Universidade Estadual de Londrina, Londrina, Pa-
rana, Brazil, were used in this study. Mice housing was in standard clear plastic cag-
es with free access to food and water, a light/dark cycle of 12:12 h, and kept at 21°C.
In all behavioral testing, experiments were performed between 9 a.m. and 5 p.m. in a
temperature-controlled room. Before sample collection, mice were terminally anes-
thetized with 3% isoflurane followed by decapitation. The Ethics Committee of the
Universidade Estadual de Londrina (CEUA-UEL) specifically approved this study
(process number 1531.2013.76). Every effort was made to minimize the number of

animals used and their suffering.

Plant material

M. Magenta collected Viguiera arenaria Baker (Asteraceae) at Itirapina—SP (22°13
S, 47°54W, SP, Brazil), identified the plant material, and deposited a voucher speci-
men under the code SPF #61 in the herbarium of the University of Sdo Paulo (SP,
Brazil). Prof. F. B. Costa gently provided the plant material [7, 8, 14]. The Genetic
Heritage Management Council (CNPq, Brazil, Process #010055/2012-6) authorized
collecting V. arenaria. It is noteworthy to mention that V. arenaria is not endangered

or protected specie.
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Extraction and isolation

Extraction of air-dried tuberous roots (980 g) from V. arenaria was with CH,Cl, for 30
minutes using a sonicator to yield 82 g of crude extract. After suspension in MeO-
HyH-0 (9:1, v/v), the crude extract was exhaustively washed with hexane and CH,Cl,
to yield 39.5 g (hexane phase) and 25.0 g (CH,Cl, phase). The hexane phase was
chromatographed over Si gel using vacuum liquid chromatography to yield six frac-
tions: F1 (0.5 g), F2 (13.3 g), F3 (14.2 g), F4 (5.3 g), F5 (2.4 g) and F6 (3.6 g). Frac-
tion F2 furnished the diterpene PA. Isolation and purification steps were carried out
by flash chromatography (hexane-EtOAc), PTLC (Si gel, hexane-EtOAc or hexane-
CHCI3) and recrystallization from MeOH. The structure of the diterpene was estab-
lished by comparison of the 1H and 13C NMR spectral data with those reported in
the literature [6, 7, 14].

Drugs

The compounds used in this study were carrageenan and dimethyl sulfoxide (DMSQO)
(Santa Cruz Biotechnology, Santa Cruz, CA, United States). Nitroblue Tetrazolium
(NBT) (SigmaAldrich, St. Louis, MO, USA). Mouse IL-1 and TNF-a ELISA kits ob-
tained from eBioscience (San Diego, CA, USA).

Experimental proticols

The optical rotation of PA was measured in CHCI; using a Perkin Elmer 241 polar-
imeter. Nuclear magnetic resonance (NMR) spectra were run on a Bruker DPX 400
spectrometer (400 MHz for 1H and 100 MHz for 13C). Samples were dissolved in
CDCl3, and the spectra were calibrated with the solvent signals at & 7.26 (1H) and &
77.0 (13C). Mass spectrometric analysis was performed at low resolution on a Mi-
cromass Quattro-LC instrument (Manchester, UK) provided with an ESI ion source
and a triple quadrupole mass analyzer. Solutions were dissolved in MeOH-H,0O 8:2
(v/v) and infused into the ESI source at a flow-rate of 5 yL/minute, using a Harvard
apparatus model 1746 (Holliston, MA) syringe pump. Vaccum-liquid chromatography
(VLC) was carried out using silica gel 60H (Merck, art. 7736) in glass columns with
5-10 cm i.d.29 High-performance liquid chromatography (HPLC) analysis was ac-

complished using a Shimadzu CBM-20A liquid chromatography controller, operating
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with LC solution software, equipped with a Shimadzu UV-DAD detector SPD-M20A
and a Shimadzu ODS column (4.6 x 250 mm, 5 ym, 100 A) [6, 7].

During the experiments, mice received per oral (p.o.) treatment with PA (0.1, 1 and
10 mg/ kg) or vehicle (saline) 30 minutes before intraperitoneal (i.p.; 500 pg) or intra-
plantar (i.pl.; 300 ug) carrageenan injection. The doses of the inflammatory stimulus
were determined previously in our laboratory in pilot studies and previous work [17—
19]. The number of total leukocytes, neutrophils, and mononuclear cells recruited to
the peritoneal cavity was evaluated 6 hours after carrageenan (500 pg/cavity) injec-
tion. Paw edema was evaluated 0-5 hours after carrageenan (300 ug/paw) injection,
and at 5 hours animals were euthanized and paw skin samples were collected for
MPO activity. Oxidative stress in the paw, and superoxide anion levels, quantification
of NBT positive cells, and nitric oxide production in the peritoneal cavity were as-
sessed at 3 hours following carrageenan-stimuli. Further, and TNFa and IL-1B cyto-
kines levels in the peritoneal cavity were determined at 6 hours. The inflammatory
models and time points of sample collection were of pilot studies and previous work
[18, 20-23].

Recruitment of leukocyte to peritoneal cavity in mice

The recruitment of leukocytes to peritoneal cavity was assessed 6 hours after carra-
geenan injection. After mice euthanasia, the peritoneal cavity cells were harvested by
washing the cavity with 2 mL of phosphate-buffered saline (PBS) containing 1 mM of
EDTA. The volumes recovered were similar in all experimental groups and equated
to approximately 90% of the injected volume. The total leukocytes counts were per-
formed with a Newbauer chamber, and differential cell counts (100 cells total) were
carried out on cytocentrifuge slides (Cytospin 3; Shandon Southern Products,
Astmoore, UK) stained with panotic solutions (Laborclin, Pinhais, Paranda, Brazil). The
results are the number of total leukocytes, neutrophils or mononuclear cells x 10°[17,
18, 24].

Paw edema test

The volume of the mice paw was measured using an analog caliper (Digmatic Cali-

per, Mitutoyo Corporation, Kanagawa, Japan) before (basal) and at indicated time
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points after carrageenan injection (VT). The amount of paw swelling for each mouse

and the difference between VT and basal was the edema value (mm/paw)[18, 25].

Mieloperoxidase activity (MPO)

The neutrophil migration to paw was indirectly evaluated by the MPO activity kinetic-
colorimetric assay [26]. Briefly, samples were collected in 50 mM K,PO, buffer (pH
6.0) containing 0.5% HTAB and were homogenized using Ultra-Turrax® (IKA T10
Basic, CQA Quimica, Paulinea, SP). Then the homogenates were centrifuged at
16,100 g for 2 minutes at 4°C. Fifteen pL of the resulting supernatant was mixed with
200 pyL of 50 mM phosphate buffer, pH 6.0, containing 0.167 mg/mL o-dianisidine
dihydrochloride and 0.05% hydrogen peroxide and was assayed spectrophotometri-
cally for MPO activity determination at 450 nm (BEL SP2000UV, Photonics, Séo
Paulo, SP, Brazil). The results of MPO activity were expressed as the number of neu-
trophils per mg of tissue by using a standard curve of neutrophils (100,000-1,562.5
cells). Neutrophils for the standard curve were from the peritoneal cavity of Swiss
mice, 6 hours after i.p. stimulus with thioglycolate broth (1 mL, 5%, Becton Dickinson,
MD, USA). The number of neutrophils was determined by total counts in Neubauer
chamber and differential counts in slides stained by Rosenfelt method. We obtained
96% of neutrophils in a pool of 10 mice. Neutrophils were suspended in K;HPO,4 buff-

er containing HTAB and stored at -80°C until use.

Reduced glutathione (GSH) levels measurement

Samples of paw skin were collected and maintained at -80°C for at least 48 h. Sam-
ples were homogenized in 200 pL of 0.02 M EDTA. The homogenate was mixed with
25 L of trichloroacetic acid 50% and was homogenized three times over 15 minutes.
The mixture was centrifuged (15 minutes x 1500 g at 4°C). The supernatant was
added to 200 pL of 0.2 M TRIS buffer, pH 8.2, and 10 uL of 0.01M DTNB. After 5
minutes, the absorbance was measured at 412 nm (Multiskan GO, Thermo Scientific)
against a blank reagent with no supernatant. A standard GSH curve was formed. The

results are GSH per mg of protein.
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ABTS and FRAP assays

The ability of samples to resist oxidative damage was determined by their free radical
scavenging (ABTS [2,2'-Azinobis-3-ethylbenzothiazoline 6-sulfonic acid] assay) and
ferric reducing ability (FRAP assay). The tests were adapted to a 96-well microplate
format as previously described [21]. Plantar tissue samples were collected 3 hours
after carrageenan i.pl. injection (300 ug, 25 uL) and homogenized immediately in ice-
cold KCI buffer (500 L, 1.15% wi/v). The homogenates were centrifuged (200 g x 10
minutes at 4°C), and the supernatants were used in both assays. Diluted ABTS solu-
tion (200 yL) was mixed with 10 yL of sample in each well. After 6 minutes of incuba-
tion at 25°C, the absorbance was measured at 730 nm. For FRAP assay, the super-
natants (10 uL) were mixed with the freshly prepared FRAP reagent (150 uL). The
reaction mixture was incubated at 37°C for 30 minutes, and the absorbance was
measured at 595 nm (Multiskan GO Thermo Scientific). The results of ABTS and

FRAP assays were equated against a standard Trolox curve (0.02—20 nmol).

NBT assay

The quantification of superoxide anion production in tissue homogenates (10 mg/mL
in 1.15% KCI) was performed using the NBT assay as previously described [27].
Briefly, 50 yL of homogenate were incubated with 100 yL of NBT (1 mg/mL) in 96-
well plates at 37°C for 1 hour. The mixture was then carefully removed from wells
and the reduced formazan solubilized by adding 120 pyL of KOH 2 M and 140 pL of
DMSO. The absorbance was measured at 600 nm (Multiskan GO ThermoScientific).
The weight of samples was used for data normalization and results presented as
NBT reduction (OD at 600 nm).

Nitric oxide production

Nitrite (NO2") concentration in peritoneal exudate was determined by the Griess reac-
tion as an indicator of nitric oxide production as previously reported [28]. Briefly, 100
ML of samples and 100 L of Griess reagent (mix of 2% sulphanilamide in 5% phos-
phoric acid and 0.2% N(1-naphthyl) ethylenediamine hydrochloride—NEED) were

mixed in 96-well ELISA plate. Absorbance was measured at 550 nm, and the levels
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of NO, were determined using a standard curve of NaNO,. Results are uM of NO,

per cavity.

Cytokine measurement

Mice were treated with vehicle or PA (10 mg/kg, p.o.) 30 minutes before carrageenan
(500 pg/ cavity) stimulus. Six hours after the carrageenan injection, animals were
terminally anesthetized, and the peritoneal cavity cells were harvested and washing
by introducing 1 mL PBS containing 1 mM of EDTA. The cytokines (TNF-a and IL-1(3)
levels were determined by an enzyme-linked immunosorbent assay (ELISA) accord-
ing to manufacturer’s instructions (eBioscience) and as described previously [23].

Results are pg of cytokine/cavity

Statistical analysis

Results are presented as means = SEM of measurements made on 6 mice in each
group per experiment and are representative of two independent experiments. Differ-
ences between groups were evaluated by analysis of variance (ANOVA) followed by
Tukey’s test. All statistical analyzes were performed using Graph Pad Prism (La Jol-
la, 5 CA). Statistical differences were considered to be significant at P<0.05.
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Results
Pimaradienoic acid (PA) inhibits carrageenan-induced total leu-

kocyte and neutrophil recruitment in the peritoneal cavity
Mice received per oral (p.o.) treatment with PA (Fig 1)[29] (0.1-10 mg/kg, 2% DMSO

diluted in saline) 30 minutes before intraperitoneal (i.p.) injection of carrageenan (500
pg/cavity) and the recruitment of total leukocytes, neutrophils, and mononuclear cells
was assessed at 6 hours after stimulus. Carrageenan injection induced a significant
increase in the recruitment of total leukocytes (Fig 2A) and neutrophils (Fig 2B), but
not mononuclear cells (Fig 2C). Only the dose of 10 mg/kg of PA inhibited carragee-
nan-induced total leukocyte (Fig 2A) and neutrophil (Eig 2B) recruitment. Therefore,
10 mg/kg was selected for the next experiments. No effect was observed in the num-

ber of mononuclear cells for any of the doses of PA tested (Fig 2C).

CHj

CH,

Sillll[e)

Fig 1. Pimaradienoic acid (PA) structure.Chemical structure of PA[29].
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Fig 2. Pimaradienoic acid (PA) inhibits carrageenan-induced total leukocyte and neutrophil
recruitment in the peritoneal cavity. Mice were treated per oral (p.0.) with PA (0.1-10 mg/kg)
or vehicle (DMSO 2% diluted in saline) 30 minutes before carrageenan (500 ug/ cavity) in-
traperitoneal (i.p.) injection. The (A) total number of leukocytes, (B) neutrophils and (C) mon-
onuclear cells was evaluated 6 hours after carrageenan injection. Results are means + SEM
of six mice per group per experiment and are representative of two separate experiments. [*p
< 0.05 compared to the saline group; #p < 0.05 compared to the vehicle group (One-way
ANOVA followed by Tukey’s test)].
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PA inhibits carrageenan-induced paw edema and myeloperoxi-

dase activity
Mice received p.o. treatment with PA (10 mg/kg, 2% DMSO diluted in saline) 30

minutes before intraplantar (i.pl.) injection of carrageenan (300 pg/paw). PA signifi-
cantly inhibited carrageenan-induced paw edema at 1, 3 and 5 hours (Fig 3A) and

myeloperoxidase activity at 5 hours (Fig 3B) after stimulus injection.
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Fig 3. Pimaradienoic acid (PA) inhibits carrageenan-induced paw edema and myeloperoxi-
dase (MPO) activity. Mice were treated per oral (p.o.) with PA (10 mg/kg) or vehicle (DMSO
2% diluted in saline) 30 minutes before the intraplantar (i.pl.) injection of carrageenan (300
Mg/paw). The evaluation of (A) paw edema was at 1-5 hours and (B) MPO activity at 5 hours
after carrageenan injection. Results are means + SEM of six mice per group per experiment,
and are representative of two separate experiments. [*p< 0.05 compared with the saline

group, #p <0.05 compared to the vehicle group (One-way ANOVA followed by Tukey’s test)].
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PA inhibits carrageenan-induced oxidative stress in the paw
skin

To assess the protective role of PA on carrageenan-induced oxidative stress; mice
received p.o. treatment with PA (10 mg/kg, 2% DMSO diluted in saline) 30 minutes
before i.pl. injection of carrageenan (300 pg/paw) and were terminally anesthetized 3
hours after the stimulus. Carrageenan-induced a reduction in GSH levels (Fig 4A),
ABTS scavenging ability (Fig 4B) and ferric reducing ability (Fig 4C), which were pre-
vented by PA treatment. In agreement, treatment with PA also inhibited the carra-
geenan induced increase of superoxide production (NBT assay; Fig 4D). Together,
these data demonstrate that PA inhibits carrageenan-induced tissue oxidative stress.
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Fig 4. Pimaradienoic acid (PA) inhibits carrageenan-induced oxidative stress. Mice were
treated per oral (p.o.) with PA (10 mg/kg) or vehicle (DMSO 2% diluted in saline) 30 minutes
before the intraplantar (i.pl.) injection of carrageenan (300 ug/paw). Paw skin (A) GSH levels,
(B) ABTS" scavenging activity, (C) the ability to reduce iron (FRAP), and (D) superoxide ani-
on production were determined 3 hours after carrageenan injection. Results are means +
SEM of six mice per group per experiment, and are representative of two separate experi-

ments. [*p<0.05 compared to the saline group; #p<0.05 compared to inflammatory stimulus
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group. (One-way ANOVA followed by Tukey’s test)].
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PA inhibits carrageenan-induced oxidative stress in the perito-

neal cavity
Mice received p.o. treatment with PA (10 mg/kg, 2% DMSO diluted in saline) 30

minutes before i.p. injection of carrageenan (500 ug/paw). PA significantly inhibited
carrageenan-induced NBT reduction in the peritoneal exudate (Fig 5A) at 3 hours,
demonstrating that PA inhibits carrageenan-induced superoxide anion production.
Furthermore, PA also reduced the number of NBT positive cells in the peritoneal cav-
ity (Fig 5B) at this same time point. Therefore, PA not only reduces the total superox-
ide anion production (Figs 4D and 5A) but also reduces the number of cells produc-

ing superoxide anion (Fig 5B).
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Fig 5. Pimaradienoic acid (PA) inhibited carrageenan-induced superoxide anion production.
Mice were treated per oral (p.o.) with PA (10 mg/kg) or vehicle (DMSO 2% diluted in saline)
30 minutes before the intraperitoneal (i.p.) injection of carrageenan (500 pg/cavity). (A) Su-
peroxide anion production and (B) NBT reaction positive cells (presence of formazan crys-
tals) were determined in peritoneal cavity exudates 3 hours after carrageenan injection. Re-

sults are means + SEM of six mice per group per experiment, and are representative of two
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separate experiments. [*p< 0.05 compared with the saline group, and #p< 0.05 compared to

the vehicle group (One-way ANOVA followed by Tukey’s test)].

PA inhibits carrageenan-induced nitric oxide (NO) production in

the peritoneal cavity
Mice received p.o. treatment with PA (10 mg/kg, 2% DMSO diluted in saline) 30

minutes before i.p. injection of carrageenan (500 pg/paw). PA significantly inhibited
carrageenan-induced nitrite production in the peritoneal exudates (Fig 6) at 3 hours.
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Fig 6. Pimaradienoic acid (PA) inhibits carrageenan-induced nitric oxide (NO) production.
Mice were treated per oral (p.o.) with PA (10 mg/kg) or vehicle (DMSO 2% diluted in saline)
30 minutes before the intraperitoneal (i.p.) injection of carrageenan (300 pyg/paw). Nitrite pro-
duction in peritoneal exudates was determined 3 hours after carrageenan injection. Results
are means + SEM of six mice per group per experiment, and are representative of two sepa-
rate experiments. [*p<0.05 compared with the saline group, and #p< 0.05 compared to the

vehicle group (One-way ANOVA followed by Tukey’s test)].
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PA inhibits carrageenan-induced TNF-a and IL-13 production in

the peritoneal cavity

Mice received p.o. treatment with PA (10 mg/kg, 2% DMSO diluted in saline) 30
minutes before i.p. injection of carrageenan (500 ug/paw). PA significantly inhibited
carrageenan-induced TNF-a (Fig 7A) and IL-13 (Fig 7B) production in the peritoneal
exudate at 6 hours. Therefore, in addition to inhibiting carrageenan-induced oxidative

stress, PA also inhibits carrageenan-induced cytokine production.
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Fig 7. Pimaradienoic acid (PA) inhibits carrageenan-induced peritoneal cytokine production.
Mice were treated per oral (p.o.) with PA (10 mg/kg) or vehicle (DMSO 2% diluted in saline)
30 minutes before the intraperitoneal (i.p.) injection of carrageenan (500 ug/cavity). Perito-
neal exudate samples were harvested 6 hours after carrageenan injection for (A) TNF-a and
(B) IL-1B determination by ELISA. Results are means = SEM of six mice per group per ex-
periment, and are representative of two separate experiments. [*p<0.05 compared with the
saline group, #p<0.05 compared to vehicle group (One-way ANOVA followed by Tukey’s
test)].
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Discussion

The present data demonstrate that pimaradienoic acid (PA) inhibits carrageenan-
induced leukocyte recruitment and edema. The mechanisms involved in the anti-
inflammatory effect of PA depended on inhibiting oxidative stress, nitric oxide and
cytokine production in mice. Importantly, to our knowledge, this is the first study
demonstrating that PA reduces oxidative stress in vivo.

We have demonstrated that PA inhibits acetic acid-induced writhing response irre-
spective of the route of administration, i.p., s.c. or p.o. route. Nevertheless, the p.o.
route achieved only slightly lower effect than i.p. route, suggesting that the study with
PA p.o. is suitable considering that this is a useful and easy route of administration to
conscious patients [14]. PA inhibited carrageenan-induced total leukocyte and neu-
trophil recruitment to the peritoneal cavity in a dose-dependent manner. Neutrophils
are the first cell type recruited in innate immune response as observed in the carra-
geenan model. Therefore, it is coherent that the increase of total leukocytes is pre-
dominantly reflecting the neutrophil counts [3]. The dose of PA of 10 mg/kg is the
same used in a previous study on the analgesic effect of PA, which suggests that PA
at this dose inhibits inflammation and pain. Nevertheless, studies of other groups ob-
served analgesic and anti-inflammatory effects of PA with higher doses than the pre-
sent study. For instance, PA inhibited carrageenan-induced paw edema by 22% at
the dose of 100 mg/kg [13]. We observed up to 64% inhibition of carrageenan-
induced paw edema by PA at 3 hours. Possible explanations for this divergence in-
clude that PA may present a U or bell shape effect, different doses of carrageenan
(50 ug/paw versus 300 pg/paw), mouse strain (ICR versus Swiss mice), method of
paw edema evaluation (plethysmometer versus caliper), and time point of evaluation
(5 hours versus 1-5 hours) used in [13] and the present study, respectively.

Importantly, the carrageenan-induced paw inflammation was also useful to demon-
strate that PA inhibits the increase of myeloperoxidase activity in the paw skin, which
is an indirect measurement of neutrophil and macrophage counts. The result on
myeloperoxidase in the paw skin corroborated the data on total leukocyte and neu-
trophil counts in the peritoneal cavity, demonstrating that PA inhibits carrageenan-
induced leukocyte recruitment irrespectively of the tissue or cavity. Both neutrophils
and macrophages contribute to MPO activity in inflamed
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tissues, although neutrophils are the major source of MPO, accounting for approxi-
mately 5% of their dry mass [26]. Moreover, not all subpopulations of macrophages
are MPO sources, and they depend on the type of inflammatory model (acute versus
late model) [30]. Furthermore, the present assay did not detect MPO activity of up to
1 x 10° macrophages (data not shown). Taking into account that the carrageenan
model is an acute inflammatory model, PA did not alter monocyte recruitment to the
peritoneal cavity, and the employed method to assess MPO activity is selective to
neutrophils [31-33], we suggest that PA reduces carrageenan-induced inflammation
by inhibiting neutrophil recruitment.

Although other mechanisms, for example, apoptosis or macrophage efferocytosis,
are also important in the reduction in the number of neutrophils at the site of inflam-
mation [34], this does not seem to be the case for PA. Firstly, apoptotic leukocytes or
apoptotic bodies were not observed during the examination of the recruitment of leu-
kocytes to the peritoneal cavity (data not shown). Further, the only evidence of PA-
induced apoptosis is DNA damage in liver cells of Swiss mice induced by doses 4-8
fold higher (40—-80 mg/kg, p.o.) than used in the present study (0.1-10 mg/kg, p.0.)
[35]. Secondly, previous studies have shown the importance of IL10 in maintaining
phagocytosis/efferocytosis during inflammatory conditions [36]. However, PA does
not increase IL-10 levels in the paw tissue following carrageenan stimulus but reduc-
es its levels [14]. Collectively, these data suggest that the reduction in the carragee-
nan-induced increase in the number of neutrophils in the paw and peritoneal cavity of
mice is due to the reduction in neutrophil recruitment rather than increasing the neu-
trophil apoptosis or efferocytosis.

Carrageenan-induced inflammation depends on tissue oxidative stress [18]. As PA
inhibited carrageenan inflammation, it was conceivable to determine whether PA also
inhibits oxidative stress. Carrageenan significantly reduced GSH levels, the tissue
ability to scavenge ABTS cation radical and to reduce iron (FRAP) as well as in-
creased superoxide anion production. PA inhibited all these parameters of oxidative
stress in the paw skin. These data on paw skin oxidative stress suggests that the in-
hibition of carrageenan-induced oxidative stress may also explain the analgesic ef-
fect of PA [14]. Only high concentrations (ICso > 100 ug/mL) of PA exhibit DPPH radi-
cal scavenging activity in vitro [37]. The fact that scavenging free radical is not the

unique mechanism that an antioxidant molecule may present might explain this ap-
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parent divergence. Inhibition of lipid peroxidation, iron chelation, and scavenging oth-
er free radicals are important antioxidant mechanisms [38]. It is noteworthy that the in
vivo antioxidant effect of PA may be indirect by inhibiting the inflammatory process
[39, 40]. Activated neutrophils are major sources of reactive oxygen species (ROS) at
the site of inflammation, thus, the reduction in oxidative stress may be the result of
reduced neutrophil recruitment by PA [41]. Further, the inhibition of TNF-a and IL-1
by PA may also have contributed to the reduction in oxidative stress since inflamma-
tory cytokines can enhance ROS and reactive nitrogen species (RNS) production via
NADPH oxidase and iNOS enzymes, respectively [40, 42].

PA also inhibited carrageenan-induced superoxide anion production in the perito-
neal exudate and the counts of NBT positive peritoneal cells. Therefore, the PA inhi-
bition of carrageenan-induced superoxide anion was also accompanied by a reduc-
tion of cellular activation of superoxide anion production. Although a pimaradiene
diterpene with a similar structure to PA, acanthoic acid, had more prominent effect in
reducing ROS production by monocytes/macrophages than by neutrophils [43], a
noticeable difference between the amount of ROS induced by the stimuli used to ac-
tivate monocytes/macrophages and neutrophils could be observed. In this sense, it
was difficult to conclude that acanthoic acid acts similarly or differently on the produc-
tion of ROS by these cells. Thus, it is possible that PA acts on the reduction of ROS
production in both macrophages and neutrophils. However, future studies are neces-
sary to elucidate the effects of PA on ROS/RNS production by each cell type.

PA also inhibited carrageenan-induced NO production in the peritoneal exudate. In
vitro evidence showed that PA inhibits LPS-induced iINOS mRNA expression and NO
production by RAW 264.7 macrophages [12]. Macrophages are important cells in the
peritoneal cavity and a possible source of NO during inflammation, therefore, a po-
tential target of PA effect [44, 45]. In addition to macrophages, neutrophils also pro-
duce NO [46]. Therefore, the reduction in neutrophil recruitment into the peritoneal
cavity might have accounted for the PA reduction of carrageenan-induced NO pro-
duction in the peritoneal cavity. NO has a significant role as a microbicidal molecule.
However, NO reacts with superoxide anion forming peroxynitrite, which presents del-
eterious effects such as tissue lesion [4]. Therefore, the effect of PA of limiting su-
peroxide anion and NO production may have as a consequence the decrease of tis-

sue lesions together with the reduction of oxidative stress. Evidence demonstrates
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that PA induces vasorelaxation in an eNOS-derived NO production manner [47].
However, in the present experimental condition, the NO production is dependent on
INOS and not eNOS, which is in agreement with in vitro data demonstrating that PA
inhibits LPS-induced INOS mRNA and protein expression by macrophages [12].

Cytokines are important mediators of inflammation. In fact, targeting cytokines re-
duces carrageenan-induced paw edema, leukocyte recruitment and myeloperoxidase
activity [25, 48]. PA inhibited carrageenan-induced TNF-a and IL-1f production in the
peritoneal exudates. The cytokines selection took into account their proven role in
inflammatory diseases and as therapeutic targets [49]. PA has been shown to inhibit
cytokine production via inhibition of NFkB. For instance, PA inhibits LPS-induced IL-6
production by RAW 264.7 macrophages by inhibiting the mitogen-activated protein
kinases p38 and ERK (extracellular-regulated kinase) [12]. In vivo, PA inhibited car-
rageenan-induced hyperalgesia and NFkB activation in the paw skin [14]. The inhibi-
tion of NFKB activation might also explain the reduction of NO production since the
expression of INOS is NFkB dependent [50]. Therefore, it is reasonable that the PA
anti-inflammatory effect observed in the present study might depend on inhibiting car-
rageenan-induced NFkB activation.

It is noteworthy to mention that despite PA inhibition of carrageenan-induced leu-
kocyte recruitment, superoxide anion, and NO production, it is unlikely that PA treat-
ment would facilitate infection since PA is an antimicrobial molecule [51]. PA inhibits
the growth of endodontic bacteria such as Porphyromonas gingivalis, Prevotella ni-
grescens, Prevotella intermedia, Prevotella buccae, Fusobacterium nucleatum, Bac-
teroides fragilis, Actinomyces naeslundii, A. viscosus, Peptostreptococcus micros,
Enterococcus faecalis and Aggregatibacter actinomycetemcomitans [51], bacteria
involved in caries such as Streptococcus salivarius, S. sobrinus, S. mutans, S. mitis,
S. sanguinis and Lactobacillus casei [52], and gram positive bacteria such as Bacillus
cereus, B. subtilis, Enterococcus faecalis, E. hirae, Kocuria rhizophila, Staphylococ-
cus aureus strains, S. epidermidis, Streptococcus agalactiae, S. dysgalactiae, S.
pneumonia, S. pyogenes [53].

Concluding, the present study demonstrates the anti-inflammatory effect of PA on
carrageenan-induce leukocyte recruitment and edema and suggests some possible
mechanisms of action such as inhibition of oxidative stress, cellular activation, NO

and cytokine production.
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ABSTRACT

Kaurenoic acid (KA) presents anti-inflammatory and antibacterial effects. LPS-
triggered inflammatory response, pain and tissue lesion are important clinical fea-
tures of gram-negative bacterial infection. The effect of KA on lipopolysaccharide
(LPS)-induced leukocyte recruitment, hyperalgesia and oxidative stress in mice were
investigated in the present study. Pre and post per oral treatment with KA inhibited
the recruitment of total leukocytes, neutrophils and mononuclear cells. KA also inhib-
ited LPS-induced mechanical and thermal hyperalgesia, myeloperoxidase (MPO)
activity and oxidative stress in the paw. The KA inhibition of LPS-induced leukocyte
recruitment was prevented by L-NAME, ODQ, KT5823 and glibenclamide treatments,
demonstrating that KA mechanism depends on inducing NO production and activat-
ing the cyclic GMP—protein kinase G-ATP-sensitive potassium channel pathway.
Furthermore, KA also inhibited LPS-induced production of TNF-a, IL-18 and IL-33,
and enhanced IL-10 production. In agreement with the effect of KA over pro-
inflammatory cytokines, KA inhibited the NFkB activation. Thus, KA inhibits inflamma-
tion triggered by the bacterial component LPS rendering it as a suitable candidate to

control excessive inflammation during gram-negative infection.

Keywords: Kaurenoic acid; lipopolysaccharide-LPS; leukocyte recruitment; cyto-

kines; hyperalgesia.
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There is intense leukocyte recruitment during the inflammatory response
against gram-negative bacteria infection. Neutrophils are the major leukocytes re-
cruited to the inflammatory foci in acute response having an essential role in protect-
ing the host in bacterial infection. Although apoptotic recruited neutrophils have an
important role in the resolution of inflammation, neutrophils are also associated with
hyperalgesia and tissue damage.! Furthermore, recruited neutrophils contribute to
the pathogenicity of inflammatory and autoimmune diseases such as rheumatoid ar-

thritis, multiple sclerosis, psoriasis, asthma and ulcerative colitis.>™

Upon the treatment with antibiotics such as ceftazidime and release of neutro-
phil products, there is bacterial lysis and release of lipopolysaccharide (LPS) present
in gram-negative bacterial wall.® In turn, LPS activates Toll-like receptor 4 (TLR4)
inducing further inflammation, pain and tissue destruction, reinforcing the importance
of inhibiting the pro-inflammatory effects of LPS. The LPS/TLR4 signaling-induced
inflammation and pain depends on the production cytokines such as tumor necrosis
factor alpha (TNF-a), interleukin 1-beta (IL-1B8) and interleukin 33 (IL-33).”** These
cytokines induce the rolling, adhesion, transmigration and guide recruited neutrophils
in the extravascular space.?®? Cytokines also induce the production of other chem-
oattractant factors that further increase the leukocyte recruitment,’® and mediate

LPS-induced inflammatory hyperalgesia.”*

Kaurenoic acid [ent-kaur-16-en-19-oic acid (KA)] is a diterpene extracted from
Sphagneticola trilobata (L.) Pruski, and exhibits analgesic, anti-inflammatory, antipro-
tozoal, antimicrobial, anticancer, hypoglycemic, anti-asthmatic, antispasmodic and
vasorelaxant activities.*** Other plant sources of KA include Annona glabra, Aralia

continentalis, Aralia cordata, Copaifera langsdorffii, Mikania glomerata, Mikania laev-
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igata and Vigueira robusta.”*7?° We have demonstrated that KA presents analgesic
and anti-inflammatory activity by diminishing cytokines production (TNF-a and IL-1p8)
and activating the nitric oxide (NO)—cyclic GMP—protein kinase G—-ATP-sensitive po-
tassium channel signaling pathway in the carrageenan model of paw inflammation.
KA also inhibits complete Freund’s adjuvant-induced mechanical hyperalgesia, and
the overt pain-like behavior induced by acetic acid, phenyl-p-benzoquinone and for-
malin.?® Evidence shows that KA inhibits the leukocyte recruitment in acetic acid-
induced colitis and asthma-induced neutrophil recruitment.*”?® Furthermore, KA in-
hibits LPS-induced activation of NFkB'®* and induces Nrf2 activation®* in RAW
264.7 macrophages in vitro. However, the effects of KA over LPS-induced inflamma-
tion and pain in vivo as well as its mechanisms at therapeutic doses have not been

addressed.

Based on the information presented above, we investigated whether KA inhib-
its LPS-induced inflammation and pain, and if these effects depend on inhibiting cy-
tokines production, oxidative stress, activating the NO—cyclic GMP—protein kinase G—
ATP-sensitive potassium channel and nuclear factor kappa B (NFkB) activation sig-

naling pathway.

RESULTS AND DISCUSSION

Kaurenoic Acid (KA) Reduces LPS-Induced Leukocyte Recruitment to
the Peritoneal Cavity. In the first series of experiments, the effect of KA in LPS-
induced leukocyte recruitment to the peritoneal cavity was evaluated. Mice were

treated per orally (po) with KA (1, 3 and 10 mg/kg) or vehicle (2% DMSO diluted in



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

65

saline, 10 mL/kg) 30 min before intraperitoneal (ip) LPS injection (200 ng/cavity). LPS
induced significant recruitment of total leukocytes (Figure 1A), neutrophils (Figure 1B)
and mononuclear cells (Figure 1C) to the peritoneal cavity 6 h after injection. All dos-
es of KA significantly reduced the LPS-induced total leukocytes recruitment (Figure
1A) in the peritoneal cavity. The dose of 3 mg/kg of KA reduced significantly the LPS-
induced recruitment of neutrophils compared with dose of 1 mg/kg (Figure 1B), and
10 mg/kg inhibited the LPS-induced recruitment of neutrophils and mononuclear cells
compared to vehicle group and all other doses of KA (Figure 1B-C). Therefore, the
dose of 10 mg/kg of KA was selected for the following experiments. Corroborating
our results, KA inhibited the recruitment of inflammatory leukocytes and prevented
tissue damage in acetic acid-induced colitis.?® In a model of IgE-mediated asthma in
guinea pigs, KA inhibited the recruitment of leukocytes, mainly eosinophils and neu-
trophils as well as histamine, phospholipase A, and eosinophil peroxidase activity in

bronchoalveolar lavage fluid.*’

Post-Treatment with KA Reduces LPS-Induced Leukocyte Recruitment to
Peritoneal Cavity. The effect of post-treatment with KA was also tested in LPS-
induced peritonitis. Mice received LPS ip injection (200 ng/cavity) and 30 min after
were treated with KA (10 mg/kg, po) or vehicle (2% DMSO in saline, po). After six
hours, the number total leukocytes and differential cell counting were performed
(Figure 2). The post-treatment with KA also reduced significantly the LPS-induced
recruitment of total leukocytes (Figure 2A), neutrophils (Figure 2B) and mononuclear
cells (Figure 2C) to the peritoneal cavity. These results show that KA can be effective

in the treatment of diseases in which there is intense recruitment of cells even when
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administered after the inflammatory process has begun. Of note, this is the first study

to demonstrate that KA is active in post-treatment regimen.

Treatment with KA Reduces LPS-Induced Hyperalgesia and Myeloperox-
idase (MPO) Activity. The antinociceptive effect of KA was tested in LPS-induced
mechanical hyperalgesia, thermal hyperalgesia and MPO activity (an indirect indica-
tor of neutrophil recruitment) in the paw. Mice were treatment with KA (1, 3 and 10
mg/kg, po) or vehicle (2% DMSO in saline, po), and after 30 min received an intra-
plantar (ipl) injection of LPS (200 ng/paw). The mechanical (Figure 3A) and thermal
(Figure 3B) hyperalgesia were evaluated 0-5 h after LPS injection. Immediately after
the last measurement, mice were terminally anesthetized and plantar paw skin sam-
ples were collected for MPO activity measurement (Figure 3C). The dose of 1 mg/kg
of KA showed no effect on LPS-induced mechanical hyperalgesia, thermal hyperal-
gesia and MPO activity, while the dose of 3 mg/kg inhibited the mechanical hyperal-
gesia at 3 h, (Figure 3A) and thermal hyperalgesia only in the first h (Figure 3B), and
no effect in MPO activity (Figure 3C). Treatment with 10 mg/kg of KA inhibited the
LPS-induced mechanical (Figure 3A) and thermal (Figure 3B) hyperalgesia between
1-5 h and MPO activity (Figure 3C). The LPS injection into hindpaw induces mechan-
ical” and thermal® hyperalgesia. The recruited neutrophils contribute to the develop-
ment of hyperalgesia by producing prostaglandin E, and leukotriene B,.>*? The MPO
is an enzyme expressed by neutrophils and macrophages.®® The inhibition of LPS-
induced tissue MPO activity corroborates the data of Figures 1 and 2 of inhibition of

LPS-induced leukocyte recruitment in the peritoneal cavity.
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Treatment with KA Reduces LPS-Induced Oxidative Stress in the Paw
Skin. Oxidative imbalance plays an important role in inflammatory hyperalgesia and
leukocyte recruitment as well as the inhibition of leukocyte recruitment to inflamed
tissue contributes to the inhibition of oxidative stress.***> Mice were treatment with
KA (10 mg/kg, po) or vehicle (2% DMSO in saline, po) 30 min after received LPS
(200 ng/paw) injection. After 3 h, mice were terminally anesthetized, the plantar paw
skin samples collected, and the antioxidant capacity was assessed by endogenous
reduced glutathione (GSH) levels (Figure 4A), ability to scavenge 2,2'-Azinobis-3-
ethylbenzothiazoline 6-sulfonic acid (ABTS) assay (Figure 4B), quantification of su-
peroxide anion production by nitroblue tetrazolium (NBT) reduction (Figure 4C) and
lipid peroxidation by determining thiobarbituric acid reactive substance (TBARS)
(Figure 4D). LPS significantly reduced GSH levels (Figure 4A), the tissue ability to
scavenge ABTS (Figure 4B), increased superoxide anion production (Figure 4C) and
the lipid peroxidation (Figure 4D), which were prevented by KA treatment. These da-
ta demonstrate that KA inhibits LPS-induced oxidative stress, which is a contributing
mechanism to the inhibition of LPS-induced hyperalgesia and inflammatory leukocyte

recruitment.

L-NAME Prevents in a Dose-Dependent Manner the KA Inhibition of LPS-
Induced Leukocyte Recruitment to the Peritoneal Cavity. KA activates the NO-
dependent cyclic GMP—protein kinase G—-ATP-sensitive potassium channel pathway
to induce analgesia®® and vasodilatation.?? Despite the importance of activating this

2,36-39

pathway to reduce leukocyte recruitment, it has not been determined whether

inhibition of LPS-induced leukocyte recruitment by KA depends on activating the NO
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- cyclic GMP—protein kinase G-ATP-sensitive potassium channel pathway. Mice
were pre-treated with L-NAME (L-nitro-arginine methyl ester, NOS inhibitor; 10, 30
and 100 mg/kg, ip) 30 min before treatment with KA (10 mg/kg, po) or vehicle (2%
DMSO in saline, po). After an additional 30 min, mice received the LPS ip injection
(200 ng/cavity) and the number of total leukocytes and differential cell counting were
evaluated after 6 h (Figure 5). L-NAME prevented in a dose-dependent manner the
KA inhibition of LPS-induced leukocyte recruitment to the peritoneal cavity (Figure
5A-C). The dose of 10 mg/kg of L-NAME did not affect the inhibitory effect of KA over
LPS-induced leukocyte recruitment (total leukocytes, neutrophils and mononuclear
cells). On the other hand, 30 and 100 mg/kg of L-NAME significantly inhibited the ef-
fect of KA (Figure 5A-C). The inhibitory effect of 100 mg/kg of L-NAME was also sta-
tistically different compared to the dose 10 mg/kg of L-NAME. There was no differ-

ence between the doses of 30 and 100 mg/kg of L-NAME (Figure 5A-C).

These results reinforce the role of NO in the control of recruitment of leuko-
cytes.>3” NO is produced by nitric oxide synthase (NOS) through the conversion of L-
arginine to L-citrulline and NO. There are three NOS isoforms: neuronal (nNOS), en-
dothelial (eNOS) and inducible (iNOS). The nNOS and eNOS are constitutively ex-
pressed and dependent on intracellular Ca*? for their activity whereas the iNOS is an
inducible form that is active independently of intracellular Ca*2. Inducers of iNOS in-
clude LPS and cytokines.?*° Further supporting the importance of NO to controlling
leukocyte recruitment, pharmacological inhibitors and knocking down NOS increase
neutrophil adhesion to endothelium and transmigration of leukocytes.?3"384142 There
are evidences that this effect is mediated via cyclic guanosine monophosphate — pro-
tein kinase G — ATP sensitive potassium channel (cGMP-PKG-ATP-sensitive potas-

sium channel).?*%7° Therefore, we also evaluated whether the effect of KA in inhibit-
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ing LPS-induced leukocyte recruitment to the peritoneal cavity depends on activating

the cGMP-PKG-ATP-sensitive potassium channel signaling pathway.

ODQ Prevents the KA Inhibition of LPS-Induced Leukocyte Recruitment
to the Peritoneal Cavity. Mice were pre-treated with ODQ (soluble cGMP inhibitor;
1 mg/kg, ip) 30 min before treatment with KA (10 mg/kg, po) or vehicle (2% DMSO in
saline, po). After an additional 30 min, mice received the LPS ip injection (200
ng/cavity), and the number total leukocytes and differential cell counting were deter-
mined (Figure 6). The treatment with ODQ reversed the KA inhibition of LPS-induced
total leukocyte (Figure 6A), neutrophil (Figure 6B) and mononuclear cell (Figure 6C)
to the peritoneal cavity. Therefore, KA inhibition of LPS-induced leukocyte recruit-
ment depends on activating NO and cGMP. In agreement with this result, NO down-
regulates the endothelial cells expression of adhesion molecules such as P-selectin,

ICAM-1 and V-CAM-1 in a cGMP-dependent manner.*®

KT5823 Prevents the KA Inhibition of LPS-Induced Leukocyte Recruit-
ment to the Peritoneal Cavity. PKG deficient mice present enhanced C5a-induced
chemotaxis reinforcing that this kinase down-regulates leukocyte recruitment. PKG
also inactivates the transcription factor NFkB, contributing to the reduction of adhe-
sion molecules expression on vessels.** cGMP activates PKG, therefore, the effect of
inhibiting PKG over KA anti-inflammatory mechanism was tested. Mice were treated
with KT5823 (PKG inhibitor; 0.5 pg/mice, ip) 10 min before treatment with KA (10
mg/kg, po) or vehicle (2% DMSO in saline, po). After an additional 30 min, mice re-

ceived the LPS injection (200 ng/cavity), and the number of total leukocytes and dif-
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ferential cell counting were determined (Figure 7). The treatment with KT5823 pre-
vented the KA inhibition of LPS-induced total leukocyte (Figure 7A), neutrophil (Fig-

ure 7B) and mononuclear cell (Figure 7C) recruitment.

Pre-Treatment with Glibenclamide Prevents KA Inhibition of LPS-Induced
Leukocyte Recruitment to the Peritoneal Cavity. Next, we investigated whether
activation of ATP sensitive potassium channel was involved in the KA inhibition of
LPS-induced leukocyte recruitment.** Mice were pre-treated with Glibenclamide
(ATP-sensitive potassium channel blocker; Gli, 1 mg/kg, ip) 30 min before treatment
with KA (10 mg/kg, po) or vehicle (2% DMSO in saline, po). After an additional 30
min, mice received the LPS injection (200 ng/cavity), and the number of total leuko-
cytes and differential cell counting were determined (Figure 8). The treatment with
glibenclamide prevented the KA inhibition of LPS-induced leukocyte (Figure 8A),
neutrophil (Figure 8B) and mononuclear cell (Figure 8C) recruitment. The results of
Figures 5-8 demonstrate that KA inhibits the LPS-induced leukocyte recruitment by
activating the NO-cGMP-PKG-ATP-sensitive potassium channel pathway. It is note-
worthy to mention that none of the inhibitors presented an effect per se in the doses
used in this study as observed in Figures 5 (L-NAME), 6 (ODQ), 7 (KT5823) and 8

(Glibenclamide).

KA Reduces LPS-Induced Pro-Inflammatory Cytokine Production and
Enhances Anti-Inflammatory Cytokine Production. Intraperitoneal injection of LPS

induces expressive increase of rolling and adhesion of leukocytes on endothelial
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cells. This interaction of endothelial cells and leukocytes depends on endothelial cells
activation by cytokines, which start expression adhesion molecules.***® In fact, cyto-
kines are crucial mediators involved in leukocyte recruitment during LPS inflamma-
tion and pain.”*®*’ Therefore, the possible effect of KA on LPS-induced pro-
inflammatory (TNF-q, IL-18 and IL-33) and anti-inflammatory (IL-10) cytokine produc-
tion was evaluated. Mice were treatment with KA (10 mg/kg, po) or vehicle (2%
DMSO in saline, po), and after 30 min, received LPS ip injection (200 ng/cavity). Cy-
tokine production in the peritoneal cavity of mice was determined at indicated time
points (Figure 9). LPS increased the concentration of TNF-qa, IL-1B and IL-33 in the
peritoneal exudates at all evaluated time points, except by IL-33 at 30 min. These
data is in accordance with the pronounced effect of LPS of inducing cytokine produc-
tion at varied tissues.”®! The treatment with KA reduced the LPS-induced produc-
tion of TNF-a (Figure 9A), IL-1B (Figure 9B) and IL-33 (Figure 9C) in the peritoneal
cavity. The KA inhibition of LPS-induced TNF-q, IL-1p and IL-33 production was con-
sistent over time. IL-10 is an anti-inflammatory cytokine that inhibits leukocyte re-
cruitment and hyperalgesia.'®*® IL-10 is co-released with pro-inflammatory cytokines
during inflammation with the role of limiting the inflammatory response and hyperal-
gesia.*® KA treatment consistently enhanced LPS-induced IL-10 production at 1, 2, 4
and 6 h after stimulus injection (Figure 9D). Therefore, it is conceivable that the effect
of KA of inhibiting LPS-induced leukocyte recruitment depends on inhibiting the pro-
duction of the pro-inflammatory cytokines TNF-a, IL-13 and IL-33 as well as enhanc-

ing the production of the anti-inflammatory cytokine IL-10.
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Treatment with KA Inhibits the NFkB Activation. Mice were treated with KA
(10 mg/kg, po) or vehicle (2% DMSO in saline, po), and after 30 min, received LPS ip
injection (200 ng/cavity). The peritoneal exudates were collected 2 h after LPS stimu-
lus. Treatment with KA inhibited the LPS-induced NFkB activation as observed by an
inhibition of LPS-induced decrease of the total NFkB p65/phosphorylated NFkB p65
ratio (Figure 10). The LPS-induced mechanical hyperalgesia and MPO activity in the
mice paw mice depends on activation of TLR4/MyD88 signaling in a TLR4/TRIF-
independent manner.” TLR4/MyD88 signaling leads to NFkB activation and conse-
qguent production of pro-hyperalgesic cytokines and other nociceptor sensitizing mol-
ecules such as prostaglandins and sympathetic amines that contributes to the in-
flammatory process and hyperalgesia.” Moreover, oxidative stress also induces the
NFkB activation.®® For instance, superoxide anion activates NFkB resulting in pro-
inflammatory/hyperalgesic cytokine production.®® Treatment with KA prevented the
depletion of GSH levels and reduction of ABTS scavenging activity as well as de-
creased the production of superoxide anion and TBARS (Figure 4), and these effects
might account to reducing NFkB activation, and TNF-a, IL-1p and IL-33 production.
Corroborating our in vivo results, KA inhibited the LPS-induced NFkB activation and

the TNF-a secretion in RAW 264.7 macrophages.®

In conclusion, we demonstrated that KA exerts anti-inflammatory and analge-
sic effects by inhibiting LPS-induced peritonitis and paw inflammation. KA reduced
the total leukocyte, neutrophil and mononuclear cell recruitment as well as mechani-
cal hyperalgesia, thermal hyperalgesia, and MPO activity. Regarding the mechanism
of action of KA, we observed that KA inhibited oxidative stress and pro-inflammatory

cytokine production (TNF-a, IL-18 and IL-33). The modulation of these mediators of
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the inflammatory process depended on inhibition of NFkB activation. Nevertheless,
KA not only presents inhibitory mechanisms, but also active mechanisms to control
inflammation and pain since KA enhanced the production of the anti-inflammatory
cytokine IL-10 and triggered the NO-cGMP-PKG-ATP-sensitive potassium channel
signaling pathway. Therefore, the present data further support KA as a potential anti-

inflammatory and analgesic molecule.

EXPERIMENTAL SECTION

Experimental protocols. Mice received per oral (po) pre-treatment with Kaurenoic
acid (KA, 1, 3 and 10 mg/kg, diluted in 2% DMSO in saline) or vehicle (2% DMSO
diluted in saline, 10 mL/kg of body weight) 30 min before intraperitoneal (ip) injection
of LPS (200 ng/200 pL/cavity) or post-treated with KA (10 mg/kg, diluted in 2%
DMSO in saline) 30 min after LPS (200 ng/200 pL/cavity) injection. The effect of KA
(1, 3 and 10 mg/kg, po) on LPS-induced mechanical and thermal hyperalgesia was
determined between 0-5 h after stimulus LPS (200 ng/25 pL/paw) and MPO activity 5
h after LPS injection. To investigate the role of the NO-cyclic GMP—protein kinase
G-ATP-sensitive potassium channel signaling pathway, the following drugs were
used: L-NAME (L-nitro-arginine methyl ester, NOS inhibitor, 10, 30 and 100 mg/kg, ip,
diluted in saline, 30 min), ODQ (soluble cGMP inhibitor; 1 mg/kg, ip, diluted in 2%
DMSO in saline 30 min), KT5823 (PKG inhibitor; 0.5 pg/mice, ip, diluted in 2% DMSO
in saline, 10 min) and glibenclamide (ATP-sensitive potassium channel blocker; 1
mg/kg, ip, diluted in 5% of Tween 80 in saline, 30 min). Oxidative stress in the paw
was assessed at 3 h following LPS-stimuli. Further, TNFa, IL-13, IL-33 and IL-10 lev-

els in the peritoneal cavity were determined between 0.5-6 h and NFkB activity at 2 h



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

74

after LPS injection. The selected doses of drugs were chosen based on pilot studies

and previous standardization in our laboratory.?#23

Animals. Male Swiss mice (20-25 g), from the Universidade Estadual de Lon-
drina, Londrina, Parana, Brazil, were used in this study. Mice were housed in stand-
ard clear plastic cages with free access to food and water, a light/dark cycle of 12:12
h, and kept at 21 °C. All behavioral testing was performed between 9 a.m. and 5 p.m.
in a temperature-controlled room. Animal care and handling procedures were in ac-
cordance with the International Association for Study of Pain (IASP) guidelines and
approved by the Ethics Committee of the Universidade Estadual de Londrina (pro-
cess number 12105.2012.67). Every effort was made to minimize the number of ani-

mals used and their suffering.

Extraction and isolation of Kaurenoic acid. The air-dried roots were pulver-
ized and then extracted exhaustively with dichloromethane (900 mL) at room tem-
perature, to give 1.2 g of crude extract, which was suspended in 300 mL of metha-
nol-H20 (9:1) and filtered. The soluble fraction was partitioned using n-hexane (300
mL, four times), which resulted in a 0.7 g n-hexane-soluble fraction after solvent
evaporation under reduced pressure. The n-hexane-soluble fraction was chromato-
graphed over silica gel 60 (0.063-0.200 mm) using vacuum-liquid chromatography
with n-hexane and increasing amounts of ethyl acetate as eluents (250 mL each frac-
tion). The second fraction (0.41 g) was washed with cold methanol, to afford Kau-
renoic acid (KA, ent-kaur-16-en-19-oic acid; 800 mg, purity 96%, as determined by
HPLC), exhibiting [a]*°> — 110, similar to a previous report.>* EIMS m/z 325 [M + Na]*
and compared by *H (CDCI3, 400 MHz) and **C (CDCI3, 100 MHz) spectroscopy

with an authentic standard and literature data.>?
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Drugs and stimuli. The following materials were obtained from the sources
indicated: saline (NaCl 0.9%; Fresenius Kabi Brasil Ltda. Aquiraz, CE, Brazil), dime-
thyl sulfoxide (DMSO), Esquerichia coli lipopolysaccharide (LPS), N®-nitro-L-arginine
methyl ester (L-NAME) and glybenclamide were obtained from Sigma-Aldrich (St.
Louis, MO, USA). 2,3,9,10,11,12-hexahydro-10R-methoxy-2,9-dimethyl-1-oxo-
9S,12R-epoxy-1diindolo [1,2,3-fg:3’,2°’, 1’-kl] pyrrol [3,4-i][1,6]benzodiazocine-10-
carboxylic acid, methyl ester (KT5823) from Cayman Chemical Company (Ann Ar-
bor, Michigan, USA), and 1H-(1,2,4)-oxadiazolol-(4,3-a)quinoxalin-1-one (ODQ) was
obtained Santa Cruz Biotechnology (CA, USA). Mouse TNF-q, IL-18, IL-33 and IL-10

ELISA kits were obtained from eBioscience (San Diego, CA, USA).

Recruitment of leukocytes to peritoneal cavity of mice. Leukocyte recruit-
ment to the peritoneal cavity of mice was induced by ip injection of Esquerichia coli
lipopolysaccharide (LPS; 200 ng/200 uL/cavity). Control group received only saline ip
(200 pL/cavity). Six h after LPS injection, mice were terminally anesthetized, 2 mL of
phosphate-buffered saline (PBS) containing 1 mM of EDTA was injected ip, and peri-
toneal exudates were collected to determine the cell counts. The total leukocyte
counts were performed with a Newbauer chamber, and differential cell counts (100
cells per slide) were carried out on microscope slides stained with Panotic kit (La-
borclin, Pinhais, Parana, Brazil). The results were expressed as the number of total

leukocytes, neutrophils or mononuclear cells x 10° per cavity.*®

Electronic pressure-meter test. Mechanical hyperalgesia was assessed as
previously reported.>® In a quiet room, mice were placed in acrylic cages (12x10x17
cm) with wire grid floors, 30 min before testing. The test consisted of evoking a hind

paw reflex with a hand-held force transducer (electronic anesthesiometer; Insight,
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Ribeirdo Preto, SP, Brazil) adapted with a 0.5 mm? polypropylene tip. The investiga-
tor was trained to apply the tip perpendicularly to the central area of the hind paw
with a gradual increase in pressure. The end point was characterized by the removal
of the paw followed by clear flinching movements, and the intensity of pressure was
recorded automatically. The animals were tested before (basal) and after treatment
and stimulus, and the value for each interval was an average of three measurements.
The results are expressed by delta (A) withdrawal threshold (in g), calculated by sub-
tracting the mean measurements obtained at 1, 3 or 5 h after ipl stimulus from the

basal (zero h) mean measurements.

Hot plate test. Thermal hyperalgesia was evaluated before and after stimulus.
The test was performed as previously reported.> In brief, mice were placed in a 10
cm wide glass cylinder on a hot plate (Hot Plate HP-2002, Insight Equipamentos, Ri-
beirao Preto, SP, Brazil) maintained at 50 °C. The reaction time was scored when the
animal jumped, flinched or licked its paws. The normal latency (reaction time) were:
saline 19.80+0.20 s; LPS 19.60+0.40 s; KA 1 mg/kg 19.74+ 0.26 s; KA 3 mg/kg
19.40+0.40 s; KA 10 mg/kg 19.75+0.25 s. A maximum latency (cutoff) was set at 20 s

to avoid tissue damage.

Myeloperoxidase (MPO) activity. The neutrophil migration to the paw skin
was evaluated by the MPO kinetic-colorimetric assay.**°® Samples were collected in
200 L of 50 mM K,PO, buffer (pH 6.0) containing 0.5% of HTAB, and homogenized
in ice-cold using a Tissue-Tearor (Biospec®). After the homogenates were centri-
fuged at 16100 g for 2 min, the resulting supernatants (15 L) were mixed with with
200 pL 50 mM K,PO, buffer, pH 6.0, containing 0.167 mg/mL o-dianisidine dihydro-

chloride and 0.015% hydrogen peroxide. The MPO activity absorbance was determi-
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nation at 450 nm (Multiskan GO ThermoScientific). The results were presented as

the MPO activity (number of neutrophils x 10*/ mg of skin paw tissue).

Cytokine measurement. The production of cytokines (TNF-a, IL-1B, IL-33
and IL-10) was determined by an enzyme-linked immunosorbent assay (ELISA) ac-
cording to manufacturer’s instructions (eBioscience).® The results are expresses as

pg of cytokine/cavity.

Reduced glutathione (GSH) levels measurement. Samples of paw skin
were collected and maintained at =80 °C for at least 48 h. Samples were homoge-
nized in 200 yL of 0.02 M EDTA. The homogenate was mixed with 25 uL of trichloro-
acetic acid 50% and was homogenized three times over 15 min. The mixture was
centrifuged (15 min x 1500 g at 4 °C). The supernatant was added to 200 yL of 0.2 M
TRIS buffer, pH 8.2, and 10 yL of 0.01M DTNB. After 5 min, the absorbance was
measured at 412 nm (Multiskan GO, Thermo Scientific) against a blank reagent with
no supernatant. A standard GSH curve was formed. The results were expressed as

nmol of GSH x 10° per mg of protein.

ABTS assays. The ability of samples to resist oxidative damage was deter-
mined by their free radical scavenging (ABTS [2,2'-Azinobis-3-ethylbenzothiazoline 6-
sulfonic acid] assay). The test was adapted to a 96-well microplate format as previ-
ously described.®® Plantar tissue samples were homogenized in ice-cold KCI buffer
(500 uL, 1.15% wi/v). The homogenates were centrifuged (200 g x 10 min at 4 °C),
and the supernatants were used. Diluted ABTS solution (200 yL) was mixed with 10
uL of sample in each well. After 6 min of incubation at 25 °C, the absorbance was
measured at 730 nm. (Multiskan GO Thermo Scientific). The results of ABTS assays

were equated against a standard Trolox curve (0.02—20 nmol).
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NBT assay. The quantification of superoxide anion production in tissue ho-
mogenates (10 mg/mL in 1.15% KCI) was performed using the NBT assay as previ-
ously described.* Briefly, 50 uL of homogenate were incubated with 100 uL of NBT
(2 mg/mL) in 96-well plates at 37 °C for 1 h. The mixture was then carefully removed
from wells and the reduced formazan solubilized by adding 120 uL of KOH 2 M and
140 yL of DMSO. The absorbance was measured at 600 nm (Multiskan GO Thermo-
Scientific). The weight of samples was used for data normalization and results pre-

sented as NBT reduction (OD/ mg of tissue).

Lipid Peroxidation. The lipid peroxidation was evaluated by TBARS levels
assay as previously described.>* Briefly, 10% TCA was added to the homogenate,
and the mixture was centrifuged (1000 g, 3 min, 4 °C) to precipitateprot eins. The
protein-free supernatant was then separated and mixed with TBA (0.67%). The mix-
ture was kept in a water bath (15 min, 100 °C). Malondialdehyde (MDA), an interme-
diate product of lipid peroxidation, was determined by the difference between ab-

sorbances at 535 and 572 nm (Multiskan GO ThermoScientific).

NFkB activity. Samples of the peritoneal exudate were collected in ice-cold
PBS buffer and centrifuged (200 g x 10 min x 4 °C), and resuspended in lysis buffer
(Cell Signaling). The supernatants were used to assess the levels of total and phos-
phorylated NFkB p65 subunit by ELISA (PathScan, Cell Signaling) according to the
manufacturer’s directions. The results were expressed as OD of samples (total

p65/phospho-p65) at 450 nm (Multiskan GO Thermo Scientific).

Statistical analyses. Results are representative of two independent experi-
ments and are presented as the means + S.E.M. (n = 6 per group in each experi-

ment). Two-way analysis of variance (ANOVA) was used to compare the groups and
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doses at all times when the parameters were measured at different times after the
stimulus injection. The analyzed factors were treatments, time and time versus treat-
ment interaction. When there was a significant time versus treatment interaction, one-
way ANOVA followed by Tukey’s t test was performed for each time. Alternatively,
when the treatment was evaluated once after the stimulus injection, the differences
between responses were evaluated by one-way ANOVA followed by Tukey’s t test.

Statistical differences were considered to be significant at P<0.05.
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LEGENDS TO FIGURES

Figure 1. KA reduces LPS-induced leukocyte recruitment to the peritoneal cavi-
ty. Mice were treated with KA in three different doses (1, 3 and 10 mg/kg) 30 min be-
fore injection of LPS-induced leukocytes recruitment to peritoneal cavity. The total
number of leukocytes (Panel A), neutrophils (Panel B) and mononuclear cells (Panel
C) were evaluated six hour after LPS stimulus. Results are presented as the means +
S.E.M. of six mice per group per experiment, and are representative of two separate
experiments. 'P<0.05 compared with the saline groups; “P<0.05 compared with the
vehicle groups; “P<0.05 compared with the vehicle groups and the dose of 1 mg/kg
of KA; 7P<0.05 compared with the vehicle groups and the doses of 1 and 3 mg/kg of

KA (One-way ANOVA followed by Tukey’s t test).

Figure 2. Post-treatment with KA reduces LPS-induced leukocyte recruitment
to peritoneal cavity. Mice were treated with KA (10 mg/kg) 30 min after injection of
LPS-induced leukocytes recruitment to peritoneal cavity. The number of total leuko-
cytes (Panel A), neutrophils (Panel B) and mononuclear cells (Panel C) were evalu-
ated six hour after LPS stimulus. Results are presented as the means + S.E.M. of six
mice per group per experiment, and are representative of two separate experiments.
"P<0.05 compared with the saline groups; “P<0.05 compared with the vehicle groups

(One-way ANOVA followed by Tukey’s t test).

Figure 3. Treatment with KA reduces LPS-induced hyperalgesia and MPO activ-

ity. Mice were treated with KA (1, 3 and 10 mg/kg) 30 min after injection of LPS (200
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ng/paw). The mechanical (Pane A) and thermal (Panel B) hyperalgesia were evalu-
ated 0-5 h after LPS injection. MPO activity (Panel C) was determined in plantar skin
tissue collected 5 h after LPS injection. Results are presented as the means + S.E.M.
of six mice per group per experiment, and are representative of two separate experi-
ments. 'P<0.05 compared with the saline groups; *P<0.05 compared with the vehicle
groups; ~ P<0.05 compared with the vehicle groups and the dose of 1 mg/kg of KA

(Two-way repeated measures ANOVA followed by Tukey’s t test).

Figure 4. Treatment with KA reduces LPS-induced oxidative stress in the paw
skin. Mice were treated with KA (10 mg/kg) 30 min after injection of LPS (200
ng/paw). The GSH levels (Panel A), free radical scavenging ability (ABTS assay,
panel B), superoxide anion production (NBT assay, panel C) and lipid peroxidation
(TBARS assay, panel D) was determined in plantar skin tissue collected 3 h after
LPS injection. Results are presented as the means + S.E.M. of six mice per group
per experiment, and are representative of two separate experiments. 'P<0.05 com-
pared with the saline groups; *P<0.05 compared with the vehicle groups; (One-way

ANOVA followed by Tukey’s t test).

Figure 5. L-Name prevents in a dose-dependent manner the KA inhibition of
LPS-induced leukocyte recruitment to the peritoneal cavity. Mice were pre-
treated with L-NAME (10-100 mg/kg; NOS inhibitor) and 30 min after treated with KA
(10 mg/kg). Added 30 min after treatment mice received LPS injection. The total

number of leukocytes (Panel A), neutrophils (Panel B) and mononuclear cells (Panel
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C) were evaluated six hour after LPS stimulus. Results are presented as the means +
S.E.M. of six mice per group per experiment, and are representative of two separate
experiments. 'P<0.05 compared with the saline groups; “P<0.05 compared with the
vehicle groups; “P<0.05 compared with the KA group; 7P<0.05 compared with the
KA groups and the L-NAME 10 mg/kg plus KA group (One-way ANOVA followed by

Tukey’s t test).

Figure 6. ODQ prevents the KA inhibition of LPS-induced leukocytes recruit-
ment to the peritoneal cavity. Mice were pre-treated with ODQ (1 mg/kg; soluble
cGMP inhibitor) 30 min before treatment with KA (10 mg/kg). Added 30 min after
treatment mice received LPS injection. The number of total leukocytes. The number
of total leukocytes (Panel A), neutrophils (Panel B) and mononuclear cells (Panel C)
were evaluated six hour after LPS stimulus. Results are presented as the means +
S.E.M. of six mice per group per experiment, and are representative of two separate
experiments. 'P<0.05 compared with the saline groups; “P<0.05 compared with the
vehicle groups; “P<0.05 compared with the KA group (One-way ANOVA followed by

Tukey’s t test).

Figure 7. KT5823 prevents the KA inhibition of LPS-induced leukocyte recruit-
ment to the peritoneal cavity. Mice were pre-treated with KT5823 (0.5 pg/mice;
PKG inhibitor) 10 min before treatment with KA (10 mg/kg). Added 30 min after
treatment mice received LPS injection. The number of total leukocytes. The number

of total leukocytes (Panel A), neutrophils (Panel B) and mononuclear cells (Panel C)
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were evaluated six hour after LPS stimulus. Results are presented as the means +
S.E.M. of six mice per group per experiment, and are representative of two separate
experiments. 'P<0.05 compared with the saline groups; “P<0.05 compared with the
vehicle groups; “P<0.05 compared with the KA group (One-way ANOVA followed by

Tukey’s t test).

Figure 8. Glibenclamide prevents the KA inhibition of LPS-induced leukocyte
recruitment to the peritoneal cavity. Mice were pre-treated with Glibenclamide (1
mg/kg; Gli; ATP-sensitive potassium channel blocker) 30 min before treatment with
KA (10 mg/kg). Added 30 min after treatment mice received LPS injection. The num-
ber of total leukocytes. The number of total leukocytes (Panel A), neutrophils (Panel
B) and mononuclear cells (Panel C) were evaluated six hour after LPS stimulus. Re-
sults are presented as the means + S.E.M. of six mice per group per experiment, and
are representative of two separate experiments. P<0.05 compared with the saline
groups; “P<0.05 compared with the vehicle groups; ~P<0.05 compared with the KA

group (One-way ANOVA followed by Tukey’s t test).

Figure 9. KA inhibits LPS-induced pro-inflammatory cytokine and enhances
anti-inflammatory cytokine production. Mice were treated with KA (10 mg/kg) 30
min before injection of LPS. At indicated times after the injection stimuli (0.5 — 6 h)
the cytokines TNF-a (Panel A), IL-1B8 (Panel B), IL-33 (Panel C) and IL-10 (Panel D)
levels were determined. Results are presented as the means + S.E.M. of six mice per

group per experiment, and are representative of two separate experiments. "P<0.05
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compared with the saline groups; *P<0.05 compared with the vehicle groups (One-

way ANOVA followed by Tukey’s t test).

Figure 10. KA inhibits LPS-induced NFkB activation. Mice were treated with KA
(10 mg/kg) 30 min after injection of LPS. The NFkB activation was determined 2 h
after LPS injection. Results are presented as the means + S.E.M. of six mice per
group per experiment, and are representative of two separate experiments. 'P<0.05
compared with the saline groups; *P<0.05 compared with the vehicle groups; (One-

way ANOVA followed by Tukey’s t test).
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Abstract

Neuropathic pain induced by nerve injury is associated with a variety of neuroinflam-
matory changes, including peripheral and central sensitization, that lead to hyperal-
gesia, paresthesia, allodynia and spontaneous pain. Kaurenoic acid (KA) is a diter-
pene with anti-inflammatory properties in pre-clinical models of diseases. The aim
this study was to evaluate the effects of KA in a mouse model of neuropathic pain
induced by chronic constriction injury (CCI) of the sciatic nerve. Seven days after CCI
surgery, mice were treated with KA and the mechanical hyperalgesia evaluated.
Samples from the spinal cord (L4-L6) were collected to evaluate the effects of KA in
spinal cord neuroinflammation. Acute (at the 7™ day post-CCl surgery) and prolonged
(7-14" days post-CCl surgery) KA treatment inhibited CCl-induced mechanical hy-
peralgesia in all evaluated time points. Pre-treatment with inhibitors of the NO-cGMP-
PKG-ATP-sensitive potassium channel signaling pathway impaired the analgesic ef-
fect of KA. Importantly, KA enhanced Nrf2 mRNA expression and inhibited the deple-
tion of its downstream target, the antioxidant reduced glutathione (GSH) in the spinal
cord of CCI mice. KA also inhibited the NFkB activation, and the mRNA expression of
its downstream targets, the hyperalgesic cytokines TNF-a and IL-33. In agreement
with a reduction of CCl-induced spinal cord inflammation, KA also inhibited CCI-
induced activation of microglia and astrocyte as observed by reduced Iba-1 and
GFAP mRNA expression., respectively. Our results provide evidences that KA inhib-
its spinal cord neuroinflammation, and thus represent an important candidate in con-

trolling neuropathic pain.

Key-words: Kaurenoic acid; neuropathic pain; chronic constriction injury; sciatic

nerve; spinal cord.
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1. Introduction

Neuropathic pain is a complex syndrome that results from a nerve fiber injury
or dysfunction such as occur in diabetes, autoimmune diseases, infections, trauma,
and trigeminal neuralgia (Campbell and Meyer, 2006; Gao and Ji, 2010b; Woolf and
Mannion, 1999). Damage of conductive fibers causes disturbances of sensory and
motor functions, which is characterized by nociceptive pain and inflammation (Austin
and Moalem-Taylor, 2010). Hyperalgesia (an increase of response to painful stimuli),
paresthesia (tingling sensation), allodynia (pain resulting from a normally non-painful
stimulus) and spontaneous pain are symptoms related to neuropathic pain (Austin
and Moalem-Taylor, 2010; Campbell and Meyer, 2006; Scholz and Woolf, 2007,
Woolf and Mannion, 1999). Furthermore, studies show that in addition to these symp-
toms, the patients eventually develop depression, sleep disorders, and physical func-

tion impairments (Gilron et al., 2015).

Studies have shown the participation of macrophages, glial cells (Schwann
cells, astrocytes and microglia), T lymphocytes and neutrophils as well as oxidative
stress, cytokines, chemokines and growth factors in neuropathic pain, which contrib-
ute to modulate axonal damage and spontaneous activity of nociceptors and sensitiv-
ity to stimuli (Austin and Moalem-Taylor, 2010; Scholz and Woolf, 2007; Zarpelon et
al., 2016). Furthermore, in peripheral nerve injury, immune cells release pro-
inflammatory mediators that can directly act on dorsal root ganglia (DRG) neurons
and their axons leading to peripheral sensitization and axonal damage. DRG neurons
also release mediators that activate glial cells in the DRG and spinal cord and vice-

versa (Gao and Ji, 2010a; Scholz and Woolf, 2007; Zarpelon et al., 2016).
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Several therapeutic drugs are available to controlling neuropathic pain, in gen-
eral aiming to decrease neuronal activity, but without adequate effectiveness
(Dworkin et al., 2003). Patients with neuropathic pain do not respond well to therapy
with non-steroidal anti-inflammatory drugs and the resistance and tolerance to opi-
ates is commonly observed. Nowadays, tricyclic antidepressants and anticonvulsants
are extensively used to treat neuropathic pain, however all of them have limited ef-
fectiveness (Dworkin et al.,, 2003; Scholz and Woolf, 2007; Woolf and Mannion,
1999). Importantly, these drugs cause side effects such as nausea, sedation, drowsi-

ness and dizziness (Gao and Ji, 2010a).

Diterpenes are natural compounds frequently used in the treatment of various
diseases (Aquila et al., 2009; Tirapelli et al., 2008; Zhang et al., 2014). One of these
compounds, the Kaurenoic acid (KA), possesses a wide variety of activities. For in-
stance, KA presents antitumor activity by activating apoptotic pathways (Fernandes
et al., 2013; Henry et al., 2006; Lizarte Neto et al., 2013; Okoye, 2014). KA affects
the cardiovascular system by promoting antispasmodic and vasorelaxant actions, in
part, by activating the NO-cGMP pathway (Tirapelli et al., 2008, 2004). KA also pre-
sent anti-inflammatory potential since inhibited in vitro LPS-induced production of
nitric oxide (NO) and NO synthase expression, prostaglandin E, and cyclooxygenase
2 expression, cytokine production and NFxB activation as well as induced Nrf2 acti-
vation in RAW 264.7 macrophages (Castrillo et al., 2001; Choi et al., 2011; Diaz-
Viciedo et al., 2008; Lyu et al., 2011). Finally, KA is an analgesic molecule since in-
hibits inflammatory nociception in the models of acetic acid-induced writhings, phe-
nyl-p-benzoquinone-induced writhings, formalin- and complete Freund’s adjuvant
(CFA)-induced paw flinching and licking, and carrageenan- and CFA-induced me-

chanical hyperalgesia (Block et al., 1998; Mizokami et al.,, 2012). The analgesic
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mechanism of KA depends, at least in part, by inhibiting pro-inflammatory cytokine
production and activating the NO-cGMP (cyclic guanosine monophosphate)-PKG
(protein kinase G)-ATP-sensitive potassium channel signaling pathway (Mizokami et
al., 2012). These mechanisms of KA seem to be of importance since cytokines are
targets to reduce pain in inflammatory and neuropathic pain conditions (Verri et al.,
2006) and activating the NO-cGMP-PKG-ATP-sensitive potassium channel is an an-
algesic mechanism of morphine, dipyrone and other molecules with analgesic activity
activate this signaling pathway (Cunha et al., 2010; Sachs et al., 2004; Zarpelon et
al., 2013; Staurengo-Ferrari et al., 2014; Pinho-Ribeiro et al., 2016). However, the
effect and mechanisms of KA in neuropathic pain remained to be investigated, which

were the aims of the present study.

2. Material and methods

2.1. Animals

Male Swiss mice (20-25 g), from the Universidade Estadual de Londrina, Lon-
drina, Parana, Brazil, were used in this study. Mice were housed in standard clear
plastic cages with free access to food and water, a light/dark cycle of 12:12 h. All be-
havioral testing was performed between 9 a.m. and 5 p.m. in a temperature-
controlled room (21 °C). Animal care and handling procedures were in accordance
with the International Association for Study of Pain (IASP) guidelines and approved
by the Ethics Committee of the Universidade Estadual de Londrina (process number

12105.2012.67).
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2.2. Extraction and isolation of Kaurenoic acid

The air-dried roots of Sphagneticola trilobata were pulverized and then ex-
tracted exhaustively with dichloromethane (900 mL) at room temperature, to give 1.2
g of crude extract, which was suspended in 300 mL of methanol-H,O (9:1) and fil-
tered. The soluble fraction was partitioned using n-hexane (300 mL, four times),
which resulted in a 0.7 g n-hexane-soluble fraction after solvent evaporation under
reduced pressure. The n-hexane-soluble fraction was chromatographed over silica
gel 60 (0.063-0.200 mm) using vacuum-liquid chromatography with n-hexane and
increasing amounts of ethyl acetate as eluents (250 mL each fraction). The second
fraction (0.41 g) was washed with cold methanol, to afford Kaurenoic acid (ent-kaur-
16-en-19-oic acid; 800 mg, purity 96%, as determined by HPLC), exhibiting [a]*% —
110, similar to a previous report (Okuyama et al., 1991), EIMS m/z 325 [M + Na]" and
compared by *H (CDCI3, 400 MHz) and **C (CDCI3, 100 MHz) spectroscopy with an

authentic standard and literature data (de Andrade et al., 2011).

2.3. Drugs and stimuli

The following materials were obtained from the sources indicated: saline was
obtained from Fresenius Kabi Brasil Ltda. (NaCl 0.9%; Aquiraz, CE, Brazil). Dimethyl
sulfoxide (DMSO), N®-nitro- L-arginine methyl ester (L-NAME) and glibenclamide
were obtained from Sigma-Aldrich (St. Louis, MO, USA). 2,3,9,10,11,12-hexahydro-
10R-methoxy-2,9-dimethyl-1-0x0-9S,12R-epoxy-1diindolo [1,2,3-fg:3’,2°, 1’-kl] pyrrol
[3,4-1][1,6]benzodiazocine-10-carboxylic acid, methyl ester (KT 5823) from Cayman

Chemical Company (Ann Arbor, MI, USA), 1H-(1,2,4)-oxadiazolol-(4,3-a)quinoxalin-
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1-one (ODQ) was obtained Santa Cruz Biotechnology (Santa Cruz, CA, USA), and

ketamine and xylazine from Sespo Industria e Comeércio Ltda (Paulinia, SP, Brazil).

2.4. Model of chronic constriction injury (CClI)

Mice were anesthetized with ketamine and xylazine (1:1; 10 yL/10 g, of body
weight, intramuscular) followed by trichotomy and asepsis of the surgery area. Surgi-
cal procedure was performed as previously described by Bennett & Xie (Bennett and
Xie, 1988) with some modifications (Zarpelon et al., 2016). Briefly, an incision was
performed in the rear leg and the distal portion of the sciatic nerve was tied with sur-
gical thread (catgut 4-0). For the sham controls, mice underwent the same procedure

without the constriction of the nerve.

2.5. Experimental protocols

The pain threshold to mechanical stimulus was measured before the surgery
(basal response) and at the following intervals starting from the 7™ day after CCI
(peak of mechanical hyperalgesia) (Zarpelon et al., 2016): 0.5-24 h or daily 3 h after
per oral (p.o.) treatment with KA (1, 10 and 30 mg/kg or 10 mg/kg, diluted in 2%
DMSO in saline) or vehicle (2% DMSO in saline, 10 mL/kg of body weight). To inves-
tigate the role of the NO-cGMP-PKG-ATP-sensitive potassium channel signaling
pathway in the analgesic effect of KA, the following drugs were administered before
KA (10 mg/kg, p.o.) treatment: L-NAME [L-nitro-arginine methyl ester, NOS inhibitor,
100 mg/kg, intraperitoneal (i.p.), diluted in saline, 45 min), ODQ (soluble cGMP inhibi-

tor; 1 mg/kg, i.p., diluted in 2% DMSO in saline, 30 min), KT5823 (PKG inhibitor; 0.5
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pg/mice, i.p., diluted in 2% DMSO in saline, 5 min) and glibenclamide (ATP-sensitive
potassium channel blocker; 1 mg/kg, p.o., diluted in 5% of Tween 80 in saline, 30
min). For GSH, NFkB and gPCR experiments, samples of spinal cord (L4-L6) were
collected 3 h after treatment with KA (10 mg/kg, p.o.). For spinal cord samples, pools
of 2 spinal cord were prepared, thus, a n = 1 represents two mice for the evaluation
of GSH level or NFkB activation analyses. Pools of 4 spinal cords were also pre-
pared, and a n = 1 represents four mice for gPCR analysis. The selected doses of
drugs and time of sample collection were chosen based on pilot studies and previous
data of our laboratory (Fattori et al., 2015; Hohmann et al., 2013; Mizokami et al.,

2012; Pinho-Ribeiro et al., 2015; Zarpelon et al., 2016).

2.6. Mechanical hyperalgesia

The mechanical hyperalgesia test (Cunha et al., 2004) consisted of evoking a
hindpaw flexion reflex with a hand-held force transducer (electronic anaesthesiome-
ter; ITC Life Science) adapted with a 0.5 mm? polypropylene tip. The end point was
the characterized by the removal of the paw followed by clear flinching movements.
After the paw withdrawal, the intensity of the pressure was automatically recorded,
and the value for the response was obtained by averaging three measurements. The
animals were tested before and after the surgery and after of the treatments. The
results are expressed by delta (A) withdrawal threshold (in g), calculated by subtract-
ing from basal (before of the surgery) the mean measurements seven day after sur-
gery (zero-time mean measurements), and the mean measurements obtained at 0.5

—24 h and 1 — 7 days after treatment with KA.
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2.7. Reduced glutathione (GSH) levels assay

Samples from spinal cord (L4-L6) were collected and maintained at —80 °C for
at least 48 h, and then homogenized with 200 yL of 0.02 M EDTA. Homogenates
were mixed with 25 pL of 50% trichloroacetic acid, vortexed three times for 15 min,
and centrifuged (15 min x 1500 g x 4 °C), and the resulting supernatant added to 200
puL of 0.2 M Tris buffer, pH 8.2, and 10 uL of 0.01 M DTNB. After 5 min of incubation
at room temperature, the absorbance was measured at 412 nm against a blank rea-
gent with no supernatant (Hohmann et al., 2013; Sedlak and Lindsay, 1968). A
standard curve of GSH was used and the results are reported as nmol of GSH per

mg of tissue.

2.8. NFkB activity

Spinal cord samples (L4—-L6) were collected and homogenized in ice-cold lysis
buffer (Cell Signaling). Homogenates were centrifuged (200 g x 10 min x 4 °C) and
the supernatants used to assess the levels of phosphorylated and total NFKB p65
subunit by ELISA according to the manufacturer’s directions (PathScan, Cell Signal-
ing). Absorbance was measured at 450 nm (Multiskan GO Thermo Scientific) and the

results are presented as total p65/phospho-p65 ratio per 100 mg of tissue.

2.9. Reverse transcriptase (RT) and quantitative polymerase chain reaction (QPCR)

RT-gPCR was performed as previously described (Fattori et al., 2015). Spinal
cord samples (L4-L6) were homogenized in TRIzol® reagent (Life Technologies),

and total RNA was isolated according to manufacturer’s directions. RNA purity was
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confirmed by the 260/280 ratio. RT-PCR and gPCR were performed using GoTagq®
2-Step RT-gPCR System (Promega) on a StepOnePlusTM Real-Time PCR System
(Applied Biosystems®). The relative gene expression was measured using the com-
parative 2° “*°% method and B-actin as the housekeeping gene. The primer sequenc-
es used were Nrf2, sense: 5'-TCACACGAGATGACGTTAGGGCAA-3", antisense: 5'-
TACAGTTCTGGGCGGCGGACTTTAT-3; TNF-q, sense: 5'-
TCTCATCAGTTCTATGGCCC-3’, antisense: 5-GGGAGTAGACAAGGTACAAC-3;
IL-33, sense: 5°-TCC TTG CTT GGC AGT ATC CA-3’, antisense: 5-TGC TCA ATG
TGT CAA CAG ACG-3’; Iba-1: sense 5 -ATGGAGTTTGATCTGAATGGAAAT-3,
antisense:  5-TCAGGGCAGCTCGGAGATAGCTTT-3"; GFAP: sense: 5'-
GGCGCTCAATGCTGGCTTCA-3’, antisense: 5-TCTGCCTCCAGCCTCAGGTT-3';
B-actin, sense: 5-ACGTGCGTTTTACACCCTTT-3, antisense: 5-

AAGCCATGCCAATGTTGTCT-3".

2.10. Statistical analyses

Results are representative of two independent experiments and are presented
as the means + S.E.M. (n = 6 per group per experiment, representative of two sepa-
rate experiments). Two-way analysis of variance (ANOVA) followed by Tukey’s t test
was used to compare the groups and doses at all times when the parameters were
measured at different times after the CCI of sciatic nerve. The analyzed factors were
treatments, time and time versus treatment interaction. When there was a significant
time versus treatment interaction, one-way ANOVA followed by Tukey’s t-test was
performed for each time. On the other hand, when the nociceptive responses were

presented as total values at indicated time period, the differences between respons-
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es were evaluated by one-way ANOVA followed by Tukey’s t-test. Statistical differ-

ences were considered to be significant at P<0.05.

3. Results

3.1. KA reduces CCl-induced mechanical hyperalgesia in mice

Seven day after CCI, mice were treated p.o. with KA (1, 10 and 30 mg/kg.)
and the mechanical hyperalgesia was evaluated 0.5, 1, 3, 5, 7 and 24 h after treat-
ment (Figure 1A). KA dose-dependently reduced CCl-induced mechanical hyperal-
gesia (Figure 1A). No significant effect was observed at the dose of KA of 1 mg/kg.
On the other hand, the dose of 3 mg/kg of KA reduced the mechanical hyperalgesia
between 1-7 h, and dose of 10 and 30 mg/kg of KA reduced the mechanical hyperal-
gesia already at 0.5 h after treatment and up to 7 h (Figure 1A). The dose of 10
mg/kg of KA was selected for the next experiments since was the lower dose of KA
to achieve maximal antinociception within the shortest time. For the chronic treat-
ment, mice were treated daily with KA (10 mg/kg, p.o.) for seven days and the me-
chanical hyperalgesia evaluated. KA inhibited CCl-induced mechanical hyperalgesia

at all time points evaluated in the chronic treatment protocol (Figure 1B).
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Figure 1. KA reduces CCl-induced mechanical hyperalgesia in mice. Seven days
after surgery, mice were treated with KA (1, 3, 10 and 30 mg/kg, p.o.) and the me-
chanical hyperalgesia evaluated 0.5-24 h (Panel A). In panel B, mice were treated
with KA 10 mg/kg, daily for 7 days and mechanical hyperalgesia evaluated daily after
treatment. Results are presented as the means + SEM (n = 6 per group per experi-
ment, representative of two separate experiments). P<0.05 compared with the sham
groups; “P<0.05 compared with the vehicle groups (Two-way ANOVA followed by

Tukey’s t test).

3.2. The analgesic effect of KA in CCl-induced mechanical hyperalgesia depends on

activating the NO-cGMP-PKG-ATP-Sensitive Potassium Channel Signaling Pathway.
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Seven days after CCIl, mice were pre-treated with L-NAME (100 mg/kg, i.p.;
NOS inhibitor), ODQ (1 mg/kg, i.p.; soluble guanilate cyclase inhibitor), KT5823 (0.5
Mg/mice, i.p.; PKG inhibitor) or glibenclamide (1 mg/kg, p.o.; ATP-sensitive potassium
channel blocker) before treatment with KA (10 mg/kg, p.o.). The mechanical hyperal-
gesia was evaluated 1-7 h after treatment with KA. Likewise, KA significantly reduced
CCl-induced mechanical hyperalgesia at 1, 3, 5 and 7 h, which was reversed by the
inhibitors L-NAME (Figure 2A), ODQ (Figure 2B), KT5823 (Figure 2C) and
glibenclamide (Figure 2D). These results suggest that the anti-hyperalgesic effect of
KA depends on triggering the triggering the NO-cGMP-PKG-ATP-sensitive potassium

channel signaling analgesic pathway.
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Figure 2. The analgesic effect of KA in CCl-induced mechanical hyperalgesia de-
pends on activating the NO-cGMP-PKG-ATP-Sensitive Potassium Channel Signaling
Pathway. Mice were pre-treated with L-NAME (Panel A), ODQ (Panel B), KT5823
(Panel C) or glibenclamide (Panel D) before administration KA (10 mg/kg, p.o.). Re-
sults are presented as the means + SEM (n = 6 per group per experiment, repre-
sentative of two separate experiments). P<0.05 compared with the sham group;
*P<0.05 compared with the vehicle group; “P<0.05 compared with the KA group

(Two-way ANOVA followed by Tukey’s t test).

3.3. Treatment with KA inhibits CCI-induced oxidative stress in the spinal cord.

Mice were treated with KA (10 mg/kg, p.o.), and after 3 h samples of spinal cord (L4-
L6) were collected to determine GSH levels (Figure 3A) and Nuclear Factor
Erythroid-2-Related Factor 2 (Nrf2) mRNA expression (Figure 3B). CCl-induced a
decrease of GSH levels in the spinal cord, which was inhibited by KA (Figure 3A).
CCI group presented a tendency of increasing Nrf2 mRNA expression in the spinal

cord, which was significantly enhanced by KA treatment (Figure 3B).
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Figure 3. Treatment with KA inhibits CCl-induced oxidative stress in the spinal cord.
Mice were treated with KA (10 mg/kg, p.o.) and after 3 h the samples of spinal cord
were collected for measurement of GSH level (Panel A) and Nrf2 mRNA expression.
Results are presented as the means + SEM (n = 6 per group per experiment, repre-
sentative of two separate experiments). 'P<0.05 compared with the sham groups;
*P<0.05 compared with the vehicle groups (One-way ANOVA followed by Tukey’s t

test).

3.4. Treatment with KA inhibits CCl-induced spinal cord TNF-a and /IL-33 mRNA ex-

pression.

Mice were treated with KA (10 mg/kg, p.0.) seven days after surgery. After 3 h,
samples of spinal cord (L4-L6) were collected to determine TNF-a and IL-33 mRNA

expression. CCI induced a significant increased in TNF-a (Figure 4A) and IL-33 (Fig-
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ure 4B) mRNA expression. Treatment with KA inhibited the CCl-induced TNF-a (Fig-

ure 4A) and IL-33 (Figure 4B) mRNA expression.
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Figure 4. KA inhibits CCl-induced TNF-a and IL-33 mRNA expression. Mice were
treated with KA (10 mg/kg, p.o.) and after 3 h samples of spinal cord were collected
to analyze TNF-a (Panel A) and IL-33 (Panel B) mRNA expression by gPCR. Results
are presented as the means + SEM (n = 6 per group per experiment, representative
of two separate experiments). P<0.05 compared with the sham groups; *P<0.05

compared with the vehicle groups (One-way ANOVA followed by Tukey’s t test).

3.5. KA inhibits CClI-induced microglia and astrocytes activation in the spinal cord.

In order to evaluate whether KA treatment affected CClI-induced spinal cord
glial cells activation the mRNA expression of microglia (Iba-1) and astrocytes (GFAP)

were determined by qPCR (Figure 5). Mice were treated with KA (10 mg/kg, p.o.),
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and after 3 h, samples of spinal cord (L4-L6) were collected to determine lba-1 and
GFAP mRNA expression. CCI significantly increase Iba-1 (Figure 5A) and GFAP
(Figure 5B) mRNA expression. On the other hand, KA inhibited CClI-induced lba-1

(Figure 5A) and GFAP (Figure 5B) mRNA expression in the spinal cord.
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Figure 5. KA inhibits CClI-induced microglia and astrocyte activation in the spinal
cord. Mice were treated with KA (10 mg/kg, p.o.) and after 3 h samples of spinal cord
were collected to analyze Iba-1 (Panel A) and GFAP (Panel B) mRNA expression by
gPCR. Results are presented as the means + SEM (n = 6 per group per experiment,
representative of two separate experiments). 'P<0.05 compared with the sham
groups; "P<0.05 compared with the vehicle groups (One-way ANOVA followed by

Tukey’s t test).

3.6. KA inhibits CCl-induced NFkB activation in the spinal cord
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Seven day after surgery, mice were treated with KA (10 mg/Kg, p.o.) and
samples of spinal cord (L4-L6) were collected 3 h after treatment. Samples were pro-
cessed and ELISA was used to evaluate the levels of total and phosphorylated NFkB

p65 subunits. KA inhibited CCI-induced NFkB activation in the spinal cord (Figure 6).

NFkB activation
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Figure 6. KA inhibited CClI-induced NFkB activation in the spinal cord. Mice were
treated with KA (10 mg/kg, p.o.) and after 3 h samples of spinal cord were collected
to analyze NFkB activation. Results are presented as the means + SEM (n = 6 per
group per experiment, representative of two separate experiments). P<0.05 com-
pared with the sham groups; “P<0.05 compared with the vehicle groups (One-way

ANOVA followed by Tukey’s t test).
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4. Discussion and Conclusion

Neuropathic pain caused by chronic constriction in sciatic nerve involves sev-
eral mechanisms in peripheral and central systems. In the peripheral nerve neuropa-
thy, Schwann cells activate resident cells, which promote the Wallerian degeneration
of axonal nerve fibers. Additionally, these cells promote the release of several pro-
inflammatory mediators such as cytokines, prostaglandin and reactive oxygen spe-
cies (ROS) that contribute to peripheral sensitization (Gao and Ji, 2010a, 2010b;
Salvemini et al.,, 2011; Scholz and Woolf, 2007). Nerve injury induces substantial
changes in glial cells in the spinal cord leading to activation and proliferation of these
cells, and promote the further release of pro-hyperalgesic cytokines and the central
sensitization leading to the development and maintenance of neuropathic pain (Gao

and Ji, 2010a, 2010b; Scholz and Woolf, 2007; Zarpelon et al., 2016).

Here we demonstrate that Kaurenoic acid (KA) treatment dose-dependently
inhibited ongoing chronic constriction injury of sciatic nerve (CCl)-induced neuro-
pathic pain in mice. Furthermore, the analgesic effect of KA was maintained with dai-
ly treatment during seven days. Subsequently, the mechanisms underlying the anti-
hyperalgesic effect of KA were investigated. The analgesic effect of KA depends on
activating the NO-cGMP-PKG-ATP-sensitive potassium channel signaling pathway
as observed using the inhibitors L-NAME, ODQ, KT5823 and glibenclamide, respec-
tively. This same pathway is also activated by some AINES such as diclofenac and
dipyrone (Tonussi and Ferreira, 1994; Sachs et al., 2004), and opioids such as mor-
phine (Cunha et al., 2010). NO and nitroxyl donors or substances that increase neu-
ronal concentration of NO also cause analgesia by activating the cGMP-PKG-ATP-

sensitive potassium channel signaling pathway (Cury et al., 2011; Staurengo-Ferrari



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

124

et al., 2014; Zarpelon et al., 2013). In fact, NO is able to stimulate cGMP production,
leading to activation of PKG, which phosphorylates ATP-sensitive potassium chan-
nel. And the opening of these channels induces the hyperpolarization of nociceptive
neurons reducing the depolarization and action potential transmission, thus, promot-

ing analgesia (Cunha et al., 2010; Cury et al., 2011; Zarpelon et al., 2013).

Oxidative stress and ROS have been implicated in the development of persis-
tent pain that results from nerve injury or inflammation (Pathak et al., 2014). Reduced
glutathione (GSH) plays a critical role in protecting cells from oxidative stress as well
as maintaining the thiol redox state. GSH is a tripeptide composed of glutamate, cys-
teine, and glycine residues. The depletion of GSH enhances oxidative stress, leading
to neuronal degeneration (Salvemini et al., 2011). Hence, antioxidant compounds
inhibits this process and have been the target of many studies. In the present data,
KA inhibited the depletion of GSH levels in CCl and enhanced the expression of Nu-
clear Factor Erythroid-2-Related Factor 2 (Nrf2). Nrf2 is responsible for the expres-
sion of various detoxifying phase Il enzymes, and inducible expression of antioxidant
response elements (ARE), including GSH. The antioxidant activity and induction of
Nrf2 can explain the analgesic effect of KA in CCI since in neuropathic pain models,
inhibition of oxidative stress and inducing Nrf2 are analgesic mechanisms
(Cederbaum, 2009; Lyu et al., 2011; Salvemini et al., 2011). Corroborating our data,

KA induced Nrf2 activation in RAW 264.7 macrophages (Lyu et al., 2011).

Furthermore, pro-inflammatory cytokines also contribute to axonal damage
and increased pain sensitivity in neuropathic pain (Austin and Moalem-Taylor, 2010;
Scholz and Woolf, 2007: Zarpelon et al., 2016). Injury of sciatic nerve leads to up-

regulation of TNF-a and its receptors in the nerve, DRG, Schwann cells, astrocytes
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and microglia (Austin and Moalem-Taylor, 2010; Moalem and Tracey, 2006).
TNFa/TNFR1 signaling activates p38 that phosphorylates tetrodotoxin-resistant sodi-
um channels resulting DRG neuronal firing (Jin and Gereau, 2006). IL-33 and its re-
ceptor ST2 also participate in CCl-induced neuropathic pain. Upon CCI surgery, oli-
godendrocytes release IL-33 in the spinal cord, and IL-33 potently induces TNF-a
and IL-1 production by glial cells (Zarpelon et al., 2016). TNF-a (Austin and Moalem-
Taylor, 2010) and IL-33 (Zarpelon et al., 2016) activate PI3K, MAP kinases (ERK,
JNK and p38), and NFkB enhancing cellular activation and cytokines production,
therefore, mediating the spinal cord neuroinflammation in neuropathic pain. The in-
trathecal injection of TNF-a (Gao et al., 2010) and IL-33 (Zarpelon et al., 2016) also
actives microglia and astrocytes in the spinal cord during the CCl-induced neuropa-
thy. We found that KA reduces the TNF-a and IL-33 mRNA expression in spinal cord
and inhibits the NFkB activation. These data corroborate that KA inhibits CCl-induced
spinal cord activation of microglia and astrocytes by inhibiting NFxB activation and

consequent cytokine production.

In the context of neuropathic pain, microglia are one of first spinal cord cell
types to be activated and persists for at least several months. Microglia activation
leads to increase in the synthesis of cytokines IL-1j3, IL-6, IL-10, TNF-a and TGF-
that modulated the dorsal horn neuron and contributed to the development of neuro-
pathic pain. On the other hand, cytokines also provide important autocrine feedback
signals to microglial cells themselves (Scholz and Woolf, 2007). Astrocytes are the
largest cell population in the CNS and its activation is morphologically characterized
by hypertrophy and increased production of intermediate filaments, GFAP, vimentin
and/or nestin, and functionally by increased production of a variety of pro-

inflammatory substances (Gao and Ji, 2010a; Scholz and Woolf, 2007). Considering
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the involvement of immune and glia cells in the development of neuropathic pain,
pre-clinical studies with immunosuppressive drugs or drugs that interferes with glial
functions for neuropathic pain have been studied. Examples of drugs that inhibit glial
cells activation include fluorocitrate, propentofylline, minocycline and teriflunomide,
which reduce cytokine release and attenuate pain-responsive behavior in several
animal models of neuropathic pain (Gao and Ji, 2010a; Scholz and Woolf, 2007). We
confirmed that CCl-induced activation of microglia and astrocytes by increasing Iba-1
and GFAP mRNA expression. KA treatment was effective to inhibit this activation in
the spinal cord, demonstrating an important role in controlling CCl-induced glial cell

activation in the spinal cord.

In addition to the suppressing CCl-induced spinal cord neuroinflammation, KA
has low toxicity (Blrger et al., 2005; Mizokami et al., 2012). For instance, KA does
not alter alanine aminotransferase, aspartate aminotransferase and gama-glutammyl
transferase levels, which indicates no liver damage (Burger et al., 2005; Mizokami et
al., 2012), does not induce changes in hematological parameters (Burger et al.,
2005) and gastric mucosal lesion assessed by MPO activity in stomach samples (Mi-

zokami et al., 2012).

In conclusion, KA inhibits CCI-induced neuropathic pain by mechanisms relat-
ed to (i) activation of the NO-cGMP-PKG-ATP-sensitive potassium channel signaling
pathway; (ii) inhibition of GSH levels depletion and enhancement of the Nrf2 expres-
sion; (iii) inhibition of pro-inflammatory cytokines expression; (iv) decrease of glial
cells activation; and (v) inhibition of NFkB activation. All these activities account to
decrease the CCl-induced spinal cord neuroinflammation and the consequent neuro-

pathic pain.
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4. Consideracdes Gerais

Tendo em vista que o processo inflamatério envolve o recrutamento de leucé-
citos, producéo de citocinas, formacao de espécies reativas de oxigénio e ativacao
de fatores de transcricdo que culminam na liberacdo de mais mediadores inflamato-
rios e que as drogas disponiveis hoje no mercado causam, em sua maioria, algum
tipo de reacdo adversa, a busca de novos compostos que auxiliam no combate do

processo inflamatorio instalado vem crescendo.

Neste trabalho, nés demonstramos o efeito de dois compostos naturais (acido
Pimaradiendico e acido Caurendico) em diferentes modelos de hiperalgesia em ca-
mundongos. O acido pimaradiendico possui atividade analgésica e anti-inflamatoria,
porém a maioria dos experimentos mostram somente sua ac¢ao in vitro. Neste traba-
lho demonstramos sua acao anti-inflamatoéria in vivo, em modelo de peritonite indu-
zida pela administracdo de carragenina em camundongos. O 4cido Pimaradiendico-
se mostrou eficaz ao inibir o recrutamento de leucécitos para a cavidade peritoneal
além de diminuir a hiperalgesia mecanica e a formacao de edema de pata, inibindo a

formacao de estresse oxidativo e a producéo de citocinas pro-hiperalgésicas.

O &cido Caurenoico demonstrou seu efeito analgésico e anti-inflamatorio ao
inibir o recrutamento de leucdcitos para a cavidade peritoneal induzido pela admins-
tracdo de LPS em modelo de peritonite, bem como a hiperalgesia mecénica, tanto
no modelo de inflamacao induzido pela administracdo de LPS na pata quanto apés a
constricdo cronica do nervo ciatico (CCl). Seus efeitos analgésico e anti-inflamatorio
envolvem a diminuicdo do estresse oxidativo, a diminuicdo de citocinas pro-
hiperalgésicas e aumento de citocina anti-hiperalgésica, e ativagdo da via NO-
cGMP-PKG-canais de potassio sensivéis a ATP. No modelo de CCI, o 4cido caure-
noico inibiu a ativacdo de células da glia (astrocitos e microglia) e a ativacéo do fator

de transcricao NFkB.

Com isso, podemos concluir que os diterpenos acido Pimaradiendico e acido
Caurenoico apresentam efeito anti-inflamatorio, podendo ser utilizados como novos

compostos terapéuticos.
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