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RESUMO

Introducdo: O acetaminofeno (APAP) é um potente agente analgésico e antipirético,
com fraco efeito anti-inflamatorio. Apesar de sua eficacia, a utilizacdo de doses
elevadas de APAP esta associada a severa hepatotoxicidade. Tem sido sugerido
gue o tratamento com inibidores da enzima conversora de angiotensina (ECA), como
o captopril, poderia apresentar efeitos protetores na intoxicagdo aguda induzida por
APAP, embora ndo existam evidéncias suficientes para comprovar este efeito. Neste
contexto, o presente estudo investigou os efeitos do tratamento com um potente
inibidor da ECA, o enalapril, sobre a hepatotoxicidade induzida por APAP em
camundongos. Métodos: Camundongos machos e fémeos C57BL/6 (6-10 por
grupo, 20-25 ¢g) foram utilizados. Todos o0s protocolos experimentais foram
aprovados pelo Comité de Etica para o Uso de Animais (09/00119 — PUCRS). Para
o tratamento profilatico, os animais foram pré-tratados oralmente com enalapril (30
mg/kg), uma vez por dia, durante 4 dias antes da administracédo de APAP. No quinto
dia, a hepatotoxicidade foi induzida por uma dose Unica de APAP (400 mg/kg, i.p.).
Os animais receberam duas doses adicionais de enalapril 1 h antes, e 6 h ap6s a
administracdo de APAP. Os camundongos foram submetidos a eutanasia 24 h apos
a injecdo de APAP. Os parametros avaliados foram: alteracBes macroscoépicas e
histol6gicas dos figados, niveis séricos de alanina transaminase (ALT) e aspartato
transaminase (AST), atividade da catalase (CAT) e concentracdo de glutationa
reduzida (GSH), migracao de neutréfilos (MPO) e producdo de TNFa em fatias de
figado e, expressdo de caspase-3, por imunoistoquimica. Os efeitos do enalapril
também foram avaliados sobre estes mesmos parametros, em um protocolo

terapéutico, em que os animais receberam APAP (400 mg/kg, i.p.) e o enalapril (30
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mg/kg) foi administrado 3 h apds. Posteriormente, os camundongos receberam mais
trés aplicacdes de enalapril com intervalos de 3 h cada. A N-acetilcisteina (NAC; 50
mg/kg) foi utilizada como controle positivo, nos mesmos intervalos de tempo.
Resultados: A administracdo profilatica oral de enalapril produziu uma reducéo
significativa da hepatotoxicidade induzida por APAP, de acordo com a avaliacao
macroscopica dos figados (71 £ 10 %). A avaliacdo histologica revelou que as
amostras obtidas de animais controle APAP apresentaram necrose em trés a quatro
camadas de hepatocitos, acompanhada por camadas de degeneracéo centrolobular,
enguanto que os animais pré-tratados com enalapril mostraram minima necrose ou
nenhuma mudanca. Ademais, o pré-tratamento com enalapril reduziu visivelmente a
expressao de caspase-3, indicando interferéncia com apoptose de células hepaticas.
O enalapril também produziu uma inibicdo acentuada das enzimas CAT e GSH no
figado (72 £ 11 % e 90 £ 11 %, respectivamente). Além disso, 0s animais pré-
tratados com enalapril apresentaram uma reducdo acentuada dos niveis séricos
AST e ALT. As inibicBes observadas foram 86 + 14 % e, 88 + 9 %, respectivamente.
Ademais, o tratamento com enalapril também causou uma reducéo da atividade da
MPO (82 + 13 %), embora néo tenha alterado a producdo de TNFo. Uma reducéo
similar de todos os parametros de hepatoxicidade também foi observada com o
esquema terapéutico de administragdo do enalapril. De acordo com a avaliacao
macroscopica, o enalapril reduziu significativamente a hepatoxicidade causada por
APAP, de forma semelhante ao controle positivo, NAC (79 £ 12 % e 80 = 20 %,
respectivamente). Em relacdo a avaliacao histolégica, os resultados foram similares
ao tratamento profilatico. O pds-tratamento com enalapril ou NAC também reduziu a
expressao de caspase-3. Para a GSH hepatica, foram observadas inibicbes de 86 +

15 % e 92 + 22 %, respectivamente, para os tratamentos com enalapril e NAC. No
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entanto, para a enzima CAT, ndo houve alteracdo significativa com ambos os
tratamentos. O esquema terapéutico também produziu uma reducdo marcante dos
niveis séricos de AST (77 £5 % e 76 + 7 %) e ALT (94 + 3 % e 99 + 8 %), para
enalapril e NAC, respectivamente. A administracdo terapéutica de enalapril ou NAC
também causou uma reducao significativa da atividade de MPO, com percentagens
de inibicdo de 96 + 6 % e, 98 £ 9 %, respectivamente, embora nado tenha alterado a
producdo de TNFa. Discusséo: Os resultados do presente estudo indicam que a
administracéo profilatica de enalapril foi capaz de prevenir a hepatoxicidade causada
por APAP. Além disto, a utilizacdo de um esquema terapéutico com este inibidor
também foi capaz de prevenir a toxicidade hepatica causada por APAP, em niveis
comparaveis aos observados com o farmaco de referéncia NAC. Assim, € possivel
sugerir que pacientes sob tratamento com este inibidor s&o menos suscetiveis aos

efeitos do APAP.
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ABSTRACT

Introduction: Acetaminophen (APAP) is a potent antipyretic and analgesic agent,
with weak anti-inflammatory effects. Despite its efficacy, the use of elevated doses of
APAP is associated with severe hepatotoxicity. It has been suggested that treatment
with angiotensin-converting enzyme (ACE) inhibitors, such as captopril, might
present protective effects in the acute intoxication evoked by APAP, although further
studies are still required to prove this hypothesis. In this context, the present study
investigated the effects of both prophylactic and therapeutic treatment with the highly
potent ACE inhibitor enalapril, on the hepatotoxicity induced by APAP in mice.
Methods: Male and Female C57BL/6 mice (6-10 per group, 20-25 g) were used. All
the experimental protocols were approved by the Local Ethics Committee (09/00119
- PUCRS). For the prophylactic treatment, animals were pretreated orally with
enalapril (30 mg/kg), once a day, during 4 days before APAP administration. On the
fifth day, the hepatotoxicity was induced by a single dose of APAP (400 mg/kg, i.p.).
The animals received two additional doses of enalapril 1 h before, and 6 h after
APAP administration. Mice were euthanized 24 h after APAP injection. The following
parameters were assessed:. macroscopic and histological alterations of livers, serum
levels of alanine transaminase (ALT) and aspartate transaminase (AST),
determination of catalase activity (CAT) and reduced glutathione concentration
(GSH), measurement of neutrophil migration (MPO) and TNFo production in liver
slices, and immunohistochemistry analisys of caspase-3 liver expression. The effects
of enalapril were also assessed on the same parameters of hepatotoxicity in a
therapeutic protocol, in which the animals received APAP (400 mg/kg i.p.), and

enalapril (30 mg/kg) was dosed orally 3 h after administration of APAP.
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Subsequently, mice received three additional doses of enalapril, at intervals of 3 h
each. N-acetylcysteine (NAC; 50 mg/kg) was used as a positive control drug, at the
same schedules of treatment. Results: The oral administration of enalapril produced
a significant reduction of hepatotoxicity induced by APAP, according to the
macroscopic evaluation of livers (71 + 10%). The histological analysis revealed that
samples obtained from APAP control animals presented necrosis in three to four
layers of hepatocytes, accompanied by layers of centrilobular degeneration, while
those pretreated with enalapril showed minimal necrosis, or no changes. The pre-
treatment with enalapril also reduced the immunostaining for caspase-3, indicating
an interference with liver cells apoptosis.The treatment with enalapril also displayed a
marked inhibition of liver CAT and GSH (72 £ 11 % and 90 + 11 %, respectively).
Additionally, the animals pre-treated with enalapril showed a marked reduction of
AST and ALT serum levels. The inhibitions observed were 86 = 14 % and 88 + 9 %,
respectively. Furthermore, treatment with enalapril also caused a reduction of MPO
activity (82 = 13 %), whereas the production of TNFa was not significantly affected. A
similar reduction of all parameters of hepatotoxicity was observed with the
therapeutic regimen of administration. The macroscopic evaluation demonstrated
that enalapril was capable of significantly reducing the hepatotoxicity induced by
APAP, as observed for the positive control drug NAC (79 = 12 % and 80 + 20 %,
respectively). Concerning the histological analysis, the therapeutic administration of
enalapril displayed comparable effects, as seen for the prophylactic schedule of
treatment. The post-treatment with enalapril and NAC also diminished caspase-3
immunopositivity. Liver GSH concentrations were reduced in 86 £ 15 % and 92 + 22
%, correspondingly, for enalapril and NAC treatments. However, both drugs failed to

significantly alter liver CAT activity. The therapeutic regimen also produced a marked
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decrease of either AST (77 £5 % e 76 = 7 %) or ALT (94 £ 3 % e 99 £ 8 %) levels,
for enalapril and NAC, respectively. This scheme of treatment also resulted in a
significant reduction of MPO activity, with inhibition percentages of 96 £ 6 % and 98 +
9 %, for enalapril and NAC, whereas the production of TNFa was not significantly
affected. Discussion: The present results indicate that prophylactic administration of
enalapril was able to prevent the hepatotoxicity caused by APAP. Moreover, the
therapeutic administration of this drug was also able to reverse the liver toxicity
caused by APAP. Thus, it is possible to suggest that patients under treatment with
this ACE inhibitor are less susceptible to the effects of APAP. Additionally, enalapril

might well represent an innovative tool for treating APAP-induced intoxication.
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LISTA DE ABREVIATURAS

ACE — Angiotensin-Converting Enzyme;

ADRs — Adverse Drug Reactions;

APAP — Acetaminofeno (N-acetil-p-aminofenol);
AINES — Anti-inflamatorios N&o-Esteroidais;

ALF — Lesao Aguda no Figado;

ALFSG — Grupo de Estudos de Lesao Aguda no Figado;
ALT — Alanina Transaminase;

AST — Aspartato Transaminase;

BK — Bradicinina;

BSA — Bovine Serum Albumin;

CAT — Catalase;

CB1 — Receptores Canabindides;

CEUA — Comité de Etica para o Uso de Animais;

COX - Cicloxigenase;

CYP — Citocromo P450;

DILI — Lesbes Hepaticas Induzidas por Medicamentos;
DTNB — Glutationa redutase &cido 5,5’ ditio-bis-2-nitrobenzaico;
ECA — Enzima Conversora da Angiotensina;

EDTA — Ethylene Diamine Tetracetic Acid;

FDA — Food and Drugs Administration;

GSH - Glutationa Reduzida;

H,0O, — Peroxido de Hidrogénio;

HTAB — Hexadecyltrimethyl Ammonium Bromide;



H&E — Hematoxilina e Eosina;

IL — Interleucina;

INF — Interferon;

I.p. — Intraperitoneal,

I.v. — Intravenosa;

MPO - Mieloperoxidase;

NAC — N-acetilcisteina;

NAPQI — N-acetil-para-benzoquinonimina;
NIH — National Institutes of Health;

OD - Densidade Optica;

OTC — Medicamento de Venda Livre;
PBS — Phosphate Buffered Saline;

p.o. — Via Oral;

RAMs — Reacdes Adversas a Medicamentos;
REL — Reticulo Endoplasmatico Liso;
SEM - Standard Error of Mean;

TGO - Transaminase Oxalacélica;

TGP — Transaminase Piravica;

TMB — Tetrametilbenzidina;

TNF-a — Fator de Necrose Tumoral a;

v.0. — Via Oral.
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1. INTRODUCAO

O uso de medicamentos vem se expandindo em um ritmo bastante acelerado
e, deve continuar a crescer nos préximos anos, em virtude do envelhecimento da
populacdo, da facilidade de aquisicdo dos medicamentos, dentre outros. Além dos
beneficios de controle das doencas, aumento da longevidade e da qualidade de
vida, um aumento da incidéncia de graves reacdes adversas a medicamentos
(RAMs) tem sido observado. Embora muitas RAMs sejam dependentes da dose e/ou
nao evitaveis, outras, como as lesbes hepaticas induzidas por medicamentos (DILI;
do inglés, Drug-Induced Liver Injury), sdo de natureza idiossincratica. A DILI tem
sido a maior causa de lesdo aguda no figado (ALF; do inglés, Acute Liver Failure)
nos Estados Unidos e constitui uma das principais preocupacdes para aprovacéo de
drogas por érgaos reguladores governamentais na atualidade (Yee et al., 2007,
Fontana, 2008a; Holt et al., 2008; Lammert et al., 2008; Chun et al., 2009; Su et al.,
2010; Williams et al., 2010).

Com uma incidéncia anual de ALF estimada em 2800 casos por ano nos
Estados Unidos, que pode ser decorrente de uma infinidade de doencgas, torna-se
dificil obter dados fiéis sobre as causas, os fatores de risco e os resultados dessa
sindrome clinica. A ALF ocorre em pacientes de todas as idades, mas as causas € 0
prognostico em adultos, criancas e lactentes diferem marcadamente (Fontana,
2008b). O grupo de estudos de insuficiéncia hepatica aguda nos Estados Unidos
(ALFSG) é uma rede de 23 centros que tem estudado as causas e o0s resultados da
ALF prospectivamente, desde 1998. Uma analise recente deste centro revelou que
de 1033 pacientes adultos internados com ALF, 46 % apresentavam intoxicagao por
acetaminofeno (N-acetil-p-aminofenol) (APAP) (Fontana, 2008a; b; Chun et al.,

2009). A overdose por APAP constitui a principal causa de admissé&o nos hospitais e
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de transplante por ALF no Reino Unido e em outros paises ocidentais (Fontana,
2008b; Randle et al., 2008; Lopez, 2009; Morsy et al., 2010; North et al., 2010). Ha
uma estimativa de 60.000 casos de superdosagem por APAP anualmente, a maioria
dos quais estéo relacionados com tentativas de suicidio. Cerca de 26.000 pacientes
sao hospitalizados, com uma taxa de mortalidade de 500 casos por ano, dos quais,
pelo menos 20 %, ndo envolvem superdosagem intencional (Larson, 2007; Fontana,
2008b). Dados mais atuais demonstraram que a proporcdo de ALF induzida por
APAP aumentou rapidamente entre 1998 (28 %) e 2003 (51 %) (Bataller, 2007;
Larson, 2007; Chun et al., 2009).

O APAP ¢é amplamente usado como agente analgésico e antipirético,
apresentando fracos efeitos anti-inflamatorios (Liu et al., 2006; Yapar et al., 2007;
Grypioti et al., 2008; Wu et al., 2008; Myers e Laporte, 2009; Chandrasekaran et al.,
2010; North et al., 2010). O membro original deste medicamento € a acetanilida que
foi introduzida na medicina por Cahn e Hepp; todavia, este farmaco apresentou alta
toxicidade. Desta forma, na busca de compostos menos tdxicos, o para-aminofenol
foi testado, acreditando-se que ocorria a oxidacdo de acetanilida a esse composto.
Entretanto, ndo houve reducdo da toxicidade, passando a ser testados diversos
derivados quimicos do para-aminofenol. Um dos mais satisfatorios foi a fenacetina,
introduzida para fins terapéuticos, no final do século XIX (Bertolini et al., 2006).

O APAP foi sintetizado por Morse em 1878 e usado pela primeira vez por
Vom Mering, em 1887 (Bertolini et al., 2006; Smith, 2009). Estudos de Brodie e
Axelrod levaram a sua redescoberta e comercializacdo na década de 1950, como
um substituto para a fenacetina (Bertolini et al., 2006; Smith, 2009). Posteriormente,
foi aprovado pela Food and Drug Administration (FDA), em 1960, como um

medicamento de venda livre (OTC), na formulacdo de 325 mg, em comprimidos de
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liberacdo imediata. Mais tarde, capsulas de liberacdo imediata e comprimidos,
contendo 500 mg do principio ativo, foram aprovados em 1973 e 1975,
respectivamente. Com base em dados da literatura, o FDA determinou que o APAP
apresentava eficicia e seguranca satisfatérias, embora a dose diaria maxima nao
devesse ultrapassar 4 g, em um periodo de 24 h (Bertolini et al., 2006; Larson,
2007; Worriax et al., 2007; Lopez, 2009; Myers e Laporte, 2009). Atualmente, sabe-
se gque a administracao de 10 g ou 15 g, em dose Unica, pode causar efeitos graves
ou fatais ao figado, com ocorréncia de necrose hepatica (Larson, 2007; Chun et al.,
2009; Myers and Laporte, 2009; Jaeschke et al., 2010). Doses inferiores a 10 g, em
dias consecutivos, acarretam um risco de lesdo hepatica em alguns individuos. A
hepatoxicidade por APAP também pode ocorrer em pacientes em jejum ou em uso
de alcool, mesmo com doses mais baixas (Larson, 2007; Myers and Laporte, 2009;
Suzuki et al., 2009, Jaeschke et al., 2010).

As acdes analgésicas do APAP parecem estar relacionadas principalmente a
mecanismos centrais (Bertolini et al., 2006; Smith, 2009). Acredita-se que o APAP
inibe as cicloxigenases (COX), mas este efeito é diferente daquele observado para
anti-inflamatoérios ndo esteroidais (AINESs) (Anderson, 2008; Myers e Laporte, 2009;
Smith, 2009). Estudos bioquimicos demonstraram que o APAP pode representar um
inibidor fraco da COX, com certa seletividade para a COX cerebral (Bertolini et al.,
2006; Smith, 2009). A pequena acédo anti-inflamatoria do APAP pode ser atribuida,
pelo menos em parte, a presenca de altas concentracdes de peréxidos encontrados
nas lesbes inflamatérias. Por outro lado, seu efeito antipirético, pode ser explicado
pela capacidade de inibir a COX no cérebro, onde o contetddo de perdxidos € baixo
(Bertolini et al., 2006; Hogestatt et al., 2006; Smith, 2009). Além disto, o0 APAP nao

inibe a ativacdo de neutrofilos, como fazem outros anti-inflamatérios (Roberts e



27

Morrow, 2003). Dados mais recentes sugerem que os efeitos analgésicos do APAP
podem estar relacionados com a ativagao indireta dos receptores canabinodides CB1
(Bertolini et al., 2006; Hogestatt et al.,, 2006; Anderson, 2008; Myers e Laporte,
2009). Acredita-se que na medula espinhal e no cérebro, o APAP seja transformado
em p-aminofenol, através de uma reacdo de desacetilacdo e, que posteriormente,
seja conjugado com &cido araquidonico, formando N-araquidonoilfenolamina, um
inibidor da recaptacéo de canabindides endogenos, como a anandamida (Bertolini et
al., 2006; Hogestétt et al., 2006; Anderson, 2008).

O APAP ¢é bem absorvido por via oral. A concentracdo no plasma atinge o
pico entre 30 e 60 min e a meia-vida plasmatica é de cerca de 3 h (Rang et al.,
2007). A distribuicéo é relativamente uniforme na maioria dos liquidos corporais. A
ligacdo do farmaco as proteinas plasmaticas € variavel e apenas 20 a 50 % podem
estar ligados nas concentracfes encontradas durante a intoxicacdo aguda. Apos a
administracdo de doses terapéuticas, 90 a 100 % do farmaco podem ser
recuperados na urina durante o primeiro dia, principalmente apds a conjugacao
hepatica com acido glicurdnico (60 %), acido sulfarico (35 %) e/ou cisteina (3 %)
(Roberts e Morrow, 2003).

Em relacdo ao metabolismo de medicamentos, as substancias podem ser
biotransformadas, predominantemente, por dois mecanismos. Durante as reacfes
de fase |, grupos polares sdo adicionados as moléculas por meio de oxidacao,
reducdo e hidrolise. Estas reacdes sdo catalisadas pelo sistema citocromo P450
(CYP), uma familia hemeproteinas de membrana, localizadas no reticulo
endoplasmatico liso (REL) dos hepatdcitos centrolobulares. Existem diversas CYPs
que participam do metabolismo de compostos exdgenos. Embora muitos farmacos

sejam convertidos em compostos ativos por este processo, subgrupos toxicos, tais
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como radicais livres, também podem ser formados. Posteriormente, durante a fase Il
do metabolismo, as moléculas podem ser conjugadas com acido glicurénico, sulfatos
ou glutationa através de enzimas especificas, o que as torna mais hidrossolluveis
(Bertolini et al., 2006; Larson, 2007).

Quanto ao APAP, o mesmo é transformado pelo sistema CYP (principalmente
CYP 2E1, 1A2 e 3A4) no metabdlito N-acetil-para-benzoquinonimina (NAPQI)
(Bertolini et al., 2006; Dai et al., 2006; Liu et al., 2006; Rowden et al., 2006; Sener et
al., 2006; Yapar et al., 2007; Grypioti et al., 2008; Heard, 2008; Murray et al., 2008;
Wu et al.,, 2008; Xu et al.,, 2008; Bond, 2009; Chun et al., 2009; Lopez, 2009;
Chandrasekaran et al., 2010; Morsy et al., 2010; North et al., 2010; Williams et al.,
2010), sendo a CYP2E1l a principal fonte de NAPQI (Wu et al., 2008). Em
circunstancias normais, este intermediario, altamente reativo, € eliminado por
conjugacdo com glutationa reduzida (GSH) e, a seguir, transformado em acido
mercapturico, sendo excretado na urina. Todavia, doses excessivas ou 0O USO
prolongado do medicamento, podem provocar uma saturacdo dos processos de
conjugacao, aumentando assim, a formacédo de metabdlitos reativos toxicos que se
ligam covalentemente a macrogranulos celulares, destruindo as células hepaticas
(Bertolini et al., 2006; Dai et al., 2006; Rowden et al., 2006; Sener et al., 2006;
Heard, 2008; Murray et al., 2008; Xu et al., 2008; Wilhelm et al.,, 2009;
Chandrasekaran et al.,, 2010; Morsy et al.,, 2010; Ramachandran et al., 2010;
Williams et al., 2010) (Figura 1). Os mecanismos bioguimicos precisos relacionados
com a necrose celular induzida pelo APAP ainda ndo estdo completamente
esclarecidos. No entanto, acredita-se que ocorra uma série de eventos simultaneos,
incluindo peroxidacao lipidica, estresse oxidativo, deplecdo de glutationa reduzida

(GSH) e mudancas dos grupos sulfidrila (Randle et al., 2008; North et al. 2010).
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Estes eventos levam a morte dos hepatdcitos, produzindo uma resposta inflamatéria
gue amplifica o dano inicial, aumentando a lesédo global do tecido (Liu et al., 2006;
Yapar et al., 2007, Fontana, 2008b; Bond, 2009; Imaeda et al.,, 2009;
Chandrasekaran et al., 2010; North et al., 2010).

Apoés a ingestdo excessiva de APAP, nas primeiras 4 h (fase 1), ocorrem
alteracOes gastrintestinais ndo especificas, incluindo nauseas, vomitos, mal-estar,
dores abdominais, anorexia e sudorese. Nos exames bioquimicos, leves alteracdes
enzimaticas podem ser vistas. J4, entre 8 e 12 h, estes sintomas desaparecem e 0
paciente pode ser considerado erroneamente recuperado. No entanto, a fase latente
(fase 2) desenvolve-se ao longo das proximas 24 a 72 h. Em alguns casos, 0s
pacientes apresentam um bom quadro geral, mas alteragcdes sub-clinicas e
bioquimicas de hepatotoxicidade comecam a aparecer. No soro, ha um aumento da
aspartato transaminase (ASL) e da alanina transaminase (ALT). ElevacGes na
bilirrubina total e tempo de protrombina também s&o observadas. Finalmente, ocorre
a fase hepatica (fase 3), que se desenvolve nas proximas 72 a 96 h. Nesta etapa,
ocorre necrose hepatocelular e, em alguns casos, a morte de alguns individuos. Os
pacientes podem desenvolver dor no quadrante superior direito, com ictericia. Os
casos graves evoluem para faléncia de multiplos 6rgaos, edema cerebral e sepse
em 3 a 5 dias. Porém, cerca de 70 % dos pacientes sobrevivem, iniciando a fase de
recuperacao (fase 4), sendo necessarios 4 a 15 dias de tratamento (Rowden et al.,

2006; Bataller, 2007; Larson, 2007; Fontana, 2008a; Lopez, 2009).
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Figura 1. Metabolismo de acetaminofeno, extraido e modificado de Heard, 2008.

O tratamento atual da intoxicagdo por APAP consiste na administragcdao de
compostos sulfidrilicos que provavelmente atuam pela reposicdo de reservas
hepaticas de GSH. A N-acetilcisteina (NAC) mostra-se eficaz quando administrada
por via oral ou endovenosa, em um periodo de 8 a 10 h apds a ingestao de APAP,
independente da dose (Larson, 2007; Mazer e Perrone, 2008; Bond, 2009; Lopez,
2009). No entanto, se o paciente apresentar sintomas dentro de 4 h, é possivel
realizar lavagem gastrica e utilizar carvao ativado (1 g/kg), o que diminui a absor¢cédo
de APAP em até 50 % (Larson, 2007; Fontana, 2008b; Brok et al., 2006; Chun et al.,

2009; Jaeschke et al., 2010; North et al., 2010).
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A administracdo de NAC, por via endovenosa, na dose de 300 mg/kg, por 20
h (uma dose de 150 mg/kg por 15 min, seguida de 50 mg/kg por 4 h e mais 100
mg/kg por 16 h) é capaz de prevenir os danos hepaticos em pacientes intoxicados
com APAP (Kanter, 2006; Larson, 2007; Lopez, 2009). J4, para pacientes tratados
com NAC por via oral, com uma dose de 140 mg/kg, seguida por uma dose de
manutencdo de 70 mg/kg, a cada 4 h, por até 72 h, também pode impedir a
toxicidade hepatica causada pelo APAP (Kanter, 2006; Larson, 2007; Fontana,
2008b; Lopez, 2009). A administracdo oral e endovenosa do antidoto parece ser
igualmente eficaz, quando o mesmo € administrado entre 8 e 10 horas apos
overdose por APAP (Kanter, 2006; Larson, 2007). Entretanto, para os casos onde se
passaram mais de 10 h da intoxicacdo, o regime de administragcdo por via oral
parece mais eficaz, possivelmente pela maior dose total (Larson, 2007).

A cininase Il, mais conhecida como enzima conversora da angiotensina
(ECA), é responsavel pela sintese da angiotensina Il, o produto final da cascata
renina-angiotensina. Os inibidores da enzima conversora da angiotensina sao
utilizados no tratamento clinico da hipertensédo arterial sistémica, da insuficiéncia
cardiaca congestiva e da nefropatia diabética. Estes farmacos possuem dois
mecanismos de acado distintos: (i) impedem a conversdo da angiotensina | em seu
metabolito ativo, angiotensina Il e; (ii) bloqueiam a degradacdo das cininas
(Cavanagh et al., 1995; Takai et al., 1996; Cavanagh et al., 2000; Ramalho, 2000;
Ramalho et al., 2000; Ramalho et al., 2002; Altés et al., 2009; Suzuki et al., 2009).
Desta forma, sua acdo resulta em um aumento dos niveis de cininas
(vasodilatadoras), associado com uma reducdo da producdo de angiotensina Il

(vasoconstritora).
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Na década de 70, foram desenvolvidos os primeiros inibidores da ECA, cujo
protétipo € o captopril. O sitio ativo da ECA contém um &tomo de zinco. O
desenvolvimento do captopril foi um dos primeiros exemplos do desenvolvimento
bem-sucedido de um farmaco, com base no conhecimento quimico da molécula-
alvo. Foi observado que véarios peptideos pequenos derivados do veneno da
Bothrops jararaca eram inibidores fracos da enzima, embora fossem inadequados
como medicamentos, em razdo de sua baixa poténcia e pouca absorcao oral. O
captopril foi elaborado para combinar as propriedades de tais inibidores peptidicos
em uma molécula nado-peptidica. Contém uma parte estrutural com cisteina, o
principal substrato da glutationa e, um grupo sulfidrila, apropriadamente posicionado
para se ligar ao atomo de zinco, acoplado a um residuo prolina que se liga ao sitio
na enzima que, normalmente, acomoda a leucina terminal da angiotensina | (Yeung,
1988; Harbior, 1992; Cavanagh et al., 1995; Rang et al.; 2007). Varios inibidores da
ECA, diferindo na duracdo de acdo e na distribuicdo tecidual sdo usados
clinicamente, incluindo o enalapril e o ramipril. Os inibidores da ECA afetam os
vasos de capacitancia e de resisténcia e reduzem a carga cardiaca, bem como a
pressdo arterial. Nado afetam a contratibilidade cardiaca, de modo que o débito
cardiaco normalmente aumenta (Sukamoto et al., 2004; Rang et al.; 2007).

O maleato de enalapril foi o segundo inibidor da ECA aprovado nos EUA.
Constitui um pro-farmaco que precisa ser hidrolisado por esterases no figado para
produzir o metabdlito ativo, o &cido dicarboxilico ou, enalaprilat (Jackson, 2003;
Sukamoto et al., 2004). O enalaprilat € um inibidor altamente potente da ECA
(Jackson, 2003). Embora também possua um “substituto prolina”, o enalaprilat difere
do captopril por ser um analogo de um tripeptideo, ao invés de um dipeptideo. O

enalapril é rapidamente absorvido quando administrado por via oral e apresenta
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biodisponibilidade oral de cerca de 60 % (que € reduzida pela presenca de
alimento). Embora sejam observadas concentracdes plasmaticas maximas em 1 h, o
pico das concentracGes do enalaprilat s6 € alcancado depois de 3 a 4 h. O enalapril
tem meia vida de apenas 1,3 h. Entretanto, o enalaprilat, em virtude de sua forte
ligacdo a ECA, tem meia vida plasméatica de aproximadamente de 11 h. Quase todo
farmaco é eliminado pelos rins na forma de enalapril intacto ou enalaprilat. A dose
oral de enalapril varia de 2,5 mg a 40 mg/dia, em dose Unica ou fracionada (Jackson,
2003; Lazebnik et al., 2007).

O figado tem papel fundamental na modulacdo das acdes do sistema
calicreina-cininas; se por um lado sintetiza proteinas deste sistema, por outro &
responsavel pela captacdo e catabolismo de produtos da cascata proteolitica. E
possivel resumir a importancia do figado sobre as cininas da seguinte forma: este
orgao é responsavel pela sintese dos cininogénios e da pré-calicreina plasmatica,
convertendo os percursores de bradicinina em bradicinina, inativando a bradicinina e
depurando as calicreinas tecidual e plasmatica. Na fase aguda da inflamacéo, ocorre
aumento da producdo de pré-calicreina pelo figado e, também, aumento da
capacidade hepatica de depurar calicreina plasmatica. Assim, modulando este
sistema, o figado participa do controle do processo inflamatério e do tbnus vascular
(Morais et al., 1999).

Em geral, a extensdo do dano tecidual € determinada por um equilibrio entre
lesdo e reparo. Fatores moduladores da lesao tecidual ou reparo, portanto, podem
influenciar no resultado clinico final de hepatotoxicidade. Assim, agentes capazes de
regular os mecanismos de reparacao da lesao tecidual podem aumentar ou diminuir
os danos ao figado a partir da exposi¢cdo de APAP, por reduzirem a lesdo hepatica

e/ou melhorarem a regeneracdo do tecido (Ramalho et al., 2002; Yayama et al.,
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2007; Suzuki et al., 2009). Estudos recentes mostraram que o carvedilol, um farmaco
beta-bloqueador ndo seletivo, que apresenta também atividade inibitéria sobre
receptores alfa-1, exerce efeito citoprotetor contra as lesdes oxidativas causadas por
APAP no figado de rato. Além disto, o medicamento também foi capaz de impedir a
peroxidacao lipidica e o aumento das enzimas transaminase oxalacélica (TGO) e
transaminase piravica (TGP) (Ronsein et al., 2005).

Em relacdo aos inibidores da ECA, diversos estudos tém demonstrado que 0s
efeitos benéficos produzidos por estes inibidores ndo se devem apenas a reducao
da sintese de angiotensina Il, mas também a potencializacdo dos efeitos biolégicos
da bradicinina, devido a sua menor degradacdo endogena (Ramalho, 2000;
Ramalho et al., 2002; Altés et al., 2009). Estudos recentes mostram que inibidores
da ECA protegem contra o dano hepatico causado por isquemia e reperfusdo e
apresentam efeitos benéficos em modelos de transplante de figado. Além disto,
estes inibidores parecem favorecer a regeneracdo hepatica apos a hepactectomia
parcial (Altés et al., 2009). Considerando o possivel papel protetor das cininas no
figado, o presente estudo investigou como o0 uso de enalapril poderia representar
uma nova abordagem para o controle da hepatotoxicidade causada pelo APAP. De
fato, alguns dados da literatura tém sugerido que pacientes sob tratamento com
inibidores da ECA, tais como o captopril, sdo menos susceptiveis aos danos
hepaticos causados pelo APAP, embora estudos adicionais nesta linha de pesquisa

sejam necessarios.
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2. OBJETIVOS
2.1. Objetivo Geral

O presente estudo teve por objetivo caracterizar o efeito do inibidor da ECA,
enalapril, sobre a hepatoxicidade induzida pela administracdo de APAP em

camundongos.

2.2 Objetivos Especificos
2.2.1 Determinar o perfil das respostas inflamatorias induzidas apés a

administracao de APAP (400 mg/kg), i.p., em camundongos C57BL/6;

2.2.2 Comparar a eficacia de dois protocolos de tratamento com enalapril,
profilatico e terapéutico, sobre a hepatotoxicidade causada pelo APAP em

camundongos C57BL/6;

2.2.3 Avaliar os efeitos do enalapril sobre as alteracdes macroscopicas e

histolégicas causadas pelo APAP no figado de camundongos;

2.2.4 Analisar os efeitos do tratamento com o enalapril sobre a producao de

radicais livres no tecido hepético apds a administracdo de APAP;

2.2.5 Verificar os efeitos do tratamento com o enalapril sobre as alteracdes
inflamatérias causadas pelo APAP sobre o tecido hepatico (producdo de

TNFa e atividade da mieloperoxidase);
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2.2.6 Investigar os efeitos do tratamento com o enalapril sobre indicadores
classicos de dano hepatico, através da medida da atividade sérica das

enzimas transaminase oxalacélica (TGO) e transaminase piravica (TGP);

2.2.7 Avaliar os efeitos do tratamento com enalapril sobre a expressao do
indicador de apoptose, caspase-3, no figado de camundongos tratados com

enalapril;

2.2.8 Comparar os efeitos do protocolo terapéutico de administracdo de

enalapril, com aqueles obtidos com o farmaco de referéncia, NAC.
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Abstract

Acetaminophen (APAP) is an antipyretic and analgesic agent, which is
associated to severe hepatotoxicity when used in elevated doses. It has been
suggested that angiotensin-converting enzyme (ACE) inhibitors might present
protective effects in the acute intoxication evoked by APAP, although further
investigations are still required. We assessed the effects of both prophylactic and
therapeutic treatment with the ACE inhibitor enalaprii on APAP-induced
hepatotoxicity. Male and female C57BL/6 mice were used and hepatotoxicity was
induced by a single application of APAP (400 mg/kg, i.p.). The following parameters
were assessed: macroscopic and histological liver alterations; serum alanine
transaminase (ALT) and aspartate transaminase (AST) activity; liver catalase activity
(CAT) and reduced glutathione concentrations (GSH); hepatic measurement of
neutrophil migration (MPO) and TNFa production; caspase-3 expression in the liver.
Either the prophylactic or the therapeutic treatment with enalapril was able to reduce
the macroscopic and histological liver alterations evoked by APAP, as well as the
immunopositivity for caspase-3. Both schedules of treatment were also effective in
reduce GSH concentration and MPO activity, whereas TNFo production remained
unaffected. Conversely, only the pre-treatment (but not the post-administration) with
enalapril significantly reversed APAP-induced CAT decrease. Furthermore, the pre-
or the post-treatment with enalapril largely reduced ALT and AST serum activity in
APAP-intoxicated mice. Data obtained with the prophylactic protocol of treatment
appear to confirm that individuals under treatment with ACE inhibitors are less
susceptible to the toxic effects of APAP. Additionally, the therapeutic approach allows
us to suggest that enalapril might represent an innovative tool for treating APAP-
induced intoxication.
Keywords: acetaminophen, enalapril, hepatotoxicity, free radicals, inflammation,

mice
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Introduction

Drug-induced liver injury (DILI) accounts to an elevated grade of morbidity and
mortality. Due to its idiosyncratic nature, severity and poor diagnosis, DILI represents
the most common cause for the failure of new drugs, especially during the post-
marketing phase (Fontana et al., 2008a; Holt et al., 2008; Williams et al., 2010).
Therefore, continuous studies are required to identify underlying mechanisms of DILI
and also to identify new pharmacological approaches to prevent or treat this
condition (Holt et al., 2008). Animal models, particularly those involving the
administration of high doses of acetaminophen (APAP) to mice, have been widely
used for that purpose (Yee et al., 2007).

APAP is one of the most used analgesic and antipyretic agents in the clinics,
which is safely employed in the therapeutic range, up to 4 g. APAP overdose
(suicidal or accidental) might lead to fulminate liver failure and significantly
contributes to intensive care unit admissions and hospitalization costs (Bertolini et al.,
2006; Jaeschke et al., 2010; Myers and Laporte, 2009; Smith, 2009). In normal
doses, APAP is converted by the CYP 450 system (especially CYP 2E1, 1A2 and
3A4) in the metabolite N-acetyl-para-benzoquinone-imine (NAPQI) (Bertolini et al.,
2006; Chandrasekaran et al., 2010; Morsy et al., 2010; North et al., 2010; Williams et
al., 2010;), being the isoform CYP2E1 the main source of NAPQI (Wu et al., 2008).
This intermediate is highly reactive; it is eliminated by conjugation with reduced
glutathione (GSH) being transformed in mercapturic acid and excreted in urine.

However, excessive doses or prolonged use of the drug can cause saturation
of conjugation processes, thus increasing the formation of toxic reactive metabolites
that bind covalently to cells, destroying the liver tissue (Bertolini et al., 2006;
Chandrasekaran et al., 2010; Heard, 2008; Morsy et al., 2010; Williams et al., 2010).
The precise biochemical mechanisms related to cell necrosis induced by APAP are
not yet fully understood, but likely involves simultaneous events, including lipid
peroxidation, oxidative stress, depletion of reduced glutathione (GSH) and changes
in sulfhydryl groups (North et al., 2010; Randle et al., 2008). These events lead to the
death of hepatocytes, producing an inflammatory response that amplifies the initial
damage, increasing the overall damage (Chandrasekaran et al.,, 2010; Fontana,
2008b; North et al., 2010; Yapar et al., 2007). In general, the extent of tissue harm is
determined by a balance between injury and repair. Modulators of tissue injury or

repair may therefore influence the ultimate clinical outcome of hepatotoxicity. Thus,
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agents able to regulate repair mechanisms may decrease the liver damage following
exposure to APAP, by reducing hepatic injury and/or by improving tissue
regeneration (Ramalho et al., 2002; Suzuki et al., 2009; Yayama et al., 2007).
Kininase II, also known as angiotensin converting enzyme (ACE) is
responsible for the synthesis of angiotensin II, the final product of the renin-
angiotensin cascade. Inhibitors of ACE, such as captopril and enalapril, are used in
the clinical treatment of hypertension, congestive heart failure and diabetic
nephropathy (Altés et al., 2009; Cavanagh et al., 2000; Ramalho et al., 2002; Suzuki
et al., 2009). The beneficial effects of these inhibitors are not only due to reduced
synthesis of angiotensin Il, but also to the enhancement of kinin levels (Ramalho et
al., 2002). Noteworthy, it has been suggested that treatment with ACE inhibitors
might present protective effects in the acute intoxication evoked by APAP, although
further studies are still required to prove this hypothesis (Yeung, 1988). Based on
these above-mentioned findings, this study investigated how the use of enalapril
could represent a new approach for the control of hepatotoxicity caused by APAP, by

means of pharmacological and biochemical approaches.
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Materials and Methods
Drugs and chemical reagents

The following drugs and reagents were used: acetaminophen, N-
acetylcysteine, enalapril, ethylene diamine tetracetic acid (EDTA), hexadecyltrimethyl
ammonium bromide (HTAB), tetramethylbenzidine (TMB), phenylmethylsulfonyl
fluoride, benzamethonium chloride, 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) and
aprotinin A all came from Sigma-Aldrich (St. Louis, MO, USA); NazPO4, NaCl, KClI,
glucose and NaPO;, (all from Merck, Haar, Germany); hydrogen peroxide and Tween
20 (Vetec, RJ, Brazil); bovine serum albumin (BSA) from Promega (Madison,WI,
USA); alanine transferase (ALT) and aspartate aminotransferase (AST) reagents
were purchased from Labtest (MG, Brazil); Caspase-3 monoclonal antibody and
TNFa DuoSet kit were purchased from R&D Systems (Minneapolis, MN, USA). Most

drugs were prepared and stored in phosphate buffered saline (PBS).

Animals

Six-week-old male and female C57BL/6 mice (20 to 25 g), obtained from
Central Biotery of Universidade Federal de Pelotas (UFPEL, Brazil), were used in this
study. The animals were housed in groups of five and kept in controlled temperature
(22 £ 1 °C) and humidity (60 - 70 %), under a 12 h light-dark cycle (lights on 07:00
AM). Food and water were available ad libitum; however, mice were fasted 16 h prior
to treatment with APAP, when food was withdrawn. Mice were adapted to the
laboratory for a period of 1 h prior to experimental procedures. Tests were performed
between 8:00 AM and 6:00 PM. Each animal was used only once, and immediately
euthanized at the end of the experimental period by cervical dislocation. For
biochemical analysis, blood was collected through puncture of the abdominal aorta,
immediately after euthanasia. The reported experiments were conducted in
accordance with Guide for Care and Use of Laboratory Animals of the National
Institutes of Health (NIH) of the United States of America. All the procedures were
approved by the Institutional Animal Ethics Committee (CEUA 09/00119).

Induction of hepatotoxicity
Hepatotoxicity induction was held according to the technique described by Wu
et al. (2008), with some modifications. Animals were fasted 16 h before the

application of APAP, and maintained with free access to water. The next day, the
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animals were treated with APAP by intraperitoneal route (i.p.) at a dose of 400
mg/kg. APAP was dissolved in saline solution heated to 40 © C. Control animals
received only the warmed saline (10 ml/kg, i.p.). The animals were euthanized 24 h
after the application of APAP. The blood and liver were collected for posterior

analysis as described peviolusly (Holt et al., 2008).

Protocols of treatment with enalapril

To assess the protective effects of ACE inhibition on APAP-induced
hepatotoxicity, mice were orally pretreated with enalapril (30 mg/kg), once a day,
during 4 days before APAP administration. On the fifth day, hepatotoxicity was
induced by a single dose of APAP as described in the above section. The animals
received two additional doses of enalaprii 1 h before, and 6 h after APAP
administration. Mice were submitted to euthanasia 24 h after APAP injection.

In a separate series of experiments, to assess the possible therapeutic effects
of enalapril, the animals received APAP (400 mg/kg i.p.), and enalapril (30 mg/kg)
was given orally, 3 h after APAP administration. Subsequently, mice received three
additional doses of enalapril, at intervals of 3 h each. N- acetylcysteine (50 mg/kg,
p.0.) was used as a positive control drug, and was dosed at the same schedules of
treatment described for enalapril. The effects of enalapril were evaluated on several
parameters indicative of hepatotoxicity as described in the next sections.

The doses and intervals of treatment with enalapril and NAC were selected on
the basis of literature data (Habior et al., 1992; Sakamoto et al., 2004).

Macroscopic analysis

For macroscopic analysis, a portion of the liver was separated and evaluated
under a stereomicroscope. The appearance of the liver was graded according to the
following scale: 0 = normal (no lesion present); 1 = mild alterations in color; 2 =

serious alterations in color; 3 = steatosis; 4 = necrosis.

Histological and immunohistochemical analysis

After macroscopic evaluation, portions of the liver (4 mm) were fixed in
buffered formalin (10 %). The samples were dehydrated and embedded in paraffin.
Five-um sections were stained with hematoxylin and eosin (H & E). Histological

examination of tissues was performed by a pathologist in a blinded manner to the



46

experiment. Histological changes were evaluated according to criteria previously
described by Liu et al. (2006), with some modifications, considering individual
necrotic cells at the first cell layer, near to the centrolobullar vein; number of layers of
necrotic cells and the incidence of coalescence and hemorrhage.

To determine the occurrence of apoptosis, the expression of caspase-3 was
determined by means imunohistochemical analysis, using an anti-caspase-3
antibody, according to the method described by Yuan et al., 2009. The primary
antibody (Human/Mouse Active Caspase-3, Rabbit IgG, R & D Systems) was diluted
in PBS (1:200). Following quenching of endogenous peroxidase with 1.5% hydrogen
peroxide in methanol (v/v) for 20 min, high temperature antigen retrieval was
performed by immersing the slides in 10 mM trisodium citrate buffer pH 6.0, which in
turn was immersed in a water bath at 95-98°C for 45 min. The slides were processed
using the appropriate biotinylated secondary antibody and the streptavidin-HRP
complex (Vector Laboratories, Burlingame, CA), according to the manufacturer’s
instructions. Subsequently, the sections were developed with the chromogen AEC
(Dako Cytomation, Carpinteria, CA), and counterstained with Harris's hematoxylin,
followed by a quick washing in 1% ammonia solution. The slides were dried at room

temperature and mounted in a coverslip and glicerogel.

Determination of serum ALT and AST activity

Following 24 h of APAP administration, the animals were euthanized and
blood samples were collected. The serum was separated and stored at -80°C until
further analysis. ALT and AST levels were measured using commercially available
kits, according to the manufacturer's recommendations (Labtest, Brazil). The results
were read at 505 nm, and the final results were calculated based on a calibration

curve.

Catalase Activity (CAT)

After 24 h of APAP treatment, mice were euthanized and the livers were
collected and homogenized in saline. The samples were centrifuged at 3500 g for 10
min and the supernatant was used for the estimation of CAT. For this purpose, the
enzymatic decomposition of H,O, was followed continuously at 240 nm. Briefly, 50 pl
of samples and 0.65 ml of 50 mM PBS (pH7.0) were added to a quartz cuvette and

0.3 ml of 20 mM hydrogen peroxide was used as substrate. Enzymatic activity was
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expressed as mmol H,O, decomposed/min/mg protein (Aebi, 1984; Canchihuaman
et al., 2010)

Determination of reduced glutathione (GSH)

Hepatic GSH content was determined by using 5,5-dithiobis (2-nitrobenzoic
acid) (DTNB), according to the method described by Shim et al. (2010), with some
modifications. After 24 h of APAP treatment, the liver was rapidly harvested, and
homogenized in saline. Homogenate was centrifuged at 3,500 g for 20 min, and the
supernatant was used for the determination of GSH. Next, 0.5 ml of 4 % sulfosalicylic
acid was added to 0.5 ml of the supernatant and centrifuged at 3,000 rpm for 10 min.
The supernatant (500 ul) was mixed with 2 ml of 0.1 M phosphate buffer and 10 ul of
0.01M DTNB. Absorbance of the mixture was measured at 412 nm. The GSH content
was determined using a standard curve and the results were expressed as

micromoles per ug of protein.

Neutrophil myeloperoxidade (MPO) assay

Neutrophil recruitment to the mouse liver was measured by evaluating tissue
MPO activity, as described by Souza et al. (2001), with minor modifications. Animals
received an i.p. injection of APAP (400 mg/kg) and were euthanized 24 h later. PBS-
treated mice were used as control. The liver tissues were removed, homogenized at
5 % (w/v) in EDTA/NaCI buffer (pH 4.7) and centrifuged at 10,000 rpm for 15 min at
4°C. The pellet was resuspended in 0.5 % hexadecyltrimethyl ammonium bromide
buffer (pH 5.4) and the samples were frozen. Upon thawing, the samples were re-
centrifuged (10,000 rpm, 15 min., 4°C) and 25 pl of the supernatant were used for
MPO assay. The enzyme reaction was assessed with 1.6 mM tetramethylbenzidine,
80 mM NaPO,4, and 0.3 mM hydrogen peroxide (Fernandes et al.,, 2003). The
absorbance was measured at 595 nm, and the results are expressed as OD per

milligram (mg) of tissue.

Determination of TNF« levels
The tissue TNFa levels, were evaluated in according to Fernandes et al.
(2005) with minor modifications. After 24 h of treatment with APAP (400 mg/kg, i.p.),

mice were euthanized and portions of the livers were removed and homogenized in
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phosphate buffered saline (PBS; pH 7.4, NaCl 137 mM, KCI 2.7 mM, Na,PO,4 8.1
mM, KH,PO, 1.5 mM, filtered to 0.2 mm) containing: NaCl 0.4 M , PMSF 0.1 M,
EDTA 10 mM, 0.05% of Tween 20, 0.5% BSA and 2 pg / ml aprotinin A. The
homogenates were centrifuged at 3,000 g for 10 min at 4°C, and the supernatant
obtained was used to perform the analisis. The levels of TNFa were measured by
ELISA kit, according to the manufacturer's recommendations (R & D Systems ®).

The results were expressed as pg/mg tissue.

Statistical analysis

Most results are presented as mean + standard error of mean (SEM) from 6 to
10 animals per group. The percentages of inhibition were calculated as the average
of inhibition obtained for each individual experiment. Statistical comparison of the
data was performed by one-way analysis of variance (one-way ANOVA) followed by
Newman-Keuls Multiple Comparison test. P values smaller than 0.05 (P < 0.05) were

considered as indicative of significance.
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Results
Macroscopic analysis

The macroscopic analysis revealed that APAP (400 mg/kg) i.p. administration
led to severe liver tissue injury, whereas saline control animals did not present any
clinical signal of hepatoxicity. Of interest, the prophylactic administration of enalapril
(30 mg/kg, p.o.) produced a significant reduction of APAP-induced hepatotoxicity,
with 71 + 10 % of inhibition (Fig. 1A). Macroscopic scores of hepatotoxicity were also
reduced by the therapeutic protocol of treatment with both enalapril (79 = 12 %) and
NAC (80 £ 20 %) (Fig. 1B). A representative image of APAP-induced liver
macroscopic changes and the beneficial effects of pre-treatment with enalapril are

provided in Figure 1C-E.

Histological and immunohistochemical analysis

The severity of liver morphological changes in mice exposed to APAP is
shown in Figure 2. A brief description of the main histological findings is presented as
follows. In the saline group, no histological signals of hepatotoxicity were observed
(Fig. 2A and 2B). The liver tissues from APAP-treated mice presented necrosis in
three to four layers of hepatocytes, accompanied by layers of centrilobular
degeneration (Fig. 2C and 2D). Prophylactic administration of enalapril markedly
protected against histopathological alterations caused by exposure to APAP. The
animals in this group displayed minimal necrosis, or no changes (Fig. 2E and 2F). A
similar profile of hepatoprotection was observed when mice were submitted to the
therapeutic protocol of treatment with enalapril and NAC (results not shown).

The pre-treatment with enalaprii was able to partially reduce the
immunopositivity for the apoptosis marker caspase-3, as seen in Figure 3 (panels A
to C). Similar results were obtained for the post-treatment with either enalapril or
NAC (results not shown).

Determination of serum ALT and AST activity

Serum ALT e AST levels were determined as a measure of hepatic function.
Both ALT and AST levels were significantly increased in the APAP groups (218 = 11
U/ml and 181 £ 12 U/ml, respectively), when compared to the saline-control group
(45 £ 6 U/ml and 78 £ 10 U/ml, respectively). Prophylactic treatment with enalapril
significantly reduced the serum ALT and AST activities (Fig. 4A and 4B). The
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percentages of inhibition of ALT and AST were 88 + 9 % and 86 *+ 14 %, respectively.
A marked decrease of ALT (94 £ 3 % and 99 + 8 %) and AST (775 % and 76 £ 7
%) serum levels was also found following the therapeutic administration of enalapril
or NAC (Fig. 4C and 4D).

Catalase Activity

To determine whether enalapril could reduce oxidative damage in the liver of
APAP-treated mice, we measured the activity of the antioxidant enzyme CAT. Data
on Fig. 5A shows that reduced activity of CAT induced by APAP, was significantly
reverted (in 72 + 11 %) by pre-treating animals with enalapril (30 mg/kg, p.o.).
However, therapeutic dosing of either enalapril or NAC failed to significantly alter this
parameter (data not shown).

Determination of reduced glutathione (GSH) levels

GSH plays an important role in the detoxification of APAP. The endogenous
levels of GSH in the liver tissues were significantly increased after APAP
administration (7.1 £ 0.5 mmol/g of protein), in comparison to the saline group (4.9 £
0.6 mmol/g of protein). The preventive treatment with enalapril (30 mg/kg, p.o.)
reduced significantly the GSH increase (90 = 11 %) (Fig. 5B). Noteworthy, increased
levels of GSH in APAP treated animals were broadly reversed by the therapeutic
administration of enalapril (86 £ 15 %) or the positive control drug NAC (92 + 20 %)
(Fig. 5C).

Neutrophil myeloperoxidade (MPO) assay

The migration of neutrophils to the mouse liver in response to APAP was
evaluated indirectly by evaluation of MPO activity. The hepatic MPO activity was
significantly increased in the APAP group when compared to the saline control
animals. The previous treatment with enalapril strikingly decreased MPO activity
induced by APAP by 82 + 13 % (Fig. 6A). Interestingly, MPO activity was virtually
brought to the control values by post-treatment with both enalapril or NAC (96 = 6 %
and 98 + 9 %, respectively) (Fig. 6B).



51

Determination of TNF« levels

The obtained results indicate that APAP administration induced a significant
increase of TNFa levels in the liver tissue, when compared to the saline groups.
However, the levels of this inflammatory cytokine were not significantly modified by

either prophylactic or therapeutic administration of enalapril (data not shown).
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Discussion

The levels of serious adverse reactions (ADRs) have been considerably
increased during the last decades. The DILI represents a minor percentage of all
ADRs, but this condition has been the main reason of acute liver failure (ALF)
worldwide. Noteworthy, APAP self-poisoning has been pointed out as the greatest
cause of this clinical syndrome in developed countries (Fontana, 2008a; 2008b). In
addition, an augmented incidence of ALF due to no intentional APAP overdose has
been recently observed. APAP is one of the most used analgesic and antipyretic
agents in the clinics, being an effective and safe drug when employed in the
therapeutic range, for up to 4 g per day. However, its disseminated and long-term
use has contributed to the increased rates of APAP-related hepatic toxicity (Jaeschke
et al., 2010; Larson, 2007; Smith, 2009).

Despite the high rates of occurrence, the precise mechanisms underlying
APAP-induced liver cell injury are not presently known, what limits the therapeutic
options for treating intoxicated patients (Randle et al., 2008; Rowden et al., 2006). Of
high interest, previous clinical evidence has suggested that ACE inhibitors might
display protective effects in the acute intoxication evoked by APAP (Yeung, 1988),
although this hypothesis remains to be further investigated. Therefore, the present
study was designed to evaluate the possible hepatoprotective effects of the highly
potent ACE inhibitor enalapril in a mouse model of liver injury induced by a single
elevated dose of APAP.

Confirming previous literature data (Holt et al., 2008), the i.p. administration of
APAP (400 mg/kg) resulted in hepatotoxicity development in both female and male
C57/BL6 mice. Either the macroscopic and the histological evaluation of livers
demonstrated that acute APAP treatment led to severe hepatic damage, when
compared to saline control mice. As described previously (Bauer et al., 2000; Coen
et al., 2003; Ito et al., 2003; Randle et al., 2008; Walker et al., 1980), in the present
study, the administration of APAP to mice caused a striking congestion of liver cells,
associated to necrosis and a profound accumulation of erythrocytes, according to the
histological assessment. The liver damage related to APAP intoxication was also
observed macroscopically, as attested by marked hepatic color changes and
steatosis appearance.

Notably, both the prophylactic and the therapeutic schedules of treatment with

enalapril were able to markedly prevent the morphological alterations evoked by
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APAP treatment. The livers of mice in the enalapril groups presented a macroscopic
appearance near to the normal. Likewise, the histological analysis revealed that
congestion and necrosis evoked by APAP were widely diminished by enalapril
treatment. A similar reduction of liver injury was achieved by the therapeutic dosing
of NAC, a compound commonly employed in the clinics as the specific antidote for
acetaminophen overdose (Bebarta et al., 2010; Millea, 2009). Caspase 3
Immunostaining is commonly used as a marker of apoptosis, as this enzyme cleaves
different cellular substrates, resulting in apoptotic cell death. In this study, APAP
administration markedly increased caspase-3 expression, a parameter that was
visibly reduced by the treatment with enalapril. A study conducted by Yuan et al.
(2009) similarly demonstrated a reduction of caspase-3 immunopositivity in APAP-
treated mice, following administration of Artemisia sacrorum extract. It is tempting to
propose that enalapril might perhaps represent an attractive alternative for treating
APAP-related liver injury, especially in cases of NAC inefficiency. Furthermore,
considering some disadvantages of NAC, such as the unpleasant smell and taste,
and the occurrence of nausea and vomiting when NAC is used by oral route, as well
as the considerable incidence of anaphylactic reactions following intravenous
administration (Heard, 2008; Kanter et al., 2006), enalapril could be pointed out as an
attractive alternative for treating APAP intoxication.

The serum levels of ALT and AST have been long considered as sensitive
indicators of hepatic injury. These enzymes are released into the blood in large
guantities, following hepatocyte membrane damage, resulting in increased
permeability. Thus, the absolute serum elevation of aminotransferases is a great
diagnostic relevance for acute liver diseases (Fakurazi et al., 2008; Yuan et al.,
2009). In this study, increased activity of both ALT and AST may be interpreted as a
result of liver cell destruction, indicating the severity of hepatocellular damage after
the acute administration of APAP to mice. As observed for the positive control drug
NAC, our data shows that either the previous or the post-treatment with enalapril
virtually suppressed the elevation of ALT and AST serum levels induced by APAP.
This evidence supports the potential effectiveness of this ACE inhibitor for treating
drug-induced liver failure.

NAC is a thiol-containing compound that is able to modulate the redox
signaling and the intracellular GSH levels, what likely accounts for its beneficial

effects on APAP-induced liver injury (Parasassi et al., 2010). To gain further insights
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on the mechanisms implicated in the hepatoprotective actions of enalapril, we have
assessed the effects of this drug on either the liver CAT activity (CAT) and GSH
concentrations. The acute administration of APAP resulted in a significant increase of
liver GSH concentrations, an event that was markedly reduced by prophylactic or
therapeutic administration of enalapril. Relevantly, GSH is an antioxidant factor
implicated in detoxification of noxious metabolites, protecting against drug-induced
oxidative organ damage (Sener et al., 2003; Wang et al., 2010). In most situations of
liver injury, the levels of GSH are found reduced, but in some cases, there is an
increase of GSH, what might be interpreted as an attempt to reduce the oxidative
stress (Liu et al.,, 2006). A similar profile for the modulation of GSH levels was
observed in our study.

The enzymatic antioxidant defense systems are natural protective barriers
against lipid peroxidation. Hydrogen peroxide is a product arising from cellular
metabolism and is associated with various pathological alterations related to
oxidative stress, including APAP-induced hepatotoxicity (Rojkind et al., 2002). CAT is
an important scavenger of superoxide ion and hydrogen peroxide. Thus, it catalyzes
the decomposition of hydrogen peroxide molecules, making it an important enzyme
for detoxification of this substance. In our study, the decreased levels of CAT activity
following APAP administration were greatly reversed by the previous administration
of enalapril, whereas the therapeutic regimen of treatment with either enalapril or
NAC failed to significantly restore this parameter. In a study conducted by Morsy et
al. (2010), the post-administration of hydrogen sulfide or NAC also failed to interfere
with CAT activity in APAP-treated mice.

Liver oxidative injury induced by acute treatment with APAP was accompanied
by neutrophil infiltration, as evidenced by an augmentation of tissue MPO activity
levels. In fact, MPO-catalyzed oxidative reactions have been previously implicated in
drug-related toxicity (Obach and Dalvie, 2006). In our study, the pre- or the post-
administration of enalapril was able to widely reduce APAP-induced increase in MPO
activity, as demonstrated for the reference compound NAC. One might suggest that
hepatoprotective actions of enalapril might be related, at least partially, to its ability of
modulating neutrophil-related oxidative stress reactions. In fact, neutrophil infiltration
has been implicated in several models of liver injury in rodents, such as alcoholic

hepatitis, ischemia/reperfusion and obstructive cholestasis (Liu et al., 2008).
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As already mentioned, the initial events in the hepatotoxicity caused by APAP
include the hepatocyte death by necrosis and apoptosis. This lead to secondary
activation of the innate immune response involving the upregulation of cytokines, and
the stimulation of inflammatory cells (Imaeda et al., 2009; Michael et al., 1999). TNFa
is a pro-inflammatory cytokine, which has been pointed out as a primary mediator of
liver damage and systematic toxicity (Wu et al., 2008). In fact, TNFa levels are
known to be increased during APAP toxicity (Imaeda et al., 2009; Salam et al., 2005;
Wu et al.,, 2008). In our study, APAP-induced increase of TNFa levels was not
significantly modified by either the prophylactic or the therapeutic administration of
enalapril, or by NAC administration. Supporting our data, Randle et al. (2008)
demonstrated that hepatoprotective effects of prazosin in the APAP mouse model
are likely independent on the production of pro-inflammatory cytokines, including
TNFa. Moreover, it was previously reported that APAP-induced hepatotoxicity was
not reduced in TNFo null mouse, or by a TNFa neutralizing antibody (Boess et al.,
1998). Therefore, it is possible to assume that protective actions of enalapril against
APAP-evoked liver injury do not rely on the modulation of TNFa production.

To our knowledge, this is the first report showing the protective effects of the
ACE inhibitor enalapril in a mouse model of hepatotoxicity induced by the acute
APAP administration. Our data are perfectly aligned with previous literature evidence
showing that enalapril is able to reduce hepatic fibrogenesis in rats (Turkay et al.,
2008). Similarly, it was previously demonstrated that enalapril administration was
able to reduce hepatic ischemia/reperfusion injury, in a rat model of syneigenic liver
transplantation. Of high interest, it has been demonstrated that either captopril or
enalapril reduced adryamicin-induced cardiac and hepatic damage in rats, by greatly
preventing free radical generation (El-Aziz et al., 2001). Therefore, we might propose
that in our experimental protocol, both the protective and the curative effects of
enalapril are related to the modulation of liver cell redox state. Furthermore, ACE
inhibitors both reduce the formation of angiotensin Il and block bradykinin (BK)
degradation (Ramalho et al.,, 2002). One might suggest that protective effects of
enalapril against APAP-induced liver injury are likely mediated by angiotensin Il
inhibition and increased BK levels. In fact, ACE inhibitors improve liver regeneration
following ischemia/reperfusion in rats by mechanisms dependent on BK B; receptor

activation (Yayama et al., 2007). In addition, it has been recently demonstrated that
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angiotensin Il antagonists prevented ischemia/reperfusion liver injury, although they
did not promote liver regeneration (Altés et al., 2009). When analyzed in concert, the
results presented herein, and the literature data, allow us to suggest that ACE
inhibitors might be useful clinical strategies for treating liver damage, especially in the
cases of acute intoxication, via mechanisms involving angiotensin II, BK and free
radical production. In the Figure 7, we propose a possible mechanism for explaining
the protective and the curative effects of enalapril on APAP-induced liver injury. It is
possible to assume that enalapril is able to interfere with liver cells homeostasis,
mainly by reducing GSH levels, apoptosis grade and neutrophil migration, and to a
lesser extent on CAT activity, resulting in diminished ALT and AST levels, without
interfering with TNFa production. Whether or not these events are dependent on

angiotensin Il or BK modulation remains to be further analyzed.
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Figure Captions

Fig. 1. Effects of prophylactic and therapeutic treatment with enalapril on
macroscopic analysis of mice exposed to APAP. (A) Prophylactic treatment. Data
represents means + SEM (n= 6); **p<0.01 (compared to saline-treated controls);
#p=0.05 (compared to acetaminophen-treated mice). (B) Therapeutic treatment. Data
represents means * SEM (n=10); **p<0.01 (compared to saline-treated controls);
*p<0.05 (compared to acetaminophen-treated mice); *p<0.01 (compared to
acetaminophen-treated mice). Macroscopic analysis of mice exposed to APAP: (C)

saline group; (D) APAP control group; (E) Enalapril-treated group.
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Fig. 2. Effect of prophylactic treatment enalapril on liver histology. A and B (Saline),
(A) Hepatocytes with glycogen accumulation from the central lobular vein (HE, 20x
magnification) and (B) Hepatocytes without changes (HE, 40x magnification); C and
D (Acetaminophen), (C) Extensive area of coagulation necrosis, sometimes
coalescent (*) with preservation of peri-portal hepatocytes (**) (HE, 10x
magnification) and (D) Three to four layers of hepatocytes with coagulation necrosis
moderate (+) with preservation of periportal hepatocytes (++) (HE, 20x
magnification); E and F (Treatment with Enalapril), (E) Mixed inflammatory infiltrate in
the central-lobular (*), followed by one to two layers hepatocellular swelling (**) (HE,

20x magnification) and (F) Inflammatory cells near the central lobular vein (*).
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Fig. 3. Effect of prophylactic treatment enalapril on the immunopositivity for caspase-

3 (20 x magnification). Mice were pre-treated with enalapril (30 mg/kg p.o.) before

APAP (400 mg/kg i.p.) administration. Representative images showing the

immunostaing for caspase-3 in saline (A); APAP (B); or enalapril (C) groups.
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Fig. 4. Effects of enalapril treatment on ALT and AST activity. Mice were pre-treated
with enalapril (30 mg/kg p.o.) before APAP (400 mg/kg i.p.) administration. (A) Serum
ALT levels and (B) Serum AST levels in preventive treatment. Data represents
means + SEM (n=6); "p<0.01 (compared to saline-treated controls); “p<0.05
(compared to acetaminophen-treated mice). Mice were treated with enalapril (30
mg/kg p.o.) only after APAP (400 mg/kg i.p.) administration. (C) Serum ALT levels on
therapeutic treatment. Data represents means = SEM (n=7); ~p<0.01 (compared to
saline-treated controls); *p<0.05 (compared to acetaminophen-treated mice);
#5<0.01 (compared to acetaminophen-treated). (D) Serum AST levels in therapeutic
treatment. Data represents means + SEM (n=7); ~p<0.01 (compared to saline-treated
controls); "p<0.05 (compared to acetaminophen-treated); *p<0.01 (compared to

acetaminophen-treated mice).
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Fig 5. Activity of the antioxidant enzyme CAT and the endogenous levels of GSH
mice exposed to APAP. (A) Activity of CAT following prophylatic treatment with
enalapril. Data represents means + SEM (n=6); ~p<0.01 (compared to saline-treated
controls); *p<0.05 (compared to acetaminophen-treated mice). (B) Levels of GSH in
prophylactic treatment. Data represents means + SEM (n=7); ~p<0.01 (compared to
saline-treated controls); *p<0.05 (compared to acetaminophen-treated mice). (C)
Levels of GSH following therapheutic treatment with enalapril. Data represents means
+ SEM (n=7); “p<0.01 (compared to saline-treated controls); *p<0.05 (compared to

acetaminophen-treated mice); “*p<0.01 (compared to acetaminophen-treated mice).
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Fig. 6. Effects of treatment with enalapril on MPO activity of mice exposed to APAP.
(A) MPO activity in prophylactic treatment. Data represents means + SEM (n=10);
“p<0.05 (compared to saline-treated controls); “p<0.01 (compared to acetaminophen-
treated). (B) MPO activity in therapeutic treatment. Data represents means + SE
(n=10); "p<0.01 (compared to saline-treated controls); *p<0.05 (compared to

acetaminophen-treated); **p<0.01 (compared to acetaminophen-treated mice).
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Fig.7. Proposed mechanism of action of Enalapril

hepatotoxicity.
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CONSIDERACOES FINAIS

Os agentes terapéuticos modernos tém contribuido favoravelmente contra as
varias morbidades que acometem a humanidade. A terapéutica medicamentosa é
essencial para o controle da maioria destas morbidades, no entanto, deve-se
considerar que ndo existem farmacos completamente seguros, visto que todos, em
maior ou menor grau, podem desencadear reacfes adversas a medicamentos
(RAM), definidas de acordo com a Organizacdo Mundial da Saude (OMS), como
“‘qualquer resposta prejudicial ou indesejavel e nao intencional que ocorre com
medicamentos em doses normalmente utilizadas no homem para profilaxia,
diagnéstico, tratamento de doenca ou para modificacdo de fungdes fisiologicas”
(Edward et al., 2000; WHO, 2002). RAMs ocorrem frequentemente em pacientes
com hipersensibilidade ou, que tiveram alguma reacdo adversa anterior e, ainda,
apos a tolerancia ao medicamento com o aumento de dose, podendo predispor um
quadro de toxicidade (Magalhédes et al., 2001).

As RAMs constituem um problema importante na pratica do profissional da
salude. Sabe-se que essas reacfes sao causas significativas de hospitalizacao, de
aumento do tempo de permanéncia hospitalar e até mesmo de Obito. Além disso,
elas afetam negativamente a qualidade de vida do paciente (Wu et al., 1996).
Dados sugerem que estas reacdes Sa0 responsaveis por uma proporcdo maior de
doencas hepaticas do que se acreditava previamente. A lesdo hepatica induzida por
medicamentos (DILI) é a principal causa de descontinuacédo do desenvolvimento de
drogas e de acOes regulatorias de drogas previamente aprovadas. Muitos casos de
DILI demonstraram prevaléncia em pacientes mulheres e em pacientes que

evoluiram para lesdo aguda no figado (ALF) (Ostapowicz et al., 2002; Bjornsson et
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al., 2005; Fontana 2008b). Na pratica clinica, muitos agentes potencialmente
hepatotoxicos continuam sendo utilizados. Alguns, como o acetaminofeno (APAP)
sdo hepatotoxicos em superdosagens, sendo comum a tentativa de suicidio com
esta medicacdo no Reino Unido (Fontana, 2008b; Randle et al., 2008; Lopez, 2009;
Morsy et al., 2010; North et al., 2010).

O APAP (N-acetil-p-aminofenol), também conhecido como paracetamol, € um
farmaco com propriedades analgésicas e efeitos antipiréticos, mas sem acao
antiinflamataoria significativa (Grypioti et al., 2008; Wu et al., 2008; Myers e Laporte,
2009; Chandrasekaran et al., 2010; North et al., 2010). Atualmente, existe em varias
formas de apresentacdo, como capsulas, comprimidos, gotas, xaropes e injetaveis,
sendo desta forma uma das substancias mais utilizadas na clinica; porém, é
altamente perigoso devido ao seu alto potencial hepatotdéxico, ndo devendo ser
utilizados mais que 4 g diarios. Criancas com menos de 37 kg tem a dose limite
diaria em 80 mg/kg. Em individuos adultos, pode ocorrer toxicidade em doses Unicas
de 10 - 15 g (150 - 250 mg/kg) e uma dose de 20 a 25 g pode levar a 6bito (Chun et
al., 2009; Myers e Laporte, 2009 Jaeschke et al., 2010).

Quimicamente, o APAP é um composto p-aminofendlico. Os derivados p-
aminofendlicos sdo compostos de sintese derivados da anilina (APAPe fenacetina),
que se distinguem pelos seus efeitos toxicos. Farmacologicamente, as acles
analgésicas de APAP ocorrem a nivel periférico ou central. Ao nivel periférico, o
efeito do APAP esté relacionado com a capacidade de modular os receptores. J&, ao
nivel central, esta relacionado a medula espinhal e ao tronco cerebral, onde exerce
suas acdes na transmissao nociceptiva. No entanto, a acdo antinflamatéria é fraca
ou inexistente. O APAP né&o é capaz de inibir a COX quando existem peroxidos e

radicais livres em concentracdes elevadas. E importante ressaltar que, em locais de
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inflamacédo, normalmente existem grandes concentracdes de peréxidos produzidos
pelos leucécitos. Quando ha peréxidos e radicais livres indicadores de inflamacéo
(mensageiros poés-inflamatdérios) a COX fica ativada e produz prostaglandinas
(Bertolini et al.,, 2006). Todavia, a acdo antipirética pode ser explicada pela
capacidade de inibir a COX no cérebro, onde o conteido de peroxidos € baixo

(Bertolini et al., 2006; Hogestétt et al., 2006; Smith, 2009).

O APAP, apesar de ja ser usado ha mais de um século e haver mecanismos
descritos para tal substancia, seu modo de acdo ainda néo esta claro. Estudos
recentes fornecem evidéncias de um novo mecanismo de acéo, através do qual o
APAP poderia exercer seus efeitos analgésicos. Ha indicacdes de que o efeito
antinociceptivo do APAP é mediado por alvos moleculares diferentes da COX e, é
este ponto que os pesquisadores estdo investigando atualmente. O estimulo para
estes estudos é a estreita relagdo entre a estrutura do APAP e da N-
araquidonoilfenolamina (AM404), a qual tem efeitos nos receptores canabinoides
CB1l. Os receptores CBl estdo envolvidos nos mecanismos da dor e da
termoregulacdo e sdo vistos como alvos promissores no tratamento da dor e da
inflamacédo. A relacdo estrutural entre a AM404 e o APAP sugere que, seguindo a
desacetilacdo em seu metabdlito p-aminofenol, o APAP pode ser conjugado com o

acido araquidénico para formar AM404 (Hogestatt, 2005).

O APAP é rapidamente e quase completamente absorvido a partir do trato
gastrintestinal, com uma distribuicdo relativamente uniforme ao longo da maior parte
dos fluidos corporais. Ele é metabolizado no organismo pelas enzimas microssomais
hepaticas. Durante a permanéncia do farmaco no organismo, este é
biotransformado/metabolizado, ou seja, a molécula sofre a acdo de enzimas que

mantém o metabolismo normal do organismo, modificando a sua estrutura e,
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conseqguentemente, as suas caracteristicas fisico-quimicas e farmacoldgicas,
podendo gerar moléculas mais simples ou mais complexas. Assim, o APAP é
metabolizado pelo sistema de enzimas citocromo P450. Os citocromos oxidam o
APAP produzindo uma substancia intermediaria muito reativa, a N-acetil-p-
benzoquinonimina (NAPQI). Em condicdes normais a NAPQI é neutralizada pela
acdo da glutationa (Bertolini et al., 2006; Grypioti et al., 2008; Chun et al., 2009;
Lopez, 2009; Chandrasekaran et al., 2010; Williams et al., 2010). Em situacdes de
toxicidade por APAP, a quantidade de GSH é esgotada pela NAPQI, que por sua
vez, pode reagir livremente com as membranas celulares, causando muitos danos e
morte de muitos hepatocitos, resultando em seguida a necrose hepética aguda
(Bertolini et al., 2006; Murray et al., 2008; Chandrasekaran et al., 2010; Williams et
al., 2010). Apos a overdose de APAP, os principais sintomas sao alteracfes
gastrintestinais ndo especificas como nauseas e vomitos, que desaparecem com 0O
tempo; apods alteracdes bioquimicas comecam a aparecer mudancas que evoluem
para necrose hepatocelular. Ao final, o paciente intoxicado se recupera ou morre de
insuficiéncia hepatica (Rowden et al., 2006; Bataller, 2007; Fontana, 2008a; Lopez,

2009).

Atualmente, o tratamento inicial para uma superdosagem é o mesmo utilizado
para as overdoses comuns, ou seja, a lavagem gastrica. Adicionalmente, administra-
se o antidoto, NAC, por via endovenosa ou oralmente. A absor¢cdo do APAP pelo
trato gastrointestinal é completa ao fim de quatro horas em circunstancias normais.
Por este motivo, a lavagem gastrica s6 tem vantagem se for utilizada durante este
periodo.  Nestas circunstancias, o meédico deve decidir se é suficiente a
administracdo de carvao ativado, que diminui a absor¢cdo do APAP (Vale et al.,

2004).
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O NAC funciona como antidoto, reduzindo a toxicidade do APAP ao fornecer
grupos sulfidrilos (principalmente na forma de GSH) que neutralizam o metabdlito
téxico, prevenindo o dano aos hepatécitos, podendo ser seguramente excretado. A
eficacia da NAC é bastante significativa se administrado até 8 horas apés a
intoxicagcdo por APAP. Assim, como descrito, quanto mais cedo se administrar a
NAC, maiores sao os beneficios (Keays et al., 1991). No entanto, a administracéo de
NAC por via oral pode ser acompanhada de nauseas e vomitos, bem como, da
ocorréncia de reacdes anafilaticas quando administrado por via endovenosa (Kanter
et al., 2006; Heard, 2008). Neste sentido, considerando as inUmeras desvantagens
do NAC, o estudo de outras substancias é de grande relevancia para o tratamento
de pacientes intoxicados com APAP.

A enzima conversora da angiotensina (ECA), também chamada de cininase II,
€ responsavel pela sintese da angiotensina Il, o produto final da cascata renina-
angiotensina. Os inibidores da enzima conversora da angiotensina possuem dois
mecanismos distintos: (i) impedem a conversédo da angiotensina | em seu metabdlito
ativo, angiotensina Il e; (ii) bloqueiam a degradacdo das cininas. Estes farmacos,
como o enalapril, sdo utilizados no tratamento clinico da hipertensédo arterial
sistémica, da insuficiéncia cardiaca congestiva e da nefropatia diabética (Takai et al.,
1996; Cavanagh et al., 2000; Ramalho et al., 2002; Altés et al., 2009).

Estudos recentes mostraram que inibidores da ECA protegeram contra o dano
hepatico causado por isquemia/reperfusdo em modelos de transplante de figado.
Além disto, estes inibidores favoreceram a regeneracdo hepatica apos a
hepatectomia parcial (Altés et al., 2009). Outros dados na literatura mostraram que
enalapril foi capaz de reduzir a fibrinogénese hepatica em ratos (Turkay et al., 2008).

Também, resultados similares demonstraram que o captopril e o enalapril



74

preveniram o dano cardiaco e hepético em ratos que receberam o quimioterapico,
adriamicina, por prevenir a geracao de radicais livres (El-Aziz et al., 2001).

O enalapril, depois de administrado, € absorvido e sofre uma hidrélise,
formando o enalaprilat, que € um inibidor da ECA de especifidade alta, de longa
acdo e nao sulfidrilico. O enalapril, como mencionado anteriormente, inibe a
formacdo de angiotensina Il, um potente vasoconstritor (substancia que diminui o
calibre dos vasos sanguineos e aumenta a pressao arterial). Portanto, a inibicdo da
ECA resulta em uma reducdo dos niveis plasmaticos de angiotensina Il e, como
consequéncia, a uma diminuicdo da atividade vasopressora. O inicio da acdo do
maleato de enalapril € suave e gradativo; inicia-se dentro de uma hora e seus efeitos
geralmente continuam por 24 horas. Desta maneira, pode-se sugerir que os efeitos
protetores do enalapril contra lesdo hepatica induzida por APAP, observados no
presente estudo, se devem, provavelmente, a inibicdo da angiotensina Il ou ao
aumento dos niveis de bradicinina (BK).

O presente trabalho investigou como o uso do enalapril poderia representar
uma nova abordagem terapéutica para o controle da hepatoxicidade induzida por
APAP. Nossos resultados mostraram que a administracdo de APAP em
camundongos C57BL/6 induziu toxicidade significativa sobre os tecidos hepaticos,
que apresentaram necrose celular ou degeneracdo hepatica, acompanhada por
aumento de caspase-3. Estas mudancas apresentaram modificacfes especificas,
como aumento das enzimas ALT e AST, bem como aumento de GSH e infiltracdo de
neutréfilos, como ocorre normalmente nas inflamacgdes. Ademais, a acdo do APAP
diminuiu os niveis da atividade de CAT e aumentou a producdo de TNFa. A

administracdo de enalapril, em esquemas de pré- e pos-tratamento, foi capaz de

interferir com as alteracdes ocorridas no figado durante a intoxicacdo por APAP,
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revertendo, em grande parte, os parametros que foram avaliados. Quando
analisados em conjunto, os resultados aqui apresentados, e os dados da literatura,
permitem sugerir que os inibidores da ECA, como o enalapril, pode ser util
estratégias clinicas para o tratamento de lesGes hepaticas, através de mecanismos
gue possivelmente envolvem a producdo de angiotensina Il, a BK e de radicais

livres, além da migracéo de neutrofilos.
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