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PINHO-RIBEIRO, Felipe Almeida. Dor e inflamacéo induzidas pelo KO;: participacéo do
fator de transcricdo NF-kB. 2014. 76f. Dissertacdo (Mestrado em Patologia Experimental) —
Universidade Estadual de Londrina, Londrina. 2014.

RESUMO

O processo inflamatorio produz grandes quantidades de anion superéxido O, que, por sua
vez, sensibilizam as fibras nociceptivas e levam aos processos patolégicos de dor, como a
hiperalgesia e a alodinia. Contudo, a participa¢do do O, nos mecanismos fisiopatologicos da
dor ainda estdo pouco esclarecidos. O presente estudo investigou a participacdo do fator
nuclear kappa B (NF-kB), um fator de transcri¢do estreitamente relacionado com os efeitos
deletérios da inflamacdo, na dor, na hiperalgesia, € no estresse oxidativo induzidos pela
injecdo de solugdo contendo superdxido de potassio (KO,), um doador de anion superoxido.
Para isso, camundongos Swiss foram tratados com pirrolodina ditiocarbamato (PDTC, 3 —
100 mg/kg, 100 pL, subcutaneo), um inibidor do NF-kB, 1 h antes da injecdo intraplantar ou
intraperitoneal de KO,. O tratamento com PDTC reduziu de maneira dose dependente a
hiperalgesia aos estimulos mecénicos e térmicos, a formacdo do edema, e o recrutamento de
neutrofilos e macréfagos no local do estimulo. Além disso, o tratamento com PDTC também
reduziu os comportamentos de dor (contor¢Ges abdominais, sacudidas de pata, e lambidas na
pata) induzidos pelo KO,. Conforme os parametros avaliados, o tratamento com PDTC exibiu
efeitos protetores no local do estimulo por reduzir o recrutamento de mondcitos e de
neutrofilos, a deplecdo de glutationa reduzida (GSH), e a producéo de citocinas inflamatdrias
(IL-1B, TNF-a, and IL-10). Na medula espinal (L4 — L5), o tratamento com PDTC também
inibiu as alteragdes dos niveis de citocinas e de GSH induzidas apds o estimulo periférico com
KO,. A atividade da via do NF-kB também foi avaliada no local do estimulo. O tratamento
com PDTC reduziu a degradacdo do inibidor do NF-xB alfa (IkBa), um indicador da
atividade do NF-«B, induzida pelo KO, nos intervalos de 1 e 3 h ap6s o estimulo, mas ndo no
intervalo de 0.5 h. Dessa forma, o presente estudo demonstrou que o KO, induz a dor e a
inflamacéo através do aumento do estresse oxidativo, da producdo de citocinas, e da ativagdo
do NF-xB, de modo sensivel ao tratamento com PDTC.

Palavras-chave: Superdxido de potéssio. Pirrolidina ditiocarbamato. Inflamagédo. Dor. NF-
kB.



PINHO-RIBEIRO, Felipe Almeida. KO,-induced inflammation and pain: the role of
transcription factor NF-kB. 2014. 76p. Dissertation (Master’s Degree in Experimental
Pathology) — Londrina State University, Londrina. 2014.

ABSTRACT

The inflammatory process produces large amounts of superoxide anion (O,") which, in turn,
sensitize nociceptive fibers leading to the pathological processes of pain such as hyperalgesia
and allodynia. However, the role of O," in the physiopathological mechanisms of pain are still
poorly understood. The present study investigated the role of nuclear factor kappa B (NF-xB),
a transcription factor that is related to the deleterious effects of inflammation, in pain,
hyperalgesia, and oxidative stress induced by potassium superoxide (KO,), a superoxide
anion donor. Swiss mice were treated with pyrrolidine dithiocarbamate (PDTC 3 - 100 mg/kg
, 100 mL , subcutaneous), an inhibitor of NF-kB, 1 h before the intraplantar or intraperitoneal
injection of KO,. Treatment with PDTC reduced hyperalgesia to mechanical and thermal
stimuli, edema formation, and recruitment of neutrophils and macrophages at the site of
stimulation in a dose dependent manner. Furthermore, treatment with PDTC also reduced
KO,-induced pain-like behaviors (abdominal writhing, paw flinching, and paw licking).
According to the parameters employed in this study, the treatment with PDTC exhibited
protective effects at the site of stimuli by reducing monocyte and neutrophil recruitment,
depletion of reduced glutathione (GSH), and production of inflammatory cytokines (IL-1p,
TNF-0, and 1L-10). At the spinal cord level (L4 - L5), PDTC also inhibited the modulation of
cytokine and GSH levels induced by peripheral stimulus with KO,. Moreover, the NF-xB
pathway activity was evaluated at the site of stimulus injection. Treatment with PDTC
reduced the KO,-induced degradation of NF-«B inhibitor alpha (IkBa), an indicator of NF-kB
activation, at 1 and 3 h after stimulus injection, but not at 0.5 h. Thus, the present study
demonstrated that KO, induces pain and inflammation by increasing oxidative stress, cytokine
production, and activation of NF-kB in a PDTC-sensitive manner.

Keywords: Potassium superoxide. Pyrrolidine dithiocarbamate. Inflammation. Pain, NF-«B.
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1 INTRODUCAO

As situagcdes adversas impostas pelo ambiente geram estresse e desequilibrio ao
organismo e, dessa forma, impdem ao organismo a necessidade de reacdes benéficas e
adaptativas. Dois principais sistemas altamente adaptativos, ou seja, capazes de interpretar e
responder de maneira positiva a uma grande diversidade de estimulos, sdo os sistemas
nervoso e imunoldgico. As situagbes que apresentam potencial lesivo ao organismo e, por
esse motivo, ameacam a sua integridade e sobrevivéncia, retém atencao especial de ambos os
sistemas. Neste sentido, a dor, uma resposta adaptativa desempenhada pelo sistema nervoso, e
a inflamacé&o, resposta integrada do tecido afetado com o sistema imunoldgico, séo as duas
primeiras linhas de defesa do organismo e agem de forma integrada para a restauracdo do
equilibrio. Porém, em alguns casos essa integracdo pode ocorrer de maneira mal-adaptativa e

contribuir com o desenvolvimento das doencas.

1.1 Dor

A capacidade de detectar estimulos nocivos € crucial a manutencdo da integridade do
organismo e, consequentemente, a sua sobrevivéncia. Nesse sentido, a experiéncia da dor nao
é por acaso relatada como desagradavel. O comité de taxonomia da Associacdo Internacional
para o Estudo da Dor (IASP) define a dor como “uma experiéncia sensorial e emocional
desagradavel que é associada a lesdes reais ou potenciais ou descrita em termos de tais lesdes.
A dor é subjetiva, pois cada individuo aprende a utilizar este termo por meio de suas
experiéncias” (INTERNATIONAL ASSOCIATION FOR THE STUDY OF PAIN, 1994). A
importancia da dor € exemplificada pela observacdo de individuos incapazes de identificar
estimulos nocivos provenientes de objetos pontiagudos, de fontes de calor, ou mesmo de
danos internos como uma fratura O0ssea. A auséncia de dor nesses individuos impede a
inducdo de comportamentos adequados que levam, por exemplo, a conservacdo da regido
afetada, ou mesmo a aquisicdo da memoria aversiva a situacdo de risco (BUTLER;
FLEMING; WEBB, 2006). Por outro lado, as alteracbes nos componentes que levam a
experiéncia da dor podem exacerbar a intensidade dos estimulos nocivos (hiperalgesia) ou
mesmo fazer com que esta ocorra na presenca de estimulos indcuos (alodinia). A exacerbagdo
ou persisténcia da experiéncia da dor estd presente em diversas doencas e representa a

principal causa da procura por atendimento médico. Apesar de a dor fisiologica ser um



11

mecanismo de auto-conservacdo indispensavel, a dor persistente e exagerada reduz
drasticamente a qualidade de vida e gera incapacitacdo dos individuos, sendo considerada
uma doenca e ndo apenas um sintoma. Recentemente, as bases que levam a experiéncia da dor
e, mais especificamente, as bases celulares e moleculares da nocicepcdo, ou seja, da
capacidade em detectar e transmitir os estimulos nocivos até os centros superiores do sistema
nervoso, tém sido evidenciadas pela utilizacdo de farmacos experimentais em estudos in vitro
e in vivo (WANG; WANG, 2003).

1.1.1 Fisiologia da Nocicepcao

Déa-se 0 nome de nocicepc¢do ao processo de deteccdo e transmissdo da informacéao
proveniente de um estimulo nocivo (alta intensidade). Este processo tem como objetivo
principal identificar rapidamente as situacGes que representam risco a integridade do
organismo, induzindo alteracdes fisioldgicas e comportamentais que impecam a exposi¢do a
essas situacdes ou entdo, no caso de uma injuria ocorrida, que favorecam a conservacao e
recuperacdo do individuo. Entre os componentes que auxiliam no processo de nocicepcao, 0s
neurdnios nociceptivos, integrantes do sistema nervoso somatossensorial, sdo componentes
fundamentais em todas as etapas. Os neur6nios nociceptivos de primeira ordem contém
receptores de membrana em suas terminacgdes nervosas que sao especializados na detecgéo de
estimulos de alta intensidade de natureza mecanica, térmica ou quimica. Os corpos celulares
dos neurdnios nociceptivos aferentes primarios localizam-se no ganglio da raiz dorsal (DRG)
ou no ganglio trigeminal. As fibras nociceptivas constituidas por neurbnios nociceptivos de
primeira ordem encontram-se amplamente distribuidas nos diferentes tecidos e podem ser
classificadas nos subtipos A-6 (mielinizadas, de transmissdo rapida - cerca de 12 a 30 m/s) e
C (ndo mielinizadas, de transmisséo lenta - cerca de 0,5 a 2 m/s). De modo geral, estimulos
provenientes das fibras Ao provocam dor acentuada (em “picada”), enquanto que aqueles
provenientes das fibras C provocam dor latente e relativamente dispersa (em ‘“‘queimacao”)
(BASBAUM et al., 2009). Assim como ocorre com outras fibras somatossensoriais, 0S
estimulos nocivos agem através dos receptores dos neurénios nociceptivos de primeira ordem,
induzindo alteragBes na permeabilidade da membrana plasmatica neuronal, no fluxo idnico e
no potencial da membrana. Dois tipos principais de receptores podem gerar essas alteragdes
de permeabilidade neuronal nas fibras nociceptivas — 0s receptores ionotropicos e 0s
receptores metabotrépicos (BASBAUM et al., 2009).
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Quando as alteracbes na permeabilidade da membrana neuronal levam a
despolarizacéo, ou seja, modificam as cargas ionicas da fibra nociceptiva em uma intensidade
que ultrapassa o chamado limiar de ativacdo, ocorre transmissao do estimulo ao longo de toda
a extensdo do neurdnio nociceptivo (Figura 1). ApoOs ser gerado perifericamente por um
estimulo nociceptivo, o impulso percorre o neurdnio nociceptivo de primeira ordem até o
corno dorsal da medula espinal, ou até o nucleo trigeminal, onde estes neurdnios fazem
sinapses com as terminagdes dos neurbénios nociceptivos de segunda ordem. A informacéo é
entdo transmitida ao neurénio nociceptivo de segunda ordem por neurotransmissores
excitatérios (como o glutamato e a substancia P) que séo liberados pelo neurénio nociceptivo
primario na fenda sinaptica. De maneira semelhante a ativacdo periférica, estimulos com
intensidade suficiente para despolarizar a membrana do neurdnio nociceptivo de segunda
ordem sdo conduzidos até os centros superiores (supraespinais) localizados no encéfalo. Estes
estimulos sdo entdo analisados e interpretados como a experiéncia de dor (Figura 1)
(BASBAUM et al., 2009). Uma vez que as bases da nocicepgdo encontram-se presentes tanto
nos processos fisiolégicos como nas doencas, a modulacdo desta ultima (principalmente
farmacoldgica) requer conhecimento aprofundado dos mecanismos que diferenciam os dois
estados a fim de desenvolver abordagens terapéuticas eficazes para as situacdes de doenga
sem que a sua atividade fisioldgica, essencial a integridade do organismo, seja alterada.

Com excecdo de alguns casos, as alteracdes que levam a dor sem funcdo adaptativa
(desnecessaria, persistente, e/ou exacerbada) tém em comum a participacdo de células e
mediadores da resposta inflamatoria. Desse modo, serdo consideradas aqui apenas as
alteracOes da nocicepcao que ocorrem no contexto da inflamacéo, ou seja, da dor inflamatéria
persistente.
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Figura 1 — Transmissdo da informagdo nociceptiva. Os neur6nios nociceptivos primarios conduzem a
informagdo de um estimulo nociceptivo, passando pelo ganglio da raiz dorsal, até o corno dorsal da
medula espinal, onde fazem sinapse com neurdnios nociceptivos secundarios. Estes, por sua vez, levam
a informacgdo nociceptiva até os centros superiores do SNC, como talamo e cértex somatossensorial,
onde a informacgdo é integrada (intensidade, localizacdo) e interpretada como dor (figura adaptada de
BASBAUM et al., 2009).

1.2 Inflamacdo Aguda

Mesmo dispondo da capacidade de identificar estimulos nocivos e, dessa forma, evitar
as situacdes de risco, € comum que o organismo se depare esporadicamente com danos de
diversas intensidades. O dano tecidual, mesmo uma simples escoriacdo, permite que
microrganismos tenham acesso ao tecido exposto. Em casos como este, onde o sistema
nervoso € incapaz de impedir a progressdo de um processo infeccioso, a imunidade inata,
através da resposta inflamatdria, passa a ser o componente responsavel por esta protecao

inicial e pela manutencéo da integridade do organismo injuriado.

A reacdo inflamatdria caracteriza-se por modificagdes dos componentes celulares e
vasculares que ocorrem tanto no local do estimulo como de maneira sistémica, e tem como
sinais clinicos a presenga de calor, rubor, edema, dor, ¢ a perda de fungio (“trade-off”). E um

processo ativo, pervasivo (recruta celulas de outros tecidos), e estreitamente regulado por
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moléculas sinalizadoras, cuja funcdo principal € eliminar, isolar, ou conter rapidamente a
fonte do distarbio, remover o tecido danificado, e restaurar a homeostase tecidual
(MEDZHITOV, 2008; SOEHNLEIN; LINDBOM, 2010). A inflamacdo aguda pode ser

dividida (didaticamente) em duas etapas: fase de ativacao e fase efetora.

1.2.1 Fase de Ativacao

A ativacdo da resposta inflamatdria, assim como ocorre na nocicep¢do, depende de
estimulos que sinalizam perigo a integridade do organismo. De maneira breve, a sinalizacdo
de um processo infeccioso e/ou de lesdo tecidual induz, inicialmente, a ativagdo de células
que se encontram proximas ao local do estimulo, como macr6fagos, mastocitos, e células
endoteliais. Essa ativacdo pode ocorrer por meio de uma grande quantidade de estimulos
inflamatdrios. Os estimulos cujos mecanismos de ativacéo e de transducao de sinal estdo bem
estabelecidos no contexto da resposta inflamatéria incluem: os padrdes moleculares
associados a patégenos (PAMP - lipopolissacarideo, 4acido lipoteicico, mananas),
indicadores de um processo infeccioso; os padrdes moleculares associados a danos (DAMP —
ATP, catepsina B, peptideo formilado, fragmentos de acido hialurénico), moléculas que
sinalizam morte celular ndo fisioldgica, rompimento de organelas, ou degradacdo da matriz
extracelular; ou distarbios redox intra e extracelulares (consumo de GSH, efluxo de potassio,
producdo de anion superdéxido) (TAKEUCHI; AKIRA, 2010). Este reconhecimento ocorre
em sua grande maioria através dos receptores (transmembrana ou citoplasmaticos) de

reconhecimento de padrées (PRR).

Atualmente existem 4 classes bem caracterizadas de PRR: 0s receptores
transmembrana semelhantes a Toll (TLR), os receptores transmembrana semelhantes a lectina
tipo-C (CLR), os receptores citoplasmaticos semelhantes a RIG (RLR), e os receptores
citoplasmaticos semelhantes a NOD (NLR)(KUMAGAI; AKIRA, 2010; TAKEUCHI;
AKIRA, 2010). Uma relagdo dos padrdes moleculares reconhecidos pelos PRR esta descrita
na Tabela 1. Depois que um estimulo inflamatorio é reconhecido pelos PRR, uma série de
vias de sinalizacdo intracelulares é ativada e, consequentemente, diversas alteragcbes ocorrem
nas células estimuladas e também nas células adjacentes. O conjunto dessas alteracGes leva
aos eventos celulares e vasculares classicos da inflamacéo aguda e caracterizam a fase efetora

da resposta inflamatoria.
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Tabela 1 — Receptores de reconhecimento de padrdes (PRR): Localizacdo celular e ligantes.

PRR Localizagéo | PAMP DAMP

TLR

TLR1 membrana plasmatica triacil-lipoproteina B-defensina 3

TLR2 membrana plasmatica diacil-lipoproteina HMGB-1, HSP60, HSP70,
miosina cardiaca, cristais
de urato monossodico,

TLR3 endolisossomo dsRNA mRNA

TLR4 membrana plasmética LPS HMGB-1, elastase
neutrofilica, fibrinogénio,
HSP90, LDL oxidado,
lactoferrina, S100A8

TLR5 membrana plasmética

TLR6 membrana plasmatica diacil-lipoproteina veriscan

TLR7 (murino) endolisossomo SSRNA SSRNA

TLR8 (humano)

TLR9 endolisossomo CpG-DNA complexo 1gG-cromatina,
DNA

TLR10 endolisossomo

TLR11 membrana plasmatica moléculas semelhantes a

profilina

CLR

Dectina-1 membrana plasmética B-glucana

Dectina-2 membrana plasmética B-glucana

Mincle membrana plasmética SAP130

RLR

RIG-1 citoplasma dsRNA (curto)

MDA5 citoplasma dsRNA (longo)

LGP2 citoplasma

NLR

NOD1 citoplasma iE-DAP

NOD?2 citoplasma MDP

NLRP3 citoplasma MDP, LPS ROS, MSU, efluxo de K*

1.2.2 Fase Efetora

Apds a ocorréncia de uma injaria periférica, de modo geral, a ativacdo dos PRR ocorre
inicialmente em células proximas ao tecido afetado, principalmente em macréfagos,
mastécitos, e células endoteliais. Logo em seguida ocorre também a ativacdo de PRR em
neutrofilos que sdo recrutados em grande ndmero durante a resposta inflamatoria aguda
(Figura 2). A partir deste momento, os neutréfilos passam a representar a maior fonte dos
sinais e mediadores da inflamacdo aguda. A transducdo dos sinais reconhecidos pelos PRR
induz a ativacdo de vias de sinalizacdo que, através de fatores de transcricao e de fosforilagdo
enzimatica, levam a transcricdo, traducéo e produgdo de mediadores da resposta inflamatoria

efetiva. Entre as vias de sinalizacdo ativadas pelos PRR, muitas convergem na ativa¢do do
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fator de transcricdo nuclear kappa B (NF-xB) e desempenham papel fundamental na
inflamacdo (MCDONALD; BALD; CASSATELLA, 1997; MORGAN; LIU, 2011).

dano
tecidual

PAMP mastécito TLR célula endotelial
DAMP

++ +

- MIP-2
+ b3
-+ macroéfago
histamina + % ® .} o% *®
0% ® e neutréfilo

proteoglicana P-selectina VLA4, LFA1 ICAM-1, VCAM-1

Figura 2 — Reagdo inflamatdria aguda. A lesdo ou infecgao tecidual induz a reagdo inflamatdria através
de moléculas sinalizadoras de dano (DAMP) ou infec¢do (PAMP), respectivamente. Essas moléculas
estimulam a produgdo de mediadores inflamatérios (histamina, TNF-a, IL-1B, IL-6) via receptores de
reconhecimento de padrdes (PRR) presentes nas células residentes do tecido afetado (macroéfagos,
mastdcitos). Esses mediadores inflamatorios servem para a comunicacdo entre as células para o
desenvolvimento da resposta inflamatdria composta pelos sinais cardinais: dor, eritema, edema e
aumento de temperatura. Dependendo da intensidade do processo inflamatério, ha a perda de funcdo
no tecido afetado. Eventos primordiais na inflamagdo como o recrutamento celular também sdo
modulados por mediadores espécies reativas.

1.2.2.1 NF-«kB

Para que ocorra a producdo de uma determinada proteina, € necessario que uma porcao
do DNA seja transcrita em RNA mensageiro pela enzima RNA polimerase 1. A capacidade
da RNA polimerase Il em atuar de maneira especifica nos genes correspondentes as proteinas
de interesse para a célula e em um determinado momento depende de sua ligacdo as regides
promotoras destes genes. Para que esta ligagdo ocorra, € necessario que proteinas
denominadas fatores de transcricdo estejam ligadas aos elementos da regido promotora.
Classicamente, os fatores de transcricdo possuem dois dominios funcionas, sendo um capaz
de ligar a regido promotora e outro a RNA polimerase Il. Dessa forma, a atividade dos fatores
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de transcricdo permite que sinais celulares sejam convertidos em transcricdo de genes
especificos (LEMON; TJIAN, 2000).

A familia NF-xB de fatores de transcri¢do ¢ utilizada como modelo de transcri¢do
induzivel desde sua descoberta em 1986 (SEN; BALTIMORE, 1986). Em mamiferos, a
familia NF-xB é composta pelas seguintes subunidades: a p50, que provém do processamento
da p105; a p52, originada do processamento de sua precursora p100; a p65, também descrita
como RelA; a c-Rel e a RelB. Essas subunidades encontram-se no citoplasma como homo ou
heterodimeros, inativados pela ligacdo dos inibidores do NF-«xB (IkB) (OECKINGHAUS;
HAYDEN; GHOSH, 2011). Assim, as regides promotoras dos genes que deverdo ser
transcritos dependem da combinacdo formada entre os dimeros e também da degradacéo do
IkB. O dimero mais comum e mais associado ao processo inflamatério é formado pelas
subunidades p50 e p65. A ativacdo do heterodimero p50-p65 induz a resposta inflamatoria
durante infecces, lesdo tecidual, e estresse oxidativo, e sua atividade pode ser controlada em
diversos niveis. Como consequéncia, alteracdes na regulacdo da atividade de p50-p65 tém
sido associadas as doencas inflamatdrias, a autoimunidade, e ao cancer (OECKINGHAUS;
HAYDEN; GHOSH, 2011). O IkBa bloqueia os sinais de localizagdo nuclear do
heterodimero p50-p65 e impede desta forma que ocorra a transcri¢do de genes relacionados a
inflamacdo. Como citado anteriormente, a estimulacdo dos PRR que ocorre pelos sinais
produzidos durante a lesdo tecidual e/ou por indicadores de infeccdo leva a ativagdo do NF-
kB através da degrada¢do de IkBa. Desta forma, a reducdo das quantidades de IxBa
representa um importante indicador da atividade desta via e, consequentemente, da
inflamagdo. O complexo de quinases do IkB (IKK), formado pelas subunidades cataliticas
IKKa, IKK, e pela subunidade regulatoria IKKy (NEMO), inicia o processo de marcagao do
IkBa através da fosforilagdo. O IkBa fosforilado ¢ entdo ubiquitinado e degradado pelo
proteossomo, permitindo assim que o heterodimero p50-p65 seja translocado até o nucleo da
célula e induza a transcricdo de genes inflamatérios (OECKINGHAUS; HAYDEN; GHOSH,
2011).

Os mediadores e sistemas enziméaticos que tém sua producdo e atividade induzidas
pela via do NF-kB durante o processo inflamatério agudo incluem: as citocinas inflamatorias
fator de necrose tumoral alfa (TNF-a,), interleucina 1 beta (IL-1B), e IL-10 (anti-
inflamatdria); a forma precursora da endotelina 1 (ET-1) pré-pr6-ET-1; as enzimas
ciclooxigenase-2 (COX-2), 6xido nitrico sintase induzivel (iNOS), e nicotinamida adenina
dinucleotideo fosfato oxidase (NADPH oxidase, ou NOX), moléculas de adesdo (VCAM-1 e
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ICAM-1) e quimiocinas (IL-8, ou proteina inflamatdria de macrofagos — MIP-2) relacionadas
a resposta inflamatéria (TAKEUCHI; AKIRA, 2010).

Classicamente, os eventos vasculares e celulares da inflamacdo aguda séo
considerados consequéncias da sintese dos mediadores descritos acima (Figura 2). Citocinas
(TNF-a e IL-1B), quimiocinas, prostandides, leucotrienos e histamina, entre outros
mediadores induzidos apés ativagdo dos PRR, sdo capazes de induzir o aumento do aporte
sanguineo local, da permeabilidade vascular, e da exposicdo de moléculas de adesdo pelas
células endoteliais. Com o0 aumento no extravasamento de liquido circulante (transudato) ha
formacédo de edema no tecido adjacente e aumento de contato entre os leucdcitos que escapam
do fluxo laminar e o endotélio ativado (Figura 2). O endotélio ativado expde moléculas de
adesdo leucocitaria como selectinas P e E, responsaveis por interacfes de baixa intensidade
com neutrofilos (rolamento) via PSGL-1 e selectina L, e as integrinas VCAM-1, ICAM-1 e
PECAM, que se ligam com maior afinidade aos neutrofilos, via LFAL, VLA4 e Macl, e
favorecem a transmigracdo para o tecido (exsudato) (SADIK; KIM; LUSTER, 2011). A
migracao pelo tecido é entdo direcionada a favor do gradiente de concentracdo de moléculas

quimiotaticas, como as quimiocinas (MIP-2) e os fragmentos do sistema complemento (C5a).

Durante 0 processo de migracdo, os mediadores quimiotaticos ativam gradualmente a
liberagdo de granulos pelos neutrofilos e a sintese de citocinas. Estes granulos sdo
classificados nos 4 tipos descritos a seguir na sua ordem de liberacdo: vesiculas secretorias,
contendo albumina e receptores de membrana, como integrinas e receptores de anticorpos
(FcyRIID); granulos tercidrios, contendo metaloproteases, gelatinase e leucolisina; granulos
secundérios, contendo lactoferrina e lisozima; e os grénulos primarios, contendo
mieloperoxidases (MPO), elastase neutrofilica, catepsina G, defensinas, entre outras (SADIK;
KIM; LUSTER, 2011). Inicialmente, ainda na etapa de rolamento, o contato com selectinas
presentes no endotélio vascular permite que as vesiculas secretorias sejam exportadas até a
membrana do neutréfilo, aumentando assim a exposicdo das integrinas que favorecem a
adesdo firme e a migracdo. Os granulos terciarios contém as enzimas necessarias ao
rompimento de fibras presentes na lamina basal dos vasos e no tecido e favorecem dessa
forma a transmigracdo e a migracdo pelo tecido. Por fim, a liberagdo dos contetdos dos
granulos secundarios e primarios, com atividade microbicida, permite a destruicdo do

patogeno.
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Com a retirada do estimulo inicial, neutréfilos tendem a entrar em apoptose e séo
fagocitados pelos macrofagos, um processo chamado eferocitose. A eferocitose gera a
mudanca do fenotipo pré-inflamatorio para um fendtipo pro-resolucdo nos macréfagos. 1sso
favorece a troca de classes dos mediadores sintetizados por estas células, levando ao aumento
na producdo dos chamados mediadores pré-resolucdo, como as maresinas e as lipoxinas
(SERHAN, 2011). Em conjunto, estas e outras moléculas atuam na reduc¢do e no reparo dos
danos provocados durante a inflamagdo aguda e promovem, dessa forma, a resolugédo
(catabasis) do processo de forma ativa. Porém, falhas na etapa de resolucdo perpetuam a
resposta inflamatdria, um mecanismo responsavel por diversas doengas. O estresse oxidativo
ocorre quando ha excesso na producdo de espécies reativas e/ou deplecdo dos antioxidantes
enddgenos. Essa producdo descompensada estd presente em praticamente todas as doencas
causadas por inflamacédo persistente e dessa forma também participa da dor inflamatoria. De
fato, ha grande producdo de espécies reativas durante a inflamacéo aguda e esta producdo tem
sido estreitamente relacionada com a destruicdo ndo s6 dos micro-organismos, mas também
do tecido adjacente (HATTORI et al., 2010). E importante ressaltar que, durante o processo
inflamatdrio persistente, ha também sensibilizacdo (periférica e central) de nociceptores e,
consequentemente, dor inflamatéria persistente. Dessa forma, a caracterizacdo de compostos
antioxidantes e a incluséo destes na terapia de doencas inflamatdrias e da dor tem sido foco de
muitos estudos. Tendo em vista que a grande maioria das espécies reativas é derivada do O,",
é de extrema importancia que os papeis desempenhados por este radical sejam compreendidos

no contexto fisiologico e das doencas.

1.3 ANION SUPEROXIDO

A molécula de oxigénio (O,) estad presente em grandes quantidades no meio ambiente
e possibilita a vida principalmente de organismos eucariontes. O poder oxidante desta
molécula potencializa a conversdo de energia presente nas ligacdes covalentes das moléculas
de carbono em moléculas energeéticas universais de adenosina trifosfato (ATP). Este processo,
conhecido como fosforilagdo oxidativa, permitiu o desenvolvimento e a complexidade dos
seres pluricelulares (WALLACE, 2010). Contudo, a mesma molécula de O, que possibilita a
vida complexa, também apresenta toxicidade a integridade das células, um paradoxo da vida
aerobica. Este fato ocorre pela mesma caracteristica que faz do O, uma molécula

fisiologicamente necessaria: a sua grande capacidade oxidante. De maneira geral, a molécula
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de O, precisa ser reduzida para desempenhar seus papéis fisioldgicos e gera, dessa forma,
intermediérios altamente reativos que sdo capazes de alterar a estrutura e a funcdo de
biomoléculas importantes, como lipidios, enzimas, e 0 DNA. Durante a cadeia respiratoria,
por exemplo, a reducdo tetravalente do O, tem como produto final H,O. Porém, apesar de ser
um processo relativamente seguro, esta redugcdo ocorre de forma sequencial e gera
intermediérios altamente reativos, e que podem ser classificados como radicais livres ou como
ndo radicais. O primeiro grupo é caracterizado pela presenca de um elétron nao emparelhado e
inclui o anion superéxido (O,"), o radical hidroxila (HO"), e o radical peroxil (ROO"). O
segundo grupo € caracterizado, consequentemente, pela auséncia de elétrons néo
emparelhados, mas também sdo derivados reativos do oxigénio, como o peroxido de
hidrogénio (H,0;), o acido hipocloroso (HOCI), e o peroxinitrito (ONOO") (BUETLER,;
KRAUSKOPF; RUEGG, 2004).

Como j& citado, o principal mecanismo de geracdo dos intermediarios reativos do
oxigénio e das espécies reativas de oxigénio tem inicio com a reducdo do O, por um Unico
elétron, gerando assim o radical O,". Apesar de ser a etapa inicial na producdo das demais
espécies reativas e intermediarios reativos do oxigénio, a participacdo do O," na sinalizacdo
celular e a sua contribuicdo na fisiopatologia das doengas inflamatérias tém sido pouco
estudadas quando comparado ao papel bem estabelecido do H,0O, nestas e outras situagoes.
Contudo, a literatura recente sugere que, em alguns processos fisiopatoldgicos, o O, tem
papel crucial nas respostas mal-adaptativas e ndo o H,O, (WANG et al., 2004). Apesar de ser
considerado um agente citotoxico, o H,O, apresenta pouca reatividade com biomoléculas e,
além disso, sua concentracdo € estreitamente modulada por enzimas como CAT e Gpx
(HALLIWELL; GUTTERIDGE, 1992; HALLIWELL et al., 2000). De fato, os efeitos toxicos
do H,0O, sdo desempenhados principalmente pelo HO’, e a formacdo deste Ultimo esta
relacionada a sinalizacdo induzida pelo O, (HALLIWELL; GUTTERIDGE, 1984). A seguir,
serdo descritas as principais fontes do O, nas células de mamiferos, assim como seus efeitos

moleculares e celulares, enfatizando sua relagdo com a inflamagao e com a nocicepgao.

1.3.1 Fontes de Anion Superdxido

Diversas enzimas sdo responsaveis pela producdo de O," nas células de mamiferos.

Essa diversidade enzimatica indica a importancia crucial do O, aos processos fisiolégicos, e
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também a necessidade de uma producdo local em razéo da grande instabilidade que este &nion
apresenta. Em condicOes basais, todas as células produzem O, principalmente na cadeia
respiratoria mitocondrial, especificamente no transporte de elétrons entre os complexos | e 111
(BOVERIS; CHANCE, 1973; RAHA; ROBINSON, 2000). Essa producdo ocorre em taxas
suficientemente baixas para seus efeitos deletérios que sejam controlados pelas Unicas
enzimas responsaveis por esta prote¢do, as superdxido dismutase (SOD). Atraves da atividade
das SOD, ha reducdo do O,” em H,O,, uma espécie reativa nao radical capaz de estimular a
via do NF-xB. Apesar de ndo apresentar grande reatividade as biomoléculas, o O," pode
sequestrar &tomos de H de catecolaminas, DNA, RNA, acidos graxos, esteroides, etc. Além
disso, pode liberar o Fe(ll) dos grupos Fe-S presentes nas metaloproteinas. O aumento na
concentracdo de Fe(ll) livre na célula favorece, por sua vez, que o produto da dismutacéo do
0,", 0 H,0,, escape da acdo de enzimas antioxidantes como a CAT e forme o radical
altamente reativo HO" através da reacdo de Fenton (KEYER; IMLAY, 1996). A grande
producdo de H,O, também induz o aumento de Fe(ll) livre proveniente dos grupamentos
heme e favorece a formacdo HO' (HALLIWELL; GUTTERIDGE, 1986). O HO', por sua vez,
induz a peroxidacdo lipidica com consequente oxidacdo de GSH e ativacdo do NF-xB
(CHAPPLE, 1997; ROVIN et al., 1997). Dessa forma, 0 O," tem sido associado a doencas
inflamatorias, lesGes por isquemia/perfusdo, cancer, dor crénica e envelhecimento (FLINT;
TUMINELLO; EMPTAGE, 1993). Esta importancia do O," na fisiopatologia das doengas
inflamatdrias tem sido demonstrada pela eficacia dos tratamentos com miméticos da SOD
(WANG et al., 2004). De fato, nosso grupo demonstrou que o tratamento com Tempol
(mimético da SOD) reduz a dor e a inflamacdo induzidas por KO,, um doador de O;"
(YAMACITA-BORIN et al., 2013). Diversas moléculas podem gerar O,” enzimaticamente,
como as xantina oxidases, ou através de auto-oxidacdo, como gliceraldeidos, FADH,,
horménios e neurotransmissores. Porém, durante a inflamacdo, as NOX representam a
principal fonte de O,” (NATHAN, 2003).

1.3.2. Superoxido, Inflamagé&o e Dor

Durante o processo inflamatério agudo, leucdcitos sdo gradativamente ativados
durante o recrutamento até o local do estimulo, onde produzem grandes quantidades de O,".

Como descrito anteriormente, essa producdo ocorre principalmente atraves do complexo
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enzimético das NOX2 localizado na membrana plasmatica de fagocitos (neutréfilos,
macrofagos, e células dendriticas) (HENDERSON; CHAPPEL, 1996). Nesse caso, a
producdo de O, desempenha papel microbicida essencial a eficacia contra os patégenos. Sua
importancia € observada nos quadros de infeccdo recorrente e nao resolvida apresentados por
pacientes com doenca granulomatosa crénica. Estas enzimas utilizam NADPH para reduzir
O, e gerar O;” em grandes quantidades durante um processo (sugestivamente) chamado
explosao respiratoria. A localizacdo destas enzimas permite que a producdo de O, ocorra de
forma localizada dentro de fagolisossomos, mas também de maneira dispersa no meio

extracelular.

A producdo de O, também tem papel crucial na ativacdo endotelial que pode ser
dividido em duas fases. A fase inicial ocorre de maneira independente do NF-xB e esta
relacionada a producdo de O," pelas células endoteliais e também pelos macrofagos. A
sinalizacdo via TLR/IRAK-4 nessas células (assim como em neutrofilos) leva a ativacao
rapida de NOX por meio da GTPase Racl, e pela fosforilacdo direta da subunidade gp91phox
por IRAK-4 (MAITRA et al., 2009; PACQUELET et al., 2007). O aumento na producédo de
O," induz a ativacdo das células endoteliais que passam a exibir um fenétipo proé-
inflamatorio, com aumento na expressao das moléculas de adesdo. Além disso, tendo em vista
a grande capacidade do O, em interagir com o NO, o controle da permeabilidade vascular
depende do equilibrio na producdo desses dois mediadores, e 0 aumento na permeabilidade
vascular esta diretamente relacionado a producdo excessiva de O,". De fato, a inibicdo de
NOS leva ao aumento do estresse oxidativo e também da permeabilidade vascular, e este
efeito é revertido por inibidores da NOX ou antioxidantes (CHEN et al., 2011; SHARMA et
al., 2009).

A fase tardia da resposta a producdo de O, esta relacionada a potencializacdo de vias
de sinalizacdo que levam a sintese de citocinas inflamatdrias, como a via do NF-xB
(KVIETYS; GRANGER, 2012). Com o recrutamento de neutrdfilos, a producdo de O;"
cresce rapidamente e sobrepde as defesas antioxidantes enddgenas, levando a deplecdo dos
niveis de GSH e favorecendo dessa forma a persisténcia do processo inflamatério e a dor.
Além disso, a ativacdo do NF-«xB favorece também a sintese de mais O, e representa dessa

forma um mecanismo de retroalimentacéo do processo inflamatorio.

Alguns mediadores inflamatérios sdo tambem denominados mediadores hiperalgésicos

intermediérios ou finais. Os mediadores hiperalgésicos intermediarios, como o TNF-a e a IL-
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1B, ndo atuam diretamente nas fibras nociceptivas, mas induzem o aumento na producao de
mediadores hiperalgésicos finais, como PGE,, NGF e 5-HT (Figura 3). Os mediadores finais,
por sua vez, atuam diretamente em receptores do neurénio nociceptivo e reduzem o limiar
necessario a sua ativacao, levando a hiperalgesia (VERRI JR. et al., 2006). A exposicao
prolongada a esses mediadores induz alteragdes na plasticidade neuronal que levam ao quadro
de sensibilizacdo de longa duragdo, com aumento na expressao de receptores e canais idnicos
(ENKELKAMP et al., 2010; FERRARI et al., 2012; MARCHAND; PERRETTI,
MCMAHON, 2005). Aumentos na atividade e na expressdo dos receptores TRPV1, por
exemplo, sdo induzidos durante a inflamacdo periférica pela acdo dos mediadores
hiperalgéesicos. O aumento da expressao, e a fosforilagdo desses receptores pelas proteinas
quinase C (PKC) representa um importante mecanismo que leva a sensibilizacéo periférica e
central das fibras nociceptivas. A producdo de O,", assim como os mediadores hiperalgésicos,
é capaz de modular a expressdo, a fosforilacdo e a atividade de TRPV1, e, dessa forma, pode
induzir a sensibilizacdo dos nociceptores (SCHULTZ; USTINOVA, 1998; USTINOVA;
SCHULTZ, 1994). Sendo assim, a producdo de O," esta relacionada ndo s6 com a inflamacéao
persistente, mas também com o desenvolvimento da dor inflamatéria. Porém, o papel do O,”

como mediador hiperalgésico ainda esta pouco elucidado.

Considerando as informacdes apresentadas anteriormente, antioxidantes capazes de
interferir nas diversas etapas dos efeitos induzidos pelo O,”, como a producdo de HO', o
aumento Fe(ll) livre, reducdo de GSH, e a ativagdo do NF-«B, representam importantes

agentes com potencial terapéutico para doencas inflamatdrias e para dor.
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ESTIMULO INFLAMATORIO

Figura 3 — Sensibilizacdo periférica no local da inflamagcdo. Mediadores hiperalgésicos
intermediarios que sdo produzidos na resposta inflamatdria induzem o aumento na producdo de
mediadores hiperalgésicos finais. Os mediadores finais atuam diretamente em receptores do neurdnio
nociceptivo e reduzem o limiar necessdrio a sua ativacdo, levando a hiperalgesia.

1.4 PIRROLIDINA DITIOCARBAMATO

A pirrolidina ditiocarbamato (PDTC, CID: 65351) € um composto de baixo peso
molecular (147,26) amplamente utilizado na pesquisa pré-clinica e na pesquisa clinica. A
atividade bioldgica do PDTC foi inicialmente atribuida a inibicdo do estresse oxidativo e da
ativacdo do NF-xB (BOYLE JR. et al., 1998; LIU; YE; MALIK, 1999). Apesar de ser
amplamente utilizado como inibidor especifico do NF-xB, a literatura tem demonstrado que o
PDTC apresenta multiplos alvos bioldgicos e, consequentemente, diversos mecanismos de
acdao. De maneira semelhante a outros ditiocarbamatos, o PDTC e seus derivados apresentam
atividade quelante de ions metalicos, o que sugere sua potencial aplicabilidade na terapéutica
de intoxicacOes por metais pesados, infecgbes (fungica, bacteriana, e viral), doencas
neurodegenerativas, e doencas neuroinflamatérias (Sl et al., 2005; ZHANG; JIANG; ZUO,
2013). Durante a resposta inflamatéria, o H,O,, produzido em grande quantidade apo6s a
dismutacdo do O, pelas SOD, induz a degradacdo do IxBa e, consequentemente, a liberagdo
do heterodimero p65/p50 do NF-kB (GLOIRE; PIETTE, 2009). Vale lembrar que os efeitos
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deletérios do H,O, ocorrem na sua maioria pelo seu produto HO". A produgdo de O,",
juntamente com o aumento de H,0,, induz a produgdo de HO' espontaneamente (na presenca
de luz ultravioleta) ou através da interacdo com ions metalicos, principalmente Fe(Il) (reacdo
de Fenton), e que 0 HO' leva a peroxidacao lipidica com consequente oxidacdo de GSH e, por
fim, sinaliza vias pré-inflamatorias importantes (HALLIWELL; GUTTERIDGE, 1990). Além
disso, 0 H,O, néo favorece a formacéo de HO™ apenas sendo substrato na reacdo de Fenton,
mas também aumenta a disponibilidade de Fe(ll) que é liberado pela reacdo de H,O, com
grupamentos heme de mioglobina e hemoglobina (HALLIWELL; GUTTERIDGE, 1986).
Dessa forma, o PDTC representa um composto Util na avaliacdo da participacdo do O," em
estimulos inflamat6rios e modelos animais de doengas humanas. O efeito antioxidante do
PDTC ocorre pelo conjunto de 3 mecanismos principais. Primeiro, o PDTC é capaz de
sequestrar diretamente ambos os radicais O, e HO" (SHI et al., 2000). Segundo, como agente
quelante, o PDTC reduz a disponibilidade de Fe(ll) livre e, dessa forma, impede a conversao
de H,0, em radicais extremamente reativos como o HO'. Terceiro, 0 PDTC induz a oxidacao
do NF-kB no nucleo, mais especificamente na subunidade p50 (Cys-62), 0 que impede sua
ligacdo ao DNA e representa um mecanismo de inibicdo da atividade do heterodimero p50-
p65 apos sua translocacgdo para o nicleo (BRENNAN; O’NEILL, 1996).
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar a participacdo do NF-«B na inflamagao e na hiperalgesia induzida pelo superoxido de

potéssio.

2.2 OBJETIVOS ESPECIFICOS

- Avaliar o efeito anti-inflamatorio e anti-nociceptivo do tratamento com PDTC em modelos
de dor manifesta e hiperalgesia induzida pelo superéxido de potassio;

- Avaliar a presenca de neutrofilos e macréfagos no processo inflamatoério e hiperalgésico

induzido pelo superdxido de potéassio;

- Verificar o perfil de citocinas inflamatérias e hiperalgésicas, e os niveis de glutationa
reduzida no local do estimulo com superéxido de potassio e na medula espinal dos grupos

tratados com PDTC ou com veiculo;

- Demonstrar a participacdo da via do NF-kB no local do estimulo periférico e sua relagao

com as demais respostas inflamatorias, locais e sistémicas.
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3 ARTIGO PARA PUBLICACAO

Este trabalho foi realizado no Laboratério de Dor, Inflamagdo, Neuropatia e Céancer,
da Universidade Estadual de Londrina. Os resultados estdo descritos no artigo “Superoxide

anion-induced inflammation and pain: the role of NF-kB”.

As formatacOes do artigo seguem as normas da revista Free Radical Biology &

Medicine (Anexo).



28

Pyrrolidine dithiocarbamate inhibits inflammation and pain induced by potassium
superoxide, a superoxide anion donor: role of cytokines, oxidative stress, and NF-kB
Felipe A. Pinho-Ribeiro, Victor Fattori, Ana C. Zarpelon, Sergio Marques Borghi, Thacyana

Teixeira de Carvalho, Thiago M. Cunha, and Waldiceu A. Verri, Jr.

Highlights

-Intraplantar (i.pl.) injection of potassium superoxide (KO,) induces inflammation and pain.
-NF-xB inhibitor PDTC prevents inflammation, hyperalgesia, pain, and oxidative stress
induced by KO,

-KO; intraplantar injection induces local IkBa degradation

-NF-«B is required in KO,-induced paw edema and leukocyte recruitment
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ABSTRACT

Superoxide anion radicals are produced in large rates during inflammation and thus sensitize
nociceptive fibers leading to the pathological pain states of hyperalgesia or allodynia. In the
present study, the peripheral and spinal roles of NF-kB in superoxide-induced inflammation,
pain, hyperalgesia, and oxidative stress, were investigated using the superoxide anion-donor
potassium superoxide (KOy) as stimulus in mice. The subcutaneous pre-treatment with
pyrrolidine dithiocarbamate (PDTC, 3 — 100 mg/kg, 100 uL, 1 h), a widely used NF-«xB
inhibitor, reduced in a dose-dependent manner the superoxide anion-induced hyperalgesia to
mechanical and thermal stimuli, the edema formation, and also the recruitment of neutrophils
and macrophages in the site of stimulus. Moreover, the overt pain-like behavior (writhings,
paw flinching, and paw licking) induced by superoxide anion was reduced by PDTC
treatment. The PDTC treatment reduced total leukocyte, monocyte and neutrophil recruitment
to the peritoneal cavity, which was consistent with the reduction of superoxide-induced
glutathione (GSH) depletion and cytokine (IL-1f3, TNF-a, and IL-10) production in plantar
skin tissue. At the spinal level, (L4 — L5), PDTC also inhibited the superoxide-modulation of
cytokine (IL-1B, TNF-a, and I1L-10) and GSH levels. The superoxide-induced degradation of
NF-xB inhibitor alpha (IxBa) levels in the plantar skin were inhibited by PDTC treatment at 1
and 3 h after superoxide stimulus. Thus, the present study reveals that superoxide anion-
induced inflammation and pain depend on oxidative stress, cytokine production and NF-«xB

activation.

Key words: Potassium superoxide, pyrrolidine dithiocarbamate, inflammation, pain, NF-xB
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Introduction

Many physiological processes that use molecular oxygen, such as oxidative phosphorylation
of mitochondrial respiratory chain, depend on the high reactivity of its derivatives, namely
reactive oxygen intermediates (ROI). These one-electron reduction products of oxygen
include, successively, superoxide anion radical (O,"), hydrogen peroxide (H.,0,), and
hydroxyl radical (HO") [1]. Under physiological conditions, superoxide production occurs at
low rates in cells, but is upregulated by pro-inflammatory signaling molecules such as
cytokines (TNF-o and IL-1pB), and the damage- and pathogen-associated molecular patterns
(e.g. hyaluronan fragments, endotoxin). The inflammation-induced increase of superoxide
levels plays important roles in cellular signaling and host defense against infections, but also
provoke tissue damage. In fact, mammal cells produce several intracellular and extracellular
specific molecules and enzyme systems that are responsible for sensing and/or inactivating
superoxide anion to prevent detrimental impact of superoxide [2]. The major antioxidant
mechanism that interferes directly with superoxide formation is the superoxide dismutase

(SOD) enzymes that catalyze the dismutation of superoxide to non-radical hydrogen peroxide.

During the inflammatory process, recruited neutrophils and macrophages produce large
amounts of superoxide anion through activation of (phagocytic) NADPH oxidase 2 (NOX 2)
complex, an essential tool against infections that is dependent on NF-kB activation [3]. The
importance of this intentional superoxide production, known as respiratory burst, is evidenced
by recurrent and unresolved infections that occur in patients with chronic granulomatous
disease [4]. However, the excessive superoxide production in an inflammatory milieu can
overwhelm the endogenous anti-oxidant defenses. Such an imbalance leads to oxidation of

cysteine groups and trigger maladaptive signaling that increases edema formation [5],
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neutrophil recruitment, cytokine production, and pain [6, 7]. Sulfenic acid, the early product
of cysteine oxidation, reacts with glutathione (GSH) tripeptide to form an S-glutathionated
protein, an essential antioxidant mechanism that protects biomolecules against irreversible
oxidation and that is also implicated in cell signaling [8]. Thus, GSH depletion is a marker of
oxidative stress-related conditions as occur during exacerbated inflammation [9]. Despite the
widely studied roles of hydrogen peroxide in cellular signaling, the emerging literature
focusing on SOD activity suggests that superoxide anion is a critical mediator implicated in
nociception and pathological pain [10]. However, the underlying mechanisms by which
superoxide induces pain and hyperalgesia are still not fully understood. In order to investigate
the pro-inflammatory and pro-nociceptive effects of superoxide anion, our group has
standardized the nociceptive stimuli by injection of potassium superoxide (KO,) solution [11],
a superoxide anion-donor compound [12]. In this model, potassium superoxide injection

induces inflammation, hyperalgesia, overt pain-like behavior, and oxidative stress [11].

Taking into account the above mentioned evidence, the present study investigated the role of
NF-xB signaling pathway, a key redox-sensitive component of inflammation and pain, in
potassium superoxide-induced pain and inflammation. The results presented in this study
reveal for the first time that NF-kB activation is required in superoxide-induced inflammation,
hyperalgesia, and overt pain-like behavior by increasing both local and spinal oxidative stress

and cytokine production.
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Materials and Methods

Animals

The experiments were performed on male Swiss mice (20-25 g, Londrina State University,
Londrina, PR, Brazil) housed in standard plastic cages (six mice per cage) with free access to
food and water. All behavioral testing was performed between 9:00 am and 5:00 pm in a
temperature- and light-controlled room. Animals’ care and handling procedures were in
accordance with the International Association for Study of Pain (IASP) guidelines and with

the approval of the Ethics Committee of Londrina State University (process 71.2012.68).

Drugs and reagents

Potassium superoxide (KO,) 96.5% was purchased from Alfa Aesar (Ward Hill, MA, USA).
Phosphate buffered saline (PBS), ortho-dianisidine dihydrochloride, 4-nitrophenyl-N-acetyl-
B-D-glucosaminide, pyrrolidine dithiocarbamate (PDTC), trichloroacetic acid (TCA),
hexadecyltrimethylammonium bromide (HTAB), glutathione (GSH), EDTA sodium salt,
ferric chloride hexahydrate, and 2,4,6-tripiridil-s-triazine (TPTZ) were purchased from Sigma

Chemical Co. (St. Louis, MO, USA).

Experimental protocols

Hyperalgesia to mechanical and thermal stimuli, and paw edema formation were induced by
KO3 (30 pg, 25 L, i.pl.) injection, and evaluated at 0.5 — 7 h after KO, or sterile saline (25
ML, i.pl.) injection. The animals were euthanized immediately after the last measurement (7
h), and tissue samples from the plantar skin were collected and used in myeloperoxidase
(MPO) and N-acetyl-B-D-glucosaminidase (NAG) activity assays. The number of paw
flinches and the time spent licking the paw were measured immediately after a single KO, (30

Mg, 25 L, i.pl.) or sterile saline (25 pL, i.pl.) injection for 30 min. The number of writhings
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was measured immediately after KO, (1 mg, 150 pL, i.p.) or saline (150 uL, i.p.) injection.
GSH and cytokine (IL-1B, TNF-a, and IL-10) levels were determined in tissue samples from
plantar skin and spinal cord (L4 — L5) 3 h after KO, (30 ug, 25 uL, i.pl.) or sterile saline (25
uL, i.pl.) injection. IkBa levels were determined 0.5 — 3 h after KO, (30 pg, 25 L, i.pl.) or
sterile saline (25 uL, i.pl.) injection by western blotting. In another approach, peritoneal cells
were harvested in 1.5 mL of PBS, 3 h after KO, (30 ug, 25 uL, i.p.) or sterile saline (25 pL,
i.p.) injection, and the samples were used in total and differential cell counts. The doses of
KO, used in each test were selected based on a previous work of standardization [11]. PDTC
(3 — 100 mg/kg, 100 pL, s.c.) or vehicle (sterile saline, 100 pL, s.c.) treatment was given 1 h

before KO, or saline injection. This protocol was used in all experiments.
Electronic pressure meter test of mechanical hyperalgesia

The test consisted of evoking a hind paw reflex with a hand-held force transducer (electronic
von Frey anesthesiometer; Insight, Ribeirdo Preto, SP, Brazil) adapted with a 0.5 mm?
polypropylene tip. Detailed methodology was previously described by our group [11]. The
results are expressed by delta (A) of withdrawal threshold (in g) calculated by subtracting the
basal mean measurements from the mean measurements at the indicated time points after

stimulus.
Hot Plate Test

The test was performed as reported previously [11]. Briefly, mice were placed the hot plate
apparatus (EFF 361, Insight Equipamentos, Ribeirao Preto, SP, Brazil) maintained at 55 °C.
The reaction time was scored when the pain reactions of hind paw licking or flinching
occurred in the injected paw. As the basal latencies were always smaller than 20 s (between

15 and 20 s), a maximum latency (cut-off) was set at 20 s to avoid tissue damage.
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Paw edema

The paw edema formation was measured using a caliper (Digmatic Caliper, Mitutoyo
Corporation, Kanagawa, Japan). Values of paw thickness are expressed as the difference (A

mm) between the values obtained just before (basal) and after stimulus injection.
MPO activity

The neutrophil recruitment to the paw skin was evaluated by the MPO assay [13]. Mice were
euthanized, and the plantar skin samples were collected and homogenized by a tissue tearor
(Bio Spec Products, Bartlesville, OK) in 400 pul of ice-cold K;HPO,4 buffer (50 mM, pH 6.0)
containing 0.5% of HTAB. After that, homogenates were centrifuged (16 100 g, 2 min, 4 °C)
and aliquots of 30 pL of supernatant were placed in a 96-well plate and mixed with 200 pL of
ice-cold Ky;HPO, buffer (50 mM, pH 6.0) containing 0.0167% ortho-dianisidine
dihydrochloride and 0.05% H,0,. After 5 min of incubation, the absorbance values were
measured at 450 nm (Multiskan GO Microplate Spectrophotometer, ThermoScientific,
Vantaa, Finland). The MPO activity of samples was obtained by comparing the absorbance
with a standard curve of neutrophils, and the results were presented as MPO activity (number

of neutrophils x 10%/mg of tissue).
NAG activity

NAG (N-acetyl-B-D-glucosaminidase) activity was determined by an adapted colorimetric
method previously described [14]. Briefly, aliquots of 20 pL of supernatant obtained
previously in MPO assay were placed in a 96-well plate, followed by the addition of 80 uL of
PBS (50 mM, pH 6.0). The reaction was initiated by the addition of 100 pyL of 4-nitrophenyl
N-acetyl-B-D-glucosaminide (NAG substrate, 2.24 mM). The plate was incubated at 37 °C for

10 min, and the reaction was stopped by addition of 100 pL of glycine buffer (0.2 M, pH
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10.6). The absorbance was determined spectrophotometrically at 400 nm (Multiskan GO
Microplate Spectrophotometer, ThermoScientific, Vantaa, Finland). The NAG activity of
samples was obtained by comparing the absorbance with a standard curve of macrophages,

and the results were presented as NAG activity (number of macrophages x 10%/mg of tissue).
Writhing Response Tests

Mice were placed individually in large glass cylinders immediately after stimulus injection,
and the total number of writhings was counted for 20 min [11]. The pain intensity was

expressed as a cumulative number of writhings.
Paw flinches and licking test

The number of paw flinches, and the time spent licking the stimulated paw were both
determined immediately after stimulus injection for 30 min [11]. Results were expressed as

the cumulative number of paw flinches, or as the total time spent licking the paw.
Leukocyte recruitment in the peritoneal cavity

Mice were euthanized 3 h after KO, (30 pg, 25 uL, i.p.) or saline (25 uL, i.p.) injection, and
the peritoneal cells were harvested with 1.5 mL of PBS [11]. Aliquots of 20 pL were mixed
with 180 pL of Turk’s solution, and the total cell counts were performed in Neubauer
chamber. Differential cell counts were performed on microscope slides using the Panoptic
staining kit for histological analysis (Laborclin, Pinhais, PR, Brazil). The values were
expressed as the total number of cells x10° per cavity. Total and differential cell counts were
both performed under a light microscope (400x magnification, Olympus Optical Co.,

Hamburg, Germany).

GSH assay
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Mice were euthanized and the tissue samples from plantar skin and spinal cord were collected
3 h after KO, (30 ug, 25 uL, i.pl.) or saline (25 L, i.pl.) injection. Tissue samples (pool of 2)
were homogenized in ice-cold EDTA (2 mM) buffer using a tissue tearor (Bio Spec Products,
Bartlesville, OK, USA). The GSH colorimetric assay was performed as previously described

[15], and the absorbance values were compared with a standard curve of GSH.

IL-18, TNF-a, and IL-10 levels

The cytokine levels were measured in tissue samples from plantar skin and spinal cord. The
samples were collected and homogenized in 500 uL of ice-cold PBS containing protease
inhibitors. The IL-1B, TNF-a, and IL-10 levels were determined as described previously [16]
by enzyme-linked immunosorbent assay (ELISA) Ready-SET-Go! kits (eBioscience, San

Diego, CA), and the results were expressed as pg of cytokine per mg of tissue.

Western blotting

Equal amounts of protein (20 pg) from the plantar skin tissue were separated by 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, and transferred to a nitrocellulose
membrane (Bio-Rad Laboratories, Hercules, CA, USA). A molecular weight standard (Bio-
Rad Laboratories) was run in parallel to estimate molecular weight. Membranes were blocked
overnight at 4 °C in Tris-buffered saline-Tween (20 mM Tris-HCI, pH 7.5, 500 mM NacCl,
0.1% Tween 20; TBST) containing 5% of non-fat dried milk. After blocking, the membranes
were incubated at 4 °C overnight, with anti-IxkBa (1:1000), or anti-p-actin internal control
(1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), diluted in TBST containing 5%
of non-fat dried milk. The membranes were then incubated with appropriate secondary
antibody conjugated with peroxidase (1:5000) diluted in TBST containing 5% of non-fat
dried milk, and incubated at room temperature for 60 minutes. Finally, the bands were

visualized using a chemiluminescence-based ECL system (Amersham Biosciences,
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Piscataway, NJ, USA) and exposed to an X-ray film for 30 minutes (Eastman Kodak,
Rochester, NY, USA). A computer-based imaging system (Image J, National Institute of

Health, Bethesda, MD, USA) was used to measure the optical density of the bands.

Statistical Analysis

Results are presented as means = SEM of measurements made on 6 mice in each group. Two-
way analysis of variance (ANOVA) was used to compare the groups and doses at all times
(curves). 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 the indicated time period, 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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Results and discussion

PDTC inhibits potassium superoxide (KO,)-induced hyperalgesia and inflammation.

In a previous work [11], it has been shown that KO, (superoxide anion donor) injection
induces hyperalgesia to mechanical and thermal stimuli, edema formation, and leukocyte
recruitment in a dose-dependent manner. In order to investigate the role of NF-xB, a redox-
sensitive transcription factor, in the pro-inflammatory and pro-hyperalgesic effects of
superoxide anion, mice were pre-treated with different doses of PDTC (3 — 100 mg/kg, 100
ML, s.c.), a widely used NF-kB inhibitor, 1 h before KO, injection (Figure 1). As expected,
KO; injection (30 ug, 25 uL, i.pl.) reduced the nociceptive thresholds to mechanical (Figure
1A) and thermal (Figure 1B) stimuli, and induced paw edema formation (Figure 1C) at all
evaluated time points. Moreover, the recruitment of neutrophils (Figure 1D) and macrophages
(Figure 1E) was also induced by KO, injection. Corroborating the initial hypothesis of this
study, PDTC administration inhibited the KO,-induced hyperalgesia (Figures 1A and B),
edema formation (Figure 1C), and neutrophil (Figure 1D) and macrophage (Figure 1E)
recruitment in a dose-dependent manner. The most effective dose was 100 mg/kg of PDTC.
Therefore, the dose of 100 mg/kg was selected for the next experiments. Taken together, these
data suggest that superoxide-induced inflammation and inflammatory pain are dependent on
NF-kB activation, a signaling pathway that is shared by several sterile and non-sterile stimuli
[17], and may represent a possible mechanism that, for instance, leads to the exacerbation and
perpetuation of pain during infection and auto-immunity. During acute inflammatory
response, endothelial cells, neutrophils, and macrophages produce and release large amounts
of superoxide anion that, in turn, facilitates leukocyte transmigration by several mechanisms
such as activation of matrix metalloproteinases (MMP) and oxidant-mediated fragmentation
of hyaluronan [18, 19]. The superoxide-induced production of low-molecular mass

hyaluronan (a damage-associated molecular pattern), for example, can induce NF-xB
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consequently, represents one possible mechanism by which KO,-released

2 superoxide anion triggers inflammation [20]. In brief, the results are suggestive that the
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NF-kB-related pro-inflammatory and pro-hyperalgesic molecules (such as

and ROI) could lead to the inflammatory signals observed in this model
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Figure 1

7 KOz-induced overt pain-like behavior depends on NF-«B activation.



41

The role of NF-xB in the superoxide-induced overt pain-like behavior of writhings, paw
flinches, and paw licking was also evaluated. Treatment with PDTC (100 mg/kg, 100 pL, s.c.)
showed significant reduction of KO,-induced nociceptive behaviors of writhings (Figure 2A),
and paw flinching (Figure 2B) and licking (Figure 2C). Redox active molecules can directly
modulate the activity of TRPV1 channels [21, 22]. Nevertheless, the present data suggest that

there is also NF-kB-dependent activation of nociceptive fibers by superoxide anion.
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KO,-induced leukocyte recruitment depends on NF-«B.

The leukocyte recruitment in the peritoneal cavities from PDTC-treated mice was measured
and compared with samples from vehicle-treated mice (Figure 3). Mice were treated with
PDTC (100 mg/kg, 100 pL, s.c.) 1 h before KO, (30 pg, 25 pL, i.p.) or saline (25 uL, i.p.)
injection. Peritoneal cells were harvested in 1.5 ml of PBS 4 h after stimulus. Total cell counts
(Figure 3A) were determined in Neubauer chamber, and differential cell counts (Figure 3B
and C) were determined using Panoptic staining kit. Corroborating the results obtained in
tissue samples from the plantar skin (MPO and NAG assays, Figure 1D and E), PDTC
treatment reduced the superoxide-induced recruitment of both polymorphonuclear (Figure 3B)
and mononuclear (Figure 3C) cells in the peritoneal cavity. As discussed before, these results
are suggestive that superoxide can trigger the inflammatory response even when the pain-like
behavior is not evident. Thus, indicating that pain and leukocyte recruitment are independent

effects, but both depend on NF-«kB activation.
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KO, induces local and spinal oxidative imbalance in a NF-xB-dependent manner.

The activation of NF-kB is regulated by tyrosine kinases and phosphatases that are, in turn,
regulated by redox status. Once this pathway has been activated, the heterodimer p65/p50
induces the transcription of early pro-oxidant enzymes, which includes NOX subunit

gp91phox, pro-inflammatory cytokines, and pro-hyperalgesic mediators. NOX enzymes are
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the major responsible for the oxidative stress during inflammatory responses, a process that
leads to central and peripheral sensitization [23]. GSH tripeptides are the most abundant
cellular antioxidant molecules and considered indicative of redox status in biological samples.
Thus, the levels of GSH were determined in plantar and spinal tissue samples from PDTC- or
vehicle- treated mice, 3 h after KO, (30 ug, 25 pL, i.pl.) stimulus (Figure 4). The KO-
induced depletion of GSH levels was inhibited by PDTC treatment in plantar tissue samples
(Figure 4A), which is in line with its anti-inflammatory effects already presented. Curiously,
the KO, stimulus induced an increase in GSH at the spinal level, which was reduced by
PDTC treatment (Figure 4B). These results suggest that, peripherally, oxidative stress occurs
not only by KO,-derived superoxide anion, but also by neutrophil- and macrophage-derived
ROI in a NF-kB-dependent manner. In this case, the excessive production of ROI by recruited

leukocytes overwhelms the antioxidant defenses, and triggers nociceptive impulses.

On the other hand, the peripheral activation of first-order nociceptive fibers leads to the
transmission of nociceptive impulses into the dorsal horn of spinal cord. Glial cells
continually inspect neuronal activity and can be activated by neuronal signals that are released
during pain transmission, including glutamate, substance P and fractalkine [24]. This glial
activation leads to release of NF-kB-related cytokines (TNF-a, IL-1p and IL-10) and ROI [25,
26], but also induces protective mechanisms through activation of redox-responsive NF-E2-
related factor 2 (Nrf2) signaling. In glial cells, the Nrf2 pathway upregulates the production of
enzymes that are related to increased GSH synthesis such as xCT cystine antiporter, y-
glutamylcysteine synthetase (y-GCS), GSH synthase, glutathione S-transferase and
glutathione reductase). This process has been shown to be necessary and sufficient to protect
neurons against oxidative damage and glutamate toxicity [27]. Despite the fact that glial cells
also produce pro-inflammatory (TNF-a, IL-1B) and pro-oxidant mediators in response to

nociceptive transmission inputs, the KO,-induced oxidative stress in spinal cord seems to be
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less intense when compared with the peripheral response where activated leukocytes are being
continuously recruited. Thus, this KO,-induced low-intensity spinal inflammation may allow
to be reversed by glial antioxidant mechanisms. In response to TNF-a-induced GSH
depletion, for example, there is fast y-GCS activation. This enzyme is physiologically inactive
due to binding to GSH, but the oxidative stress condition leads to its activation when the
GSH-bound is released from the enzyme. Moreover, the y-GCS mRNA is found upregulated
under oxidative stress conditions, as discussed before. Thus, the TNF-a-induced enzymes of
GSH cycle may explain the higher levels of GSH found in vehicle-treated mice when

compared to non-stimulated and PDTC-treated mice (Figure 4B).
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Figure 4

Superoxide-induced local and spinal cytokine production depends on NF-«B activation.

The pro-inflammatory cytokines TNF-a and IL-1p are also considered hyperalgesic
mediators. Some of its activities include the induction of direct-acting hyperalgesic mediator
PGE; [28]. These cytokines can also sensitize nociceptive fibers at both peripheral and spinal
levels [25, 26, 29, 30]. Furthermore, the production of TNF-o and IL-1p, as well as IL-10, are
upregulated during inflammation in a NF-xB-dependent manner and therefore, can be
considered indicative of NF-kB activation. To further investigate the role of NF-kB in

superoxide-induced cytokine production, the levels of IL-1B, TNF-a, and IL-10 were
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determined in tissue samples from plantar skin and spinal cord of PDTC- and vehicle-treated
mice, 3 h after KO, (30 pg, 25 L, i.pl.) or saline (25 uL, i.pl.) injection (Figure 5). The KO,-
induced increase in local (Figure 5A, C and E) and spinal (Figure 5B, D, and F) levels of IL-
1B, TNF-a and IL-10 was reduced significantly by PDTC treatment. The reduction of all
measured cytokines suggests that superoxide-induced inflammation and inflammatory pain
requires the activation of NF-kB at the local of stimulus. NF-«xB is also activated at the spinal
level where glial cells are the major sources of cytokines. Nevertheless, the peripheral
activation of NF-xB and consequent cytokine production induce the activation at spinal
levels, thus, the inhibition of superoxide-induced cytokine production at the spinal cord by
PDTC treatment does not necessarily indicates a spinal effect, but rather may be a

consequence of peripheral inhibition of increased spinal inputs.
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Figure 5

PDTC inhibits superoxide-induced local reduction of IxkBa. levels in a time-dependent manner.

Typically, the NF-xB heterodimers p65/p50 activity is found inhibited by IxkBa proteins.
These inhibitory molecules bind to NF-«B and mask their DNA binding domains. During the
canonical activation NF-kB pathway, which occurs by several pro-inflammatory stimuli (e.g.
TNF-a, ROIL, endotoxin), the IxBa is phosphorylated by IkB kinase (IKK) complex,
ubiquitinated, and then degraded by proteasome. This process unmasks the DNA binding
activity of p65/p50 and lead to transcription of pro-inflammatory genes [17]. Thus, the

activation of IKK complex was evaluated indirectly by measuring IxBa levels in different
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time points (Figure 6). Mice were pre-treated with PDTC (100 mg/kg, 100 pL, s.c.) or vehicle
(saline, 100 pL, s.c.) 60 min before KO, (30 pg, 25 uL, i.pl.) or saline (25 uL, i.pl.) injection,
and tissue samples from the plantar skin were collected 0.5 — 3 h after stimulus. The
superoxide-induced reduction of IkBa levels were inhibited by PDTC treatment at 1 and 3 h
after stimulus, but no inhibition was observed at 0.5 h (Figure 6). In order to understand the
anti-inflammatory and anti-hyperalgesic effects PDTC at 0.5 h, it is important to consider
some NF-kB-independent pro-inflammatory signaling pathways induced by superoxide anion
and its derivatives. SOD enzymes are constitutively present in cells and in the extracellular
matrix, which suggests that part of KO,-derived superoxide anion was converted immediately
in hydrogen peroxide, a cell permeable molecule that can induce IkBo degradation and NF-
kB activation [31]. The antioxidant activity of PDTC has been related to its iron-chelating
properties, thus preventing the hydrogen peroxide reduction to the highly deleterious hydroxyl
radical through the Fenton reaction [32]. PDTC also scavenges superoxide and hydroxyl
radical [33]. Although hydrogen peroxide activates NF-«B, this effect is reversible and can be
attenuated by antioxidant endogenous components, such as CAT and Gpx. In contrast,
superoxide anion and hydroxyl radicals lead to irreversible and fast oxidation of biomolecules
[34]. Some of these effects occur within 30 min (NF-kB independent) and include: enhanced
vascular permeability, activation of matrix metalloproteases, endothelial mobilization of
Weibel-Palade bodies and phospholipase A2-derived platelet-activating factor production,
hyaluronan fragmentation, and transient receptor potential activation in nociceptive neurons
[35, 36]. In this sense, PDTC may not prevent this partial production of hydrogen peroxide by
SOD and the hydrogen peroxide-related NF-kB activation at 0.5 h, but could prevent the
superoxide- and hydroxyl-related effects at early (NF-xB independent) and delayed (> 120
min, NF-kB dependent) phases of inflammation. Furthermore, the results are suggestive that,

despite of its reported antioxidant activity, the protective effects of PDTC observed in this
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model occur by mechanisms downstream of IkBa. In fact, PDTC exhibits a pro-oxidant effect
(through its thiol group), which is suggested to be the mechanism of specific inhibition of NF-
kB activity [37]. PDTC interfere with DNA binding activity of NF-xB through oxidation of a
sensitive thiol group of p50 (Cys-62) subunit, without preventing the NF-xB nuclear
translocation as DNA binding was restored in nuclear extracts after 2-mercaptoethanol
addition. While pro-oxidant signals are required to induce NF-kB activation in the cytosol, the
reducing condition in the nucleus is necessary to maintain p50 cysteine-62 on its reduced and
active form [38]. This may explain why PDTC could not prevent the IkBa reduction that
occurs at 0.5 h, when KO,-derived superoxide anion is the major inflammatory stimulus
rather than the NF-kB-induced transcription of pro-inflammatory mediators. Moreover, PDTC
could be inhibiting other downstream mechanisms of NF-«B activation, such as p65 (Ser-276)
phosphorylation [31]. This hypothesis is corroborated by the fact that PDTC-treated groups
showed significant inhibition of IkBa degradation since 1 h, suggesting that NF-kB-induced

production of pro-inflammatory mediators were inhibited at 0.5 h.
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Conclusion

The peripheral stimuli with KO,, a superoxide anion-donor, induced acute overt pain-like
behaviors (between 0 and 30 min after injection), and produced the inflammatory signs of
hyperalgesia (thermal and mechanical), edema formation, and neutrophil and macrophage
recruitment (between 0.5 and 7 h before injection). Its mechanisms include the early local
IxBa degradation (0.5 — 3 h after injection), GSH depletion, and production of the NF-xB-
related cytokines TNF-a, IL-1p, and IL-10 at the peak of hyperalgesia (3 h after injection) at
both peripheral and spinal levels. Moreover, the results showed that GSH levels are
upregulated in spinal tissue after peripheral stimulus with KO,, where GSH levels were found
depleted. Finally, PDTC exhibited protective effects by mechanisms downstream of IkBa
degradation that should be further investigated. Thus, the study contributes to understanding
the role of superoxide anion radicals in peripheral and spinal sensitization of nociceptive
fibers during the inflammatory process, and the underlying mechanisms of pathological pain

development.
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Figure Captions

Fig. 1. KO, stimulus depends on NF-xB activation to induce hyperalgesia and inflammation.
Mice were treated with PDTC (3 — 100 mg/kg, 100 pL, s.c.) or vehicle (saline, 100 pL, s.c.)
60 min before the potassium superoxide (KO,) stimulus. The nociceptive thresholds to
mechanical (A) and thermal (B) stimuli, and the paw edema formation (C) were measured 0.5
— 7 h after KO; injection (30 ug, 20 pL, i.pl.). Neutrophil (D) and macrophage (E) recruitment
in the injected paw was assessed 7 h after stimulus. Results are expressed as means £ SEM, n
= 6 mice per group [*p < 0.05 vs. saline control; “p < 0.05 vs. KO2 control (black bars); **p <
0.05 vs. PDTC 3 mg/kg group; *p < 0.05 vs. PDTC 10 mg/kg group; ***p < 0.05 vs. PDTC
30 mg/kg group, (ANOVA followed by Tukey's t test)].

Fig. 2. KO, induces overt pain-like behavior in a NF-kB-dependent manner. Mice were
treated with PDTC (100 mg/kg, 100 uL, s.c.) or vehicle (saline, 100 pL, s.c.) 60 min before
the potassium superoxide (KO;) stimuli. The overt pain-like behavior of writhings (A) was
evaluated immediately after the KO, (1 mg, 150 pL, i.p.) or saline (150 pL, i.p.) injection, for
20 min. In another experiment, the number of paw flinches (B), and the time spent licking (C)
the injected paw were evaluated immediately after the injection of KO, (30 ug, 20 pL, i.pl.),
for 30 min. Results are expressed as means + SEM, n = 6 mice per group [*p < 0.05 vs. saline
control; *p < 0.05 vs. KO, control (black bars), (one-way ANOVA followed by Tukey's t
test)].

Fig. 3. KOs-induced leukocyte recruitment in the peritoneal cavity depends on NF-xB
activation. Mice were treated with PDTC (100 mg/kg, 100 pL, s.c.) or vehicle (saline, 100
ML, s.c.) 60 min before the potassium superoxide (KO;) stimulus. The peritoneal cells were
harvested 4 h after injection of KO, (30 ug, 20 uL, i.p.) or saline (20 uL, i.p.). Total (A) and
differential (B and C) cell counts were determined in samples. Results are expressed as means
+ SEM, n = 6 mice per group [*p < 0.05 vs. saline control; *p < 0.05 vs. KO, control (black
bars), (one-way ANOVA followed by Tukey's t test)].

Fig. 4. KO,-induced oxidative stress depends on NF-kB activation. Mice were treated with
PDTC (100 mg/kg, 100 pL, s.c.) or vehicle (saline, 100 uL, s.c.) 60 min before the potassium
superoxide (KO, 30 pg, 20 pL, i.pl.) or saline (20 uL, i.pl.) injection. Tissue samples from
the plantar skin (A) and spinal cord (B) were collected 3 h after the KO, or saline injection,
and the GSH levels were determined in samples by colorimetric assay. Results are expressed
as means + SEM, n = 6 mice per group [*p < 0.05 vs. saline control; *p < 0.05 vs. KO, control
(black bars), (one-way ANOVA followed by Tukey's t test)].
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Fig. 5. NF-xB inhibition of KO,-induced cytokine production. Mice were treated with PDTC
(100 mg/kg, 100 pL, s.c.) or vehicle (saline, 100 pL, s.c.) 60 min before the potassium
superoxide (KO, 30 pg, 20 pL, i.pl.) or saline (20 uL, i.pl.) injection. Tissue samples from
the plantar skin (A, C and E) and spinal cord (B, D and F) were collected 3 h after the KO, or
saline injection, and the cytokine levels were measured by ELISA. Results are expressed as
means + SEM, n = 6 mice per group [*p < 0.05 vs. saline control; “p < 0.05 vs. KO, control
(black bars), (one-way ANOVA followed by Tukey's t test)].

Fig. 6. Superoxide anion induces IxBa degradation. Mice were treated with PDTC (100
mg/kg, 100 pL, s.c.) or vehicle (saline, 100 pL, s.c.) 60 min before the KO, (30 pg, 20 pL,
i.pl.) or saline (20 pL, i.pl.) injection. Tissue samples from the plantar skin were collected 0.5
— 3 h after the KO, or saline injection, and the IkBa levels were measured by western blotting.
Results are expressed as means + SEM, n = 6 mice per group [*p < 0.05 vs. negative control;
*p < 0.05 vs. KO, 0.5 and 1 h positive controls; **p < 0.05 vs. KO, positive controls
(equivalent time), (one-way ANOVA followed by Tukey's t test)].
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ANEXO

Free Radical Biology & Medicine is an international, interdisciplinary journal that publishes
original contributions and reviews on a broad range of topics relating to redox biology,
signaling, biological chemistry and medical implications of free radicals, reactive species,
oxidants and antioxidants.

Types of paper
Full-length research articles, Review articles, Hypothesis papers, Methods articles and Letters
to the Editor.

Original Articles: Original articles are the normal medium of publication. Although there is
no fixed length, articles should be as concise as possible, while providing sufficient
information for the work to be repeated and for the claims of the authors to be judged by the
readers.

Reviews: These are contributed by scientists who are leading specialists in their field of
expertise, normally at the invitation of the Editors. Authors wishing to contribute a review
paper are advised first to contact the Reviews Editor, Dr. Henry Forman. Please e-mail the
outline and abstract of the proposed review to from@elsevier.com before submission.

Letters to the Editor: Letters to the Editor are intended to stimulate discussion and debate in
areas of general concern and controversy in free radical and oxidant research, and generally
reflect the personal opinions of the author(s). They should be written in a continuous style and
should normally not exceed two printed pages and contain no more than one figure and table.

Critical Methods: Authors wishing to contribute a Critical Methods paper are advised first to
contact the Editor, Dr. Henry Forman. Please e-mail the outline and abstract of the proposed
manuscript to from@elsevier.com before uploading the submission. These papers are
contributed by scientists who are leading specialists in their field of expertise, normally at the
invitation of the Editors. Critical Methods papers must conform to a strict format. Abstract: In
200 words or less, state why this is the appropriate method to use, the general method type
(HPLC, Elisa, enzymatic assay, etc.) and the instrumentation (UV detector, Plate reader, UV
spectrophotometer, etc.). Introduction: Background of methodology. Provide example of the
use of the method. If other methods are flawed, briefly explain the problem with them.
Principles: Explain the chemical and/or biological basis of the method. Describe what the
assay does and does not mean. For example, many molecular biology measurements provide
relative changes rather than absolute values. Another example, is that the usual
spectrofluorimetric determination of intracellular calcium concentration is an average among
cells that does not indicate individual cells and does not account for gradients within cells.
Materials: Provide a detailed list of every reagent. Include source and catalog number.
Instrumentation: Describe the required instrument(s)? For example, for spectrophotometer, a
double beam spectrophotometer and for HPLC , specific detector, gradient mixer, etc. An
actual model number and the vendor, etc. should be included. Protocol: Describe in detail
each step. This can be divided into subsections. For example, for electrophoretic mobility
assays, extraction of nuclear proteins would be a section and gel electrophoresis would be
another. If there are multiple buffer solutions, each could also be a separate section. Indicate
the minimum (and maximum if needed) concentration of percent change that is required for
the assay to produce significant results. Indicate the timing of steps including any waiting
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periods. Provide representative illustrations of steps where useful. If there are steps where
particular care must be paid that are not obvious (for example, making sure a sample is placed
into a well below the buffer using a long thin pipette) this should be in bold lettering.
Precautions should also be in bold for any steps where something can easily go wrong.
Calculations and Expected Results: Describe any post protocol calculations in detail. Provide
representative results. Caveats: Describe any caveats that need to be considered.
Acknowledgements Section (self explanatory). Conflict of Interest: State if the authors have
patents or financial interests in the protocol or instruments.” In light of the special structure
and format of these sorts of papers, the "Your Paper Your Way' submission option is not
available for Critical Methods papers.

Contact details for submission

Papers should be submitted using the Free Radical Biology & Medicine online submission
system, http://ees.elsevier.com/from For questions on the submission or reviewing process,
please contact the Editorial Office at from@elsevier.com

Ethics in publishing

For information on Ethics in publishing and Ethical guidelines for journal publication see
http://www.elsevier.com/publishingethics and http://www.elsevier.com/journal-
authors/ethics.

Policy and ethics

The work described in your article must have been carried out in accordance with The Code
of Ethics of the World Medical Association (Declaration of Helsinki) for experiments
involving humans http://www.wma.net/en/30publications/10policies/b3/index.html; Uniform
Requirements for manuscripts submitted to Biomedical journals http://www.icmje.org. This
must be stated at an appropriate point in the article.

Animal experiments

Where animals have been used in a study, the institutional ethical or animal welfare Authority
under which the work was conducted must be stated, along with the specific authorisation
reference number. Circumstances relating to animal experimentation must meet the
International Guiding Principles for Biomedical Research Involving Animals, as issued by the
Council for the International Organizations of Medical Sciences. These guidelines are
obtainable from: Executive Secretary C.1.O.M.S., c/o WHO, Appia, CH-1211 Geneva 27,

Switzerland, or at the following URL:
http://www.cioms.ch/frame_1985 texts_of guidelines.htm, or the EC Directive 86/609/EEC
for animal experiments

http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm.
Conflict of interest

All authors are requested to disclose any actual or potential conflict of interest including any
financial, personal or other relationships with other people or organizations within three years
of beginning the submitted work that could inappropriately influence, or be perceived to
influence, their work. See also http://www.elsevier.com/conflictsofinterest. Further
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information and an example of a Conflict of Interest form can be found at:
http://help.elsevier.com/app/answers/detail/a_id/286/p/7923.

Submission declaration and verification

Submission of an article implies that the work described has not been published previously
(except in the form of an abstract or as part of a published lecture or academic thesis or as an
electronic preprint, see http://www.elsevier.com/postingpolicy), that it is not under
consideration for publication elsewhere, that its publication is approved by all authors and
tacitly or explicitly by the responsible authorities where the work was carried out, and that, if
accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright-holder. To
verify originality, your article may be checked by the originality detection service CrossCheck
http://www.elsevier.com/editors/plagdetect.

Authorship

All authors should have made substantial contributions to all of the following: (1) the
conception and design of the study, or acquisition of data, or analysis and interpretation of
data, (2) drafting the article or revising it critically for important intellectual content, (3) final
approval of the version to be submitted.

Changes to authorship

This policy concerns the addition, deletion, or rearrangement of author names in the
authorship of accepted manuscripts:

Before the accepted manuscript is published in an online issue: Requests to add or remove an
author, or to rearrange the author names, must be sent to the Journal Manager from the
corresponding author of the accepted manuscript and must include: (a) the reason the name
should be added or removed, or the author names rearranged and (b) written confirmation (e-
mail, fax, letter) from all authors that they agree with the addition, removal or rearrangement.
In the case of addition or removal of authors, this includes confirmation from the author being
added or removed. Requests that are not sent by the corresponding author will be forwarded
by the Journal Manager to the corresponding author, who must follow the procedure as
described above. Note that: (1) Journal Managers will inform the Journal Editors of any such
requests and (2) publication of the accepted manuscript in an online issue is suspended until
authorship has been agreed.

After the accepted manuscript is published in an online issue: Any requests to add, delete, or
rearrange author names in an article published in an online issue will follow the same policies
as noted above and result in a corrigendum.

Copyright

This journal offers authors a choice in publishing their research: Open Access and
Subscription.

For Subscription articles

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement’ (for more information on this and copyright, see
http://www.elsevier.com/copyright). An e-mail will be sent to the corresponding author
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confirming receipt of the manuscript together with a '‘Journal Publishing Agreement' form or a
link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for
internal circulation within their institutions. Permission of the Publisher is required for resale
or distribution outside the institution and for all other derivative works, including
compilations and translations (please consult http://www.elsevier.com/permissions). If
excerpts from other copyrighted works are included, the author(s) must obtain written
permission from the copyright owners and credit the source(s) in the article. Elsevier has
preprinted forms for use by authors in these cases: please consult
http://www.elsevier.com/permissions.

For Open Access articles

Upon acceptance of an article, authors will be asked to complete an 'Exclusive License
Agreement' (for more information see http://www.elsevier.com/OAauthoragreement).
Permitted reuse of open access articles is determined by the author's choice of user license
(see http://lwww.elsevier.com/openaccesslicenses).

Retained author rights

As an author you (or your employer or institution) retain certain rights. For more information
on author rights for:

Subscription articles please see http://www.elsevier.com/journal-authors/author-rights-and-
responsibilities.

Open access articles please see http://www.elsevier.com/OAauthoragreement.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research
and/or preparation of the article and to briefly describe the role of the sponsor(s), if any, in
study design; in the collection, analysis and interpretation of data; in the writing of the report;
and in the decision to submit the article for publication. If the funding source(s) had no such
involvement then this should be stated. Please see http://www.elsevier.com/funding.

Funding body agreements and policies

Elsevier has established agreements and developed policies to allow authors whose articles
appear in journals published by Elsevier, to comply with potential manuscript archiving
requirements as specified as conditions of their grant awards. To learn more about existing
agreements and policies please visit http://www.elsevier.com/fundingbodies.

Elsevier journals comply with current NIH public access policy.

Open access

This journal offers authors a choice in publishing their research:

Open Access

* Articles are freely available to both subscribers and the wider public with permitted reuse

* An Open Access publication fee is payable by authors or their research funder
Subscription
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» Articles are made available to subscribers as well as developing countries and patient groups
through our access programs (http://www.elsevier.com/access)
* No Open Access publication fee

All articles published Open Access will be immediately and permanently free for everyone to
read and download. Permitted reuse is defined by your choice of one of the following
Creative Commons user licenses:

Creative Commons Attribution (CC BY): lets others distribute and copy the article, to create
extracts, abstracts, and other revised versions, adaptations or derivative works of or from an
article (such as a translation), to include in a collective work (such as an anthology), to text or
data mine the article, even for commercial purposes, as long as they credit the author(s), do
not represent the author as endorsing their adaptation of the article, and do not modify the
article in such a way as to damage the author's honor or reputation.

Creative Commons Attribution-NonCommercial-ShareAlike (CC BY-NC-SA): for non-
commercial purposes, lets others distribute and copy the article, to create extracts, abstracts
and other revised versions, adaptations or derivative works of or from an article (such as a
translation), to include in a collective work (such as an anthology), to text and data mine the
article, as long as they credit the author(s), do not represent the author as endorsing their
adaptation of the article, do not modify the article in such a way as to damage the author's
honor or reputation, and license their new adaptations or creations under identical terms (CC
BY-NC-SA).

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND): for non-
commercial purposes, lets others distribute and copy the article, and to include in a collective
work (such as an anthology), as long as they credit the author(s) and provided they do not
alter or modify the article.

To provide Open Access, this journal has a publication fee which needs to be met by the
authors or their research funders for each article published Open Access.

Your publication choice will have no effect on the peer review process or acceptance of
submitted articles.

The publication fee for Open Access in this journal is $2200, excluding taxes. Learn more
about Elsevier's pricing policy: http://www.elsevier.com/openaccesspricing.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). Authors who feel their English language manuscript may require editing to
eliminate possible grammatical or spelling errors and to conform to correct scientific English
may wish to use the English Language Editing service available from Elsevier's WebShop
(http://webshop.elsevier.com/languageediting/) or visit our customer support site
(http://support.elsevier.com) for more information.

Your Paper-Your Way

As part of the Your Paper-Your Way service, authors may submit a PDF version of their
manuscript for use in the refereeing process. This PDF file can be in any format or lay-out
that can be used by referees to evaluate your work. It should contain high enough quality
figures for refereeing. References can be in any style or format, as long as the full paper title
is present. After revision, at acceptance, source files of the paper, figures, tables and figure
captions will then be required to produce the final published version - not before.
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Submission in the traditional way is also still possible.

Submission

Submission to this journal proceeds totally online and you will be guided stepwise through the
creation and uploading of your files. The system automatically converts source files to a
single PDF file of the article, which is used in the peer-review process (see above). Please
note that even though manuscript source files are converted to PDF files at submission for the
review process, these source files are needed for further processing after acceptance. All
correspondence, including notification of the Editor's decision and requests for revision, takes
place by e-mail removing the need for a paper trail.

Submit your article
Please submit your article via http://ees.elsevier.com/frbom

Referees

A minimum of four suitable potential reviewers (please provide their name, email addresses,
and institutional affiliation) should be provided. When compiling this list of potential
reviewers please consider the following important criteria: they must be knowledgeable about
the manuscript subject area; must not be from your own institution; at least two of the
suggested reviewers should be from another country than the authors'; and they should not
have recent (less than four years) joint publications with any of the authors. However, the
final choice of reviewers is at the editors' discretion.

NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise through the
creation and uploading of your files. The system automatically converts your files to a single
PDF file, which is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a
single file to be used in the refereeing process. This can be a PDF file or a Word document, in
any format or lay-out that can be used by referees to evaluate your manuscript. It should
contain high enough quality figures for refereeing. If you prefer to do so, you may still
provide all or some of the source files at the initial submission. Please note that individual
figure files larger than 10 MB must be uploaded separately.

References

There are no strict requirements on reference formatting at submission. References can be in
any style or format as long as the style is consistent. Where applicable, author(s) name(s),
journal title/book title, chapter title/article title, year of publication, volume number/book
chapter and the pagination must be present. Use of DOI is highly encouraged. The reference
style used by the journal will be applied to the accepted article by Elsevier at the proof stage.
Note that missing data will be highlighted at proof stage for the author to correct.

Formatting requirements
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There are no strict formatting requirements but all manuscripts must contain the essential
elements needed to convey your manuscript, for example Abstract, Keywords, Introduction,
Materials and Methods, Results, Conclusions, Artwork and Tables with Captions.

If your article includes any Videos and/or other Supplementary material, this should be
included in your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Figures and tables embedded in text
Please ensure the figures and the tables included in the single file are placed next to the
relevant text in the manuscript, rather than at the bottom or the top of the file.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with
an editable file of the entire article. Keep the layout of the text as simple as possible. Most
formatting codes will be removed and replaced on processing the article. The electronic text
should be prepared in a way very similar to that of conventional manuscripts (see also the
Guide to Publishing with Elsevier: http://www.elsevier.com/guidepublication). See also the
section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and ‘grammar-
check'’ functions of your word processor.

Article structure

Subdivision - unnumbered sections

Divide your article into clearly defined sections. Each subsection is given a brief heading.
Each heading should appear on its own separate line. Subsections should be used as much as
possible when cross-referencing text: refer to the subsection by heading as opposed to simply
'the text'.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods

Provide sufficient detail to allow the work to be reproduced, with details of supplier and
catalogue number when appropriate. Methods already published should be indicated by a
reference: only relevant modifications should be described.

Results
Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and discussion
of published literature.

Conclusions
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The main conclusions of the study may be presented in a short Conclusions section, which
may stand alone or form a subsection of a Discussion or Results and Discussion section.

Essential title page information

« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

 Author names and affiliations. Where the family name may be ambiguous (e.g., a double
name), please indicate this clearly. Present the authors' affiliation addresses (where the actual
work was done) below the names. Indicate all affiliations with a lower-case superscript letter
immediately after the author's name and in front of the appropriate address. Provide the full
postal address of each affiliation, including the country name and, if available, the e-mail
address of each author.

 Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. Ensure that phone numbers (with country
and area code) are provided in addition to the e-mail address and the complete postal address.
Contact details must be kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article
was done, or was visiting at the time, a 'Present address' (or 'Permanent address’) may be
indicated as a footnote to that author's name. The address at which the author actually did the
work must be retained as the main, affiliation address. Superscript Arabic numerals are used
for such footnotes.

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately
from the article, so it must be able to stand alone. For this reason, References should be
avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or uncommon
abbreviations should be avoided, but if essential they must be defined at their first mention in
the abstract itself.

Graphical abstract

A Graphical abstract is optional and should summarize the contents of the article in a concise,
pictorial form designed to capture the attention of a wide readership online. Authors must
provide images that clearly represent the work described in the article. Graphical abstracts
should be submitted as a separate file in the online submission system. Image size: Please
provide an image with a minimum of 531 x 1328 pixels (h x w) or proportionally more. The
image should be readable at a size of 5 x 13 cm using a regular screen resolution of 96 dpi.
Preferred  file  types: TIFF, EPS, PDF or MS Office files. See
http://www.elsevier.com/graphicalabstracts for examples.

Authors can make use of Elsevier's Illustration and Enhancement service to ensure the best
presentation of their images also in accordance with all technical requirements: Illustration
Service.

The Editors strongly encourage graphical abstracts and suggest that amongst the examples
given http://www.elsevier.com/graphicalabstracts, that example 11 and 12 best reflect the sort
of graphical abstract most suited to this field and journal.
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Highlights

Highlights are mandatory for this journal. They consist of a short collection of bullet points
that convey the core findings of the article and should be submitted in a separate file in the
online submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet
points (maximum 85 characters, including spaces, per bullet point). See
http://www.elsevier.com/highlights for examples.

Keywords

Following the abstract, list keywords for indexing. These keywords should cover precisely the
contents of the submitted paper and should give readers sufficient information as to the
relevance of the paper to their particular field.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first
page of the article. Such abbreviations that are unavoidable in the abstract must be defined at
their first mention there, as well as in the footnote. Ensure consistency of abbreviations
throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references
and do not, therefore, include them on the title page, as a footnote to the title or otherwise.
List here those individuals who provided help during the research (e.g., providing language
help, writing assistance or proof reading the article, etc.).

Nomenclature and abbreviations

Stylistic details must be kept constant. For example, electron spin resonance is abbreviated
either ESR or EPR(for electron paramagnetic resonance). Either can be used, but both should
be given and stated as equivalent at the first mention.(This is the recommendation of the
International EPR Society.) Formulas for radicals follow IUPAC recommendations and
contain a superscripted (not centered) large dot that precedes a charge,if any. Thus,
superoxide is represented by O2¢ —, not O2— ¢, or some other permutation.

Other examples are HO* or *OH (not OHe¢), RO+, ROO¢/sNO2, «CH20H, etc. In the text,
names of radicals are preferred, rather than using formulas in the middle of sentences. For
names of radicals, use alkoxyl, peroxyl, and hydroxyl and not alkoxy, peroxy, etc. (correct
nomenclature requires the 'I' on the end of radicals, as in methyl, hydroxyl, etc.). Use tert, not
t-, etc., for abbreviations. For example, CORRECT: tert-butoxyl, sec-peroxyl; INCORRECT:
t-butoxy, s-peroxy.

Wherever possible, nomenclature and abbreviations should be in accordance with
internationally agreed rules. When an enzyme or compound is first mentioned in the text,
specification by its code number accompanied by its systematic name (as distinct from its
trivial name) is requested by the Editors, but not checked for correctness.

Official names of drugs are preferred to trade names.
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Standard three-letter codes for the common amino acids may be used freely and without
definition, but the one-letter codes should be restricted to comparisons of long protein
sequences. Similar considerations apply to nucleosides and nucleotides. Standard three-letter
codes for carbohydrates and for purine and pyrimidine bases may also be used. All other
abbreviations should be defined when they first appear in the text. If an extensive list of
abbreviations is used, please provide an alphabetical list with definitions followed by the
references at the end of the article.

Temperatures denoted by an unqualified degree symbol are assumed to be Celsius. For
solution strengths, percentages should be expressed by the sign %, followed in cases of
ambiguity by wiw, w/v, or v/v [e.g., 5% (w/v) means 5 g/100 ml].

All non-standard abbreviations should be defined in a footnote.
Database linking

Elsevier encourages authors to connect articles with external databases, giving their readers
one-click access to relevant databases that help to build a better understanding of the
described research. Please refer to relevant database identifiers using the following format in
your article: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053; PDB: 1XFN). See
http://www.elsevier.com/databaselinking for more information and a full list of supported
databases.

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many
wordprocessors build footnotes into the text, and this feature may be used. Should this not be
the case, indicate the position of footnotes in the text and present the footnotes themselves
separately at the end of the article. Do not include footnotes in the Reference list.

Table footnotes

Indicate each footnote in a table with a superscript lowercase letter.

Image manipulation

Whilst it is accepted that authors sometimes need to manipulate images for clarity,
manipulation for purposes of deception or fraud will be seen as scientific ethical abuse and
will be dealt with accordingly. For graphical images, this journal is applying the following
policy: no specific feature within an image may be enhanced, obscured, moved, removed, or
introduced. Adjustments of brightness, contrast, or color balance are acceptable if and as long
as they do not obscure or eliminate any information present in the original. Nonlinear
adjustments (e.g. changes to gamma settings) must be disclosed in the figure legend.

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

» Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Indicate per figure if it is a single, 1.5 or 2-column fitting image.

» For Word submissions only, you may still provide figures and their captions, and tables
within a single file at the revision stage.
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* Please note that individual figure files larger than 10 MB must be provided in separate
source files.

A detailed guide on electronic artwork is available on our website:
http://www.elsevier.com/artworkinstructions.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as'
or convert the images to one of the following formats (note the resolution requirements for
line drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.
TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of
500 dpi is required.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution
is too low.

* Supply files that are too low in resolution.

* Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or
PDF), or MS Office files) and with the correct resolution. If, together with your accepted
article, you submit usable color figures then Elsevier will ensure, at no additional charge, that
these figures will appear in color on the Web (e.g., ScienceDirect and other sites) regardless
of whether or not these illustrations are reproduced in color in the printed version. For color
reproduction in print, you will receive information regarding the costs from Elsevier after
receipt of your accepted article. Please indicate your preference for color: in print or on the
Web only. For further information on the preparation of electronic artwork, please see
http://www.elsevier.com/artworkinstructions.

Please note: Because of technical complications which can arise by converting color figures to
‘gray scale' (for the printed version should you not opt for color in print) please submit in
addition usable black and white versions of all the color illustrations.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the
figure itself) and a description of the illustration. Keep text in the illustrations themselves to a
minimum but explain all symbols and abbreviations used.

Tables

Number tables consecutively in accordance with their appearance in the text. Place footnotes
to tables below the table body and indicate them with superscript lowercase letters. Avoid
vertical rules. Be sparing in the use of tables and ensure that the data presented in tables do
not duplicate results described elsewhere in the article.

References

Citation in text
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Please ensure that every reference cited in the text is also present in the reference list (and
vice versa). Any references cited in the abstract must be given in full. Unpublished results and
personal communications are not recommended in the reference list, but may be mentioned in
the text. If these references are included in the reference list they should follow the standard
reference style of the journal and should include a substitution of the publication date with
either 'Unpublished results' or 'Personal communication'. Citation of a reference as 'in press'
implies that the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a source
publication, etc.), should also be given. Web references can be listed separately (e.g., after the
reference list) under a different heading if desired, or can be included in the reference list.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software

This journal has standard templates available in key reference management packages EndNote
(http://www.endnote.com/support/enstyles.asp) and Reference Manager
(http://refman.com/support/rmstyles.asp). Using plug-ins to wordprocessing packages, authors
only need to select the appropriate journal template when preparing their article and the list of
references and citations to these will be formatted according to the journal style which is
described below.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in
any style or format as long as the style is consistent. Where applicable, author(s) name(s),
journal title/book title, chapter title/article title, year of publication, volume number/book
chapter and the pagination must be present. Use of DOI is highly encouraged. The reference
style used by the journal will be applied to the accepted article by Elsevier at the proof stage.
Note that missing data will be highlighted at proof stage for the author to correct. If you do
wish to format the references yourself they should be arranged according to the following
examples:

Reference style

Type references double-spaced and number them consecutively in the order in which they are
first mentioned in the text, not alphabetically. Cite references in the text, tables, and legends
in sequential, numerical order, placing the numbers in square brackets. References cited only
in tables or figure legends should be numbered in accordance with a sequence established by
the first mention in the text of the particular table or figure. Journal titles are to be abbreviated
according to the List of Journals Indexed in Index Medicus published by the U.S. Department
of Health and Human Services. Examples of reference style are as follows:

Journal:
[1] Muller, F. L.; Lustgarten, M. S.; Jang, Y.; Richardson, A.; Van Remmen, H. Trends in
oxidative aging theories. Free Radic. Biol. Med. 43:477-503; 2007.

Book:
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[2] Van Faassen, E.; Vanin, A., eds. Radicals For Life: the Various Forms of nitric oxide.
Amsterdam: Elsevier; 2007.

Chapter in edited book:

[3] Zuo, L.; Clanton, T. L. Detection of reactive oxygen and nitrogen species in tissues using
redox-sensitive fluorescent probes. In: Sen, C. K.; Packer, L., eds. Redox cell biology and
genetics, part A. Methods in enzymology, volume 352. San Diego: Academic Press; 2002:
307-325.

Abstract:
[4] Freeman, B.; Aslan, M. Tissue oxidation and nitration reactions in a mouse model and
humans with sickle cell disease (abstract). Free Radic. Biol. Med. 33:5298; 2002.

Manuscripts that have been accepted for publication may be cited as "in press” in the
reference list using the estimated year of publication:

[5] Aguirre, J.; Lambeth, J.D. Nox enzymes from fungus to fly to fish and what they tell us
about Nox function in mammals. Free Radic. Biol. Med. In press; 2010.

Reference to a paper as "in press™ implies that it has been accepted for publication. Evidence
(e.g., a photocopy of the note of acceptance from the journal concerned) should accompany
the submitted typescript. Papers that are "in press” should be included as a number in the text.
Other papers submitted before or simultaneously with the paper in question should be
included as a number in the text and in the References section, stating the name of the journal.
Copies of papers that are submitted elsewhere should be provided for inspection by the
Editors. Omission of this information will delay publication and may lead to redating of a
submitted manuscript. Papers presented at scientific meetings that are not available in
published form should not be cited as references in the References section.

Unpublished results should not be listed in the References section. In the text they are
mentioned as follows: "(Tervoort MV and Glimcher J, unpublished data)". When unpublished
results are cited, the data should be provided for the Editors' information when essential for
proper evaluation, or if requested.

A personal communication should be mentioned in the text as follows: "(Tervoort MV,
personal communication)”. Authors should not make unauthorized use of personal
communications. Personal communications are not to be included in the Reference section.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations:
http://www.issn.org/2-22661-LTWA-online.php.

Video data

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit with
their article are strongly encouraged to include links to these within the body of the article.
This can be done in the same way as a figure or table by referring to the video or animation
content and noting in the body text where it should be placed. All submitted files should be
properly labeled so that they directly relate to the video file's content. In order to ensure that
your video or animation material is directly usable, please provide the files in one of our
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recommended file formats with a preferred maximum size of 50 MB. Video and animation
files supplied will be published online in the electronic version of your article in Elsevier Web
products, including ScienceDirect: http://www.sciencedirect.com. Please supply 'stills’ with
your files: you can choose any frame from the video or animation or make a separate image.
These will be used instead of standard icons and will personalize the link to your video data.
For more detailed instructions please visit our video instruction pages at
http://www.elsevier.com/artworkinstructions. Note: since video and animation cannot be
embedded in the print version of the journal, please provide text for both the electronic and
the print version for the portions of the article that refer to this content.

AudioSlides

The journal encourages authors to create an AudioSlides presentation with their published
article. AudioSlides are brief, webinar-style presentations that are shown next to the online
article on ScienceDirect. This gives authors the opportunity to summarize their research in
their own words and to help readers understand what the paper is about. More information
and examples are available at http://www.elsevier.com/audioslides. Authors of this journal
will automatically receive an invitation e-mail to create an AudioSlides presentation after
acceptance of their paper.

Supplementary data

Elsevier accepts electronic supplementary material to support and enhance your scientific
research. Supplementary files offer the author additional possibilities to publish supporting
applications, high-resolution images, background datasets, sound clips and more.
Supplementary files supplied will be published online alongside the electronic version of your
article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com. In
order to ensure that your submitted material is directly usable, please provide the data in one
of our recommended file formats. Authors should submit the material in electronic format
together with the article and supply a concise and descriptive caption for each file. For more
detailed instructions  please  visit  our  artwork  instruction  pages  at
http://www.elsevier.com/artworkinstructions.

Supplementary material captions
Each supplementary material file should have a short caption which will be placed at the
bottom of the article, where it can assist the reader and also be used by search engines.

Full Online Submission

The following list will be useful during the final checking of an article prior to sending it to
the journal for review. Please consult this Guide for Authors for further details of any item.
Ensure that the following items are present:

One Author designated as corresponding Author:

» E-mail address

* Full postal address

* Telephone and fax numbers

All necessary files have been uploaded

» Keywords

* All figure captions

« All tables (including title, description, footnotes)

Further considerations
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« Manuscript has been "spellchecked" and "grammar-checked"

* References are in the correct format for this journal - preferred but not essential.

» All references mentioned in the Reference list are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including
the Web)

* Color figures are clearly marked as being intended for color reproduction on the Web (free
of charge) and in print or to be reproduced in color on the Web (free of charge) and in black-
and-white in print

 If only color on the Web is required, black and white versions of the figures are also
supplied for printing purposes

For any further information please visit our customer support site at
http://support.elsevier.com.

Submission checklist

The following list will be useful during the final checking of an article prior to sending it to
the journal for review. Please consult this Guide for Authors for further details of any item.
Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

 E-mail address

* Full postal address

* Telephone

All necessary files have been uploaded, and contain:

» Keywords

* All figure captions

» All tables (including title, description, footnotes)

Further considerations

« Manuscript has been 'spell-checked' and ‘grammar-checked'

» All references mentioned in the Reference list are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including
the Web)

* Color figures are clearly marked as being intended for color reproduction on the Web (free
of charge) and in print, or to be reproduced in color on the Web (free of charge) and in black-
and-white in print

* If only color on the Web is required, black-and-white versions of the figures are also
supplied for printing purposes

For any further information please visit our customer support site at
http://support.elsevier.com.

Use of the Digital Object Identifier

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The
DOI consists of a unique alpha-numeric character string which is assigned to a document by
the publisher upon the initial electronic publication. The assigned DOI never changes.
Therefore, it is an ideal medium for citing a document, particularly 'Articles in press' because
they have not yet received their full bibliographic information. Example of a correctly given
DOI (in URL format; here an article in the journal Physics Letters B):
http://dx.doi.org/10.1016/j.physletb.2010.09.059
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When you use a DOI to create links to documents on the web, the DOIs are guaranteed never
to change.

Online proof correction

Corresponding authors will receive an e-mail with a link to our ProofCentral system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in
addition to editing text, you can also comment on figures/tables and answer questions from
the Copy Editor. Web-based proofing provides a faster and less error-prone process by
allowing you to directly type your corrections, eliminating the potential introduction of errors.
If preferred, you can still choose to annotate and upload your edits on the PDF version. All
instructions for proofing will be given in the e-mail we send to authors, including alternative
methods to the online version and PDF.

We will do everything possible to get your article published quickly and accurately - please
upload all of your corrections within 48 hours. It is important to ensure that all corrections are
sent back to us in one communication. Please check carefully before replying, as inclusion of
any subsequent corrections cannot be guaranteed. Proofreading is solely your responsibility.
Note that Elsevier may proceed with the publication of your article if no response is received.

Offprints

The corresponding author, at no cost, will be provided with a PDF file of the article via e-mail
(the PDF file is a watermarked version of the published article and includes a cover sheet with
the journal cover image and a disclaimer outlining the terms and conditions of use). For an
extra charge, paper offprints can be ordered via the offprint order form which is sent once the
article is accepted for publication. Both corresponding and co-authors may order offprints at
any time via Elsevier's WebShop (http://webshop.elsevier.com/myarticleservices/offprints).
Authors requiring printed copies of multiple articles may use Elsevier WebShop's 'Create
Your Own Book' service to collate multiple articles within a single cover
(http://webshop.elsevier.com/myarticleservices/offprints/myarticlesservices/booklets).

For inquiries relating to the submission of articles (including electronic submission) please
visit this journal's homepage. For detailed instructions on the preparation of electronic
artwork, please visit http://www.elsevier.com/artworkinstructions. Contact details for
questions arising after acceptance of an article, especially those relating to proofs, will be
provided by the  publisher. You can track accepted articles at
http://www.elsevier.com/trackarticle. You can also check our Author FAQs at
http://www.elsevier.com/authorFAQ and/or contact Customer Support via
http://support.elsevier.com.





