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HOHMANN, Miriam Sayuri Nagashima. Participacdo da 5-lipoxigenase na letalidade e
hepatotoxicidade induzidas pelo acetaminofeno em camundongos. 2012. 78f. Disserta¢do
(Mestrado em Ciéncias da Satde) — Universidade Estadual de Londrina, Londrina, 2012.

RESUMO

A via da 5-lipoxigenase (5-LO) ¢é responsavel pela conversdo do acido araquidonico (AA) em
leucotrienos (LTs). Os LTs sdo importantes mediadores pro-inflamatdrios encontrados em
altas concentracdes na maioria das lesdes inflamatorias. A via da 5-LO desempenha papel
central na resposta inflamatodria as lesdes, ja que a mesma ¢ capaz de desenvolver e propagar a
inflamagdo. A participagdo da 5-LO tem sido demonstrada em diferentes modelos de lesao
hepética, no entanto, até o presente momento, sua participagdo na hepatotoxicidade induzida
pelo acetaminofeno (APAP) ainda ndo foi investigada. Desta forma, o objetivo deste trabalho
foi avaliar a participagdo da 5-LO na letalidade e hepatotoxicidade induzidas pelo APAP.
Além disso, buscou-se investigar a participacdo da 5-LO na inflamacdo e no estresse
oxidativo hepatico induzidos por esta droga. Camundongos machos deficientes para a 5-LO
(5-LO™) e respectivo controle selvagem (WT, Sv129) foram tratados com APAP (3g/kg, v.0.)
ou volume equivalente de salina. Apds 12h, a lesdo hepatica foi avaliada pela determinagao
dos niveis plasmaticos de aspartato aminotransferase (AST) e alanina aminotransferase
(ALT), o recrutmanento de neutrofilos para o tecido hepatico pela determinagdo da atividade
da mieloperoxidase, a producdo de citocinas e mediadores inflamatorios pela dosagem
hepéatica de LTB4, IL-1B, TNF-a, IFN-y e IL-10 e a deplecdo da capacidade antioxidante pela
determinagdo dos niveis hepaticos de glutationa (GSH) reduzida e capacidade antioxidante do
figado pelo ensaio do 2,2'-azino-bis(3-etilbenzotiazolina-6-sulfonato) (ABTS). Foi observado
que o APAP induz a produgdo de LTB4 no figado, o 6rgdo alvo primario da intoxicagdo por
APAP. Além disso, foi verificado que a letalidade, o aumento dos niveis plasmaticos de AST
e ALT, da atividade da mieloperoxidase, da produgdo de IL-1p, TNF-a, IFN-y e IL-10 no
figado, e a deple¢do de GSH e da capacidade antioxidante do figado induzidos pelo APAP,
estavam inibidos ou reduzidos em camundongos 5-LO” quando comparados com
camundongos WT. Camundongos WT e 5-LO™ apresentaram respostas semelhantes no teste
do tempo de sono induzido por pentobarbital sodico, portanto, a redugdo da letalidade e
hepatotoxicidade em camundongos 5-LO™ ndo pode ser explicada por uma possivel menor
formag¢ao do metabdlito toxico N-acetil-p-benzoquinona imina (NAPQI). Assim, os resultados
deste estudo demonstram a participacdo da 5-LO na letalidade e hepatotoxicidade induzidas
pelo APAP. Além disso, indicam que a 5-LO participa da inflamagdo e estresse oxidativo
hepético induzido pelo APAP.

Palavras-chave: 5-lipoxigenase. Leucotrieno Bj. Acetaminofeno. Hepatotoxicidade.
Inflamagao



HOHMANN, Miriam Sayuri Nagashima. 5-lipoxygenase participates in acetaminophen-
induced lethality and hepatotoxicity in mice. 2012. 78f. Dissertation (Master’s Degree
Dissertation) —Londrina State University, Londrina. 2012.

ABSTRACT

The 5-lipoxygenase (5-LO) pathway is responsible for converting arachidonic acid (AA) into
leukotrienes (LTs). LTs are important pro-inflammatory mediators that can be found in high
levels in most inflammatory lesions. 5-LO pathway plays an important role in inflammatory
response to injury, since it can develop and sustain inflammation. Many studies have
demonstrated that 5-LO is involved in the pathogenesis of different models of liver injury,
however, their participation in acetaminophen (APAP) induced hepatotoxicity has not been
investigated. Thus, the objective of this study was to evaluate the participation of 5-LO in
APAP-induced lethality and hepatotoxicity. In addition, it aimed to investigate the role of 5-
LO in liver inflammation and oxidative stress induced by this drug. Male 5-LO deficient (5-
LO ") and strain-matched wild type (WT, Sv129) mice were treated with APAP (3g/kg, p.o.)
or equal volume of saline. After 12h, liver injury was assessed by determining plasma
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, neutrophil
recruitment to the liver by myeloperoxidase activity determination, cytokine and
inflammatory mediator production by determining LTB4, IL-1p3, TNF-a, IFN-y, and IL-10
levels in the liver, and depletion of antioxidants by determining reduced glutathione (GSH)
levels and antioxidant capacity by 2,2'-azino-bis (3-ethylbenzothiazoline- 6-sulfonate; ABTS)
assay in the liver. It was observed that APAP induces LTB,4 production in the liver, which is
the primary target organ in APAP toxicity. Furthermore, APAP-induced lethality, increase of
plasma AST and ALT levels, myeloperoxidase activity, IL-1p, TNF-a, IFN-y, and IL-10
production in the liver, and depletion of GSH and antioxidant capacity in the liver were
inhibited or reduced in 5-LO” mice compared to WT mice. WT and 5-LO”" mice presented
similar response in the "sleeping time" induced by sodium pentobarbital, therefore, reduced
formation of the toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI) does not explain
reduced lethality and hepatotoxicity in 5-LO™ mice. Therefore, the results of this study not
only demonstrates that 5-LO participates in APAP-induced lethality and hepatotoxicity, but
also that 5-LO is involved in the liver inflammation and oxidative stress induced by this drug.

Keywords: 5-lipoxygenase. Leukotriene B4, Acetaminophen. Hepatotoxicity. Inflammation.
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1 INTRODUCAO

1.1 LEUCOTRIENOS

A via da 5-lipoxigenase (5-LO) desempenha papel central na resposta
inflamatéria as lesdes. Estudos indicam que esta via contribui para desenvolvimento e
propaga¢do da inflamagdo em diversas doencas inflamatorias (FUNK, 2001; RUBIN;
MOLLISON, 2007), uma vez que a 5-LO ¢ responsavel pela biossintese de mediadores pro-
inflamatorios importantes, os leucotrienos (LTs). Os LTs sdo sintetizados predominantemente
em c¢lulas de origem mieldide através do metabolismo do 4cido araquidonico (AA) pela via
da 5-LO (Figura 1). A 5-LO interage com sua proteina ativadora (FLAP) e catalisa a reacdo
de duas etapas, nas quais o AA ¢ transformado no produto intermediario, &cido 5-hidroperoxi-
eicosatetraenoico, ¢ em seguida ¢ desidratado para formar o LTA4. O LTA4 € instavel e possui
meia vida curta, sendo rapidamente convertido em LTBy4 pela agdo da LTA4 hidrolase ou ¢
conjugado com a glutationa pelo LTC, sintase, gerando o LTC,s. Em seguida, a retirada
enzimatica do acido glutamico do LTC,4 da origem ao LTD4 e com a retirada da glicina do
LTD,, forma-se o LTE4. O LTC4, LTD4 € LTE4 sdo conhecidos coletivamente como cisteinil
LTs ou LTs peptidicos (CHO; SEO; KIM, 2011).

Todos os LTs desempenham papéis importantes na inflamacao, no entanto o
LTB4 e os cisteinil LTs possuem atividades biologicas diferentes. O LTB4 ¢ um dos mais
potentes mediadores pro-inflamatérios e da quimiotaxia de polimorfonucleares
(principalmente neutrofilos) (FORD-HUTCHINSON et al., 1980) e, quando comparado com
os outros produtos da 5-LO, é capaz de exercer um efeito quimiotatico muito maior. Em
concentragdes baixas, o LTBs ¢ capaz de estimular leucdcitos circulantes a aderirem ao
endotélio e transmigrarem. J& em concentragdes mais altas, este mediador induz leucocitos
polimorfonucleares a liberarem mediadores citotoxicos e pro-inflamatorios, assim como
proteases e elastases, no local da inflamacao, propagando, assim, a inflamagao e lesdo tecidual
(CHO; SEO; KIM, 2011).

As atividades do LTB4 nas respostas imunes ¢ patogénese de doengas
inflamatérias sdo mediadas pelos receptores BLT1 e BLT2, porém o LTB4 apresenta maior
afinidade pelo primeiro (TAGER; LUSTER, 2003). O BLTI estd expresso em diversas
células do sistema imune como os neutr6filos, monocitos/macrofagos e células dendriticas,
entre outras, ¢ também em algumas células ndo hematopoiéticas, como as células endoteliais e

células da musculatura lisa vascular. A ativacao deste receptor pode promover a quimiotaxia e
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adesdo firme de leucdcitos, a degranulagdao de neutrofilos, inibicdo da apoptose e indugdo de
fagocitose em macrofagos (KIM; LUSTER, 2007). Em humanos o BLT2 ¢ amplamente
expresso em neutrdfilos, eosindfilos, mondcitos, mastodceitos, células dendriticas, células do
baco, figado, ovarios, pancreas e coracdo, e ja foi implicado na sintese de IL-8 induzida por
IL-1B (KIM et al., 2010). J& em camundongos, a expressao do BLT2 esta restrita a alguns
tecidos e tipos de células como o intestino curto, colon, mastdcitos e queratinocitos
(LUNDEEN et al., 2006). Apesar de estudos ja terem demonstrado que este receptor possui
papel importante na artrite inflamatdria induzida por auto-anticorpos € na manutengdo da
integridade da mucosa intestinal em camundongos (IIZUKA et al., 2010; MATHIS et al.,

2010), pouco se sabe ainda sobre as respostas bioldgicas mediadas pelo BLT2 em murinos.

Figura 1 - Biossintese dos leucotrienos pela via da 5-lipoxigenas

Fosfolipidios da
membrana

Fosfolipase A, > l

Acido araquidénico

|

5-LO (lipoxigenase)
5-HPETE
FLAP (acido 5-hidrop eroxi-eicosatetraendico)
|
i LTA, hf’drofalseg/ LTA, i LTC, sintase
LTB, LTC,
1 > Acido glutamico
LTD,
1 = Glicina
LTE,

Fonte: Cho, Seo, Kim, 2011

Os cisteinil LTs, por outro lado, foram inicialmente identificados como
constituintes da substancia de reagdo lenta da anafilaxia (ARM, 2004). Estes produtos da 5-

LO parecem estar mais envolvidos em processos inflamatorios cronicos. Estes mediadores
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induzem a contragao das vias aéreas e das células da musculatura lisa ¢ o aumento na
permeabilidade vascular, promovendo, assim, a bronconconstricio e edema, além de
aumentar a secrecdo de muco nos bronquios. Além disso, estes mediadores sdo diretamente
responsaveis pelo recrutamento e ativacdo de eosinofilos e outras células do sistema imune
em condig¢des atopicas. Desta forma, os cisteinil LTs tém sido implicados principalmente na

patogénese da asma e alergias, como a rinite e dermatite atopica (KIM; LUSTER, 2007).

1.2 LIPOXINAS

A via da 5-LO também ¢ responsavel pela biossintese de lipoxinas (LXs), as
quais sdo capazes de controlar a duragdo e a magnitude da inflamacao. LXs, como a LXA4 e
LXB4, sdo mediadores com potentes agdes anti-inflamatorios e imunomoduladores tanto in
vitro, como in vivo (SERHAN; CHIANG; VAN DYKE, 2008). Duas principais vias de
producdo destes mediadores foram estabelecidas. A primeira depende da interagdo entre
leucocitos e plaquetas. A 5-LO presente em leucocitos converte o AA em LTA4 Este ¢
liberado e sofre a¢do da 12-LO presente em plaquetas, formando as LXs. J4 a segunda via
depende da interacdo entre células epiteliais e leucocitos e se inicia na superficie da mucosa.
O AA ¢ transformado no produto intermediario, o acido 15-hidroxi-eicosatetraendico (15S-
HETE), pela a¢do da 15-LO, e ¢ rapidamente convertido em LXs pela 5-LO presente em
leucocitos. Além disso, existe uma terceira via de produ¢do dependente da 5-LO, a via de
produgdo de LX desencadeada pela aspirina. Nesta via, a ciclooxigenase-2 acetilada pela
aspirina perde sua capacidade de formar a prostaglandina H; e passa a produzir o 15SR-HETE
a partir do AA. A 5-LO converte este intermedidrio em 15-epi-lipoxinas, estereoisomeros
relativamente estaveis das LXs, denominados de LXs desencadeadas pela aspirina (CHIANG
et al., 2006).

As LXs exercem seu efeito anti-inflamatorio ao inibir o recrutamento e
transmigracdo de neutrdfilos, a producdo de citocinas pro-inflamatérias, a expressdo de
receptores de quimiocinas e moléculas de adesdo e a producdo de espécies reativas de
oxigénio (EROs) e LTs (CHIANG et al., 2006; SERHAN; CHIANG; VAN DYKE, 2008).
Além de possuir efeitos anti-inflamatorios, estes mediadores também estimulam a resolucao
da inflamagdo. As LXs estimulam macrdéfagos a fagocitarem células que sofreram apoptose
no local da inflamacao, diminuindo, assim, o excesso de danos teciduais (GODSON et al.,
2000). Elas também estimulam a producao de IL-10 em macréfagos (SCHWAB et al., 2007) e
promovem o efluxo de macréfagos para linfonodos periféricos (SERHAN; CHIANG; VAN
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DYKE, 2008). Desta forma, as LXs nao s6 reduzem a infiltragao de leucdcitos, como também

promovem a remog¢ao dos mesmos do local da inflamagao.

1.3 PARTICIPACAO DA 5-LIPOXIGENASE E DOS LEUCOTRIENOS NA LESAO HEPATICA

Em diversos modelos de lesdo hepatica, aumento na produ¢ao de LT tem
sido observado. Macrofagos peritoneais e células de Kupffer de ratos com esteatose e fibrose
hepatica induzida por tetracloreto de carbono, apresentam producdo aumentada destes
mediadores (ALRIC et al., 1996, 2000). J4& em modelo de lesdo hepatica por isquemia e
reperfusdo, o aumento de LTs observado foi associado ao desenvolvimento de edema e
disfuncdo hepatica (TAKAMATSU et al., 2004). Além disso, estes e outros estudos
demonstraram que a 5-LO e os LTs estdo envolvidos na inflamagao e lesao hepatica, ja que a
inibi¢do da via da 5-LO reduziu a inflamagao e a extensdo de lesdes no figado (TITOS et al.,
2003, 2010). Foi observado, também, que a inibi¢do da 5-LO foi fator protetor para fibrose e
lesdo hepatica necroinflamatéria (TITOS et al., 2005; HORRILLO et al., 2007). Desta forma,

a 5-LO e os LTs participam da inflamagao e lesdo hepatica.

14 HEPATOTOXICIDADE POR ACETAMINOFENO

O acetaminofeno (APAP), também conhecido como paracetamol, ¢ um anti-
inflamatorio ndo-esteroidal amplamente utilizado por seus efeitos analgésicos e antipiréticos.
Este medicamento ¢ considerado seguro em doses terapéuticas, doses abaixo de 4 g/dia para
adultos e 80 mg/kg para criancas. No entanto, a ingestdo aguda de mais 7 g (adultos) e 150-
200 mg/kg (criancas) ja sdo consideradas potencialmente toxicas. J& a ingestdo de doses
acima de 15 g pode acarretar uma intoxicagao fatal (CLARK et al., 2012; KATZUNG, 2005).
A intoxicagao por APAP pode acometer os rins, o figado, coracdo e sistema nervoso central,
no entanto a morte por intoxicagdo aguda da droga ¢ secundaria, principalmente, a disfuncao
hepatica e faléncia hepatica aguda (PRESCOTT, 1980), sendo estas caracterizadas pela
necrose hepatica centrolobular (MITCHELL et al., 1973a).

Hepatotoxicidade por APAP ja ¢ uma das causas mais comuns de faléncia
hepéatica aguda em muitos paises desenvolvidos (BERNAL; AUZINGER; WENDON, 2009;
LARSON et al., 2005; WEI et al., 2007). Apesar de ainda ndo existirem dados precisos das
principais causas de faléncia hepatica aguda no Brasil, estudos demonstram que o numero de

casos de intoxicacdo por APAP vem aumentando nos ultimos anos (ANDRADE; DIAS,
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2001; SCHUH, 2007). De acordo com o Centro de Informacao Toxicologica (CIT) do Rio
Grande do Sul, nos ultimos anos, os analgésicos/antipiréticos tém sido uma das principais
classes de agentes envolvidas nas exposigdes a agentes toxicos, sendo que, dentre os
medicamentos desta classe, o APAP foi responsavel por mais de 60% dos casos. (CENTRO
DE INFORMACAO TOXICOLOGICA DO RIO GRANDE DO SUL, 2010, 2009, 2008).
Assim, ¢ possivel que faléncia hepatica aguda decorrente da hepatotoxicidade por APAP
também seja elevado no Brasil.

O passo inicial para a lesdo hepatica ¢ a metabolizacdo do APAP ¢ a
formacao do metabdlito altamente reativo, N-acetil-p-benzoquinona imina (NAPQI) (Figura
2) (MITCHELL et al.,, 1973a). Em doses terapéuticas, mais de 90% do APAP sofre
glicuronidacdo ou sulfatacdo e ¢ eliminado pela excrecdo renal ou biliar. Apenas uma
porcentagem pequena ¢ metabolizada pelo sistema microssomal P450, principalmente pelo
citocromo 2E1, produzindo a NAPQI (PATTEN et al., 1993). Este metabdlito ¢ quase que
imediatamente detoxificado pela conjugacdo com a glutationa (GSH) hepatica. No entanto, na
intoxicacdo por APAP, ha saturacdo das vias de glicuronidacdo e sulfatacdo, resultando em
excesso de formacdo de NAPQI, que, por sua vez, depleta os niveis de GSH (MITCHELL et
al., 1973b). Assim, a NAPQI se torna disponivel para ligar com proteinas celulares
importantes (JOLLOW et al., 1973), principalmente proteinas mitocondriais (JAESCHKE et
al., 2012).

Figura 2 - Metabolismo do Acetaminofeno
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Apos a ligacao covalente do NAPQI com proteinas da mitocondria ocorrem
estresse oxidativo e disfun¢do na respiracdo mitocondrial (COVER et al., 2005), iniciando,

assim, a lesdo celular no figado. Em seguida, héd ativacdo de mediadores como c-jun-N-
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terminal quinase (JNK), translocacdo da Bax, alteragdo da permeabilidade mitocondrial,
translocacdo de proteinas mitocondriais como o Fator Indutor de Apoptose e a Endonuclease
G para o ntcleo que, por sua vez, leva a fragmentacdo do DNA, necrose oncética das células
parenquimais e amplificagdo da lesdo hepatica (JAESCHKE et al., 2012). Além disso,
durante a necrose hepatocelular, ha liberagdo de padrdes moleculares associados ao dano
(DAMPs), como a proteina de alta mobilidade box 1 (HMGB1), proteinas de choque térmico,
fragmentos de DNA, entre outras, que sdo capazes de ativar células ndo parenquimais, como
as células de Kupffer, células endoteliais e neutrofilos (MARTIN-MURPHY; HOLT; JU,
2010).

Além dos eventos que ocorrem nos hepatocitos, tem sido atribuido papel
importante as células ndo parenquimais nas lesdes hepaticas por APAP. O acumulo de
macrofagos no figado estd associado a hepatotoxicidade por APAP e diversos outros agentes
hepatotoxicos (GRATTAGLIANO et al., 2009). Quando expostos ao APAP estas células
apresentam atividade fagocitica, quimiotatica e citotoxica aumentada, podendo contribuir,
assim, com as lesdes. Além disso, a inibi¢do da ativagdo de macrofagos (LASKIN et al.,
1995) e deplegdo das células de Kupffer (ANDRES et al., 2003) parecem ser fatores
protetores para as lesdes hepaticas induzidas pelo APAP e outros agentes hepatotoxicos.

Existem evidéncias de que as células parenquimais e nao parenquimais
interagem entre si na hepatoxicidade por APAP. Células endoteliais, células de Kupffer e
neutrofilos também podem ser quimioatraidas e ativadas por mediadores inflamatorios (por
exemplo, LTB,, 6xido nitrico, HMGBI1) liberados pelos proprios hepatocitos lesionados
(DRAGOMIR; LASKIN; LASKIN, 2011; GRATTAGLIANO et al., 2009). As células nao
parenquimais, quando ativadas, sdo fonte de EROs e espécies reativas de nitrogénio (ERNs)
(MICHAEL et al., 1999), LTs (TITOS et al., 2003), citocinas pré-inflamatorias, enzimas
lisossomais, fator de agregacdo plaquetdria, entre outros capazes aumentar a resposta

inflamatoéria e os danos teciduais (ROBERTS et al., 2007)

1.5 PRODUCAO DE CITOCINAS NA HEPATOTOXICIDADE POR ACETAMINOFENO

O aumento na producdo de citocinas inflamatorias tem sido observado e
implicado na hepatotoxicidade por APAP. De acordo com estes estudos, as citocinas sdo
importantes mediadores da hepatotoxicidade e, desta forma, pelo menos parcialmente
responsaveis pela propagagdo da lesdo iniciada pelo metabodlito toxico do APAP, o NAPQI

(BLAZKA et al., 1995).
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A administragdo de doses toxicas de APAP ¢ acompanhada do aumento nos
niveis séricos e hepaticos de IL-1a, IL-1B, TNF-a, IL-6, entre outras (BLAZKA et al., 1995;
COVER et al., 2006). Estas citocinas sdo produzidas por diversas células, dentre elas as
células de Kupffer, e desempenham papel central nas respostas inflamatorias (ROBERTS et
al., 2007). Elas ativam neutrofilos e células endoteliais, promovem recrutamento de
neutréfilos para o tecido hepatico e propagam a inflamacao e lesao tecidual (LIU et al., 2006).
J& o TNF-a estimula a produ¢@o de outras citocinas pro-inflamatorias e induz a liberagdo de
EROs por células de Kupffer e neutréfilos infiltrados; as EROs contribuem para a necrose
hepatica (ROBERTS et al., 2007). Além disso, o TNF-a por si s6 ¢ capaz gerar efeitos
citotoxicos e induzir apoptose e necrose (LARRICK; WRIGHT, 1990). Ademais, a inibi¢ao
das respostas da IL-1 e TNF-a reduz lesdo hepética e outras manifestacdes da intoxicacao por
APAP, confirmando a participagdo destas citocinas nas lesdes secundarias ao APAP
(BLAZKA et al., 1996).

Aumento da expressao de RNAm para o IFN-y apds exposi¢do a doses
toxicas de APAP também tem sido reportado e associado as lesdes hepaticas decorrentes do
APAP. Foi demonstrado que camundongos deficientes para o IFN-y apresentam redugdo da
lesdo hepatica induzida pelo APAP, menor recrutamento de leucocitos e reducao da expressao
de genes da IL-la, IL-1pB, IL-6,TNF-0, quimiocinas, moléculas de adesdo e 6xido nitrico
sintase induzivel (iINOS) quando comparados com os controles selvagem. Além disso, o uso
de anticorpos anti-IFN-y diminuiu a inflamacdo, necrose hepdtica, assim como, a letalidade
induzida pelo APAP (ISHIDA et al., 2002).

A IL-10, por outro lado, parece reduzir as lesdes hepaticas por APAP.
Niveis aumentados desta potente citocina anti-inflamatoria também foram reportados na
hepatotoxicidade por APAP e associadas a prote¢do contra a lesdo hepdatica e letalidade
induzida pelo APAP (BOURDI et al., 2002; GARDNER et al., 2002).

Estudos demonstram que a producgdo das citocinas pode ser modulada pela
5-LO e seus produtos. Os LTs, em particular o LTB4, sdo sinais positivos para a expressao e
sintese de citocinas em células inflamatorias (MARCOUILLER et al., 2005; SIPE; BARTLE;
LOOSE, 1992). Além disso, ja foi reportado aumento na producdo de IL-1f ¢ TNF-a em
mondcitos, macrofagos e tecidos via LTB4s (CONTE et al., 2008; GAGNON et al., 1989).
Horrillo et al. (2007) verificaram que a produgdo da IL-6 também ¢ modulada pelo LTBy, j&
que somente o antagonista do receptor do LTB4, € ndo dos cisteinil LTs, diminui expressdo de
RNAm para IL-6. Além de mediar a produgdo das citocinas, o LTB4 também participa das

respostas imunoloégicas induzidas por elas. O recrutamento de neutréfilos para a cavidade
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peritoneal induzido pelo TNF-a ocorre por um mecanismo dependente do LTB4 em modelo de
resposta imune adaptativa (CANETTI et al., 2001).

A inibigdo da 5-LO permitiu que fosse evidenciado o papel desta via e de
seus produtos na amplificacdo de lesdes teciduais através da regulacdo da produgdo de
citocinas inflamatérias (HORRILLO et al., 2007; MARCOUILLER et al., 2005). Na lesao
hepatica por isquemia e reperfusdo, a inibicdo da 5-LO diminui os niveis hepaticos de IL-6,
IL-1B e TNF-a. Juntamente com a redugdo dos niveis dessas citocinas foi evidenciada
diminui¢do da apoptose. Como os produtos da 5-LO sdo pelo menos parcialmente
responsaveis pela expressdao e producdo de citocinas, foi possivel relacionar a inibi¢do da 5-
LO com a diminuicao de lesdo hepatica e apoptose mediado por citocinas pro-inflamatorias

(DAGLER et al., 2009).

1.6 NEUTROFILOS NA HEPATOTOXICIDADE POR ACETAMINOFENO

Lesdo hepatica mediada por neutrofilos tem sido demonstrada na
hepatotoxicidade por APAP (LIU et al., 2006) e em varios outros modelos experimentais
como hepatite alcoodlica (BAUTISTA, 2002), danos hepaticos por isquemia e reperfusao
(JAESCHKE; FARHOOD; SMITH, 1990), entre outros (RAMAIAH; JAESCHKE, 2007).
Apesar da ativacao de neutrdfilos ser essencial para a protecdo do hospedeiro e a eliminacao
de restos celulares, os mesmos também podem agravar danos no tecido hepatico e causar
faléncia hepatica (JAESCHKE; HASEGAWA, 2006). A presenga de mediadores especificos
que promovem quimiotaxia e ativagao dos neutrofilos ¢ essencial para a propagagdao dos
danos hepaticos. A liberacio de citocinas pro-inflamatérias, quimiocinas, DAMPs
(JAESCHKE et al., 2012), LTs e muitos outros mediadores tém sido associados ao
recrutamento de neutréfilos para o figado (RAMAIAH; JAESCHKE, 2007). Além disso, estes
mediadores ndo s6 recrutam os neutrofilos para os sinusdide, mas também os ativam,
induzindo a liberaracio de EROs, LTB4, e proteases que, por sua vez, aumentam o
recrutamento e ativacdo de neutrofilos e levam a exacerbagdo dos danos hepaticos causados
por uma lesdo inicial (COVER et al., 2006; JAESCHKE; HASEGAWA, 2006). Ademais, a
deplecao de neutrofilos diminui lesao hepatica induzida por APAP, evidenciando, assim, a
contribui¢do dos neutrdfilos para a hepatotoxicidade induzida por esta droga (LIU et al., 2006;
SMITH et al., 1998).

Estudos indicam que a 5-LO ¢ responsavel pela lesdo tecidual e inflamacao

induzida pelo recrutamento de neutréfilos. Sua ativagdo durante a inflamagdo aguda pode
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mediar as interagdes leucdcito-endotélio através da regulacdo da expressao da P-selectina,
molécula de adesdo intercelular 1 (ICAM-1) e molécula de adesdo de célula vascular 1
(VCAM-1) (CUZZOCREA et al., 2003a). Além disso, a auséncia da 5-LO reduz a expressao
das moléculas de adesdo E-selectina, P-selectina e ICAM-1, regulando, assim, o recrutamento
de neutrofilos na fase de rolamento e adesdo firme (CUZZOCREA et al., 2003b). Ademais,
foi observado correlagdo entre a redugdo da migragao de neutrdfilos e diminuicao dos danos
teciduais em camundongos deficientes para a 5-LO em modelo de pancreatite aguda. A
participagdo do LTB4 no recrutamento e quimiotaxia de neutrdfilos ja foi descrito em
inimeros estudos (MONTEIRO et al.,, 2011). Este mediador aumenta a expressdo de
CD11/CD18 na superficie dos neutréfilos, estimulando a adesdo de neutrofilos ao endotélio
vascular e facilitando a migragao destas células ao tecido adjacente (KIM; LUSTER, 2007).
Além disso, o LTB4 ¢ um dos mais potentes mediadores da quimiotaxia de neutréfilos

(FORD-HUTCHINSON et al., 1980).

1.7 ESTRESSE OXIDATIVO NA HEPATOTOXICIDADE POR ACETAMINOFENO

O estresse oxidativo ¢ outro mecanismo importante que ja foi implicado na
hepatotoxicidade por APAP. Varios estudos t€ém demonstrado que o estresse oxidativo
contribui para a propagacao da lesdo hepatica induzida pelo APAP (JAESCHKE; KNIGHT;
BAJIT, 2003; REID et al., 2005).

O estresse oxidativo ocorre quando hd um desequilibrio no sistema pro-
oxidantes e antioxidantes. Isto pode resultar de um excesso de produgao de agentes oxidantes
(espécies reativas) ou da deplecdo das defesas antioxidantes.

Aumento nos niveis hepaticos de EROs e ERNs pode ser observado apods
exposicao a doses toxicas de APAP. Diversas fontes de espécies reativas tém sido reportadas.
Liu et al. (2006) demonstrou que neutrofilos hepaticos isolados de camundongos previamente
tratados com doses toxicas de APAP exibem producdo aumentada de anion superoxidos e
peroxido de hidrogénio. As células de Kupffer, quando ativadas por mediadores inflamatérios
liberados durante a propria lesdo hepatica, também sdo uma importante fonte de espécies
reativas (ALRIC et al., 2000; GRATTAGLIANO et al., 2009). Além disso, durante a propria
formacdo da NAPQI pelo citocromo P450 também ha produgdo do anion superdxido, que
sofre dismutacdo, formando, assim, o peroxido de hidrogénio (JAMES; MAYEUX; HINSON,
2003).
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Diversos estudos tém demonstrado que as espécies reativas sao mediadores
da lesdao hepatocelular por APAP. A sintese aumentada de 6xido nitrico, por exemplo, se
correlaciona positivamente com os niveis de alanina aminotransferase (ALT), marcador de
lesdo hepatica. As espécies reativas podem iniciar a peroxidagdo de membranas fosfolipidicas,
oxidacdo de proteinas, alteragdes no DNA, contribuindo, assim, para lesdo hepatica
(MICHAEL et al., 1999).

O anion superdxido e 6xido nitrico, que estdo presente em altos niveis na
hepatotoxocidade por APAP, podem rapidamente reagir para formar o peroxinitrito, um
importante mediador de lesdo tecidual. Esta espécie reativa promove a nitracao de residuos de
tirosina em proteinas resultando em necrose nas regides centrolobulares do figado, o que
parece estar correlacionado com a severidade da toxicidade. O peroxinitrito também ¢ um
potente agente oxidante capaz de propagar lesdes hepdticas, especialmente em condigdes de
deplecdo dos antioxidantes celulares (KNIGHT et al., 2002).

Em condi¢des normais os peroxidos sao detoxificados pela GSH/GSH
peroxidase, no entanto, na hepatotoxicidade por APAP este importante mecanismo de defesa
encontra-se comprometido (RADI et al.,, 1991). Assim, o perdxido de hidrogénio e
peroxinitrito se acumulam e ddo inicio a peroxidagdo lipidica, o principal mecanismo de
morte celular induzida por EROs (KNIGHT et al., 2002). A peroxidagdo lipidica promove a
destruicdo de membranas celulares e culmina rapidamente em morte dos hepatdcitos por
necrose (RADI et al., 1991).

Além da GSH, antioxidantes enzimaticos, como superdxido dismutase,
catalase, GSH peroxidase e GSH redutase também se encontram reduzidos apos
administracio de APAP (AHMAD et al., 2012). Estes antioxidantes sdo essenciais para o
controle da produgdo e detoxificacdo de espécies reativas, a defesa contra o estresse oxidativo,
manuten¢do da homeostase redox e eliminacdo de xenobidticos (HUBER; ALMEIDA;
FATIMA, 2008).

Estudo prévio demonstra que a formagdo de hidroperoxido, anion
superoxido e perdxido de hidrogénio aumentam a medida que a GSH e as atividades dos
antioxidantes enzimaticos diminuem (LORES-ARNAIZ et al., 1995). Portanto, a deplegao
dos antioxidantes hepaticos pode contribuir significativamente para o acumulo de espécies
reativas e estresse oxidativo observado na hepatotoxicidade por APAP.

O tratamento com GSH ¢ capaz de restaurar completamente os niveis de
GSH, melhorar a detoxificagdo do NAPQI e reduzir a formacao de peroxinitrito e injuria nas

células do figado induzidas pelo APAP (KNIGHT et al., 2002). Ja a administracao de
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antioxidantes e GSH tem efeito hepatoprotetor contra lesdo hepatica por APAP (AHMAD et
al., 2012; KNIGHT et al., 2002). Estes dados demonstram que a deple¢dao dos antioxidantes
hepéticos ¢ um fator determinante na lesdo hepatica por APAP, via estresse oxidativo.

Além da acgdo direta nos danos teciduais, o estresse oxidativo também pode
amplificar a lesdo hepatica por a¢des indiretas. Estudos demonstram que as espécies reativas e
o estresse oxidativo também promovem o actumulo de leucocitos (JAESCHKE;
HASEGAWA, 2006) e desencadeiam a producdo de mediadores pro-inflamatorios
(HADDAD, 2002). Diversos fatores de transcri¢ao sensiveis as EROs ¢ ERNs podem induzir
a transcri¢ao de genes de citocinas como a IL-1, IL-6, TNF-a e moléculas de adesdo. O fator
nuclear kappa B (NFxB) ¢ um dos mais importantes fatores de transcricdo que respondem
diretamente ao estresse oxidativo. Acredita-se que as espécies reativas regulam e modulam a
atividade de quinases responsaveis pela ativacdo da via de sinalizacdo do NFkB. Varios
antioxidantes capazes de detoxificar as espécies reativas podem suprimir a ativacdo do NFkB,
sugerindo que as espécies reativas possuem papel central nesta via de sinalizagao (HADDAD,
2002; SARADA et al., 2008). Além disso, existe evidéncia que citocinas como TNF-a e IL-
1B, por exemplo, podem ativar NADPH oxidase e induzir a producdo de EROs e estas, por
sua vez, induzirem a ativacdo de NFxB e, assim, aumentar a producdo de citocinas
(VALERIO et al., 2009b). Assim, as citocinas também tém papel importante na manutengio

do proprio estresse oxidativo.

1.8 JUSTIFICATIVA

Muitos estudos tém demonstrado a participacdo da 5-LO e seus produtos em
diferentes modelos de lesdo hepdtica, porém, até o presente momento, sua participagdo na
hepatotoxicidade induzida pelo APAP ainda ndo foi investigada. A intoxicacdo com APAP ja
¢ uma das causas mais comuns de faléncia hepatica fulminante no homem, desta forma a
letalidade e lesdo hepatica por APAP apresenta-se como modelo experimental de grande
relevancia com possiveis implicagdes clinicas. Ademais, muitas das intoxicagdes que ocorrem
ainda sdo fatais. Portanto, terapias que aumentem o tempo de sobrevida na intoxica¢do por
APAP s3o importantes para aumentar a possibilidade de se instituir terapias de suporte
convencionalmente utilizadas nesse quadro de intoxicacdo. Além disso, atualmente o N-
acetil-cisteina (NAC) ¢ o unico tratamento especifico para a hepatotoxicidade por APAP. O
NAC aumenta a eliminagdo do NAPQI e, assim, previne a lesdo hepatica por APAP, no

entanto este antidoto € pouco eficaz em casos em que a lesdo hepatica ja tenha comecado.
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Desta forma, tratamentos que diminuam e previnam a propagacao da lesao hepdatica induzida
pelo APAP poderiam contribuir com terapias ja existentes.

Diversos mecanismos parecem estar envolvidos na lesdo hepatica por
APAP, porém a inflamacdo e estresse oxidativo parecem ser essenciais. Estudos demonstram
que a 5-LO e seus produtos podem mediar a inflamagdo e estresse oxidativo em diversos
modelos experimentais de lesdo tecidual. Assim, € possivel que a 5-LO também participa da
lesdo hepética por APAP. Portanto, a participagdo da 5-LO na letalidade e lesdo hepatica
induzida por dose toxica de APAP foi investigada. Além disso, foi avaliada a participacdo da
5-LO na inflamacao e estresse oxidativo induzida pelo APAP, mecanismos importantes neste

modelo experimental de lesdo hepatica.
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2 OBJETIVO

2.1 OBJETIVO GERAL

2.2 OBJETIVOS ESPECIFICOS

- Avaliar o efeito da administracio de APAP sobre a sobrevida de
camundongos deficientes e ndo deficientes para a 5-LO;

- Avaliar o efeito da administracdo de APAP sobre os niveis de LTB4 no
figado de camundongos nao deficientes para a 5-LO;

- Avaliar o efeito da administracdo de APAP sobre os niveis plasmaticos dos
marcadores enzimaticos de danos hepaticos: aspartato aminotransferase
(AST) e alanina aminotransferase (ALT) em camundongos deficientes e
nao deficientes para a 5-LO;

- Avaliar o efeito da administracio de APAP sobre o recrutamento de
neutrofilos para o tecido hepatico de camundongos deficientes e nao
deficientes para a 5-LO;

- Avaliar o efeito da administragdo de APAP sobre niveis hepaticos das
citocinas: IL-1B, TNF-a, IFN-y e IL-10 de camundongos deficientes e ndo
deficientes para a 5-LO;

- Avaliar o efeito da administragdo de APAP sobre os niveis hepaticos de
GSH e a capacidade antioxidante do figado de camundongos deficientes e
ndo deficientes para a 5-LO;

- Avaliar o efeito da deficiéncia para a 5-LO na atividade do citocromo P450
microssomal hepatico pelo teste do tempo de sono induzido por

pentobarbital em camundongos.
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3 MATERIAIS E METODOS
3.1 ANIMAIS

Camundongos machos (20-25 g) deficientes para a 5-LO (5-LO'/') e
respectivo controle selvagem (WT, Sv129), origindrios do The Jackson Laboratory (Bar
Harbor, ME), foram gentilmente doados pelo Dr. Marc Lee Peters-Golden da Universidade de
Michigan. Os camundongos foram mantidos no Biotério do Departamento de Ciéncias
Patologicas da Universidade Estadual de Londrina pelo menos 72 h antes dos experimentos.
Os animais foram mantidos a 21 °C em ciclo de claro/escuro (12/12 h), com livre acesso a
dgua e ragdo. O projeto seguiu as normas do Comité de Etica no Uso de Animais da

Universidade Estadual de Londrina (processo 2961/2010-10).
3.2 DELINEAMENTO EXPERIMENTAL E COLETA DAS AMOSTRAS

Para o experimento de dose-resposta, camundongos WT (n=10 por grupo)
foram tratados via oral com 0,3; 1; 2; 3 ¢ 6 g/kg de solucdo de APAP. A dose de APAP
selecionada na curva dose-resposta foi utilizada para os proximos experimentos. Ja para a
avaliagdo da letalidade induzido pelo APAP, camundongos 5-LO”~ ¢ WT (n= 10 por grupo)
foram tratados via oral com 3 g/kg de solucdo APAP (200 mg/mL de salina) ou volume
equivalente de salina. A sobrevida dos camundongos foi avaliada a cada 6 h durante 72 h.
Animais moribundos ou que estivessem apresentando sofrimento extremo foram sacrificados.
Para a realizagio dos outros experimentos deste estudo, camundongos 5-LO”~ ¢ WT (n= 5
por grupo) receberam mesma dose de APAP ou volume de salina e apdés 12 h foram
sacrificados sob anestesia para a coleta das amostras. Amostras de plasma foram coletadas
para a determinacdo da atividade enzimdtica do AST e ALT. Além disso, foi realizada
laparatomia para acesso a amostras do l6bulo esquerdo do figado que foram fragmentadas e
armazenadas a -20 °C em tampdo K,HPO, 50 mM (pH 6,0) contendo 0,5% brometo de
hexadeciltrimetilamonio (HTAB) para avaliagdo do recrutamento de neutrdfilos pela
determinacdo da atividade da mieloperoxidase (MPO) e a -80 °C para a determinagdo dos
niveis de LTB4 e citocinas (TNF-a, IL-10, IFN-y, IL-10).

Para a avaliacdo do sistema antioxidante endogeno do tecido hepatico, o
figado foi primeiramente perfundido com 10 mL de KCl 1,15% gelada pela veia porta. Um

fragmento do 16bulo esquerdo do figado perfundido foi imediatamente congelado a - 80 °C
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para a determinagdo dos niveis de GSH reduzida e o restante foi separado para o ensaio do

2,2'-azino-bis(3-etilbenzotiazolina-6-sulfonato) (ABTS).

33 DETERMINACAO DOS NIVEIS PLASMATICO DOS MARCADORES ENZIMATICOS DE LESAO

HEPATICA

Em microtubos contendo 50 pL do anticoagulante EDTA (5000 UI/mL) foi
coletado 1 mL de sangue. Em seguida as amostras foram centrifugadas (200 x g, 10 min, 4
°C), e o plasma foi separado para a determinagio dos niveis plasmaticos do AST e ALT por
metodologia cinética UV, de acordo com as instru¢des do fabricante (Labtest Diagnostico
S.A., Brazil), utilizando Multiskan EX (Uniscience — Labsystems, Helsinki, Finlandia). Os

resultados foram expressos em U/L.

34 DETERMINACAO DOS NiVEIS DE LTB4 E CITOCINAS

As amostras de tecido hepatico congeladas foram homogeneizadas em
salina com auxilio do turrax T10 basic (IKA, Staufen, Alemanha) em banho de gelo e em
seguida centrifugadas (800 x g, 10 min, 4 °C). No sobrenadante foi quantificado LTBy ¢
citocinas (IL-1B e TNF-a, IFN-y e IL-10) por enzimaimunoensaio (ELISA), de acordo com as
instrugdes do fabricante (Cayman Chemical, Ann Arbor, MI, EUA) e (eBioscience),

respectivamente. Os resultados foram expressos em pg/mg de figado.

35 DETERMINACAO DA ATIVIDADE DA MPO

Amostras de figado congelados em tampao K,HPO, com HTAB foram
homogeneizadas e em seguida centrifugadas (16.100 x g, 2 min, 4 °C). No sobrenadante o
recrutamento de neutréfilos para o tecido hepatico foi avaliado por espectrofotometria.
Brevemente, 5 uL do sobrenadante foi adicionado a 200 pL de tampao K,HPO4 50 mM (pH
6,0) contendo 0,167 mg/ml dihidrocloreto de O-dianisidina e peréxido de hidrogénio 0,015%.
A atividade da MPO das amostras foi comparada com uma curva padrao de neutrofilos. Os
resultados foram expressos como atividade da MPO (ntiimero de neutréfilos x 10° /mg de

figado) (VALERIO et al., 2009a).
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3.6 DETERMINACAO DOS NiVEIS DE GSH

As amostras de tecido hepatico previamente perfundidas e congeladas foram
homogeneizadas em EDTA 0,02 M gelado. Ao homogenato foi adicionado 4acido
tricloroacético 50% e as amostras foram misturadas em vortex e, apds 15 min, centrifugadas
(1.500 x g, 15 min, temperatura ambiente). O sobrenadante foi adicionado ao Tris-HCI 0,4 M
(pH 8,9) e ao acido 5,5-ditiobis(2-nitrobenzéico) (DTNB) e em seguida misturado em vortex.
Apds 5 min, as absorbancias das amostras foram lidas a 412 nm. A curva padrdo foi preparada
utilizando o padrao de GSH em diversas concentragdes e os resultados foram expressos em

umol GSH/g figado (SEDLACK; LINDSAY, 1968).

3.7 DETERMINACAO DA CAPACIDADE ANTIOXIDANTE

As amostras de figado coletadas foram imediatamente pesadas e o
homogenato do tecido foi preparado com solugdo de KCl1 1,15% gelado para a concentracao
de 20% peso/volume. As amostras foram centrifugadas (200 x g, 10 min, 4 °C) e no
sobrenadante a capacidade total antioxidante do figado foi avaliada pelo ensaio do ABTS.
Este ensaio ¢ baseado na capacidade antioxidante equivalente ao Trolox e a capacidade
antioxidante ¢ medida pela habilidade dos antioxidantes presentes no tecido reduzirem o
radical cation ABTS (ABTS™) (composto com cor verde-azul) e decrescer a cor do meio a
734 nm. O ABTS " foi formado pela reagdo entre solugio de ABTS (ABTS dissolvido em
dgua a concentracdo de 7 mM) e solucdo de persulfato de potissio 2,45 mM e o
armazenamento desta mistura em um local escuro durante 12-16 h. Previamente a realizagao
do ensaio, esta solugdo de ABTS ™ foi diluida em tampdo fosfato pH 7,4 até que a solucio
apresentasse absorbancia de 0,7 (£0.02) a 743 nm (KATALINIC et al., 2005). 10 puL do
sobrenadante foi adicionado a ImL da solugdo de ABTS™ diluida e as amostras foram
misturadas em vortex. Apoés 6 min as absorbancias das amostras foram lidas em
espectrofotometro a 734 nm. A curva padrdo foi preparada utilizando Trolox em diversas
concentragdes, assim os resultados foram expressos em mMol equivalente de Trolox/g de

figado.
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3.8 DETERMINACAO DO TEMPO DE SONO INDUZIDO POR PENTOBARBITAL SODICO

A intoxicacdo induzida por APAP ¢ dependente da formagdo de seu
metabolito reativo, NAPQI, pelas enzimas do citocromo P450. Desta forma, foi avaliado se a
deficiéncia para a 5-LO modularia de alguma forma a atividade destas enzimas, ¢ isto pode
ser avaliado pelo tempo de sono induzido pelo pentobarbital sédico. Assim, camundongos
WT e 5-LO™ (n=10 por grupo) receberam pentobarbital sodico diluido em salina (50 mg/kg,
intraperiotoneal) e o tempo de sono foi avaliado como o tempo decorrido entre a perda e

recuperagdo do reflexo de postura de cada animal (DARIAS et al., 1998).

39 ANALISE ESTATISTICA

Os resultados do estudo foram expressos em média + erro padrao da média.
As taxas de sobrevida foram estimadas pelo método de Kaplan—Meier e a andlise estatistica
realizada pelo teste de Log-Rank. Diferencgas estatisticas entre somente dois grupos foram
comparadas pelo Teste t de student e mais de dois grupos por ANOVA de uma-via seguido do
pos-teste de Bonferroni de comparagdes multiplas. A andlise estatistica foi realizada
utilizando o programa Graph Pad Prism (La Jolla, 5 CA) e todos os resultados foram
considerados significativos quando P < 0,05. Os dados mostrados sdo uma média de dois a

trés experimentos.
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4 RESULTADOS E DISCUSSAO

Os resultados obtidos no presente trabalho foram apresentados e discutidos
no artigo cientifico entitulado “5-lipoxygenase deficiency reduces acetaminophen-induced
lethality and hepatotoxicity”, que sera submetido para Naunyn-Schmiedeberg’s Archives of

Pharmacology.
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4.1 ARTIGO

5-lipoxygenase deficiency reduces acetaminophen-induced hepatotoxicity and lethality

Miriam S. N. Hohmannl; Renato D. R. Cardoso'; Thiago M. Cunhaz; José C. Alves-Filhoz;
Phileno Pinge-Filho'; Sergio H. Ferreira’; Fernando Q. Cunha’; Rubia Casagrande’; Waldiceu

A. Verri, A

ABSTRACT

The 5-lipoxygenase (5-LO) pathway converts arachidonic acid into leukotrienes (LTs) and
studies indicate that this pathway is responsible for developing and sustaining inflammation.
Although many studies have demonstrated that 5-LO pathway is involved in the pathogenesis
of liver inflammation, at present, the participation of 5-LO in acetaminophen (APAP)-induced
hepatotoxicity and liver damage has not been addressed. In this context, 5-LO deficient (5-
LO” ) mice were used to investigate the role of 5-LO in APAP-induced lethality and liver
damage. In addition, the role of 5-LO in liver inflammation and oxidative stress induced by
APAP was assessed. 5-LO™ and background wild type mice were treated with APAP (0.3-6
g/kg) or saline. The lethality, liver damage, neutrophil recruitment, LTB4 and cytokine
production as well as antioxidant depletion were assessed. APAP induced a dose-dependent

mortality and the dose of 3 g/kg was selected for next experiments. It was observed that
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APAP induces LTB4 production in the liver, which is the primary target organ in APAP
toxicity. Furthermore, APAP-induced lethality, increase of plasma levels of aspartate
aminotransferase and alanine aminotransferase, liver production of cytokines (IL-13, TNF-a,
IFN-y and IL-10) and myeloperoxidase activity, and decrease of liver reduced glutathione and
antioxidant capacity measured by 2,2"-azinobis (3-ethylbenzothiazoline 6-sulfonate; ABTS)
assay were prevented in 5-LO”" mice compared to WT mice. Therefore, the lack of 5-LO
resulted in reduced mortality due to reduced liver inflammatory and oxidative damage. These
results suggest that 5-LO is a promising target to reduce APAP-induced lethality and liver
inflammatory/oxidative damage.

Key words: 5-lipoxygenase, leukotriene B, acetaminophen, hepatotoxicity, inflammation.

1. INTRODUCTION

The 5-lipoxygenase (5-LO) pathway converts arachidonic acid into leukotrienes (LTs),
specifically LTB4 and cysteinyl-LTs (LTCs, LTD4, and LTE4) (Samuelsson et al. 1987), and
studies indicate that this pathway is responsible for developing and sustaining inflammation
(Funk 2001). All LTs display a variety of pro-inflammatory actions, but LTBy, in particular, is
one of the most potent chemotactic agents and activating factors for leukocytes (Ford-
Hutchinson et al. 1980). In fact, LTB4 has been implicated in the pathophysiology of acute
and chronic inflammatory diseases (Chen et al. 2010; Al-Amran et al 2011).

In this context, over the past decade, many studies have investigated the participation of 5-
LO and it’s products in different experimental models of liver injury. 5-LO pathway and LTs
products have been implicated in hepatic inflammation and liver damage. Elevated production
of LTs in the liver was detected in rats with CCls-induced liver injury (Alric et al. 2000; Titos
et al. 2003). In hepatic ischemia and reperfusion injury, LT production was enhanced and

associated with the development of hepatic edema and dysfunction (Takamatsu et al. 2004).
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Furthermore, LTB4 and the 5-LO pathway were reported to be involved in the pathogenesis of
experimental liver fibrosis and inflammatory necrosis (Titos et al. 2003, 2005; Horrillo et al.
2007). Thus, 5-LO products are important mediators of hepatic inflammation and cell injury.

Considering that LTs are important mediators of liver inflammation and damage, 5-LO
pathway and it’s products might also be involved in Acetaminophen (APAP)-induced liver
injury. APAP is a widely used over-the-counter analgesic and antipyretic with few side effects
when taken at therapeutic doses. However, APAP intoxication can result in severe liver
damage characterized by centrilobular liver necrosis and, in more sever cases, acute liver
failure and eventually death (Prescott, 1980). Studies have shown that APAP overdose has
become the most common cause of acute liver failure in many Western countries (Larson et
al. 2005; Craig et al. 2011).

It is well established that APAP-induced liver injury depends on the metabolic
conversion of APAP to the highly reactive metabolite N-acetyl-p-benzoquinonimine (NAPQI)
by cytochrome P-450 enzymes, primarily CYP2EI and to a lesser extent CYP1A2, CYP2A®6,
and CYP3A4 (Mitchell et al. 1973a; Patten et al. 1993). In normal conditions, this metabolite
is readily detoxified by hepatic reduced glutathione (GSH). However, after toxic dose of
APAP, GSH is depleted, and as a result, NAPQI accumulates and covalently binds to
hepatocellular proteins, initiating liver injury (Jollow et al. 1973; Mitchell et al. 1973b).
Although protein binding is the initiator of toxicity and cellular injury, secondary processes
amplify and propagate it. Initial hepatocellular damage caused by NAPQI can lead to the
release of damage associated molecular patterns (DAMPS) such as high-mobility group box 1
protein (HMGBI), heat shock proteins, DNA fragments and others (Martin-Murphy et al.
2010), which can directly activate non-parenchymal hepatic cells, Kupffer cells (KC) and
other innate immune cells (Schwabe et al. 2006; Jeannin et al. 2008). In addition, these cells

can also be activated by potent chemotactic factors (i.e. LTB,) released by injured hepatocytes
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(Laskin and Pendino 1995). Activated cells can release a wide range of inflammatory
mediators, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS)
(Michael et al. 1999), pro-inflammatory cytokines (Martin-Murphy et al. 2010) and LTs
(Alric et al. 2000) amplifying the oxidative stress and inflammatory responses, consequently
promoting further hepatic injury (Roberts et al. 2007). Moreover, the excessive ROS and RNS
production during inflammation contributes to the depletion of GSH (Valério et al. 2009b),
which could result in further NAPQI accumulation (Mitchell et al. 1973b).

Neutrophil recruitment to the liver has also been associated to APAP-induced liver
injury (Liu et al. 2006) and several other experimental animal models of liver injury such as
ischemia-reperfusion injury (Jaeschke et al. 1990), endotoxemia (Jaeschke et al. 1991), and
alcoholic hepatitis (Bautista 2002). Neutrophils under certain circumstance can severly
aggravate tissue damage. In APAP-induced hepatotoxicity, excessive neutrophil activity can
contribute to liver inflammation and injury (Liu et al. 2006).

Although many studies have demonstrated that 5-LO pathway is involved in the
pathogenesis of different models of liver inflammation, at present the participation of 5-LO in
APAP-induced hepatotoxicity and liver damage has not been addressed. In this context, the
aim of the current study was to use 5-LO deficient mice to investigate the role of 5-LO on
APAP-induced lethality and liver damage. In addition, it aimed to demonstrate the
mechanisms by which 5-LO deficiency ameliorates the events mentioned above focusing on

neutrophil recruitment, cytokine production and antioxidant endogenous systems in the liver.

2. Methods
2.1 Animals
Male 5-Lipoxygenase deficient (5-LO™") and wild type (WT, SV129) mice weighing

20-25 g were used. 5-LO"" and WT mice, originally from The Jackson Laboratory (Bar
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Harbor, ME), were gifted from Dr. Marc Lee Peters-Golden (University of Michigan)
weighing 20-25 g. Mice were housed at 21 °C on a 12 h light/dark cycle in standard clear
plastic cages with food and water ad libitum. Animals were handled humanely and all
procedures concerning animal care and use were approved by the Research and Ethics
Committee from Londrina State University (process 2961/2010-10) and carried out in

accordance with it’s guidelines.

2.2 Experimental design

In dose-response experiments, WT mice (n=10 per group) were treated orally with 0.3,
1, 2, 3, and 6 g/kg of APAP suspended in saline (200mg/mL). In APAP-induced lethality
experiments, 5-LO~ and WT mice (n= 10 per group) were treated orally with 3 g/kg of
APAP suspended in saline (200 mg/mL of saline) or equal volume of saline (control group).
In these survival experiments, mice were observed every 6 h during 72 h, and any that showed
extreme distress or became moribund were sacrificed. For subsequent experiments, animals
(n= 5 per group) were slightly anesthetized and sacrificed 12 h post APAP treatment. Plasma
samples were collected to determine the enzymatic activities of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT). For liver analysis, the abdomen of the mice was
opened, and the left lateral lobule of the liver was quickly excised. A portion of the tissue was
stored at -20 °C in 50 mM K,HPO, buffer (pH 6.0) containing 0.5% hexadecyl
trimethylammonium bromide (HTAB) for myeloperoxidase (MPO) activity determination,
and the remaining tissue was stored in saline at -80 °C for LTB4 and cytokine (TNFa, IL-1p,
IFN-y and IL-10) quantification. In order to assess hepatic antioxidant status, the liver was
first perfused with 10 mL of ice-cold 1.15% KCI solution through the portal vein. The left
lateral lobule was excised in the same manner and portion of the perfused tissue was separated

for 2,2’ -azinobis (3-ethylbenzothiazoline 6-sulfonate; ABTS) assay, whereas the rest of the
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tissue was immediately stored at -80 °C for further reduced glutathione (GSH) assay. The

pentobarbital-induced sleeping time was evaluated in 5-LO~ and WT mice (n= 10 per group).

2.3 Enzymatic markers of liver injury

Blood was collected into micro tubes containing 50 pL of the anticoagulant
Ethylenediamine tetraacetic acid (EDTA) (5000 IU/mL), centrifuged (200 x g, 10 min, 4 °C),
and the plasma was separated. In order to determine enzymatic activities of AST and ALT,
plasma samples were processed according to the manufacturer’s instructions (Labtest

Diagnostico S.A., Brazil). Results were presented as U/L.

2.4 Cytokines and LTB, levels

Frozen liver samples were homogenized in 500 pL of saline using a turrax T10 basic
(IKA, Staufen, Germany) in an ice bath. The samples were centrifuged (800 x g, 10 min, 4°
C) and with the resulting supernatant, IL-1p, TNF-a, IFN-y, IL-10 (eBioscience) and LTB4
(Cayman Chemical, Ann Arbor, MI, USA) levels were determined by ELISA, according to

the manufacturer’s instructions.

2.5 MPO activity

Neutrophil migration to the liver was evaluated by a colorimetric assay. Frozen
samples were homogenized as described above and centrifuged (16,100 x g, 2 min, 4 °C). The
resulting supernatant was assayed spectrophotometrically for MPO activity determination at
450 nm. The MPO activity of samples was compared with a standard curve of neutrophils.
Briefly, 5 puL of the supernatant was mixed with 200 uL. 50 mM phosphate buffer (pH 6.0),

containing 0.167 mg/ml O-dianisidine dihydrochloride and 0.015% hydrogen peroxide. The
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results were presented as the MPO activity (number of neutrophils/mg of liver) (Valério et al.

2009a).

2.6 GSH

GSH levels were determined spectrophotometrically by an adapted method described
by (Sedlack and Lindsay 1968). The frozen perfused liver samples were homogenized in cold
0,02 M EDTA. The homogenate was treated with 50% trichloroacetic acid, centrifuged (1,500
X g, 15 min), and to the supernatant 0.4 M Tris-HCI, pH 8.9 was added. Next, samples were
vortex-mixed and 10 mM dithiobisnitrobenzoic acid was added, followed by vortex-mixing.
Samples were allowed to stand for 5 minutes before being read at 412 nm. Standard curve was
prepared using different concentrations of GSH, in addition to the other reagents mentioned

before. Results were presented as umol GSH/g liver.

2.7 ABTS assay

The perfused liver samples collected were immediately processed and homogenates
(20% w/v) were prepared with ice-cold 1.15% KCI. Samples were centrifuged (200 x g, 10
min, 4 °C) and with the resulting supernatant total antioxidant capacity of liver was assessed
by ABTS (2,2’-azinobis (3-ethylbenzothiazoline 6-sulfonate) assay (Katalinic et al. 2005).
This assay is based on the ability of the antioxidants molecules to quench ABTS radical cation
(ABTS™), a blue-green chromophore with characteristic absorption at 734 nm, compared with
that of Trolox. The antioxidants present in the liver samples when added to ABTS " reduce it
into ABTS, which results in decolorization. ABTS " was produced by reacting ABTS stock
solution (ABTS dissolved in water to a 7 mM concentration) with 2.45 mM potassium
persulfate (final concentration) and allowing the mixture to stand in the dark at room

temperature for 12—16 h before use. For the study ABTS " solution was diluted in phosphate
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buffer pH 7.4 to an absorbance of 0.7 (£0.02) at 734 nm. 10 pL of the samples were added to
ImL of the diluted ABTS " solution, samples were vortex-mixed and allowed to stand for 6
min. The samples were read in spectrophotometer at 734 nm. A standard curve was prepared
using different concentrations of Trolox. Because this is a Trolox equivalent antioxidant

capacity (TEAC) assay, results were presented as mmol Trolox equivalent/g liver.

2.8 Sleeping time induced by pentobarbital sodium

APAP induced toxicity is highly dependent on metabolic conversion of APAP to
NAPQI by cytochrome P-450 enzymes, therefore, it was assessed if 5-LO deficiency affected
hepatic microsomal cytochrome P450 activity. 5-LO”" and WT mice were treated with
pentobarbital sodium diluted in saline (50 mg/kg, i.p.) and the duration of sleep (min) of each
animal was analysed. Loss of righting reflex to recovery was recorded as the sleeping time

end point (Darias et al. 1998).

2.9 Statiscal analysis

The results are expressed as mean + S.E.M. Survival rates were estimated by the
Kaplan—Meier method, and statistical analysis was carried out by the log-rank test to test for
equality of the survival curves. Statistical differences were compared by Student’s t test or by
one-way ANOVA followed by Bonferroni’s multiple comparison t test. All statistical
analyses were performed using Graph Pad Prism (La Jolla, 5 CA). The level of significance

was set at P < 0.05. Studies were conducted two to three times, and mean data are shown.

3. RESULTS

3.1 APAP induces dose-dependent lethality and LTB,4 production in the liver
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To determine the dose of APAP necessary to induce significant lethality in this strain,
a dose-response study was performed. WT mice were treated orally with APAP (0.3, 1, 2, 3,
and 6 g/kg) or equal volume of saline and lethality was assessed. Saline and 0.3 g/kg of
APAP did not induce death in any of the animals (Fig. 1a). The administration of 1.0 g/kg of
APAP induced 15% lethality in 6 h, 25% in 18 h, 30% in 24 h, and 35% in 48 h, which
maintained until the end of the experiment. The administration of 2 g/kg induced similar
lethality; 20% in 12 h and 35% in 66 h, which also maintained. Mice treated with 3g/kg of
APAP presented 45% and 70% mortality within 6 h and 12 h, respectively, and a little over
95% in 24 h, which was maintained. Finally, mice were treated with 6 g/kg of APAP to assure
that 3 g/kg of APAP was the sub-maximal lethal dose in this experimental model. The
administration of 6 g/kg of APAP induced 100% mortality in 6 h, thus considered inadequate.
Therefore, 3 g/kg of APAP was selected for the following experiments addressing the hepatic
mechanisms triggered by a lethal dose of APAP.

In order to determine 5-LO participation in APAP hepatotoxicity, the effect of the
toxic dose of APAP on hepatic levels of LTB4 was assessed. In this context, WT mice
received 3 g/kg of APAP or equal volume of saline per oral, and after 12 h animals were
sacrificed and liver samples were collected for assessment of LTB4 levels. It was observed
that APAP induced a ~10-fold increase of LTB4 levels in the liver compared to saline (Fig.
1b). Twelve h was selected since it is an intermediary time point between intoxication and

death (Fig. 1a).

3.2 APAP-induced lethality depends on 5-LO
5-LO"" and WT mice were treated with APAP (3 g/kg) or equal volume of saline per
oral and survival rates during APAP intoxication were determined (Fig. 2). APAP

administration induced significant mortality in WT mice, with approximately 45% lethality in
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6 h, 75% in 12 h, and 100% in 24 h. However, APAP induced significantly lower mortality in
5-LO” mice compared to WT mice: 5% lethality in 6 h, 15% in 12 h, 60% in 24 h, and 90%
in 54 h in 5-LO”" mice. Saline did not induce death in any of the animals. Twelve h was
selected for the next experiments investigating the mechanisms involved in APAP-induced
intoxication because the greatest difference between WT and 5-LO” was observed at this

time point.

3.3 APAP induced liver damage was reduced in 5-LO™" mice.

APAP (3 g/kg) or equal volume of saline per oral was administrated in 5-LO" and WT
mice and the plasma levels of AST and ALT were determined after 12 h. These enzymes are
used to monitor liver damage (Ishida et al. 2002) APAP significantly increased plasma levels
of both enzymes in WT mice when compared to control group receiving saline, but not in 5-
LO™ mice (Fig. 3a and 3b). There was no significant difference in AST and ALT levels

between WT and 5-LO™ mice receiving saline.

3.4 APAP induced neutrophil recruitment was reduced in 5-LO” mice

The myeloperoxidase (MPO) activity was used as an indirect marker of neutrophil
presence in hepatic tissue 12 h after oral administration of APAP (3 g/kg) or equal volume of
saline. APAP induced a significant increase of MPO activity in WT mice compared to saline
(Fig. 4). On the other hand, MPO activity was reduced in 5-LO”" mice compared to WT
receiving APAP. No significant difference was found between MPO activity of WT and 5-

LO” mice that received saline.

3.5 APAP induced cytokine production in the liver was reduced in 5-LO” mice
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Mice were treated with APAP (3 g/kg) or equal volume of saline per oral and after 12

h liver samples were collected and cytokine levels were determined. In WT mice, APAP
induced significant increase of hepatic IL-1B, TNF-a, IFN-y, and IL-10 production compared
to saline (Fig. 5a-5d, respectively). In 5-LO” mice, however, APAP did not increase cytokine
production. There was no significant difference in cytokine levels between WT and 5-LO™

that received saline.

3.6 APAP-induced depletion of reduced glutathione (GSH) and antioxidant capacity in the
liver were reduced in 5-LO™ mice

Mice were treated with APAP (3 g/kg) or equal volume of saline per oral and after 12
h liver samples were collected to determine GSH levels and antioxidant capacity by ABTS
(2,2"-azinobis (3-ethylbenzothiazoline 6-sulfonate) assay). WT mice treated with APAP
presented significant decrease of GSH levels (Fig. 6a) and antioxidant capacity (Fig. 6b)
compared to saline WT mice, which was not observed in 5-LO”" mice treated with APAP.

There was no significant difference between WT and 5-LO™" that received saline.

3.7 Pentobarbital sodium-induced sleeping time was not increased in 5-LO” mice

Mice were treated with pentobarbital sodium (50mg/kg, intra peritoneal) and sleeping
time was assessed. WT (142.8 = 10.10 min) and 5-LO™ (128.25 £ 7.25 min) mice did not
present significant difference in pentobarbital-induced sleeping time (P = 0.363) (Table 1).
Therefore, 5-LO”" mice did not present significant alteration in cytochrome P450

metabolization activity.
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4. DISCUSSION

Enhanced production of 5-LO pathway metabolites (LTs) in the liver has been
observed and implicated in CCly and ischemia/reperfusion-induced liver injury (Alric et al.
2000; Daglar et al. 2009). In agreement with these findings, the inhibition of 5-LO pathway
reduces LT production and results in significant reduction in liver inflammation and damage
(Titos et al. 2003, 2005). Although many studies have clearly demonstrated 5-LO and LT
participation in various models of liver injury, the participation of 5-LO in APAP-induced
liver injury had not been investigated.

In most studies, hepatotoxicity is induced in mice by administrating 300 - 750 mg/kg
of APAP (Ishida et al. 2002; Ezzat et al. 2012), however in this study a higher dose was used.
Dose-response studies carried out in wild type (WT; Sv129) mice demonstrated that 3 g/kg of
APAP is the sub-maximal lethal dose in this experimental model. The administration of 1
g/kg, for example, did not induce significant lethality, while 300 mg/kg did not even induce
mortality of any of the mice. The route of administration is certainly a contributing factor for
this difference since in the present study APAP was administered per orally and not
intraperiotoneally (Ishida et al. 2002; Ezzat et al. 2012). Another factor is that the mice used
in our study were not submitted to food restriction or fasting prior to APAP administration.
Studies show that food restriction and fasting enhances susceptibility to APAP toxicity by
CYP 2E1 induction, enhancing ATP and GSH depletion (Qin et al. 2007; Antoine et al. 2010).
Furthermore, the dose of APAP necessary to induce hepatotoxicity may also vary depending
on mice strains. In Swiss mice, for example, 1.5 g/kg of APAP per orally induced a similar
profile as 3 g/kg of APAP in Sv129 mice (data not shown).

In the present study it was observed that APAP induces ~10 fold increase of LTB4
production in the liver. In agreement, 5-LO deficient (5-LO™) mice presented lower lethality

rates compared to WT mice. The markedly higher lethality in WT mice lined up well with the
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several-fold higher liver damage in these mice as assessed by the plasma levels of AST and
ALT. Furthermore, myeloperoxidase (MPO) activity and cytokine levels were increased as
well as antioxidant systems were depleted in the liver in a 5-LO-dependent manner, which is
consistent with a pro-inflammatory and oxidative role of 5-LO products in the APAP-induced
lethality. Moreover, the reduction of APAP-induced lethality and hepatotoxicity is most likely
related to the inhibition of inflammation and oxidative stress and not to reduced formation of
APAP toxic metabolite, N-acetyl-p-benzoquinonimine (NAPQI), since 5-LO deficiency does
not seem affect hepatic microsomal cytochrome P450 activity.

LTB4 is an important pro-inflammatory product of 5-LO pathway that has been
detected at sites of inflammation (Al-Amran et al. 2011). High levels of this product had also
been observed in experimental models of liver injury such as liver fibrosis induced by CCly
(Titos et al. 2003) and hepatic ischemia/reperfusion injury (Takamatsu et al. 2004). In
agreement with a role of 5-LO in APAP-induced liver toxicity, APAP induced significant
production of LTB4 in liver samples. Although high levels of LTB4 have been observed in
other experimental models of liver injury, to our knowledge, this is the first report
demonstrating that an overdose of APAP induces LTB4 production in the liver.

Much of the pro-inflammatory actions exerted by LTB4 have been attributed to its
chemeotactic properties. LTBy is considered to be one of the most potent chemotactic agents
for neutrophils produced from arachidonic acid (Ford-Hutchinson et al. 1980). In fact, a wide
range of experimental models have demonstrated increased neutrophil recruitment induced by
LTB, administration (Steiner et al. 2001; Guerrero et al. 2008). Neutrophil recruitment to the
liver has been reported to be associated to the progression and severity of APAP-induced liver
injury (Smith et al. 1998; Liu et al. 2006). In accordance with previous reports, APAP induced
increase of neutrophil recruitment to the liver in a 5-LO-dependent manner. Taking into

consideration the chemotactic actions of LTBy, this finding corroborates with the increased
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levels of LTB4 detected. These findings are also supported by reports that 5-LO deficiency
results in reduced expression of endothelial adhesion molecules such as E-selectin, P-selectin
and ICAM-1 in acute pancreatitis, reducing neutrophil recruitment and culminating in drastic
reduction of inflammatory cell infiltration (Cuzzocrea et al. 2003). Additionally, there was
good correlation between reduction of neutrophil recruitment and reduced tissue damage.

Although neutrophils are essential for host defense against pathogens and the removal
of damaged cells and cell debris, excessive neutrophil recruitment and activity may contribute
to perpetuation of inflammatory responses, additional liver damage and even liver failure (Liu
et al. 2006; Jaeschke and Hasegawa, 2006). Studies show that activated neutrophils can
release a series of pro-inflammatory molecules, such as cytokines (Scholmerich 1996),
reactive oxygen species (ROS) (Liu et al. 2006) and proteases (Faurschou and Borregaard
2003), that are responsible for further tissue damage and inflammation. Together with the
present results, these data suggest that increased neutrophil recruitment may contribute to
liver damage induced by APAP, and that this recruitment in great part dependent on 5-LO.

There has been report of important inflammatory cytokine release after APAP
challenge. Similarly, in the present study we observed increased production of both pro-
inflammatory and anti-inflammatory cytokines, following APAP treatment. IL-1p, TNF-a,
IFN-y, and IL-10 levels were increased in WT compared to 5-LO”" mice treated with APAP.
Previous studies have also evidenced increased production of IL-1f (Cover et al. 2006), TNF-
a (Blazka et al. 1995), IFN-y (Ishida et al. 2002), and IL-10 (Gardner et al. 2002) in response
to high doses of APAP.

Studies have demonstrated that 5-L.O and LTs can regulate cytokine production. LTBy,
for instance, enhances the production of IL-1p and TNF-a by inflammatory cells (Gagnon et
al. 1989). In addition, many studies have used 5-LO inhibition to demonstrate that 5-LO

regulates the production of TNF-a, IL-1p and IL-6 (Daglar et al. 2009). Considering previous
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findings of cytokine participation in APAP hepatotoxicity and the role of 5-LO in regulating
cytokine production, the results obtained in this study suggest that 5-LO products are involved
in the production of cytokines induced by APAP.

Accumulating evidence suggests that these cytokines are critical mediators of APAP
hepatotoxicity. Previous studies report that the enhanced release of TNF-a and IL-1p may be
responsible for further hepatic damage caused by NAPQI (Blazka et al. 1995). Interestingly, it
has been observed a correlation between reduced induction of TNFa and IL-1p genes and
attenuated hepatic neutrophil accumulation (Cover et al. 2006). TNF-a and IL-1 can potently
activate and recruit neutrophils into the hepatic vasculature, therefore it is conceivable that
these cytokines may contribute to the neutrophil recruitment to the liver in APAP intoxication
(Verri et al. 2007).

APAP-induced increase in IFN-y mRNA expression in the liver has also been
associated with liver damage and lethality (Ishida et al. 2002). It was demonstrated that IFN-y
participates in APAP-induced liver injury by mediating leukocyte infiltration, hepatocyte
apoptosis, and nitric oxide and cytokine (IL-1 a, IL-1B, IL-6 and TNF-a) production. In this
context, it is possible that the APAP-induced IFN-y production observed in our study may
also have a contributing role in IL-1p and TNF-a production.

During APAP-induced hepatotoxicity, increased production of IL-10 is also observed
(Gardner et al. 2002, Cover et al. 2006). IL-10 is a potent anti-inflammatory cytokine capable
of down regulating inflammation and, according to Ju et al (2002), in response to severe liver
damage, hepato-protective factors such as IL-10 are also upregulated in an attempt to protect
the organ against exacerbated injury. This is a possible explanation as to why increased IL-10
production was not observed in 5-LO” mice after administration of APAP. 5-LO”" mice
presented significantly reduced liver damage and inflammation when compared to WT mice,

thus the endogenous upregulation of IL-10 was not observed. Futhermore, although it has
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been suggested that IL-10 may suppress pro-inflammatory production in the liver (Gardner et
al. 2002), in our study, IL-10 levels were not increased in 5-LO” mice, suggesting that the
reduction of IL-1pB, TNF-a and IFN-y production observed in 5-LO”" mice was not dependent
on the increased IL-10 production.

Another important finding of our study was that 5-LO deficiency improves antioxidant
status in the liver of mice treated with APAP. APAP induced depletion of reduced glutathione
(GSH) levels and overall oxidative buffering capacity of the liver (assessed by ABTS assay)
of WT mice. Furthermore, a previous study reported that GSH levels correlate with ABTS
profile as observed in the present study (Kang et al. 2002). Consistent with our findings, there
are many other reports of very low levels of GSH and impaired antioxidant status after high
doses of APAP (Moon et al. 2011; Ahmad et al. 2012). Antioxidant enzymes such as
glutathione peroxidase, catalase and superoxide dismutase are responsible for controling
reactive species production and elimination (Takahashi 2012). GSH, on the other hand, is a
nonenzymatic antioxidant responsible for not only biotransformation and elimination of
xenobiotics, but also cellular defence against oxidative stress (Huber et al. 2008). Therefore,
exhaustion of GSH and other antioxidants leads to an increase in ROS and reactive nitrogen
species (RNS) in hepatocytes, in addition to the accumulation of NAPQI, all of which result
in a condition of oxidative stress and tissue damage (Jollow et al. 1973; Moon et al. 2011). A
significant amount of evidence has pointed to the involvement of oxidative stress in APAP
toxicity (Reid et al. 2005; Zhao et al. 2011), and the abrogation of APAP-induced
hepatotoxicity by administrating antioxidants confirms that oxidative stress is important in the
pathogenic process (Reid et al. 2005; Ahmad et al. 2012).

Studies have demonstrated that 5-LO has an important role in oxidative stress during
inflammatory processes. In an acute lung injury mediated by oxidative stress and

inflammation, inhibition of 5-LO by MK-886 significantly attenuated GSH depletion and
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lipid peroxidation in tissues, suggesting that inhibition of 5-LO has protective effect against
oxidative injury (Al-Amran et al. 2011). Moreover, 5-LO deficiency inhibited leukocyte-
derived ROS production and protected against degeneration of retinal capillaries in a mouse
model of diabetic retinopathy (Gubitosi-Klug et al. 2008). This is consistent with the role that
5-LO plays in ROS generation by polimorfonuclear leukocytes (Serezani et al. 2005).
According to this study, LTBs induces NADPH oxidase activation in polimorfonuclear
leukocytes that results in ROS production in a dose-dependent manner. In this context, it is
possible that 5-LO deficiency reduces antioxidant depletion by inhibiting ROS production.
Furthermore, the role of 5-LO products in ROS production might also be related to
recruitment of neutrophils considering that LTB4 is a chemoattractant of neutrophils, which
contribute to oxidative stress in APAP intoxication. In fact, the depletion of neutrophils by the
treatment with an antibody anti-GR1 reduces the production of superoxide and hydrogen
peroxide in APAP intoxication, e.g. reduced ROS (Liu et al., 2006). It is also important to
consider the interactive system in which cytokines induce oxidative stress by stimulation of
NADPH oxidase and ROS induce the activation of NF«xB and consequently cytokine
production (Valério et al. 2009b). Therefore, it is possible that there is also an association
between the inhibition of cytokine production and preservation of antioxidant systems
observed in 5-LO™ mice.

The protection conferred by 5-LO deficiency in APAP-induced lethality was more
evident in the first 12h following APAP administration. Afterwards, although 5-LO™" mice
presented less severe lethality when compared to WT mice, progressive lethality did occur.
This might be related to the lack of lipoxin (LX) production in 5-LO”" mice since the
synthesis of these important lipid mediators is dependent on 5-LO (Chiang et al. 2006). LXs
present dual role in inhibiting inflammation and promoting resolution of the inflammation,

which is essential for resolution of acute inflammatory processes and return to homeostasis
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(Serhan 2008). Therefore, 5-LO inhibition seems to be more beneficial in the early stages of
APAP intoxication when LT contribution to liver damage is critical. Moreover, it is possible
that the indirect inhibition of the 5-LO pathway may be more beneficial in this experimental
model of liver damage since the inhibitor of 5-LO activating protein (FLAP), Bay-X-1005,
significantly reduces LT biosynthesis and stimulated LX formation, resulting in further
protection against CCly-induced liver injury (Titos et al. 2005).
In conclusion, the current study demonstrates that 5-LO participates in APAP-induced
liver damage and lethality by enhancing LTB4 production in the liver. We verified that a
lethal dose of APAP increases neutrophil migration, cytokine production, and depleted GSH
levels and antioxidant capacity in the liver, all of which are reduced or abolished in 5-LO™
mice, therefore, elucidating the participation of 5-LO in these mechanism of APAP
hepatotoxicity. Furthermore, our findings suggest that inhibition of 5-LO may be a potential
strategy to reduce the lethality and liver damage produced by APAP intoxication, and
possibly, other types of liver damage that are mediated by similar mechanisms of tissue
damage. Finally, although 5-LO deficiency did not abolish the lethality of APAP, it increased
the survival rates following the ingestion of a lethal dose of APAP and prevented liver
damage, which might add to the current therapeutic approaches to reduce APAP intoxication-

induced death.
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Fig. 1 a,b Acetaminophen (APAP) induces dose dependent lethality and LTB4 production in
the liver. (@) WT mice were treated with APAP (0.3, 1, 3, and 6 g/kg) or saline per oral. and
lethality was assessed. The lethality induced by APAP was monitored at 6 h intervals during
72 h. n= 10, representative of three separate experiments. (b) WT mice were treated with
APAP (3g/kg, per oral) or saline and after 12 h liver samples were collected for the
determination of LTBj4levels by EIA. Values are mean + S.E.M., n= 5, representative of two

separate experiments. *p < 0.05 compared to saline group, student’s t test
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Fig. 2 Acetaminophen (APAP) induces 5-LO-dependent lethality. WT mice and 5-LO” mice
were treated with APAP (3 g/kg, per oral) or saline. The lethality induced by APAP was
monitored at 6 h intervals during 72 h. n= 10, representative of three separate experiments.
*p <0.001 compared to WT mice treated with APAP, Kaplan—-Meier method, followed by the

log-rank test
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Fig. 3 a,b Acetaminophen (APAP) induces 5-LO-dependent liver damage. WT and 5-LO™
mice were treated with APAP (3 g/kg, per oral) or saline and after 12 h blood samples were
collected to assess liver damage by measuring plasma levels of (a) aspartate aminotransferase
(AST) and (b) alanine aminotransferase (ALT). Values are mean + S.EM., n= 5,
representative of two separate experiments. *p < 0.05 compared to saline treated WT and 5-
LO™ mice and #p < 0.05 compared to APAP treated WT mice. One-way ANOVA followed

by Bonferroni’s multiple comparison t test
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Fig. 4 Acetaminophen (APAP) induces 5-LO-dependent neutrophil recruitment. Neutrophil
recruitment to the liver was assessed by myeloperoxidase activity determination in the liver
12 h after APAP (3 g/kg, p.o.) or saline treatment of WT and 5-LO”" mice. Values are mean +
S.E.M., n= 5, representative of two separate experiments. *p < 0.05 compared to saline
treated WT and 5-LO” mice and #p < 0.05 compared to APAP treated WT mice. One-way

ANOVA followed by Bonferroni’s multiple comparison t test
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Fig. 5 Acetaminophen (APAP) induces 5-LO-dependent induction of cytokine production in
the liver. WT and 5-LO”" mice were treated with APAP (3 g/kg, per oral) or saline and after
12 h, liver samples were collected to determine (a) IL-1pB, (b) TNF-a, (¢) IFN-y, (e) IL-10
levels by ELISA. Values are mean + S.E.M., n= 5, representative of two separate
experiments. *p < 0.05 compared to saline treated WT and 5-LO"" mice and #p < 0.05
compared to APAP treated WT mice. One-way ANOVA followed by Bonferroni’s multiple

comparison t test
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Fig. 6 a,b Acetaminophen (APAP) induces the depletion of reduced glutathione (GSH) and
antioxidant capacity in the liver in a 5-LO-dependent manner. WT and 5-LO”" mice were
treated with APAP (3 g/kg, per oral) or saline, and after 12 h, liver samples were collected to
determine (@) GSH levels and (b) antioxidant capacity by 2,2-azinobis (3-
ethylbenzothiazoline 6-sulfonate; ABTS) assay. Values are mean + S.EM., n= 35,
representative of two separate experiments. *p< 0.05 compared to saline treated WT and 5-
LO™ mice and # p< 0.05 compared to APAP treated WT mice. One-way ANOVA followed

by Bonferroni’s multiple comparison t test



Table 1 Effect of 5-LO deficiency on sodium pentobarbital (50mg/kg, intra

neritoneal) induced sleeninge time in mice

Groups
Sleeping time (min)
WT 142.8+10.10
5-LO™ 128.25+7.25

Data as mean+S.E.M.; n= 10 per group, p= 0.363 vs. WT
(Student’s t test)

61



62

CONCLUSOES

Os resultados do presente estudo sugerem que a 5-LO participa da letalidade
e hepatotoxicidade por APAP. Niveis aumentados de LTB4 foram observados no figado de
camundongos expostos ao APAP. Além disso, camundongos 5-LO”" apresentaram lesdo
hepatica e letalidade reduzidas, comparados com camundongos WT.

A reducdo da letalidade e da hepatotoxicidade por APAP observada em
camundongos 5-LO™ parece estar associada a redugdo da inflamagio e do estresse oxidativo e
ndo a menor formacao de NAPQI pelo citocromo P450, visto que os camundongos WT e 5-
LO™" apresentaram respostas semelhantes no teste de sono induzido por pentobarbital sodico.
Ademais, o aumento da producdo de IL-1B, TNF-a, [FN-y e IL-10, da atividade da MPO e da
deplecdao dos niveis de GSH e da capacidade antioxidante pelo ensaio do ABTS no figado
induzidos por APAP estavam reduzidos em camundongos 5-LO™". Assim, a 5-LO contribui
para a lesdo hepatica induzida por APAP via produgdo de citocinas, recrutamento de
neutrofilos para o figado e deplecdo dos niveis de GSH e da capacidade antioxidante no
figado (Figura 3).

E importante ressaltar que a redugio dos niveis das citocinas inflamatorias
IL-1B, TNF-a, IFN-y que ocorreu em camundongos 5-LO™" ndo foi mediada por IL-10, ja que
0s mesmos também apresentaram reducdo dos niveis de IL-10. Entretanto, ¢ possivel que a
menor producdo de IL-1p e TNF-a seja decorrente da menor producao de IFN-y ou do menor
estresse oxidativo apresentados por estes camundongos.

A protecdo conferida pela deficiéncia para a 5-LO contra a letalidade
induzida pelo APAP ¢ mais evidente nas primeiras 12 horas apos exposicao a droga. Apesar
de os camundongos 5-LO™ apresentarem letalidade menos severa do que camundongos WT,
nas horas seguintes ocorreu letalidade progressiva. Assim, a inibi¢do da 5-LO parece ser mais
benéfica no inicio do quadro de intoxicagao por APAP.

Portanto, os resultados deste estudo indicam que inibi¢do da 5-LO poderia
ser utilizada para diminuir a letalidade e a lesdo hepatica induzida pela intoxicacdo por APAP
e, até mesmo, outros tipos de lesdo hepatica que sdo mediadas por mecanismos de lesdao

semelhantes.
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Figura 3 — Participagdo da 5-LO nos mecanismos envolvidos na lesdo hepatica induzida por
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PERSPECTIVAS FUTURAS

Neste estudo foi observado que a deficiéncia para a 5-LO reduz a letalidade
induzida pelo APAP. Desta forma, a inibi¢do da 5-LO poderia ser utilizada para aumentar a
sobrevida em casos de ingestdo de dose letal de APAP e, assim, aumentar a possibilidade do
uso de terapias de suporte convencionalmente utilizadas nestes quadros de intoxicagao.
Assim, ¢ importante que seja avaliado o efeito do uso de um inibidor da 5-LO e de terapias de
suporte que ja sdo utilizados neste quadro de intoxicagdo. Além disso, se considerarmos que o
NAC aumenta a eliminacdo do NAPQI e a 5-LO reduz a propagacdo da lesdo hepatica
induzida por APAP, ¢ possivel que o uso concomitante de um inibidor da 5-LO e do NAC
apresente maiores beneficios no tratamento da hepatotoxicidade por APAP. Desta forma, sdo
necessarios mais estudos que investiguem o efeito do uso de um inibidor da 5-LO como
antidoto e do NAC em conjunto.

Outro aspecto que deve ser considerado ¢ que, apesar de camundongos 5-
LO™ terem apresentados reducio da letalidade induzida pelo APAP, a deficiéncia para a 5-LO
ndo aboliu a letalidade. E possivel que isto tenha ocorrida devida a auséncia das LXs,
mediadores responsaveis por diminuir e promover a resolugdo do processo inflamatorio.
Neste contexto, ¢ importante considerar que uso de um inibidor indireto da 5-LO poderia ser
mais benéfico neste modelo experimental de lesdo hepatica, uma vez que o inibidor da FLAP
(por exemplo, Bay-X-1005) ¢ capaz de reduzir drasticamente a sintese dos LTs, sem
comprometer a produ¢do das LXs (Titos et al., 2005). Assim, ¢ essencial que novos estudos
sejam realizados para investigar o efeito do uso de inibidores indiretos da 5-LO e também dos

antagonistas dos receptores do LTB4e cisteinil LTs na lesdo hepatica induzida pelo APAP.
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ANEXO B

Parecer do Comité de Etica em Experimentagdo Animal

Universidade
Estadual de Londrina

COMITE DE ETICA EM EXPERIMENTACAO ANIMAL

OF. CIRC. CEEA N° 126/2010 Londrina, 18 de novembro de 2010
Prezado Pesquisador

O CEEA/UEL, reunido aos 13 de abril do ano corrente, avaliou o projeto de pesquisa intitulado
"Participa¢io ¢ mecanismo dos leucotrienos na hepatotoxicidade por acetaminofeno”, registrado no CEEA
sob o n° 12/10, processo n° 2961/2010-10, pesquisa do Centro de Ciéncias Biologicas, desenvolvido sob sua
résponsabilidade. Esclarecidos os aspectos metodologicos solicitados, o projcto estd aprovado para execugio
entendendo-se que os principios éticos postulados pelo Colégio Brasileiro de Experimentacio Animal estdo
respeitados.

Serdio utilizados 400 camundongos Swiss, machos, pesando entre 20 ¢ 25g, com procedéncia
da Faculdade de Medicina de Ribeirio Preto-USP. Os animais serdo divididos nos seguintes grupos: toxicidade
dose-dependente induzida pelo acetominofeno em camundongos Sv 129; participagio da 5-lipoxigenase (5-LO)
na letargia induzida pela intoxicagfio com acetominofeno em camundongos; participagio da 5-LO no estresse
oxidativo induzido pelo acetominofeno; participagio da 5-LO na produgdo de citocinas e transaminases
induzidas pelo acetonﬁnofenb; participagio da 5-LO nas alteracdes histologicas induzidas pelo acetominofcno.
Cada grupo serd composto por 4 subgrupos com 10 animais cada e 2 repetigdes, e se necessario a 3 repeli¢io
sera solicitado a aprovagio no CEEA. O projeto estd previsto para ser executado entre dezembro de 2010 e
novembro de 2013,

Cumpre orientar que caso sc pretendam quaisquer alteragSes no protocolo experimental
aprovado, deve-se submeter o novo protocolo a apreciagio do CEEA/UEL anteriormente a execugHo das
modificages.

Sem mais para 0 momento, subscrevo-me.

Ilmo. Sr.

Prof. Dr. Waldiceu A. Verri Junior
Coordenador do Projeto
Departamento de Ciéncias patolégicas
Centro de Ciéncias Agrarias

Com copia para Sr* Egle Maria de Sousa (Chefe da DCA/PROPPG).
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