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RESUMO

Introducdo: A Insuficiéncia hepatica aguda grave (IHAG), frequentemente chamada
de hepatite fulminante, € uma sindrome clinica dependente de multiplas etiologias,
que ocorre em pacientes sem doenca prévia, ndo habitual, grave e rapida,
frequentemente fatal. A perda de hepatdcitos, caracteristica da IHAG, leva a uma
sindrome de resposta inflamatéria sistémica com faléncia multiorganica. A resposta
inflamatoria esta envolvida no estresse oxidativo e nitrosativo, que potencialmente
reforca os efeitos citotoxicos podendo levar a uma perturbacdo no sistema de
proteinas de choque térmico e desenvolvimento do estresse de reticulo
endoplasmatico que contribuem para o processo de morte celular. A glutamina atua
como substrato energético para a maioria das células e também €& um importante
precursor para nucleotideos, glutamato e, em particular, para a sintese de glutationa.
Ela é capaz de diminuir o estresse oxidativo e reduzir a liberacdo de citocinas
inflamatorias. Objetivo: Avaliar os marcadores de estresse oxidativo e de reticulo,
proteinas de choque térmico, processo inflamatério e morte celular no figado de
ratos Wistar com IHAG, induzida por tioacetamida, na tentativa de elucidar a agéo da
glutamina nesse modelo experimental. Métodos: Foram utilizados 28 ratos machos
Wistar (peso médio de 300 g), distribuidos em quatro grupos: controle (CO), controle
mais glutamina (CO+G), tioacetamida (TAA) e tioacetamida mais glutamina
(TAA+G). A IHAG foi induzida através de administracdo intraperitoneal de duas
doses de tioacetamida (400 mg/Kg) em solucéo salina (0,9% NacCl), com intervalo de
8 horas. Os grupos tratados receberam glutamina 30 minutos apds a ultima dose de
TAA e 24 e 36 horas apés o inicio do experimento na dose de 25 mg/kg em 1 mL de
NaCl a 0,9% por via intraperitoneal. Apos 48 horas, os animais foram anestesiados e
o sangue foi entdo coletado do plexo retro-orbital para analises de aspartato
aminotransferase (AST), alanina aminotransferase (ALT) e fosfatase alcalina (FA).
Os animais foram eutanasiados por overdose anestésica e o figado foi removido e
dividido em secdes para armazenamento e posteriores avaliagcdes. Foi realizada
analise histologica através de coloragdo de Hematoxilina e Eosina. O
homogeneizado do tecido foi utilizado para andlise de lipoperoxidagdo (TBARS),
atividade enzimatica (CAT, GPx e GST), niveis de GSH, avaliacdo dos metabdlitos
do éxido nitrico (nitritos/nitratos), quantificacdo de proteina total, niveis de proteinas

carboniladas, avaliacao de citocinas inflamatérias por analise multiplex (TNFa, I1L-1f,
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IL6 e IL10) e analises moleculares por Western Blot das proteinas Nrf2, Keapl,
NQO1, SOD, TLR4, NF-kB, COX, iNOS, HSF1, HSP27, HSP70, HSP90, ATF6,
GRP78, CHOP, PI3K, Akt, FOXO3a, Bcl-2, Bax, Caspase 3, mTOR, Beclinl e
LC3a/B. Resultados: A glutamina diminuiu as enzimas de integridade hepética,
aumentou o0s niveis de proteina total, diminuiu a concentracdo de proteinas
carboniladas, diminuiu a lipoperoxidacéo e os niveis de Oxido nitrico. Foi eficaz na
preservacdo do parénquima hepético reduzindo o infiltrado inflamatério, a
balonizacdo e a necrose. Observou-se que a glutamina ativou a via do Nrf2,
modulou as enzimas antioxidantes e diminuiu a enzima detoxificadora GST. Além
disso atenuou o processo inflamatério evidenciado pela diminuicdo dos niveis das
citocinas e expressdo dos demais mediadores inflamatoérios. Foi evidenciado ainda,
que a glutamina reduziu o dano celular por modular as proteinas de choque térmico,
inibiu o estresse de reticulo endoplasmatico e promoveu sobrevivéncia celular
evidenciado na reducdo dos parametros de morte celular. Conclusdo: Sugere-se
que a glutamina desempenhou um papel restaurador no figado de animais
submetidos ao modelo de IHAG induzida por tioacetamida, possivelmente pelo sua
acao antioxidante e anti-inflamatéria, demonstrado pelas avaliagdes realizadas neste

estudo.

Palavras-Chave: hepatotoxicidade, glutamina, estresse oxidativo, processo
inflamatorio, proteinas de choque térmico, estresse de reticulo endoplasmaético,

morte celular.



ABSTRACT

Introduction: Severe acute hepatic insufficiency (IHF), often called fulminant
hepatitis, is a clinical syndrome that is independent of multiple etiologies, presenting
with no disease, severe and rapid, often fatal, therapy. The loss of hepatocytes,
characteristic of IHAG, leads to a systemic inflammatory response syndrome with
multiorgan failure. The inflammatory response is involved in oxidative and nitrosative
stress, which potentially enhances the cytotoxic effects, leading to a disturbance in
the thermal shock protein system and the development of endoplasmic reticulum
stress that contribute to the process of cell death. The glutamine acts as an energy
substrate for most cells and is also an important precursor for nucleotides, glutamate
and in particular for a synthesis of glutathione. It is able to decrease oxidative wear
and reduce the release of inflammatory cytokines. Objective: To evaluate the
markers of oxidative and reticulum stress, heat shock proteins, inflammatory process
and cell death in the liver of Wistar rats with IHAG, induced by thioacetamide, in an
attempt to elucidate the action of glutamine in this experimental model. Methods:
Twenty-eight male Wistar rats (average weight of 300 g) were divided into four
groups: control (CO), control plus glutamine (CO+G), thioacetamide (TAA) and
thioacetamide plus glutamine (TAA+G). The IHAG was induced by intraperitoneal
solution of two doses of thioacetamide (400 mg/kg) in saline solution (0.9% NacCl),
with an interval of 8 hours. The treated groups received glutamine 30 minutes after
the last dose of TAA and 24 and 36 hours after the start of the experiment at a dose
of 25 mg/kg in 1 mL of 0.9% NacCl intraperitoneally. After 48 hours, the animals were
anesthetized and blood was then collected from the retro-orbital plexus for analysis
of aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline
phosphatase (FA). The animals were euthanized by anesthetic overdose and the
liver was removed and divided into sections for storage and subsequent evaluations.
A histological analysis was performed through the staining of Hematoxylin and Eosin.
The tissue homogenate was used for the analysis of lipoperoxidation (TBARS),
enzymatic activity (CAT, GPx and GST), GSH levels, evaluation of nitric oxide
(nitrite/nitrate) metabolites, quantification of total protein, levels of carbonylated
proteins, evaluation of inflammatory cytokines by multiplex analysis (TNFa, IL183, IL6

and IL10) and molecular analyzes by Western Blot of proteins Nrf2, Keapl, NQO1,
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SOD, TLR4, NF-kB, COX, iNOS, HSF1, HSP27, HSP70, HSP90, ATF6, GRP78,
CHOP, PI3K, Akt, FOXO3a, Bcl-2, Bax, Caspase 3, mTOR, Beclinl e LC3a/.
Results: Glutamine decreased liver integrity enzymes, increased total protein levels,
decreased carbonylated protein concentration, decreased lipoperoxidation and nitric
oxide levels. It was effective in preserving the liver parenchyma by reducing
inflammatory infiltrate, ballooning and necrosis. It was observed that glutamine
activated the Nrf2 pathway, modulated the antioxidant enzymes and decreased the
detoxification enzyme GST. It also attenuated the inflammatory process evidenced
by the decrease in cytokine levels and the expression of other inflammatory
mediators. It was further evidenced that glutamine reduced cell damage by
modulating heat shock proteins, inhibited endoplasmic reticulum stress and promoted
cell survival evidenced in the reduction of cell death parameters. Conclusion: It is
suggested that glutamine played a protective role in the liver of animals submitted to
the thioacetamide-induced IHAG model, possibly due to its antioxidant and anti-

inflammatory action, as demonstrated by the evaluations carried out in this study.

Keywords: hepatotoxicity, glutamine, oxidative stress, inflammatory process, heat

shock proteins, endoplasmic reticulum stress, death cell.
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1 INTRODUCAO

O figado exerce muitas fungdes vitais sendo essencial na regulacdo do
metabolismo, na sintese de proteinas e de outras moléculas, no armazenamento de
proteinas e de ferro, na degradacéo dos horménios e na inativacdo e excrecdo de

drogas e de toxinas (Berne et al., 2004).

Por desempenhar um papel importante no metabolismo de drogas, o figado é
suscetivel a um elevado grau de toxicidade. A hepatotoxicidade implica em leséo
hepética causada por produtos quimicos. Certas drogas quando administradas em
doses terapéuticas e algumas em overdose podem lesar o figado. O reconhecimento
precoce da droga € fundamental para minimizar os efeitos da lesdo. A incidéncia de
doenca do figado induzida por drogas parece estar relacionada a um ndamero
crescente de novos agentes que foram introduzidos em uso clinico ao longo das
Ultimas décadas. As drogas tém sido relatadas como sendo responsaveis por
aproximadamente 10% dos casos de hepatite e menos do que 5% dos casos

hospitalares com ictericia (Jaiprakash et al., 2012).

Devido a baixa incidéncia de doenca hepética induzida por drogas, seu
potencial hepatotoxico, usualmente, pode ndo ser reconhecido durante 0os ensaios
de pré-comercializacdo e s6 é detectado na fase de comercializacdo quando pode
ter sido utilizada por muitos pacientes do que incluidas em ensaios clinicos (Lasser
et al., 2002; Temple e Himmel, 2002).

A hepatotoxicidade induzida por drogas € o mais comum evento adverso que
interrompe o desenvolvimento de um novo medicamento ou leva a retirada de
medicamentos autorizados do mercado. A identificacdo de novos fatores de risco e
uma melhor compreensdo dos mecanismos patogénicos implicardo melhorias na
assisténcia médica, na evolucdo farmacéutica e no desenvolvimento de novas

estratégias de tratamento (Davi et al., 2011).

Neste estudo foram avaliadas as altera¢des hepaticas decorrentes do modelo
de Insuficiéncia Hepatica Aguda Grave (IHAG) induzida por tioacetamida (TAA) em

ratos e os efeitos do tratamento com a glutamina.

Essa tese esta estruturada em secdes. Apos a introducdo (primeira secao)

sera apresentada a revisdo da literatura (segunda secdo), em seguida, o marco
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conceitual (terceira sec¢ao), a justificativa (quarta sec¢ao), os objetivos do estudo
(quinta secao) e as referéncias bibliograficas (sexta sec¢do) utilizadas na secdo 1 e 2.

Na sétima sec¢ao, serdo apresentados os artigos cientificos:

Artigo | - Protective action of glutamine in rats with severe acute liver failure

enviado para publicacdo na revista World Journal of Hepatology.

Artigo Il - Glutamine modulates heat shock proteins, endoplasmic reticulum
stress and cell death in rats with thioacetamide-induced liver failure enviado
para publicacéo na revista Protoplama.

As considerac0es finais serdo apresentadas na oitava secéo, as perspectivas

futuras estardo na nona secao e 0s anexos estardo na décima secao.

Este trabalho foi desenvolvido no Laboratério Experimental de
Gastroenterologia e Hepatologia do Centro de Pesquisas do Hospital de Clinicas de
Porto Alegre e no Laboratério de Estresse Oxidativo e Antioxidantes da Universidade

Luterana do Brasil.

Contou com o auxilio financeiro do Fundo de Incentivo & Pesquisa e Ensino
do Hospital de Clinicas de Porto Alegre (FIPE/HCPA), processo numero 15-0175, e
da Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) —

suporte financeiro 001.



2 REFERENCIAL TEORICO

2.1 Estratégias para localizar e selecionar informacdes

Ao revisar a literatura, procuramos explorar os principais aspectos envolvidos
na IHAG, relacionando o envolvimento do estresse oxidativo, do processo
inflamatorio, das proteinas de choque térmico, além do estresse de reticulo
endoplasmatico, dos processos de morte celular, especialmente a apoptose, a

autofagia e a necrose, bem como o uso da glutamina como tratamento.

Para localizar as informacdes utilizou-se as bases de dados PubMed e SciElo.
Por ndo haver um consenso entre 0s especialistas quanto a definicdo da IHAG,
optou-se por utilizar o termo ‘“Insuficiéncia Hepatica Fulminante” para buscar
informagdes nos bancos de dados, por ser este o mais amplamente utilizado na
literatura internacional. Também foram utilizadas outras palavras-chave citadas ao

longo do texto (Figura 1).

Além disso, foram consultados bancos de dados contendo dissertacbes e

teses de universidades, outros materiais técnico-cientificos e também livros-texto.



Figura 1. Estratégia utilizada para buscar referéncias bibliograficas. Fonte: autora.
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2.2 Estrutura e funcgéo do figado

O figado é o maior 6rgéo interno do organismo, pesando entre 1.200 a 1.500
g e medindo 12 a 15 cm no plano coronal e 15 a 20 cm no plano transversal. Situa-
se entre 0 quinto espaco intercostal e a margem costal direita. No adulto o figado
equivale de 1,8 a 3% do peso corporal total e na crianca é relativamente maior,
chegando a 5% do peso (Coelho, 2012). Apresenta dois lobos (o direito com
aproximadamente 6 vezes as dimensdes do esquerdo) e oito segmentos. Cada
segmento possui suprimento sanguineo e canais biliares independentes (Gaboardi,
2011).

O figado € um érgao vital, pois desempenha funcdes essenciais no
organismo, com atividades de sintese e de excrecdo (Sherlock, 1997). Para realizar
as suas funcdes, o figado possui uma estrutura complexa (Figura 2), constituido por
células hepéticas (hepatécitos), que se justapbe entre si, formando unidades

morfolégicas chamadas de I6bulos hepéticos (Carneiro, 1999).

Hepatdcito

Célula endotelial

Célula de Kupffer

Lumen sinusoidal

Figura 2. Esquema tridimensional da arquitetura do figado normal. Fonte: adaptado de Bataller e
Brenner, 2005.

Cada I6bulo hepéatico € uma unidade funcional basica do figado que

apresenta uma veia central onde € drenado o sangue aportado pela artéria hepatica

Célula estrelada hepatica
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e veia porta. Na sua periferia ha o espaco porta contendo o ducto biliar, ramos da
veia porta e da artéria hepética (Gaboardi, 2011). No Iébulo, os hepatécitos
dispbem-se em placas orientadas radialmente a partir de uma veia central,
justapostas de forma ordenada por sinusoides hepaticos. Os sinusoides hepaticos
representam uma rede vascular especial e é o local da convergéncia sanguinea
entre a rede arterial hepatica e o sistema porta do figado. As células endoteliais
sinusoidais sdo muito permeaveis e apresentam grandes fenestracbes que
favorecem as trocas metabdlicas e na area periportal tem as células de Kupffer que

ocupam o lumen sinusoidal (Figura 3) (Gaboardi, 2011; Coelho, 2012).

Células de
Kuppfer

Hepatdcitos
Sinusoides

Canaliculos
biliares

Artéria hepética

Canal biliar

Veia Porta

Canal biliar Veia Porta B Canaliculos

Espaco Porta "
pag biliares

Figura 3. Lébulos hepéticos e Espaco Porta. Fonte: Pearson Education, 2013.

As células de Kupffer, que sdo macréfagos especializados, sdo ativadas de
vérias formas, incluindo endotoxinas, sepse, choque, interferon-y, acido araquidénico
e fator de necrose tumoral (TNF). Como resultado dessa ativacdo ocorre producao
de: citocinas, peréxido de hidrogénio, 6xido nitrico, TNFa, interleucina (IL) 1, IL 6 e
IL 10, interferon o e B, fator transformador de crescimento e varios prostandides
(Gaboardi, 2011).
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Dentre suas fungbes vitais e essenciais a manutencdo da homeostasia
corporal, o figado destaca-se pelo seu papel imunoldgico, participa na sintese
proteica e de outras moléculas é responsavel pela regulacdo do metabolismo de
diversos nutrientes, armazenamento de vitaminas e ferro, degradacédo hormonal e a

inativacao e excrecao de drogas e toxinas (Nunes, 2007).

2.3 Insuficiéncia hepatica aguda grave

A Insuficiéncia hepatica aguda grave (IHAG), frequentemente chamada de
hepatite fulminante (HF), € uma sindrome clinica dependente de multiplas etiologias,
gue pode ocorrer em pacientes sem doenca prévia, grave e rapida, em dias ou
poucas semanas, que decorre da perda subita das funcBes hepatocitarias,
associada a coagulopatia e encefalopatia hepatica (EH) e frequentemente fatal. O
transplante hepatico € a terapia mais eficaz para esta situacdo, caracterizando uma
emergéncia, nem sempre possivel pela rapida progressao e ou escassez de 0rgaos,

0 que limita o seu uso (Singh et al., 2014).

A conceituacao original foi feita por Lucke e Mallory (1946), que definiram
hepatite aguda fulminante “pelo aparecimento agudo de ictericia progressiva,
reducdo volumétrica do figado e coma hepatico, com alargamento do tempo de
protrombrina, hipertransaminasemia, além de aumentos nos valores sanguineos de
bilirrubina, nitrogénio e aménia”, com a faléncia hepéatica instalando-se em até oito
semanas desde o inicio do quadro clinico (Mattos, 2010). Atualmente a definicdo
mais bem aceita inclui a evidéncia de coagulopatia (com indice internacional de

normalizacéo [RNI] = 1,5) e de qualquer grau de EH (Borges, 2010).

O tempo de instalacao para definicdo da IHAG é variavel, conforme diferentes
autores. A maioria considera um intervalo inferior a oito semanas desde o
aparecimento de ictericia até o aparecimento de encefalopatia, em doentes sem
doenca hepética anterior, ou inferior a duas semanas em paciente com doenca
hepatica subjacente. Outros consideram um tempo inferior a 26 semanas para o

aparecimento do quadro clinico (Alberto et al., 2009). No entanto, pacientes com
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Hepatite Autoimune, Doenca de Wilson, Hepatite B podem evoluir para IHAG,
independentemente da presenca de hepatopatia crénica (Larson, 2010).

2.3.1 Epidemiologia e Etiologia

A agressdo aguda grave ao parénquima hepatico pode ser de diferentes
etiologias, tais como: doenca hepatica induzida por farmacos e toxinas (DILI),
xenobidticos, hepatites virais, doencas hepaticas metabdlicas, vasculares ou auto-
imunes, entre outras causas (Strauss, 2011). Determinar a etiologia € essencial,
uma vez que esta constitui o fator mais importante para a determinacdo do

prognéstico (Alberto et al., 2009).

A hepatite viral € a causa mais comum de IHAG nos paises em
desenvolvimento, com incidéncia maior entre individuos expostos ao virus em fase
mais avancada da vida, ocorrendo em 0,2 a 4% destes doentes (Mattos, 2010).
Enquanto a IHAG induzida por drogas é mais comum na Europa e Estados Unidos
da Ameérica, principalmente relacionada ao uso do paracetamol para suicidio.
Estima-se cerca de 2.000 casos anuais de IHAG nos EUA, sedo que mais de 50%
seria por drogas, das quais, 40% por paracetamol e 12% por reacdes idiosincraticas
por farmacos (Alberto et al., 2009; Borges, 2010).

Apesar dos avancos significativos nas técnicas de diagnoéstico, os casos de
etiologia indeterminada (criptogénico) variam entre 15 e 44% (Alberto et al., 2009).

Pode-se estabelecer a causa da IHAG em cerca de 60 a 80% dos casos,
sendo a sua maioria por hepatotoxicidade a farmacos e diversas plantas utilizadas
em chas e homeopatias. A hepatotoxicidade € a principal razdo pela qual alguns
medicamentos e ervas sao retirados do mercado (Alberto et al., 2009; Borges, 2010;
Strauss, 2011).

2.3.2 Fisiopatologia

A IHAG ocorre quando a morte celular excede a capacidade de regeneragao
hepatica. Apesar das multiplas causas possiveis de morte celular, este processo
segue normalmente dois padrdes: necrose ou apoptose. A necrose envolve a

deplecdo de adenosina trifosfato (ATP), que resulta em tumescéncia e lise celular,
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com liberagdo do contetdo celular e inflamacdo secundaria. A apoptose representa
uma morte celular programada, dependente de ATP, e leva a reabsorcdo do

citoplasma e nucleo, minimizando a resposta inflamatoria (Borges, 2010).

Na IHAG, a capacidade de metabolizacdo de substancias enddgenas, como
hormdnios, bilirrubinas, vitaminas e de medicamentos, encontra-se depletada, razao
pela qual ha extrema precaucdo na prescricdo de farmacos para estes pacientes,
principalmente aqueles dependentes de passagem e metabolizacdo hepatica ou

potencialmente hepatotoxicos (Strauss, 2011).

As alteragbes no metabolismo de hidratos de carbono manifestam-se pela
hipoglicemia. Proteinas de meia-vida curta como as alfa-1 e alfa-2 globulinas,
diminuem rapidamente. Diversos fatores de coagulacdo sanguinea, sintetizados no
figado, e de meia-vida curta, também estdo diminuidos na IHAG, como o fator V,
alterando a atividade da protrombrina. O mau funcionamento das células de Kupffer
na IHAG permite o livre transito de micro-organismos e endotoxinas provenientes do
intestino, que alcancam a circulacdo sanguinea, piorando as funcdes metabdlicas e
favorecendo a instalacdo de infeccbes e a liberacdo de citocinas com graves
consequéncias circulatorias, agravando ainda mais a doenca (Figura 3) (Shawcross
et al., 2004, Strauss, 2011).

Lesao

et Micro- Lesao
hﬁﬂzﬂﬁa organismos Tecidual
4 >
y
3 5 Faléncia
celulas de Alteraggo da omboicos e do
Kupffer osmoticos , 6rg = 1e) ;
,»’/
. = | fatores de
t+ citocinas / Inflamacgéo e coagulagao / 1 Perda_das
1 ERO e NO necrose ® fungdes

Figura 4. Sintese da sequéncia de eventos que ocorrem na IHAG. Fonte: autora.
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2.3.3 Manifestacdes clinicas e Diagndéstico

Os primeiros sintomas da IHAG sao inespecificos — nausea, mal-estar, fadiga.
A ictericia é a manifestacéo importante sequencial e pode vir acompanhada pela EH,
sintoma mais expressivo da IHAG, com toda sua gama de manifestacOes
neuropsiquicas. O agravamento do quadro clinico de manifestagbes pelo
aparecimento de alteracbes de coagulacao, insuficiéncia renal aguda, alteracdes
hemodinamicas e metabdlicas, insuficiéncia respiratéria e deficiéncia nutricional,
com a possibilidade de infecgbes bacterianas e/ou fingicas e sepses caracteriza-se
a sindrome de faléncia mdultipla de 6rgdos (Figura 4). O surgimento de edema
cerebral na IHAG, é causa frequente de mortalidade (Borges, 2010; Larson, 2010;
Strauss, 2011; Paschoal Junior et al., 2017).

*Injuria pulmonar aguda
*Encefalopatia hepatica : *sindrome do
*Edema cerebral v/

. . . desconforto *Colapso cardiovascular
*Hipertensdointracraniana =

‘\ . yons
v B | respiratorio *Disfungdo endotelial

*Resposta
inflamatoria Alteragdes
sistémica intestinais

*Imunoparesia
*Disfungdo dos

neutroéfilos
Hipertenséo
portal
Catabolismo muscular Pancreatite
Disfuncdo Insuficiéncia da
renal adrenal

Figura 5. Manifestacdes sistémicas da IHAG. Fonte: adaptado de Sharma, 2016.

O diagnostico baseia-se na analise da historia clinica e na realizagdo de
exames laboratoriais, bioquimicos, enzimaticos, hematoldgicos, que auxiliardo na
avaliacdo das condicbes organicas e das eventuais complicacbes, e exames
especializados, virais, toxicologicos, de imagens ou anatomo-patologicos, que

possibilitardo o possivel diagnéstico etioldgico (Borges, 2010; Strauss, 2011).
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2.3.4 Terapéutica e progndstico

A abordagem terapéutica na IHAG, realizada em Unidade de Tratamento
Intensivo, visa a monitorizagdo hemodinamica, correcdo dos desvios metabdlicos e
hidroeletrolitico, correcdo da coagulopatia, recuperacdo das fungbBes renal e
pulmonar, tratamento precoce de infecgBes bacterianas e flngicas, possiveis
suplementacdo nutricional e tentativa de impedir ou diminuir o edema cerebral e a

consequente hipertensédo endocraniana (Alberto et al., 2009; Cardoso et al., 2017).

Os fatores prognosticos de IHAG relacionam-se com a idade do paciente e a
etiologia da doenca. Os pacientes mais jovens e mais velhos tém pior prognostico
(<10 anos e >40 anos). A etiologia por virus de Hepatite A ou E podem ter melhor
progndéstico que aquelas com virus de Hepatite B. A intoxicacdo por paracetamol,
com possibilidade de tratamento precoce com N-acetilcisteina, pode resultar,
atualmente, em mortalidade muito reduzida (Strauss, 2011).

Apesar da significativa melhoria na terapia de cuidados intensivos, a IHAG
apresenta elevada mortalidade, podendo chegar a mais de 80% dos casos. Em
muitos pacientes, a insuficiéncia hepética é reversivel, e terapias rapidas de suporte
ao figado podem ajudar na regeneracdo hepatica, e os pacientes que sobrevivem
podem recuperar totalmente a funcdo do figado e ter uma expectativa de vida
normal (Chu et al.,, 2005). No entanto, existem muitos pacientes em que o Unico
meétodo capaz de salvar a sua vida € o transplante de figado. Porém, sua aplicacao
clinica em grande escala é limitada pela falta de disponibilidade de doadores de
orgaos (Lee et al., 2005).

Sendo assim, as atencdes tém sido focadas na possibilidade de restaurar a
massa e a funcéo hepética através de terapias diversas, na tentativa de retardar ou

impedir a progressao da doenca (Strauss, 2011; Jaiprakash et al., 2012).

Pesquisas cientificas recentes indicam a relacdo do estresse oxidativo com
alteracdes de substratos energéticos e no aumento da ativagdo de enzimas
geradoras de espécies reativas de oxigénio (ERO) que promovem dano hepatico
além do papel das citocinas pro-inflamatorias e vasodilatadoras na fisiopatologia da

doenca (Bonomini et al., 2015; Roul e Recchia, 2015; Vasallo e Gastaminza, 2015).
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2.4 Estresse oxidativo

No processo de oxidagao do oxigénio (O,), 95 a 98% recebem quatro elétrons

de uma vez, formando ATP, liberando agua e gas carbbnico. Porém em 2 a 5% da
reducdo monoeletronica o O, tem forte tendéncia em receber apenas um elétron de
cada vez, formando durante as reacdes uma série de intermediarios toxicos e
reativos, as espécies reativas de oxigénio (ERO) (Figura 5) (Halliwell e Gutteridge,
2007; Halliwell, 2013). Essas espécies sdo geradas em todos 0s organismos
aerobicos, em condigbes metabodlicas normais. Ocorre também a formacgéo destes
compostos em situacdes particulares, como pela exposicao a radiacdo, produtos de

células fagocitarias ativadas e drogas (Halliwell, 1990; Oliveira, 2013).

O 5 (t“!:‘;?")
(HE:6y)HOz 7 02 (:6:5 )
2H+
H, O, (H:0:0: H)
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&)

OH (-O:H)

H,O

)
H.O (H :1‘;3:: H)

Figura 6. Reducéo do oxigénio molecular com formacgédo de RL. Fonte: adaptado de Cohen, 1989.



32

Os intermediarios da reducéo monovalente do O, sdo o anion superdxido
(O2), o perdxido de hidrogénio (H,O,) e o radical hidroxila (OH®). Dentre estes

intermediarios, o O, e OH® sdo chamados de Radicais Livres (RL). Essas

moléculas sdo geradas em condic¢des fisiologicas ou patoldgicas e sdo danosas

quando produzidas em excesso. O H,O, ndo é um radical livre; no entanto,

representa um metabdlito de oxigénio parcialmente reduzido. Outra espécie reativa
de interesse € o0 oxigénio singlet, uma forma de oxigénio spin-alterada (Hartmann,
2012; Halliwell, 2013; Schneider e Oliveira, 2014).

A adicdo de um elétron a uma molécula de O, no estado fundamental gera a

formacao do radical O,™. Ao receber mais um elétron e dois ions hidrogénio forma
H,O, através do processo chamado dismutacdo. Essa reacdo € catalisada pela
enzima superéxido dismutase (SOD) que € encontrada em quantidades elevadas

, , ~ 4 A .
nas células de mamiferos e que acelera a reacdo de 10 vezes a frequéncia para

dismutacéo espontanea num pH fisioldgico (reacao 1) (Schneider e Oliveira, 2004).

Reagdo 1: 20, +2H SoD H,0

v
N
N

O H,0, é uma molécula estavel, e ndo € essencialmente toxica para as

células, mas com a adicao de um elétron forma o OH®* que pode ser formado através
de duas reacdes: Fenton quando reage com ions ferro ou cobre (reagéo 2), e Haber-
Weiss quando reage com ions de metais de transi¢cdo (reacdo 3) (Halliwell, 1990;
Schneider e Oliveira, 2004).

Reag0 2: Fe*+/Cu’ +H 0, > OH® + OH- + Fe’+/Cu”’

Reag8o 3: H,0, + 0,— % , OH + OH + O,
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O OH* é o mais reativo, mais lesivo e, portanto, o RL mais instavel que reage
com uma grande variedade de compostos organicos. Apresenta meia-vida
extremamente curta, ndo se distancia do seu sitio de formacao, € altamente fugaz e

apresenta-se em baixas concentracdes nos tecidos (Halliwell, 1990; Macé&o, 2006).

RL é definido como “qualquer espécie quimica (atomo ou molécula) capaz de
existéncia independente, que possua um ou mais elétrons desemparelhados em
qualquer orbital, normalmente no orbital mais externo” (Del Maestro, 1980). Por
serem muito reativas, assim que se formam, essas moléculas reagem principalmente
com os lipidios de membrana ocasionando o fenbmeno denominado lipoperoxidagao
(LPO) (Halliwell, 2013).

Em decorréncia da LPO, h& perda da seletividade na troca ibnica e liberacao
do conteldo de organelas, como as enzimas hidroliticas dos lisossomos, e formacéo
de produtos citotoxicos, culminando com a morte celular (Hershko, 1989). A LPO
também pode estar associada aos mecanismos de envelhecimento, de cancer e a
exacerbacdo da toxicidade de xenobioticos (Shan et al.,, 1990). Assim como na
formacdo das ERO, nem sempre os processos de LPO sao prejudiciais, pois seus
produtos sdo importantes na reacdo em cascata a partir do acido araquidonico
(formacéo de prostaglandinas) e, portanto, na resposta inflamatéria. No entanto, o
excesso de tais produtos pode ser lesivo. A LPO € uma reacdo que ocorre em
cadeia, representada pelas etapas de iniciacao, propagacao e terminacgao (Figura 6)
(Halliwell, 1990; Halliwell, 2013).
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Figura 7. Etapas envolvidas na reacdo de lipoperoxidagdo. Fonte: Cunha, 2012.

Na iniciacdo, o RL, geralmente o OH®, ataca uma molécula organica,
abstraindo um &tomo de hidrogénio de um grupamento quimico (metileno
pertencente a um acido graxo poli-insaturado da membrana), promovendo um
rearranjo molecular. Na propagacéo os radicais formados sdo capazes de abstrair
hidrogénio de outra molécula lipidica, formando um hidroperéxido. Na etapa de
terminagéo, dois radicais formam um tetroxido instavel que se decompde originando
0 oxigénio singlet e carbonilas excitadas que retornam ao seu estado fundamental

emitindo luz visivel (Cerretani et al., 2011; Halliwell, 2013).

Em circunstancias nas quais a producdo de RL estd muito acima da

capacidade dos sistemas de defesa antioxidante do organismo remové-los ocorre
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um desequilibrio entre os sistemas pré-oxidantes e antioxidantes estabelecendo,

assim um quadro de estresse oxidativo (EO) (Halliwell, 1990).

2.5 Estresse nitrosativo

O oxido nitrico (NO) € uma molécula inorganica que participa de muitos
processos fisioldgicos e patologicos, sendo um sinalizador ou fator de relaxamento
derivado do endotélio. O NO pode ser dividido de acordo com 0 mecanismo de acao
da molécula com sua célula-alvo. Esse mecanismo pode ocorrer de duas formas:
quando interage diretamente com a molécula do sistema-alvo e quando existem
intermediarios que podem reagir com o NO, podendo levar a formacéo de espécies
reativas de nitrogénio (ERN) (Diesen e Kuo, 2010; Fang et al., 1997).

O NO é sintetizado em diferentes tecidos por meio da conversao da L-arginina
em L-citrulina pela acdo da enzima o6xido nitrico sintase (NOS). Podem ocorrer
formas constitutivas que séo responsaveis pela producdo de 6xido nitrico neuronal
(nNOS) e endotelial (eNOS), que sdo essenciais para a integridade vascular,
neurotransmissdo, nos processos de defesa do organismo e na manutencao de
tecidos (Liaudet et al., 2000; Diesen e Kuo, 2010). Além disso, existe a forma
induzivel (iNOS), gerada por macréfagos e outras células ativadas por citocinas.
Cada uma das formas possui capacidade de gerar NO por meio de mecanismos
regulatorios complementares e distintos (Alican e Kubes, 1996). A principal via
metabolica do NO envolve sua oxidagéo rapida a 6xidos de nitrogénio superiores:
nitrito (NO,) e nitrato (NO,) (Figura 7) (Diesen e Kuo, 2010).
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Figura 8. Metabolismo do 6xido nitrico. Fonte: adaptado de Diesen e Kuo, 2010.

A producéo descontrolada de NO pode levar a uma resposta macica toxica,

implicada em uma série de processos destrutivos teciduais na inflamac¢do aguda ou

cronica. Alem disso, o O, pode reagir diretamente com o NO levando a formagao

de peroxinitrito (ONOO), um oxidante bastante lesivo com caracteristicas

semelhantes ao OH* (reacéo 4) (Diesen e Kuo, 2010).

Reacdo 4: 02°- + NO — ONOO — ONOO +H' — OH*

Atualmente, estudos sugerem que o0 metabolismo oxidativo e nitrosativo
anormal pode ter uma grande importancia na fisiopatologia de diversas doencas. Os
efeitos prejudiciais decorrentes do EO e do EM podem ser pouco expressivos ou
muito agressivos, incluindo peroxidacdo dos lipidios de membrana, danos as
biomoléculas, agressdo as proteinas dos tecidos e membranas, as enzimas,
carboidratos e dano ao acido desorribonucléico (DNA) como interrupcdo do sinal de

transducéo e mutacéo podendo levar a morte celular (Rodrigues, 2014).

Tanto as ERO quanto as ERN e outros RL sdo intermediarios criticos na

fisiologia e fisiopatologia dos hepatécitos (Diesen e Kuo, 2010).
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2.6 Processo inflamatério na IHAG

A perda de hepatdcitos, caracteristica da IHAG, leva a uma sindrome de
resposta inflamatéria sistémica com faléncia multiorganica e posteriormente morte
do individuo. A resposta inflamatdria estd envolvida na vasodilatacéo, no estresse
oxidativo e nitrosativo, que potencialmente reforca os efeitos citotoxicos e agrava a

crise metabdlica (Borges, 2010).

No figado normal, a expressédo de mediadores inflamatérios é baixa, estando,
contudo, aumentada nos hepatdcitos, colangiocitos, epitélio sinusoidal e células
inflamatérias em véarias doencas agudas e crdnicas hepéticas, incluindo a IHAG
(Borges, 2010; Cerretani et al., 2011).

2.6.1 Receptor toll-like 4

O receptor toll-like 4 (TLR4) € um membro da familia de receptores de
reconhecimento de padrbes que desempenham papéis importantes na mediacao
das respostas inflamatdrias associadas a patdgenos e substancias endégenas
produzidas quando ocorre algum dano tecidual. A expressdo desses receptores esta
diretamente envolvida na transducéo de sinais bioquimicos que levam a ativacdo de
genes envolvidos na producédo de citocinas, de 6xido nitrico e de outros parametros
envolvidos nos processos inflamatérios. O TLR4 pode desencadear a resposta
imune inata através da sinalizacdo da proteina quinase ativada por mitdgenos e da
via de sinalizacdo NF-kB, levando a ativacdo de citocinas pro-inflamatorias
principalmente o TNF-a e as interleucinas IL-1p e IL-6 (Elia et al., 2015, Han e Li,

2018).

2.6.2 Citocinas

O fator de necrose tumoral a (TNF-a) esta entre as principais citocinas
envolvidas nos processos inflamatérios e possui alguns efeitos biol6égicos como a
ativacdo de macréfagos e neutrofilos e aumento das moléculas de adesao
envolvidas com o rolamento dos leucocitos, diferenciacdo celular e apoptose

(Aggarwal, 2003). O TNF-a é induzido por uma série de estimulos que incluem
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microrganismos, mediadores lipidicos, células tumorais e citocinas. O seu papel pro-
inflamatorio estd associado a inducao/producdo de interleucinas (IL) e expresséo de
moléculas de adeséo, assim como na ativacao de fatores apoptoticos e regulacédo do
sistema imune durante a inflamagéo aguda e crbnica (Hu et al., 2007, Hartmann,
2017).

A IL-1 é encontrada nas formas alfa (IL-1a) e beta (IL-1B) e desempenha uma
funcao central na regulacdo das respostas imunes e processos inflamatorios. A IL-113
promove a migracdo de leucdcitos para locais de lesédo ou infeccéo e sua producao
normalmente é realizada por mondcitos e macréfagos. A sua inducdo e consequente
producdo pode levar ao aumento da expressao de moléculas de adesao endotelial e
estimulacdo da producédo de interleucina-6 (IL-6), juntamente com o TNF-a (Ren e
Torres, 2009; Rock et al., 2010, Hartmann, 2017).

A IL-6 é uma citocina que desempenha um papel importante na homeostase
do sistema imunolégico e também no equilibrio de vias pré e anti-inflamatérias em
respostas ao estresse. A IL-6 pode ser produzida por diferentes células como
monaocitos, macrofagos e endoteliais e sua sintese e secrecdo pode ser induzida
durante diferentes condi¢@es inflamatérias pela ativacao dos receptores toll-like, LPS
e pelo TNF-a. Essa citocina também tem sido considerada como marcador de
quadros graves de inflamacdo em situacbes de trauma gastrointestinal (Ershler e
Keller, 2000; Cerqueira et al., 2005; Grootjans et al., 2015, Hartmann, 2017).

A IL-10 é uma citocina anti-inflamatéria produzida pelos leucdcitos e por
células ndo hematopoiéticas. Essa citocina desenvolve um papel regulatorio
controlando a producéo de citocinas pré-inflamatérias como a IL-1, IL-6 e o TNF-a.
Dessa forma, ela exerce fungdes chave na manutencdo da homeostase do sistema
imune e protege o organismo contra inflamacéo excessiva. A IL-10 exerce seus
efeitos bloqueando os sinais dependentes de NF-«B inibindo a producdo de

citocinas pro-inflamatérias (Oliveira, 2017).

2.6.3 Fator de transcricdo nuclear Kappa B

O fator de transcricdo nuclear Kappa B (NF-kB) € um regulador génico envolvido
na maioria das respostas inflamatorias. Estas respostas fazem parte das reacfes a

infeccdo ou a lesdo e ajudam a proteger as células desses estresses (Dias et al.,
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2005). O NF-kB pode ser ativado por uma variedade de sinais resultantes de
fisiopatologia inflamatéria. Esses estimulos podem ser intracelulares e/ou

extracelulares, como: produtos bacterianos, virus e componentes virais,

protozoarios, citocinas e RL (Zingarelli et al., 2003; Fillmann et al., 2007).

Dessa forma, o NF-«xB regula a expressado de agentes envolvidos em um
grande numero de processos celulares, aumentando a taxa de transcricdo de genes.
A ativagcdo do complexo NF-kxB, na presenca de injdria, contribui com maior
expressao génica dos mediadores proé-inflamatérios (citocinas, enzimas, receptores
imunologicos e moléculas de adeséo) além de iniciar a transcricdo de citocinas como

TNF-aq, IL-1b, IL-2 e IL-6 (Figura 8) (Zingarelli et al., 2003; Kwak et al., 2010).
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Figura 9. Via classica de ativacdo do NF-kB. Fonte: adaptado de Zingarelli et al., 2003.

2.7 Proteinas de choque térmico

Alteracdes funcionais e estruturais sdo reacfes biologicas observadas apos

evento estressante. A resposta do organismo ird depender tanto da intensidade
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como da duragdo do estimulo estressor, ou seja, muitas vezes essa resposta €
insuficiente para combater os danos sofridos, precisando de mecanismos de
protecdo ativados durante o estresse (Ritossa, 1962; Rodrigues, 2014). A familia das
proteinas de choque térmico (HSP do Inglés: Heat Shock Proteins) é considerada
um grupo de moléculas altamente conservadas, presentes em diferentes espécies e
tem como principal fungcdo promover o enovelamento correto de outras proteinas. As
HSP séo classificadas de acordo com seu peso molecular e sédo divididas em ATP-
dependentes como as HSP100, HSP90, HSP70, HSP60 e as ATP-independentes
que incluem as HSP27 e HSP10. Tais proteinas, em condi¢des fisiol6gicas, estdo
localizadas em locais distintos dentro da célula, como citoplasma, mitocondria, RE e
ndcleo (Bozaykut et al., 2014; Jee, 2016; Hartmann, 2017).

Embora as HSPs tenham recebido essa denominacéo por serem sintetizadas
em condi¢Bes de temperaturas acima de valor limiar, sdo proteinas expressas tanto
em células eucariontes como procariontes em condi¢cdes normais, e sua sintese é
intensamente aumentada quando s&o expostas a varios estimulos nocivos, incluindo
exercicios fisicos, formacédo de ERO, infecc¢des virais ou bacterianas, acumulacéo de
metais pesados ou etanol, isquemia, inibidores da ciclo-oxigenase, entre outros
igualmente eficazes (Ritossa, 1962; Locke et al., 1995; Neuer et al., 2000;
Rodrigues, 2014).

As HSPs estdo localizadas na mitocéndria, no citoplasma, na superficie
celular ou soro, porém, sdo predominantemente proteinas intracelulares e sé&o
conhecidas como chaperonas por possuirem importante funcdo em adaptacdo ao
estresse e protecdo celular, atuando principalmente na sintese e degradacéo
proteica, além de regular processos celulares fundamentais, tais como formacéo,
segregacao, degradacdo e conformacdo de proteinas, e ressolubilizacdo de
agregados proteicos (Bozaykut et al., 2014; Rodrigues, 2014; Jee, 2016; Hartmann,
2017).

A classificacdo das HSPs depende do peso molecular e apresentam
localizacéo e funcéo especifica nas células. As familias mais referenciadas séo as
HSP27, HSP60, HSP70 e HSP90 kDa (Bozaykut et al., 2014).

O fator de transcricdo de choque térmico 1 (HSF1) é essencial na modulacao
da expressao de HSP. Sob condi¢bes ndo estressadas, o HSF1 encontra-se inativo

no citoplasma associado com as HSPs (HSP90, HSP70) que se ligam ao HSF1
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bloqueando sua atividade transcricional. Em resposta ao estresse, seja ambiental,
como altas temperaturas, toxicidade de metais, ERO, analogos de aminoacidos,
toxinas ou reacOes fisiopatoldgicas, como hipoxia ou isquemia, hipertrofia,
envelhecimento, apoptose, inflamacdo, ou infeccdo bacteriana e outras lesdes
teciduais, as HSP dissociam-se do complexo que ativa o HSF1. Apés a translocacdo
nuclear, o HSF1 liga-se a sequéncias especificas no DNA, denominadas de
elementos de choque térmico (HSE) para ativar a transcricdo dos genes HSP, a fim
de promover protecdo celular para manter a homeostase e consequente
sobrevivéncia da célula (Figura 9) (Bozaykut et al., 2014; Hartmann, 2017;
Chatterjee e Burns, 2017).

Protecao
celular

Citoplasma

Figura 10. Ativacéo de proteinas de choque térmico. Fonte: adaptado de Chatterjee e Burns, 2017.

2.8 Estresse de reticulo endoplasmatico

O RE é a organela celular responsavel pela sintese, dobramento e

modificacdo de peptideos e proteinas, ou seja, é essencial para fungcdo e
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sobrevivéncia celular. Perturbagbes no metabolismo celular podem prejudicar a
sintese proteica, causando o acumulo de proteinas mal dobradas, o que caracteriza
o estresse do RE e induz ativacdo da via de sinalizagédo intracelular denominada
UPR (do inglés Unfolded Protein Response) (Schroder, 2008; Braakman e Hebert,
2013).

A UPR é mediada a partir da ativacao de trés proteinas transmembranas do
RE, conhecidas como inositol-requiring enzyme-1 (IRE-1), PKR-like ER-regulated
kinase (PERK) e o activating transcription factor 6 (ATF6) e pela chaperona glucose-
regulated protein 78 kDa (GRP78). Em condi¢cdes normais, a GRP78 (ou BiP), se
liga ao dominio amino-terminal de IRE1 e PERK e ao dominio carboxi-terminal do
ATF6, mantendo-os inativos (Doroudgar et al., 2009; Braakman e Hebert, 2013).

Durante a ativacdo da via da UPR, a GRP78 se dissocia das proteinas do RE,
pois possui maior afinidade por proteinas ndo dobradas localizadas no lumen do RE,
permitindo que a IRE1 e PERK fiqguem livres para serem ativadas. A dissociagéo da
GRP78 com o ATF6 libera este para o complexo de Golgi onde sofre clivagem
proteolitica. O fragmento gerado migra até o nucleo e induz a expressao de varios
genes da via UPR como as proteinas GRP78 e CHOP (C/EBP homologous protein)
que pode ativar a apoptose caso a célula seja exposta a um estresse crénico do RE
(Figura 10) (Rosa, 2011; Basha et al., 2012).
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A inibicdo do estresse de RE tem um papel importante na sobrevida da IHAG
relatado em modelos animais. Rao e colaboradores (2015) demonstraram que o
aumento da CHOP promove dano no figado de ratos com insuficiéncia hepatica.
Tufidbn e colaboradores (2013) demonstraram que 0 estresse de RE estava
aumentado na insuficiéncia hepatica fulminante induzida pelo virus da doenca
hemorragica do coelho. Em outro estudo experimental, foi sugerido que existe uma
ligacdo potencial entre estresse ER e o fator de crescimento de hepatécitos (HGF)
na regeneracao hepética da insuficiéncia hepatica aguda em ratos, onde foi relatado
que a producdo de HGF pode ser afetada pelo estresse de ER e a supressao do
estresse de ER alivia a insuficiéncia hepatica aguda mantendo a expressao de HGF
(Liu et al., 2017).

2.9 Mediadores de vias de sinalizacao
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A fim de manter o equilibrio entre o processamento e o carregamento de
proteinas ocorre a ativacdo de vias de sinalizacdo que sdo fundamentais para a
sobrevivéncia da célula. A proteina quinase serina / treonina (Akt) € um alvo da
fosfatidilinositol 3-quinase (PI13K), que funciona como uma molécula de sinalizacéo

para muitos genes alvo e um regulador preciso do ciclo celular (Kuanga et al., 2018).

A via de sinalizacdo PI3K/AKt é essencial na regulacdo do crescimento e
proliferacdo celular, absorcdo de glicose e sobrevivéncia celular através de varios
mecanismos. A PI3K promove uma cascata de sinalizacdo que ativam moléculas
relacionadas a sobrevivéncia celular e a Akt responde a mudltiplos estimulos na
célula (Li et al. 2017).

As proteinas da classe forkhead O (FOXO) formam uma familia de fatores de
transcricéo, incluindo FOXO3a, que sao fosforilados e regulados pela Akt, resultando
em uma ampla gama de processos bioldgicos. Uma maneira pela qual Akt promove
proliferacdo e sobrevivéncia celular é via FoxO3a, resultando no seu sequestro no
citoplasma de genes envolvidos em diversos mecanismos de acao dentro da célula
(Figura 11) (Fluteau et al. 2015; Kuanga et al., 2018).

Diversos estudos tém demonstrado que o crescimento e a sobrevivéncia celular
estédo relacionados com a ativagao da via PI3K / Akt / FoxO3a (Skarra e Thackray,
2015; Park et al., 2016; You et al., 2016; Kuanga et al., 2018).

Dessa forma, essas vias de sinalizacdo sao importantes reguladores de sinais

de sobrevivéncia ou morte celular (Li et al. 2017).



Figura 12. Mediadores de vias de sinalizacdo. Fonte: Adaptado de Kim e Webb, 2017.

2.10 Mecanismos de morte celular na IHAG
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A IHAG ocorre quando a morte celular excede a capacidade de regeneracgéo

hepatica como resultado de danos avassaladores em consequéncia de eventos

especificos de sinalizagéo.

Em organismos multicelulares, a morte celular € um processo critico e ativo

gue mantém a homeostase dos tecidos e elimina as células potencialmente nocivas.

Em geral, existem trés tipos de morte celular, definidos em grande parte pelo

aparecimento da célula em colapso: apoptose (também conhecida como morte

celular tipo 1), morte celular autofagica (tipo 1l) e necrose (tipo Ill) (Figura 12) que

podem ser executados através de vias de sinalizagdo distintas, e as vezes

sobrepostas, envolvidas em resposta a estimulos especificos (Galluzzi et al., 2007;
Parzych e Klionsky, 2014; Green e Llambi, 2015).
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2.10.1 Apoptose

A apoptose representa uma morte celular programada, dependente de ATP, e
leva a reabsorcdo do citoplasma e ndcleo, minimizando a resposta inflamatéria.
Pode ainda ser definida como morte celular acompanhada pela ativacdo de
proteases de caspases. Duas vias principais de sinalizagdo desencadeiam a morte
celular apoptética: a via mitocondrial (intrinseca) e a via do receptor de morte
(extrinseca) que envolve uma interacdo classica entre ligante e superficie celular. A
via mitocondrial da apoptose, € desencadeada pela perda da integridade da
membrana externa mitocondrial, que permite a liberacdo de fatores pr6-apoptoticos
da mitocbndria para o citosol. Este processo é controlado pela familia de proteinas

Bax/Bcl2 (Green e Llambi, 2015; Galluzzi et al. 2012).

As Bax (Proteina X associada a bcl-2) sdo proteina efetoras pré-apoptoticas
que contribuem para a liberacéo do citocromo C mitocondrial intermembranar. Essas

proteinas geralmente séo inativas em condi¢des normais, mas sdo ativadas em
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resposta a eventos de estresse celular. A Bcl2 (Linfomas de células B2) séo
proteinas anti-apoptoticas, que se ligam e inibem as proteinas Bax. Dessa forma, o
complexo de proteinas Bax/Bcl2 integra sinais pro e anti-apoptéticos em células
saudaveis e estressadas e, portanto, constitui um dos principais nos de sinalizacéo

na deciséo de vida ou morte celular (Green e Llambi, 2015).

A apoptose envolve a ativacdo de caspases, que orquestram todas as
alteracdes morfologicas que caracterizam essa forma de morte celular. As caspases
executoras, como a caspase 3, leva na maioria dos casos, a fase final da apoptose
(Figura 13), que se caracteriza por condensacéo da cromatina, degradacao do DNA,
diminuicdo do volume citoplasmatico, formacdo de vesiculas na superficie e
exposicao da fosfatidilserina ha membrana plasmatica (Glesse, 2011; Lamkanfi e
Dixit, 2014; Green e Llambi, 2015).
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2.10.2 Autofagia

Autofagia é um processo celular fisiolégico para degradacéo e reciclagem de
componentes do citosol e organelas celulares danificadas, para manutencdo da
homeostase celular em condi¢cdes adversas como privacdo de nutrientes, presenca
de patégenos e toxinas. Porém, quando o processo ultrapassa um determinado
limiar pode levar ao processo de morte autofagica ou morte celular programada tipo
. Em células de mamiferos, existem trés tipos principais de autofagia:
microautofagia, macroautofagia e autofagia mediada por chaperonas. Embora cada
um seja morfologicamente distinto, todos os trés culminam na entrega de carga ao
lisossomo para degradacdo e reciclagem. Dos trés tipos, a macroautofagia (aqui
denominada apenas autofagia) € a melhor estudada (Galluzzi et al., 2007; Vallejo et
al., 2014, Parzych e Klionsky, 2014).

Esse processo catabdlico envolvendo autodegradacdo de componentes
celulares ocorre por meio da via lisossomal que atua como mecanismo de
sobrevivéncia e pode participar na resposta do hospedeiro a infecgcdo. O processo
autofagico participa no estresse oxidativo e na remocéo de proteinas e organelas
danificadas pelo processo oxidativo. Desempenha um papel multifuncional na defesa
do organismo, removendo patdgenos e modulando respostas imunes inata e
adaptativa. O mecanismo comeca com o0 engolfamento de quantidades em massa
de citoplasma por vesiculas de dupla membrana, denominada autofagossomos, que
se fundem com os lisossomos, formando um autolisossomo em gue o constituinte é
subsequentemente degradado (Figura 14) (Vallejo et al., 2014; Galluzzi et al., 2015;
Cicchini).
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A nivel molecular esse processo é rigorosamente regulado. O melhor
repressor caracterizado de respostas autofagicas é a proteina alvo de rapamicina
em mamiferos (MTOR). A formacédo e maturacdo do autofagossomo € regulada pela
funcdo sequencial de mdltiplas proteinas e genes relacionadas a autofagia (ATG)
que recrutam e ativam o complexo de iniciagdo composto por Beclin-1 (coiled-coll,
moesin-like BCL2 interacting protein). O alongamento e fechamento definitivo do

7

autofagossomo é regulado por dois sistemas distintos, mas complementares de
conjugacao da proteina semelhante a ubiquitina: as vias de conjugacao ATG5-12 e
LC3 (Parzych e Klionsky, 2014). As proteinas marcadoras de autofagia LC3-I
(proteina associada a microtabulos de cadeia leve 3 - 1), sofre uma clivagem C-
terminal quando um sinal pro-autofagico € percebido pela célula, sendo convertida,

assim, a forma Il (LC3-ll). Esta, sofre modificacbes e passa a se localizar
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especificamente na membrana de autofagossomos (Figura 15) (Galluzzi et al., 2007;
Cicchini et al., 2015).

Stress signals Growth signals

AMPK [E——Smar™ = (MTORC1 | +——— | PI3K-AKT

-

ULK complex -|-

Rapalogs

VPS34 complex (e.g., AZD8055) Bafilomycin A,

\/ CQ, HCQ

Autophagosome Autophagosome

LY294002,
wortmannin,
3-MA, spautin-1

E1 E2

&

Figura 16. Processo autofagico. Fonte: adaptada de Cicchini et al., 2015.

o 2ok,

© N
‘—

Cleavage Nutrients and

metabolites

E1

A formacdo do autofagossomo desempenha um importante papel na
proliferacdo celular, na formacédo do estresse oxidativo e na auto-degradacédo de
agregados proteicos. A interacdo entre a autofagia e morte celular programada é
complexa, dados recentes sugerem a existéncia de uma relacdo cruzada entre vias

autofagicas e apoptéticas (Galluzzi et al., 2012; Cicchini et al., 2015).

2.10.3 Necrose

O termo "necrose" deriva da palavra grega "nekros", que significa "corpo
morto”. Tradicionalmente, a necrose tem sido usada para se referir a areas
localizadas de tecido morto sem se referir a um mecanismo especifico pelo qual
ocorreu a morte celular. No entanto, o termo também descreve um modo de morte
celular independente de caspase que pode ser observado sob condi¢cdes de
isquemia, hipdxia, neoplasia, infeccdo microbiana, inflamacgéo e exposicao a toxinas
(Lamkanfi e Dixit, 2014).
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A necrose envolve a deplecédo de ATP, que resulta em tumescéncia celular,
associada a pequenas protrusées da membrana celular designadas vesiculas, que
resultam da perda do controle do volume celular e de perturbacbes do citoesqueleto.
Posteriormente, ocorre a despolarizacdo mitocondrial, ruptura dos lisossomos, fluxo
ibnico bidirecional, aceleracdo da formacgédo de vesiculas e da tumescéncia celular,
que culmina com a ruptura da membrana plasmatica, quebra dos gradientes
elétricos e osmoticos membranares, liberacdo de enzimas citoplasméaticas e
intermediarios metabdlicos (desidrogenase lactica, alanina aminotransferase,
aspartato aminotransferase e ferritina) e resposta inflamatéria secundaria.
Consequentemente, a necrose € considerada um modo de morte celular
inerentemente pro-inflamatoério e patologico que resulta em extenso dano tecidual
(Pobezinskaya et al., 2008; Lamkanfi e Dixit, 2014).

A necrose tem sido considerada como um modo de morte celular
exclusivamente acidental que nao envolve sinalizacdo celular. No entanto, a
evidéncia acumulada indica uma base programada para necrose. Por exemplo,
guando a ligacdo do receptor de morte falha em ativar as caspases para induzir a
apoptose, a montagem do disco e a sinalizacéo intracelular podem resultar em morte
celular necrética. Acredita-se que a ativacdo de substratos de quinase ainda nao
identificados induza necrose por meio do aumento da producéo de ERO, ativacdo da
calpaina, desestabilizacdo lisossomal e liberacdo de catepsina (Figura 16)
(Vandenabeele et al., 2006; Pobezinskaya et al., 2008; Lamkanfi e Dixit, 2014).
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Figura 17. Vias de sinalizacéo celular proposta para necrose. Fonte: Lamkanfi e Dixit, 2014.

2.11 Modelos experimentais de IHAG

A pesquisa em modelos experimentais de IHAG tem uma funcao
extremamente importante para o estudo da fisiopatogenia da doenca. A eficacia dos
modelos experimentais de insuficiéncia hepética pode auxiliar na avaliacdo de
diversos aspectos e marcadores moleculares, bem como o uso eficaz de drogas
indutoras da doenca (Terblanche e Hickman, 1991; Rodrigues, 2008; David et al.,
2011; Schemitt et al., 2016; Miguel et al., 2016; Salvi et al., 2017).

Os modelos animais de IHAG sé&o classificados em modelos cirdrgicos,
modelos quimicos e a combinagao entre cirirgico e quimico. Os modelos quimicos
(drogas hepatotoxicas) sdo amplamente utilizados no desenvolvimento de IHAG
experimental. As drogas mais comumente utilizadas s&o galactasamina, tetracloreto

de carbono, paracetamol, tioacetamida, entre outras (Rodrigues, 2008).
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Os critérios que um modelo experimental para o desenvolvimento da IHAG
deve satisfazer, foram sugeridos em um estudo classico, onde avaliou-se as
exigéncias de um modelo animal ideal. Os autores sugeriram: reversibilidade,
reprodutibilidade, morte decorrente da faléncia hepatica, janela terapéutica,
utilizacdo de animais que possibilitem a utilizacdo de terapias aplicaveis ao ser
humano e a droga utilizada deve apresentar riscos minimos para 0 pessoal

envolvido no experimento (Terblanche e Hickman, 1991).

2.12 Xenobidticos

Os seres vivos estdo continuamente expostos a um grande numero de
compostos quimicos naturais e/ou ndo naturais, potencialmente téxicos tanto de
origem enddégena como exdgena e estdo dotados de sistemas enzimaticos que
facilitam a eliminacdo destas substancias Estes compostos sdo denominados
xenobidticos e podem interagir de maneira deletéria ao organismo. (Matos, 1999;
Lima, 2008).

O metabolismo dos xenobidticos desenvolveu-se como uma forma de
protecdo contra as toxinas. A maioria dos farmacos e outros xenobi6ticos s&o
metabolizados e transformados total ou parcialmente em outras substancias. As
enzimas encarregadas de realizar estas transformacdes se encontram
principalmente no figado. Essas enzimas sao as mono-oxigenases de funcdo mista,

o citocromo C redutase e o citocromo P-450 (Matos, 1999; Wang et al., 2000).

As enzimas do citocromo P-450 sdo os catalisadores mais importantes
envolvidos na biotransformacdo de xenobidticos tais como farmacos, pesticidas,
hepatocarcind6genos e produtos naturais. O citocromo P-450 também intervém no
metabolismo oxidativo de substéncias endbégenas como esteroides, vitaminas

lipossoluveis, acidos biliares, entre outros (Matos, 1999).

A detoxificagdo enzimatica de xenobidticos pode ser classificada em duas
fases distintas: reagdes de fase | e de fase Il (Figura 17). As enzimas de fase |, ou
enzimas de ativacao, representadas pela superfamilia do citocromo P450,
convertem o Xxenobibtico, tornando-o mais eletrofilico que pode resultar em:

inativagdo; conversao de um produto inativo ou outro ativo; conversao de um
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produto ativo em outro também ativo cuja atividade terapéutica pode ser similar ou
distinta ao farmaco original; conversdo de um produto ativo em outro igualmente
ativo, porém resultando em atividade toxica. JA as enzimas de fase Il, ou de
detoxificacdo, normalmente atuam com a conjugacdo dos metabdlitos com um
substrato endégeno mediante a acdo de enzimas transferases (Matos, 1999; Lima,
2008).

Essa fase do metabolismo de xenobidticos compreende um importante passo para a
eliminacdo do xenobidtico do meio celular, podendo em alguns casos envolver a
participacdo de transportadores. E o caso, por exemplo, dos transportadores dos
conjugados de glutationa/xenobidticos. A seguir, estes metabdlitos sao
transportados para o exterior da célula e entdo excretados, impedindo seu acumulo
e, consequentemente, o surgimento de danos nas biomembranas e no material

genético. (Lima, 2008; Glesse, 2011).

FASE | FASE I Mafandlito
Metabdlito conjugado
bisti —»| Oxidagdo .
Xenobiotico . Reducdo — ' — Conjugacdo —
Hidrélise
P <
excrecao

Figura 18. Vias de biotransformacao de xenobiéticos. Fonte: Glesse, 2011.

Quando os produtos formados na fase | n&do sofrem inativagdo ou sao
metabolizados em substancias mais reativas pelas enzimas da fase Il, estes
intermediarios reativos podem se ligar covalentemente a macromoléculas e causar
diversas formas de dano ao organismo, pois poderdo agir como agentes
mutagénicos e/ou carcinogénicos (Fedets, 2014; David et al., 2014). Os substratos
(eletrofilicos) mais comuns das glutationa transferases incluem: haletos de alquila,

compostos a, B-insaturados (como quinonas, iminoquinonas, aldeidos, cetonas,
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lactonas e ésteres), haletos de arila, nitro aromaticos, dimetilnitrosamina e
tioacetamida (Losi-Guembarovski; 2001; Huber, 2008).

2.12.1 Tioacetamida

A tioacetamida (TAA), C,HsNS, € um composto organo-sulfuroso obtido a
partir da reagdo de acetamida com pentassulfeto de fésforo. E uma substancia
solida, cristalina, incolor e hidrossoluvel. A TAA é fonte de 4cido sulfidrico na sintese
de compostos organicos e inorganicos, utilizada nas indastrias de couro, papel e
téxtil. E empregada como acelerador na vulcanizag&o de borracha e estabilizador de
combustiveis (Wang et al., 2000; Lima, 2008). Outro uso conhecido da TAA era
como fungicida nas lavouras de citricos, no entanto, estudos demonstraram seus
efeitos hepatotoxicos, cuja administracdo cronica levava a cirrose e a carcinoma
hepatocelular (Lima, 2008; David et al., 2011).

A TAA requer ativacdo metabdlica para que seu efeito seja toxico. Essa
bioativacdo ocorre através do complexo microssomal citocromo P-450 formado por
diversas enzimas, dentre as quais a CYP2ELl parece ser a mais implicada no
metabolismo da TAA (Yogalakshmi et al., 2010; Hames, 2011). Ap6s a
administracdo, a TAA € rapidamente convertida em acetamida e tioacetamida-S-
oxido (TASO) que é metabolizada, posteriormente, a tioacetamida-S-dioxido

(TASO,). O efeito citotdxico da droga € atribuido ao ultimo metabolito, um composto

instavel, altamente reativo, que se liga covalentemente a macromoléculas das
células do figado (Figura 18) (Lima, 2008; Hames, 2011). Este composto é
responsavel por causar o dano hepdtico induzido pela TAA uma vez que é capaz de
formar ERO e necrose (Porter e Neal, 1978; Chilakapati et al., 2005; David et al.,
2011; Schemitt et al., 2016; Miguel et al., 2016; Salvi et al., 2017).
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Figura 19. Metabolismo da tioacetamida que leva a leséo tecidual. Fonte: adaptado de Porter e Neal,
1978.

2.13 Antioxidantes

O desequilibrio no estado redox tem efeito potencialmente deletério sobre a
biologia celular. Por isso, existem varios mecanismos antioxidantes envolvidos na
protecdo das células e dos organismos por um eventual dano causado por
quantidades excessivas dos mediadores altamente reativos (Halliwell, 2013).
Antioxidante (AOX) é qualquer substancia que, quando presente em baixas
concentracbes, comparadas as de um substrato oxidavel, retarda ou inibe
significativamente a oxidacdo deste substrato enzimatico ou ndo enzimatico (Sies,
1991).



57

As ERO produzidas pelo metabolismo celular sGdo mantidas em baixas
concentragcbes intracelulares pela acdo do sistema de defesa antioxidante
enzimatico que inclui as enzimas: superoxido dismutase (SOD), enzima inativadora
do anion superoéxido, glutationa peroxidase (GPx), que € inativadora dos peroxidos
lipidicos e do peroxido de hidrogénio e catalase (CAT), também inativadora do
peroxido de hidrogénio. Estas enzimas trabalham com intensa cooperacéo entre si

(Figura 19). A SOD é considerada a primeira linha de defesa contra as ERO

(Halliwell, 2012).
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Figura 19. A¢Bes das enzimas do sistema de defesa antioxidante. Fonte: adaptado de Halliwell, 1990.

As células apresentam ainda outras enzimas importantes para a acgao
antioxidante, como a familia das enzimas detoxificadoras denominadas glutationas
S-transferases (GSTs). As GSTs demonstram uma capacidade peroxidase contra os
hidroperoxidos organicos e também estdo associadas a biotransformacdo de
herbicidas, inseticidas e xenobioticos. Estas enzimas catalisam a reacdo de
conjugagao da glutationa em sua forma reduzida (GSH) a estes compostos,
aumentando a sua solubilidade e, assim, facilitando a sua excrecdo (Figura 20)

(Losi-Guembarovski, 2001; Fedets, 2014).
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Figura 20. Conjugagéo de GSH com um xenobidtico genérico. Fonte: adaptado de Fedets, 2014

Dessa forma o sistema de defesa primario constitui-se por substancias que
impedem a geracao de ERO, ou sequestram-nas de forma a impedir sua interacao

com alvos celulares (Macéo, 2006).

Ja o sistema antioxidante ndo enzimatico inclui compostos sintetizados pelo
organismo humano como bilirrubina, ceruloplasmina, hormonios sexuais,
melatonina, coenzima Q, acido Urico, e outros, ingeridos através da dieta regular ou
via suplementacdo como acido ascérbico (vitamina C), a-tocoferol (vitamina E), B-
caroteno (precursor de vitamina A) e grupos fenois de plantas (flavonoides), além da

glutationa e da glutamina (Halliwell, 2013).

2.14 Glutamina
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A glutamina (GIn) (C5H10N203) (Figura 21) é um L-a-amino&cido, com peso
molecular de aproximadamente 146, kDa e pode ser sintetizada por todos os tecidos
do organismo. E o aminoécido livre mais abundante no organismo, tornando-se um
importante combustivel e precursor metabdlico para as células imunes. Em
humanos, representa cerca de 20% do total de aminoéacidos livres no plasma.
Fazem parte de sua composi¢cdo quimica: carbono (41,09%), oxigénio (32,84%),
nitrogénio (19,17%) e hidrogénio (6,90%). A GIn é classificada de acordo com seu
grupamento R como nado carregada, mas € polar, o que significa uma caracteristica
mais hidrofilica, sendo facilmente hidrolisada por acidos ou bases (Boza et al., 2000;
Curi et al., 2005; Cruzat et al., 2009; Lin et al., 2014; Soares et al., 2014).

NH,

cy |
CH 2 C
e / AN
- \cle \CHZ e 6
NH,

Figura 21. Estrutura quimica
da molécula de glutamina. Fonte: adaptado de Curi et al., 2005.

O

N&o era considerada um aminoacido essencial porque é sintetizada pelo
organismo. Contudo em algumas condi¢bes como trauma, septicemia e cancer e,
eventualmente, no esforgo fisico extremo, a concentracao intracelular e do plasma
desse aminoacido diminui em até 50%. Assim, quando a demanda é maior que a
producdo se estabelece um quadro de deficiéncia de GIn e, por esta razdo, este
aminodcido foi recentemente reclassificado como essencial (Curi et al., 2005; Cruzat
et al., 2009; Lin et al., 2014).

A GIn atua como substrato energético para a maioria das células e também é
um importante precursor para nucleotideos, glutamato e, em particular, para a
sintese de glutationa. Esta presente em diferentes tecidos, em que este aminoacido

desempenha diferentes fungdes fisiologicas. (Curi et al., 2005; Huber, 2008).
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O sistema da glutationa € um dos maiores mecanismos de reducdo do
estresse oxidativo. A GIn fornece a fonte de glutamato para este sistema em muitos
sitios, como figado e musculo esquelético, e tem sido utilizada para preservar 0s
niveis de glutationa total em modelos hepéticos e intestinais (Prem et al., 1999;
Soares et al., 2014).

A GIn tem multiplos efeitos na estrutura e funcdo do trato gastrointestinal
(TGI), além de efeitos na reducéo da morbidade e mortalidade em modelos animais
com dano neste local. O TGl é um dos maiores sitios de utilizacdo da glutamina,
obtida a partir da circulagdo sistémica, sendo consumida em mais da metade do
territério esplancnico (aproximadamente 15g/dia). A GIn ingerida pela dieta
(aproximadamente 5g/dia) € menos importante que a circulante, especialmente em
condicBes de doenca, associadas com reducdo substancial na ingesta de alimento
(2005; Lin et al., 2014; Zuhl et al., 2015).

Em situagbes com hipercatabolismo, ou seja, cirurgias, ferimentos,
gueimaduras, ocorre uma deficiéncia intracelular de GIn, com uma aceleracdo
muscular, e fluxo de glutamina no pulméo e dano epitelial no intestino (Boza et al.,
2000; Zuhl et al., 2015).

A GIn pode influenciar uma variedade de fungbes e vias de sinalizacao
celular. A modulacdo da expressao de genes relacionados com a sintese e
degradacédo de proteinas, a proliferacéo celular e a ativacdo de vias envolvidas com
a apoptose celular estdo entre os papéis exercidos pela Gln mais estudados (Curi et
al., 2005; Cruzat et al., 2009; Medras et al., 2018).

Sabe-se que a GIn modula a ativacdo de proteinas de estresse ou choque
térmico que estdo relacionadas com a resposta antiapoptética celular. A ativacéo
dessas proteinas corresponde a uma das principais vias de sinalizacdo que
contribuem para o aumento da capacidade da célula de sobreviver a alteragdes na
sua homeostasia em decorréncia da exposicdo a agentes estressores, como
radiacdo ultravioleta (UV), calor, agentes infecciosos e ERO (Gabai e Sherman,
2002; Cruzat et al., 2009; Zuhl et al., 2015).

A GIn é capaz de diminuir o estresse oxidativo e reduzir a liberagcdo de
citocinas inflamatorias. Diversos estudos tém demonstrado que a glutamina é capaz

de proteger em situacfes de isquemia-reperfusdo hepética, isquemia-reperfusdo
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intestinal, lesdo hepética induzida por élcool, diabetes, colite ulcerativa, insuficiéncia
hepética e nas alteracbes decorrentes da hipertensdo portal (Fillmann, 2007,
Kretzmann et al., 2008; Sozen et al., 2012; Marques et al., 2013; Lin et al., 2014,
Schemitt et al., 2016; Hartmann et al., 2017; Zabot et al., 2017; Medras et al., 2018).



3 MARCO CONCEITUAL

Diversos estudos indicam que o0 estresse oxidativo esta intimamente
relacionado a leséo celular hepatica decorrente da IHAG visto que a lipoperoxidacao
exerce um papel importante na fisiopatogenia da doenca. O desequilibrio no balanco
redox decorrente da producdo de ERO potencializa o dano hepatico por promover o

processo inflamatorio e o processo de morte hepatocelular.

Neste trabalho, abordamos as questdes envolvidas no processo oxidativo e
inflamatoério decorrentes do modelo de IHAG induzida por tioacetamida, bem como
avaliamos as proteinas de choque térmico, o estresse de reticulo endoplasmatico,
as vias de apoptose, autofagia e necrose, avaliando os efeitos da glutamina neste

modelo experimental (Figura 22).



63

Processo

Estresse Oxidativo === Inflamatério

Lipoperoxidagao, Integridade TNF-a, TLR4, NF-«B,
Danos as proteinas Hepatica INOS, Oxido nitrico,

COX2, Interleucinas
/ AST, ALT, FA :

GST Pi3k, Akt, FOXO3a

Vias de Sinalizagéo

Dano Celular Estresse de RE

Nri2, Keap 1.1 | isF1 Hsp27 ATF-6, GRP7S,
NQO1, SOD. ’ ol
HSP70, HSPYO CHOP

CAT, GPx, GSH

Autofagia

Apoptose

Bax, Becl2, | HE mTOR, Beclin1,
Caspase 3 LC3a/B

Morte

Transplante
Hepatico

Estratégia
Terapéutica

= GLUTAMINA

? —"\/\/\F“—

Figura 22. Marco conceitual esquematico do estudo. Fonte: autora.



4 JUSTIFICATIVA

A IHAG é uma sindrome clinica de alta letalidade, sendo o transplante

hepatico um dos Unicos tratamentos efetivos.

Em algumas situacfes de etiologia especifica, intoxicagdo pelo paracetamol,
a medicacdo N-acetilcesteina, usado precocemente, pode curar.

O uso de drogas hepatotoxicas, como a TAA, que desenvolvam a sindrome
de IHAG é importante para o conhecimento das rotas fisiopatogénicas e
fisiopatologicas envolvidas na sindrome, além de permitir o conhecimento e eventual

acédo de substancias eficazes com finalidade terapéutica.

O uso da Glutamina foi baseado em investigacdes prévias do grupo de
pesquisa. A glutamina € utilizada por seus efeitos antioxidantes e anti-inflamatérios
em diversos modelos experimentais, incluindo colite ulcerativa induzida por acido
aceético, gastropatia da hipertensdo portal induzida por ligadura de veia porta,
isquemia e reperfusédo intestinal, entre outros, por esse motivo, avaliamos a acdo da

glutamina no modelo experimental de insuficiéncia hepatica aguda grave.

Esta pesquisa, envolvendo a insuficiéncia hepéatica aguda grave induzida por

tioacetamida verifica a acdo de glutamina como possivel terapéutica.



5 OBJETIVOS

5.1 Objetivo Geral

Avaliar o efeito da glutamina sobre os marcadores de estresse oxidativo e de
reticulo e morte celular no figado de ratos wistar com IHAG, induzida por
tioacetamida, na tentativa de elucidar a acdo da glutamina nesse modelo

experimental.

5.2 Objetivos Especificos

5.2.1 Objetivos especificos do Artigo I: Protective action of glutamine in rats
with severe acute liver failure enviado para publicacdo na revista World Journal of
Hapatology.

- Avaliar as provas de integridade hepatica nos animais submetidos a
administracdo de TAA e tratados com glutamina através da andlise das enzimas
alanina aminotransferase (ALT), aspartato aminotransferase (AST) e Fosfatase
Alcalina (FA),

- Verificar as caracteristicas histopatologicas da IHAG no figado dos animais
através de coloracdo de hematoxilina e eosina.

- Avaliar os parametros de estresse oxidativo, mediante avaliacdo da
lipoperoxidacdo, da atividade das enzimas antioxidantes SOD, CAT e GPx, da
atividade da enzima detoxificadora GST, a da expressado do fator nuclear Nrf2, seu
inibidor KEAP1 e da proteina NQO1;

- Determinar os niveis de GSH no figado dos animais;
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- Avaliar o processo inflamatorio através da analise das proteinas iINOS, TNF-
a, Nf-kB, das citocinas IL1B, IL6 e IL10 e dos metabdlitos do 6xido nitrico — nitritos e

nitratos.

5.2.2 Objetivos especificos do Artigo Il: Glutamine modulates heat shock
proteins, endoplasmic reticulum stress and cell death in rats with thioacetamide-

induced liver failure enviado para publicacdo na revista Protoplasma.

- Avaliar as provas de integridade hepatica através da analise das enzimas
alanina aminotransferase (ALT) e aspartato aminotransferase (AST);

- Avaliar as alteracdes do parénquima hepatico dos animais, por microscopia;

- Quantificar as proteinas totais e os niveis de proteinas carboniladas no
figado dos animais;

- Analisar o envolvimento das proteinas de choque térmico, no tecido
hepético, através da avaliacdo da expressao de HSF-1, HSP27, HSP70 e HSP9O.

- Avaliar o estresse de reticulo endoplasmatico, no tecido hepatico, mediante
analises da expresséo de ATF6, GRP78 e CHOP;

- Avaliar a expresséo de mediadores de vias de sinalizacéo celular;

- Analisar no tecido hepatico, o processo de morte celular, mediante a
expressdo das proteinas relacionadas a apoptose (Bax Bcl2 e caspase 3) e

relacionadas a autofagia (mTOR, Beclin-1 e LC3a/p).
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Abstract
AIM
Evaluate the antioxidant effects of glutamine on Nrf2 activation and NFkB-mediated

inflammation in rats with thioacetamide-induced severe acute liver failure.

METHODS

Male Wistar rats (n=28) were divided into four groups: control, control+glutamine,
thioacetamide, and thioacetamide+glutamine. Two thioacetamide doses (400 mg/kg)
were administered intraperitoneally, 8h apart. Glutamine (25 mg/kg) was
administered at 30 min, 24h, and 36h. At 48h, blood was collected for AST, ALT, and
ALP measurement. The liver was harvested for histology and assessment of TBARS,
CAT, GPx, GST, GSH, Nrf2, Keapl, NQO1, SOD, TLR4, NFkB, COX-2, INOS, IL-1B,
IL-6, IL-10, TNF-a and NO2/NQO3.

RESULTS

Thioacetamide caused disruption of the hepatic parenchyma, with inflammatory
infiltration, massive necrosis, and ballooning degeneration. Glutamine mitigated this
tissue damage, with visible regeneration of hepatic parenchyma; decreased TBARS
(P <0.001), GSH (P <0.01), IL-1B, IL6, and TNFa levels (P <0.01) in hepatic tissue;
and decreased blood levels of AST, ALT, and ALP (P <0.05). In addition, CAT, GPX,
and GST activities were restored in the glutamine group (P <0.01, P <0.01, and P
<0.001, respectively vs. thioacetamide alone). Glutamine increased expression of
Nrf2 (P <0.05), NQO1, and SOD (P <0.01), as well as levels of IL-10 (P <0.001),
while decreasing expression of Keap1, TLR4, NFkB (P <0.001), COX-2 and iNOS, (P
<0.01), and reducing NO, and NOgs levels (P <0.05).

CONCLUSION
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In the thioacetamide model of severe acute liver failure, glutamine activated the Nrf2
pathway, thus promoting antioxidant protection, and blunted the NFxB-mediated

pathway, reducing inflammation.

Key words: Thioacetamide; Cytokines; Oxidative stress; Inflammation; Liver failure;

Chemical and drug induced liver injury; Glutamine

Core tip: Severe acute liver failure (SALF) is a rare syndrome characterized by rapid
deterioration of liver function, usually in patients without underlying liver disease; the
only effective treatment is transplantation. In this study, we used thioacetamide
(TAA), a known xenobiotic hepatotoxicant, to induce SALF in rats. This was followed
by administration of glutamine in an attempt to activate antioxidative defenses via the
Nrf2 pathway and mitigate liver injury. Glutamine successfully activated Nrf2 and
inhibited TLR4/NFxB-mediated inflammation, allowing restoration of parenchymal

architecture and recovery of several parameters to near-control levels.
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INTRODUCTION

Severe acute liver failure (SALF) is a complex and rare syndrome characterized by
rapid deterioration of liver function, usually in patients without underlying liver
disease*?. Management includes intensive and comprehensive supportive care, but
the only effective treatment to date is liver transplantation’™.

The xenobiotic thioacetamide (TAA) has been used to induce hepatic
damage in animals, and constitutes an effective experimental model to study the
mechanisms involved in the pathophysiology of SALF and investigate potential
therapies thereof.

Several studies have implicated oxidative stress and inflammation as critical
events involved in  experimental SALF*56789]

Reactive oxygen species (ROS) are generated during the process of oxygen
metabolism and play several important physiological roles, including signal
transduction, defense against microbial pathogens, and gene expression to support
cell growth or cell death signaling pathways®°. Reactive nitrogen species (RNS), in
turn, are derived from nitric oxide (NO), which is produced via inducible nitric oxide
synthase (iNOS) activity™®. Because of their unique chemical characteristics, ROS
and RNS can trigger lipid peroxidation and cause DNA strand breaks and protein
oxidation, resulting in cellular injury. Oxidative and nitrosative stress represents an
imbalance in the production and elimination of these reactive species and a decrease
in the production of antioxidants®*%27.

The antioxidant defense system is essential for cell protection. Antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx), as well as non-enzymatic electron receptors such as glutathione
(GSH), are affected by oxidative stress conditions™*?". The nuclear factor erythroid
2-related factor 2 (Nrf2) is an important regulator of redox balance. Under
physiological conditions, Nrf2 is stores in the cytoplasm in inactivated form, bound to
Kelch-like ECH-associated protein 1 (Keapl). Under stress conditions, Nrf2
dissociates Keapl and is translocated to the nucleus, where it promotes expression
of cytoprotective target genes, such as NADPH quinone oxidoreductasel (NQO1),
antioxidant enzymes, and phase-Il detoxification enzymes such as glutathione S-

transferase (GST)P*31415,
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Inflammation is a key component of several liver diseases. The inflammatory
process leads to parenchymal damage, which progresses to fibrosis, liver cancer,
and, occasionally, SALF!®. Metabolites of hepatotoxic drugs bind to a toll-like
receptor 4 (TLR4) complex that activates nuclear factor kappa B (NF«B), triggering
the production of pro-inflammatory cytokines, such as tumor necrosis factor-a (TNF-
a), interleukin (IL)-1B, and IL-6, and modulation of anti-inflammatory cytokines such
as IL-10%3101727  pyrthermore, it can stimulate production of the enzymes
cyclooxygenase-2 (COX-2) and INOS, both of which act as inflammatory
mediators!®.

Many isolated compounds have been investigated for their potential to
eliminate oxidative stress and mitigate the inflammatory process in liver diseases.
Within this context, glutamine (GIn) has been investigated due to its important role in
a wide range of metabolic pathways. It is indispensable for nucleotide, glucose, and
protein synthesis. It is a precursor of GSH and plays a key role in the immune
defense of the gut mucosal barrier, participating in immunoglobulin formation®2%,
Several studies in humans have shown that GIn modulates the expression of genes
related to the activation of pathways involved in several disease states!?:222324]
Furthermore, studies conducted in different experimental models have demonstrated
beneficial effects of GIn on the rat liver, bowel, and stomach!?°2>26:27:28:29]

Within this context, the present study aimed to evaluate the effect of GIn as
an antioxidant and its role in the inflammatory process in an experimental model of

severe acute liver failure induced by thioacetamide.

MATERIALS AND METHODS

Ethical considerations

This study was conducted at the Animal Experimentation Unit and the Laboratory of
Experimental Hepatology and Gastroenterology, Hospital de Clinicas de Porto
Alegre, after approval from the Institutional Animal Care and Use Committee (opinion
no. CEUA 15-0175).

Animal handling followed the ethical principles for animal experimentation mandated
by current Brazilian legislation (Law no. 11794/2008), the standards of the Brazilian
Council for the Control of Animal Experimentation (CONCEA), the State Code for
Animal Protection, and established local procedures for the care and use of animals

in experimental research.
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Experimental procedures

Twenty-eight male Wistar rats (mean weight 300 g) were used in this study. During
the experiment, the animals were housed in boxes (47x34x18 cm) lined with wood
shavings, in a 12-hour light/dark cycle, and a controlled temperature of 18 to 22 °C.
Water and feed were given ad libitum. The animals were randomized in four groups
(n = 7 each): control (CO), control plus glutamine (CO + G), thioacetamide (TAA),
and thioacetamide plus glutamine (TAA + G).

Severe acute liver failure was induced by intraperitoneal administration of two
doses of thioacetamide (TAA), 400 mg/kg in normal saline solution (0.9% NaCl), with
an 8-hour interval between doses®. The glutamine-treated groups received
intraperitoneal GIn (Sigma Chemical®, St. Louis, MO, USA), 25 mg/kg in 1 mL 0.9%
NaCl. The first dose was administered 30 minutes after the last dose of TAA; the
second and third doses of GIn were administered 24 and 36 hours, respectively, after
the start of the experiment.

At 48 hours, the animals were weighed and anesthetized by intraperitoneal
injection of a mixture of ketamine hydrochloride (95 mg/kg) and 2% xylazine
hydrochloride (8 mg/kg). Blood was then collected from the retro-orbital plexus with a
glass capillary tube and placed into a heparin-containing test tube to prevent
coagulation.

After blood sampling, animals were euthanized by anesthetic overdose (three
times the therapeutic dose, as per CONCEA guidelines)®®. Upon confirmation of
death, the abdominal region was shaved and disinfected, a midline ventral
laparotomy was performed, and the liver was removed in sections for storage and
subsequent analysis. One liver fragment was submerged in 10% formaldehyde
solution for 24 hours for histological examination, while another fragment was frozen

-80 °C for other analyses.

Histological examination of hepatic tissue

Tissue samples were fixed in 10% formalin and embedded in paraffin. The resulting
paraffin blocks were then placed in a Leitz® 1512 microtome and cut into sections 3
pm thick. The slides were then dipped in hematoxylin and eosin (H&E) for 5 minutes
each and placed in a running water bath. For dehydration, the slides were run

through a graded ethanol series, followed by two xylol baths. Finally, coverslips were
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mounted with Canada balsam. Slides were examined under a light microscope
coupled to a digital camera. Images were captured using Image-Plus software
(Media Cybernetics®, Bethesda, USA) at a magnification of 200x. Hallmarks of acute
liver injury were scored on a scale of 0 to 3, where 0 = normal hepatic tissue; 1 = mild
damage with scant inflammatory infiltration; 2 = moderate damage and infiltration;
and 3 = severe damage with infiltration and loss of hepatic architecture.

Spectrophotometric analysis of biochemical parameters

Hepatic integrity was assessed by measurement of the liver enzymes aspartate
aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase
(ALP) in plasma, using the commercially available Liquiform Labtest® kit (a kinetic
spectrophotometric assay). Protein content in liver homogenate was determined by
Bradford’s method™Y.. Lipid peroxidation was investigated by the thiobarbituric acid-
reactive substances (TBARS) method 2. Levels of GSH were evaluated®™®, as well
as activity of the antioxidant enzymes catalase (CAT)®¥ and glutathione peroxidase
(GPx)® and of the phase-lIl detoxification enzyme glutathione S-transferase
(GST)®®. Production of nitric oxide metabolites (NO-/NO3) was measured indirectly

by the Griess reaction”),

Western blot analysis of protein expression

Cytoplasmic and nuclear extracts were prepared from liver homogenates®®®. The
supernatant fraction was collected, aliquoted, and stored at —80 °C. Protein content
was determined by Bradford’s method®!. Lysed proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranest®*“%. The membranes were then blocked
with 5% skim milk in Tris buffer containing 0.05% Tween (TTBS) for 1 hour at room
temperature and probed overnight at 4 °C with anti-Nrf2 (57 kDa), anti-Keapl (69
kDa), anti-NQO1 (31 kDa), anti-SOD (32 kDa), anti-TLR4 (95 to 120 kDa), anti-NF«B
(65 kDa), anti-COX-2 (21 kDa), and anti-INOS (120 kDa) antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), diluted 1:200 to 1:1,000 with TTBS in
dehydrated milk at 5%. Primary antibodies were detected with HRP-conjugated anti-
rat 1gG, anti-rabbit 1gG, or anti-goat IgG secondary antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Protein detection was performed with a

commercially available electrochemiluminescence kit (Amersham Pharmacia Biotech,
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Little Chalfont, Bucks, England)*Y. Density of the specific bands was quantified with
imaging densitometry software (Scion Image, Scion Corporation, Frederick, MA,
USA).

Multiplex analysis

Levels of IL-1, IL-6, IL-10, and TNF-a were measured in hepatic tissue homogenates
using a MILLIPLEX™ MAP Rat Cytokine bead-based multiplex assay kit (RCYTO-
80K, Millipore, Billerica, MA, USA). The MILLIPLEX™ MAP method is based on
Luminex® xMAP™ technology. All procedures were performed in accordance with
manufacturer recommendations. Tissue specimens were diluted 1:5 in sample
diluent and incubated in duplicate overnight with TNF-q, IL-1, IL-6, and IL-10 capture
beads. The beads were subsequently washed and incubated for 2 hours with biotin-
conjugated detection antibody, and then for 30 minutes with streptavidin-
phycoerythrin. Bead fluorescence was read in a Luminex 100 IS Multiplex BioAssay
analyzer. Cytokine concentrations were determined from these readings using four

standard curves. Results were expressed as pg/mL.

Statistical analysis

Quantitative data were expressed as mean + standard error. Groups were compared
by one-way analysis of variance (ANOVA). Differences in means were located by the
Student—-Newman—Keuls procedure. Data were analyzed in program GraphPad

InsTat 3.1, and significance was accepted at P<0.05.

RESULTS

Histopathological analysis

On histological examination of H&E-stained slides at 200x magnification (Figure 1),
disruption of the hepatic parenchyma was observed in the TAA group, with
inflammatory infiltration, massive necrosis, and ballooning; none of these features
occurred in the CO or CO + G groups. Photomicrographs of liver tissue from rats in
the TAA + G group show regeneration of the hepatic parenchyma, with a decrease in

inflammatory infiltration and a substantial reduction in ballooning and spotty necrosis.

Assessment of hepatic cellular integrity
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Liver function tests (Table 1) showed increased levels of liver enzymes in TAA group

animals, which decreased significantly when GIln was administered (P<0.05).

Assessment of oxidative stress

Assessment of lipid peroxidation by the TBARS method (Figure 2) revealed a
significant increase in the TAA group in relation to the CO and CO + G groups
(P<0.001). Again, significant reductions were observed in the TAA + G group (to
which GIn was administered) as compared with the TAA group (P<0.001).

Nuclear expression of Nrf2 (Figure 3A) was decreased in the TAA group as
compared with the CO and CO + G groups (P<0.01), and increased in the TAA + G
group as compared with the TAA group (P<0.05). Conversely, expression of the
inhibitory cytoplasmic protein Keapl (Figure 3B) was increased in the TAA group as
compared to both control groups (P<0.001) and significantly reduced in the TAA + G
group when compared to the TAA group (P<0.01).

Expression of both NQO1 (Figure 4A) and SOD (Figure 4B) was decreased
in the TAA group compared to the CO and CO + G groups (P<0.001 and P<0.05,
respectively) and increased in the TAA + G group as compared to the TAA group
(P<0.01).

GSH levels (Figure 5) were statistically lower in the TAA group than in both
control groups (P<0.01), but increased significantly in the TAA + G group (P<0.01).

Table 2 shows the findings of analysis of activity of the antioxidant enzymes
CAT and GPx and the detoxification enzyme GST. GPx enzyme activity was
increased in the TAA group as compared with the CO and CO + G groups (P<0.001),
and decreased in the GIn-treated group as compared with the TAA group (P<0.01).
CAT activity exhibited the inverse behavior; it was lower in the TAA group than in the
control groups (P<0.01) and higher in the TAA + G group than in the TAA group
(P<0.01). GST activity increased in the TAA group (P<0.001) and decreased in the
GlIn-treated group (P<0.001), which is consistent with its detoxifying role.

Assessment of the inflammatory process

Cytoplasmic expression of TLR4 (Figure 6A) and nuclear expression of NFkB (Figure
6B) were significantly increased in the TAA group as compared with control groups
(P<0.001), and significantly decreased in the TAA + G group vs. the TAA group
(P<0.001).
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Levels of the proinflammatory cytokines IL-1j3, IL-6, and TNFa (Table 3) were
higher in the TAA group than in both control groups, CO and CO + G (P<0.001).
These levels decreased significantly in the TAA + G group vs. the TAA group
(P<0.01). In contrast, levels of the anti-inflammatory cytokine IL-10 were decreased
in the TAA group in relation to the CO and CO + G groups (P<0.001) and increased
in the TAA + G group vs. the TAA group (P<0.001).

Expression of both COX-2 and iNOS (Figure 7) was increased in the TAA
group compared to the CO and CO + G groups (P<0.001) and decreased in the TAA
+ G group as compared to the TAA group (P<0.01).

Assessment of NO levels through their metabolites (nitrites and nitrates)
(Figure 8) revealed a significant increase in the TAA group vs. the CO and CO + G
groups (P<0.001) and a significant decrease in the TAA + G group as compared with
the TAA group (P<0.05).

DISCUSSION
SALF is a syndrome that causes a marked decline in hepatocyte function, ultimately
leading to multiple organ failure, and carries an extremely high mortality rate. The
therapeutic armamentarium available to prevent or treat SALF is still very limited™".
Studies using thioacetamide as an inducer of tissue damage have shown that this
xenobiotic leads to different degrees of liver injury depending on the dose and timing
of administration. This study aimed to evaluate the damage caused by acute
administration of TAA in rats and assess the effects of GIn on the Nrf2-mediated
antioxidant pathway and on chemical mediators of inflammation.

We observed extensive destruction of the hepatic parenchyma with necrosis,
spotty hemorrhaging, leukocyte infiltration, and ballooning in the group of animals
administered TAA. These findings are consistent with previous studies that reported

hepatic tissue damage in experimental models using TAAMZ43:44]

. In the present
study, GIn was able to mitigate changes in the parameters of interest, thus restoring
the hepatic parenchyma. Sellmann et al.'} showed that GIn contributed to a
reduction of inflammatory infiltration in the livers of mice with non-alcoholic
steatohepatitis induced by a liquid Western-style diet (WSD)*®. Hartmann et al.
found that GIn reduced hemorrhagic spots, necrosis, and inflammatory infiltration in

the liver of rats subjected to intestinal ischemia—reperfusion injury?%.
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Similar results were found on analysis of hepatic cell integrity. Gln reduced
serum levels of AST, ALT, and ALP, while significantly increased levels of these
enzymes were found in animals in the TAA group, suggesting massive hepatic
impairment after exposure to the xenobiotic. In other studies, GIn was also able to
decrease serum levels of these enzymes, thus corroborating our findings!’ 3¢,

We also observed an increase in TBARS levels in the livers of animals in the
TAA group, which is indicative of increased lipid peroxidation. Other authors found
similar increases in TBARS in studies that used TAA to induce liver damage!®"42,
Again, GIn administration was able to reduce these levels in our animals,
corroborating the findings of several other studies that have demonstrated its
protective effect in different experimental models!2%2%47,

Cellular stress mediators activate Nrf2, which is translocated to the nucleus
and binds to DNA through a region known as the antioxidant response element
(ARE). This promotes expression of cytoprotective target genes, including antioxidant
and detoxification enzymes®. In the present study, GIn promoted increased nuclear
expression of Nrf2, whereas cytoplasmic expression of its inhibitory protein Keapl
was downregulated. GIn also promoted increased expression of the NQOL1 protein
and the antioxidant enzyme SOD. Similar results were reported in a study that
evaluated expression of the Nrf2/Keapl antioxidant pathway, NQO1, and SOD in the
liver of rats subjected to intestinal ischemia and reperfusion*%!.

GSH is considered an important marker of the antioxidant defenses of the
cell. High doses of TAA lead to liver damage because it is biotransformed into a
rapidly reacting metabolite that causes an imbalance of the glutathione redox
cycle. In this study, GIn was able to increase GSH levels in liver tissue,
demonstrating its protective role. Similar results were observed by Cruzat et al., who
studied the antioxidant effects of GIn in endotoxemic animals®*”.

The first line of antioxidant defense is represented by the antioxidative
enzymes, such as CAT and SOD. In this study, CAT activity was decreased in the
TAA group in relation to both control groups. This reduction may reflect the redox
imbalance induced by stress resulting from xenobiotic administration. Conversely,
CAT activity was increased in the group which received GIn treatment. Other studies
using TAA-induced liver damage models have demonstrated increased CAT activity

in animals treated with berberine and a-lipoic acid!®4!,
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GPx enzyme activity was increased in the TAA group and decreased in the
GlIn-treated group. The proper balance of antioxidative enzyme activity plays an
important role in cellular protection against oxidative stress. GPx acts in an attempt to
reduce molecules with oxidative potential, especially hydrogen peroxide and
hydroperoxides, which may explain its increased activity in the group of animals that
received TAA. Similar results regarding GPx activity were reported in other studies
that used the experimental model of TAA-induced SALF and evaluated the
antioxidant action of vitamin E and melatonin(®".

GST is an important cellular detoxification enzyme that works in tandem with
GSH to remove toxic metabolites. In this study, GST was increased in the TAA
group, and GIn treatment was able to reduce its activity. Other authors have reported
similar increases in GST in other hepatotoxicity models!”*®. The protective action of
GIn in this experimental model may be due to the fact that it is a precursor for GSH
synthesis.

The link between oxidative stress and inflammation has been recognized in
many disease states, including those which affect the liver. ROS stimulate signaling
molecules such as TLR4 to activate inflammatory mediators, including NFkB, which
upregulates the production of inflammatory cytokines (such as IL-18, IL-6, and TNFa)
and other mediators of inflammation (such as iINOS and COX-2)1®!,

In this study, expression of TLR4 and NFkB in the TAA group was increased
in relation to both control groups. Similar results were reported in another study that
evaluated TLR4 signaling pathways in a model of TAA-induced hepatic fibrosis and
liver carcinogenesis* and in a study that evaluated NFkB activity in an LPS-induced
model of SALF!. GIn was able to reduce TLR4 and NFkB expression, thus
demonstrating its effectiveness in blunting the inflammatory process. A decrease in
inflammatory modulators was also observed in other experimental studies that used
allopurinol and Gln as treatments!*3°0>%,

In the present study, levels of the proinflammatory cytokines IL-1p3, IL-6, and
TNFa increased while those of the anti-inflammatory cytokine IL-10 declined in
animals that received TAA as a hepatotoxicant. GIn reversed the inflammatory
process, as demonstrated by a decrease in levels of IL-1(3, IL-6, and TNFa and an
increase in levels of IL-10 in liver tissue after its administration. A previous study
using the TAA model of liver injury also demonstrated an increase in levels of

proinflammatory cytokines in animals that developed TAA-induced liver damage®®.



89

Another study reported a similar anti-inflammatory action of GlIn in the liver of animals
subjected to experimental endotoxemia*”.

Activation of the TLR4/NFkB pathway promotes COX-2 production. In this
study, COX-2 expression was increased in the group that received TAA and
decreased in the group that received TAA followed by GIn as treatment. In another
study of TAA-induced hepatotoxicity, the authors observed a similar increase in
COX-2 expression, followed by decreased expression after treatment with
allopurinol®®.

As a hepatotoxicant, TAA may induce production of INOS and, consequently,
NO synthesis, which further increases inflammation in the liver. In this study, we
observed overexpression of INOS and an increase in NO (as measured by levels of
its nitrite and nitrate metabolites) in the liver of animals with TAA-induced SALF. GIn
was able to reverse these parameters, reducing INOS expression and nitrite and
nitrate levels. In a study using the intestinal ischemia—reperfusion model, the authors
observed a similar pattern of INOS expression and NO levels in the liver of animals
which GIn treatment™?.

GIn is an essential amino acid for several cell types, including hepatocytes.
The mechanisms underlying the protective effects promoted by GiIn include the
antioxidant of GSH, which is dependent on a supply of glutamate—this, in turn, is
synthesized from GIn. In addition, its protective role in the inflammatory process has
been widely reported””. GIn can attenuate oxidative stress and inflammation,

consequently protecting against a variety of mechanisms of cell and tissue injury.

CONCLUSION

The results of this study demonstrate that GIn administration had a protective role on
the Nrf2-mediated antioxidant pathway and on inflammation activated by the
TLR4/NFkB pathway in rats with TAA-induced SALF. As the molecular pathways
involved in the pathophysiology of SALF are manifold and complex, further studies

are warranted to investigate other potential mechanisms of Gln action in this setting.
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FIGURES

Figure 1 Effect of glutamine on liver injury in animals exposed to an
experimental model of severe acute liver failure. Representative
photomicrographs; original magnification, 200x. Hematoxylin and eosin (H&E)
stain. In the TAA group, there is visible disruption of the hepatic parenchymal
architecture, with inflammatory infiltration, hemorrhage, ballooning, and massive
necrosis. The glutamine-treated group (TAA + G) exhibits a reduction of these
parameters and restructuring of the hepatic parenchyma. There were no visible
tissue changes in the CO and CO + G groups. if, inflammatory infiltrate; h,
hemorrhage; b, ballooning; n, necrosis. Values expressed as mean + standard error.
* Significant increase in the TAA group vs. groups CO and CO + G.

* Significant decrease in the TAA + G group vs. the TAA group.
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Figure 2 Assessment of lipid peroxidation (TBARS) in the liver of rats with
severe acute liver failure. Values expressed as mean =+ standard error.

* Significant increase in the TAA group vs. groups CO and CO + G (P < 0.005).

* Significant decrease in the TAA + G group vs. the TAA group (P < 0.01)
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Figure 3 Effect of glutamine in experimental severe acute liver failure. Western
blot analysis of protein expression of A) Nrf2 and B) Keapl. Values expressed as
mean + standard error.

* Significant decrease in the TAA group vs. groups CO and CO + G (P <0.01).

* Significant increase in the TAA + G group vs. the TAA group (P < 0.05)

** Significant increase in the TAA group vs. groups CO and CO + G (P <0.001).

# Significant decrease in the TAA + G group vs. the TAA group (P < 0.01)
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Figure 4 Effect of glutamine in experimental severe acute liver failure. Western
blot analysis of protein expression of A) NQO1 and B) SOD. Values expressed as
mean + standard error.

* Significant decrease in the TAA group vs. groups CO and CO + G
(NQO1 =P <0.01, SOD =P < 0.05).

* Significant increase in the TAA + G group vs. the TAA group (P < 0.01)
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Figure 5 Assessment of glutathione (GSH) levels in the liver of rats treated with

glutamine after induction of severe acute liver failure. Values expressed as mean

+ standard error.
* Significant decrease in the TAA group vs. groups CO and CO + G (P <0.001).
* Significant increase in the TAA + G group vs. the TAA group (P < 0.01).
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Figure 6 Effect of glutamine in experimental severe acute liver failure. Western

blot analysis of protein expression of A) TLR4 and B) NFkB. Values expressed as

mean = standard error.

* Significant increase in the TAA group vs. groups CO and CO + G (P < 0.001).
# Significant decrease in the TAA + G group vs. the TAA group (P < 0.001)
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Figure 7 Effect of glutamine in experimental severe acute liver failure. Western
blot analysis of protein expression of A) COX-2 and B) iINOS. Values expressed as
mean + standard error.

* Significant increase in the TAA group vs. groups CO and CO + G (P < 0.001).

* Significant decrease in the TAA + G group vs. the TAA group (P < 0.01)
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Figure 8 Effect of glutamine on levels of nitric oxide metabolites (nitrites and
nitrates) in the liver of rats with severe acute liver failure. Values expressed as
mean + standard error.

* Significant increase in the TAA group vs. groups CO and CO + G (P < 0.001).

# Significant decrease in the TAA + G group vs. the TAA group (P < 0.05)
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TABLES

Table 1 Effect of glutamine on transaminase levels in rats with severe acute
liver failure.

Enzyme (6{0) CO+G TAA TAA+G

AST (U/L) 38.25+5.82 44.96+5.69 623.58+51.66% 269.38+33.26"
ALT (U/L) 29.65+4.65 33.45+3.12 326.27+33.65°  66.54+9.49"

ALP (U/L) 21.36 = 2.69 19.64 +£ 0.96 71.49%4.22° 29.64+3.33"

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline
phosphatase.

U/L, units per liter. Values expressed as mean + standard error.

& Significant difference among groups TAA, CO, and CO + G (P < 0.05)

® Significant difference between groups TAA + G and TAA (P <0.01)
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Table 2 Effect of glutamine on enzyme activity of catalase, glutathione
peroxidase, and glutathione S-transferase in rats with experimental severe

acute liver failure

Enzyme (6{0) CO+6G TAA TAA +G
CAT 0.47+0.04  0.51+0.02 0.24+0.06°  0.3840.03
(pmol/min/mg prot)

GPx 0.31+0.05 0.36+0.07 0.99+0.11" 0.72+0.09°
(nmol/min/mg prot)

GST

, 231.64+11.25 249.65+26.38 769.75+55.69° 326.81+41.25°
(umol/min/mg prot)

Values expressed as mean =+ standard error.
Significant difference among groups TAA, CO, and CO + G (3P < 0.01, P < 0.001)
¢ Significant difference between groups TAA + G and TAA (P < 0.001)
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Table 3 Effect of glutamine on levels of proinflammatory cytokines in the liver

of rats with experimental severe acute liver failure

Cytokine CO CO+G TAA TAA +G
IL-1B (pg/mL) 61.10+1.81 62.19+1.32 465.96+15.90%° 104.69+8.57"
IL-6 (pg/mL) 73.22+0.98 78.21+0.88 359.40+12.62%  155.93+6.93"
IL-10 (pg/mL) 145.69+0.99 136.25+1.23  58.28+4.55° 99.25+3.11°
TNF-a (pg/mL) 0.68+0.23 0.71+0.25 2.98+0.64% 1.45+0.41°

Values expressed as mean =+ standard error.
* Significant difference among groups TAA, CO, and CO + G (P <0.001)
# Significant difference between groups TAA + G and TAA (P < 0.01)
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Abstract

Severe acute liver failure (SALF) is characterized by sudden dysfunction of liver cells
in previously healthy persons without known underlying liver disease. Effective
therapeutic approaches are necessary in an attempt to minimize the damage
resulting from liver failure. Glutamine is considered to be an amino acid that plays
many essential metabolic functions. This study was designed to evaluate the action
of glutamine in protecting against cellular disturbances resulting from thioacetamide
(TAA)-induced SALF in rats. Two doses of thioacetamide (400 mg/kg) and 3 doses of
glutamine (25 mg/kg) (ip) were administered. The experiment lasted 48 hours.
Glutamine reduced blood levels of AST and ALT in TAA-treated rats. Histological
evaluation indicated that glutamine acted in tissue protection by reducing the
inflammatory infiltrate, ballooning and centrilobular necrosis induced by SALF,
consequently restoring the hepatic parenchyma. Glutamine increased total protein
levels and decreased carbonylated protein levels in the liver of SALF animals.
Glutamine also acted by modulating HSF-1 and heat shock proteins expression, as
well as by decreasing the expression of proteins involved in endoplasmic reticulum
stress (GRP78, ATF6 and CHOP), and modifying the expression of apoptosis-related
(Bcl -2, Bax and caspase 3) and autophagy-related (mTOR, Beclinl and LC3a/()
proteins. These effects related to changes in PI3K, Akt and FOXO3a expression.

Data obtained support a potential hepatoprotective role of glutamine in SALF

Keywords Acute Liver Failure — Glutamine - Heat shock proteins - Endoplasmic

reticulum stress — Apoptosis - Autophagy
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Introduction

Severe acute liver failure (SALF), often called fulminant hepatitis (FH), is an
uncommon clinical syndrome dependent on multiple etiologies, which occurs in
previously healthy patients as a result of sudden loss of hepatocyte functions
associated with coagulopathy and encephalopathy. It is a fast-progressing (occurring
in a matter of days or a few weeks), often fatal disorder. Liver transplantation is the
most effective therapy for this condition, characterizing an emergency, but not always
possible due to the fast progression and/or scarcity of organs, which limits its use
(Singh et al., 2014). Reproducible experimental animal models that resemble SALF
clinical conditions are still needed to test new therapeutic approaches (Crespo et al.,
2010, San-Miguel et al., 2014).

The xenobiotic thioacetamide (TAA) is a crystalline organosulfur compound
that causes cytomegaly and impairs hepatic activity, which can lead to
carcinogenesis. In experimental models it is used to induce toxicity because it
promotes acute toxic liver injury, characterized by centrilobular necrosis with
subsequent regenerative response and severe SALF (Kucera et al., 2011, Zargar et
al., 2017).

Different mechanisms, including alteration of heat shock proteins, ER stress
and cell death processes are implicated in the pathophysiology of severe SALF.
Under conditions of cellular stress and in response to exposure to toxic components,
there may be a disruption in the capacity of the chaperone system (or heat shock
proteins). This system consists of two main components, regulation of heat shock
factors (HSFs) and heat shock proteins (HSPs). The HSFs (such as HSF1) can
activate the HSPs when cells are under stress conditions, as they maintain cell
survival by repairing or degrading damaged proteins (Li et al., 2018). Any disturbance
of cellular homeostasis may result in excessive accumulation of unfolded proteins in
the lumen of the endoplasmic reticulum (ER), triggering ER stress, which leads to
activation of the unfolded protein response (UPR) through translocation of the
transmembrane transcription factor (ATF6) to the cell nucleus, where it binds to
specific regulatory elements and influences the expression of ER stress response
genes, such as GRP78 and CHOP proteins (Crespo et al., 2012 ; Niu et al., 2017).

Apoptosis and autophagic changes also occur in SALF (Tufion et al.,, 2011

San-Miguel et al., 2014; Vallejo et al., 2014). Apoptosis, characterized by cellular
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shrinkage, bubble formation in membranes and chromatin condensation, is
accompanied by activation of proteases and caspases. Abnormal expression of the
Bax and Bcl-2 family of proteins plays an important role in the cascade of reactions
that activate caspase-3, triggering the apoptotic cell death (Bao et al.,, 2018).
Autophagy is a catabolic process that involves the self-degradation of cellular
components in a process controlled by a molecular complex containing the Beclin-1
protein, which activates the formation of autophagosomes by converting cytosolic-3-
associated light cell protein (LC3-lI) to the LC3-Il form. This connects to the
membrane promoting the elongation and finalization of the autophagosome, which
fuses with lysosomes (San-Miguel et al., 2014, Vallejo et al., 2014). The target
protein of rapamycin in mammals (MTOR) is a central regulator of cell growth whose
regulation or activation under conditions of stress or accumulation of toxins leads to
autophagic processes (Niu et al. 2017).

The PI3K/Akt signaling pathway is essential in the regulation of cell growth
and proliferation, glucose uptake and cell survival through a number of mechanisms.
PI3K promotes a signaling cascade that activates molecules related to cell survival.
Akt responds to multiple cellular stimuli, making it an important regulator of the
survival signals or cell death (Li et al., 2017). The class of forkhead proteins (FOXO)
form a family of transcription factors, including FOXO3a, which are phosphorylated
and regulated by Akt, resulting in a wide range of biological processes (Fluteau et al.,
2015).

Glutamine (GIn) is considered to be a conditionally essential amino acid that
plays an important role in the intermediate metabolic pathway. It acts as a precursor
to peptides, proteins, neurotransmitters, and nitrogen bases, is used to produce
energy in various organs and patrticipates in cell proliferation, immune function, acid-
base balance and the regulation of gene expression (Wang et al., 2018 ). GIn is the
most abundant amino acid in the blood flow and plays a central role in nitrogen
transport. It is a fuel for rapidly dividing cells and has many other essential metabolic
functions (Crespo et al., 2012).

In the present study we investigated the effects of glutamine on heat shock
proteins, endoplasmic reticulum stress, markers of cell death and PI3K/Akt pathway

in rats with experimental SALF induced by administration of TAA.

Materials and methods
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Ethical considerations

All animal procedures were in accordance with 2008 Brazilian Law 11,794 and
followed the standards of the National Council of Control of Animal Experimentation
(CONCEA). The study was approved by the Ethical Committee on the Use of
Animals (CEUA) of the Hospital de Clinicas of Porto Alegre (HCPA) under n® 15-
0175. The study was conducted at the Animal Experimentation Unit (UEA) and at the

HCPA Experimental Laboratory of Hepatology and Gastroenterology .

Experimental procedures

The animals were kept in plastic boxes (47x34x18cm) lined with wood shavings, with
a light/dark cycle of 12 hours and temperature between 18 and 22 °C during the
experiment. Water and feed were given ad libitum. Twenty-eight male Wistar rats
weighing about 300 g were used at 3 months of age. The animals were divided into
four groups: control (CO), control glutamine (CO+G), thioacetamide (TAA) and
thioacetamide treated with glutamine (TAA+G).

For induction of SALF, two doses of 400 mg/kg/animal TAA diluted in 1 ml of
0.9% NaCl (ip) were administered at 8-hour intervals (Schemitt et al., 2016). In the
animals of the CO group, 1 mL of 0.9% NaCl was administered. The treatment was
performed with Gln (25 mg/kg) diluted in 1 mL of 0.9% NaCl and administered (ip) in
the animals of the CO+G and TAA+G groups. The first administration was performed
SALF an hour after the last administration of TAA. The following doses were given 24
and 36 hours after the start of the experiment, respectively. TAA and GIn were from
Sigma Chemical®, St. Louis, USA.

After 48 hours, the animals were weighed and anesthetized with ketamine
hydrochloride (95 mg/kg) and 2% xylazine hydrochloride (8 mg/kg) ip. Blood was
collected from the retro-orbital plexus with a glass capillary tube and placed in a
heparinized tube.

The animals were submitted to euthanasia by excess anesthetics, at a dose
three times higher than usual, following the guidelines for euthanasia practice of the
National Council of Control of Animal Experimentation (Brazil, 2016). Once death

was confirmed, shaving and disinfection of the abdominal region were performed with
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subsequent surgical intervention, initiated with medial ventral laparotomy, and
subsequent liver removal for analysis and storage in sections. One fragment was
frozen at -80 °C for further analysis and another fragment was immersed in 10%

formaldehyde solution for 24 hours for histological analysis.

Liver enzymes

A Labtest® Liquiform enzymatic kit was used for plasma determination by kinetic
measurement of enzymes aspartate aminotransferase (AST) and alanine

aminotransferase (ALT).

Microscopic evaluation

Tissue samples were fixed in 10% formalin and embedded in paraffin. In the next
step, the paraffin blocks were attached to the microtome (Leitz® 1512) for obtaining
3-J sections. In the staining phase, slides were dipped in hematoxylin & eosin (HE)
dyes for 5 minutes each, then subjected to a running water bath. In the dehydration
phase, the structures passed through 3 containers with absolute alcohol and 2 with
xylol. Thereafter, the coverslip was placed on the slide using Canada Balsam. The
slides were evaluated through a microscope equipped with a digital camera to
capture images using Image-Plus software (Media Cybernetics®, Bethesda, USA) at

200X magnification.

Preparation of homogenates

Nine ml of phosphate buffer were used per gram of tissue and then homogenized in
Ultra-Turrax (IKA-WERK) for approximately 40 seconds and kept on ice, followed by
centrifugation in Refrigerated Centrifuge (SORVALL RC-5B Refrigerated Superseed
Centrifuge) for 10 minutes at 4000 rpm (Llesuy et al., 1985). The precipitate was

discarded and the supernatant used to quantify total and carbonylated proteins.

Total and carbonylated protein
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Total protein concentration in liver homogenate was quantified by the Bradford
method (Bradford 1976). A commercial kit (MAK 094 Sigma-Aldrich, USA) was used

to determine carbonylated proteins at a spectrophotometric absorption of 375nm.

Western blotting

Cytoplasmic and nuclear extracts were prepared from liver homogenates using a
specific lysis buffer and protease inhibitors (Moreira et al., 2004). The supernatant
fraction was collected and stored at -80 °C in aliquots for further analysis. The lysed
proteins were separated by dodecyl gel sulfate-polyacrylamide electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Mauriz
2007 et al.; San-Miguel et al., 2006). The membranes were then blocked with 5%
skim milk in Tris buffer containing 0.05% Tween (TTBS) for 60 minutes at 37 °C.
Thereafter, primary antibodies were incubated and remained under stirring overnight
at 4 °C. The following proteins were evaluated: HSF-1 (75 kDa), HSP27 (27 kDa),
HSP70 (70 kDa), HSP90 (90 kDa), ATF-6 (90 kDa), GRP78 (78 kDa), CHOP (30
kDa), PI3K (85 kDa), Akt (62 kDa), FOXO3A (87-99 kDa), Bcl-2 (26 kDa), BAX (23
kDa), Caspase 3 (32 kDa), mTOR (211-245 kDa), Beclin-1 (60 kDa) e LC3a/( (15-18
kDa) (Santa Cruz Biotecnology, Santa Cruz, CA, USA) at 1:200 to 1:1000 dilution
with TTBS in skim milk at 5%. Primary antibody bound to HRP was detected with
anti-mouse 1gG , anti-rabbit IgG or anti-goat IgG antibodies (Santa Cruz Bio
Technology, Santa Cruz, CA, USA ). Protein detection was performed by
chemiluminescence using a commercial ECL kit (Amersham Pharmacia Biotech,
Little ChSALFont, UK) (Tunon et al., 2013). The density of specific bands was

quantified through image densitometry software (Scion Image , Maryland, MA).
Statistical analysis

Results were expressed as mean * standard error of the mean (SEM). The groups
were compared by one-way ANOVA followed by Newman-Keuls Student test for
multiple comparisons. The data were analyzed with the GraphPad InsTat 3.1

program.

Results
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Effects of glutamine on liver integrity

Measurement of AST and ALT levels in plasma showed that there was a significant
increase of both enzymesALT in the TAA group as compared to the control groups
(p<0.001) and a significant decrease in the TAA+G group as compared to the TAA
group (p<0.001) (Fig. 1).

The histopathological evaluation of liver of rats with TAA-induced SALF
showed severe loss of hepatic architecture, with presence of inflammatory infiltrate,
ballooning and extensive centrilobular necrosis. These findings are similar to those
found in human SALF, evidencing the efficacy of the experimental model. In contrast,
in the photomicrograph of the Gin-treated group, re-structuring of the hepatic
parenchyma was observed, with reduction of the inflammatory infiltrate and

ballooning and important reduction of necrotic areas (Fig. 2).

Effects of glutamine on liver proteins

Quantification of total protein levels (Fig. 3a) in liver homogenates showed a
significant decrease in the TAA group compared to control groups (p <0.001) and a
significant increase in the TAA+G group compared to the TAA group (p <0.05). An
inverse behavior was observed in carbonylated protein levels (Figure 3b), where
there was a significant increase in the TAA group in relation to CO and CO+G groups
(p <0.001) and a significant decrease in the glutamine-treated group (p<0.05).

Effects of glutamine on heat shock proteins

In the analysis of HSF-1 transcription factor (Fig. 4) and HSP70 and HSP90 proteins
(Fig. 5) expression, a significant increase was observed in the TAA group in relation
to the CO and CO+G groups (p<0.05) and a significant decrease in the TAA+G group
(p<0.01). HSP27 (Fig. 5) was decreased in the TAA group (p<0.05) and increased in
the TAA+G group as compared to the TAA group (p<0.05).

Effects of glutamine on markers of ER stress
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Concerning markers of ER stres, analysis of ATF6 transcription factor and CHOP and
GRP78 proteins (Fig. 6) expression showed a significant increase in the TAA group
in relation to the CO and CO+G groups (p<0.01) and a significant decrease in the
TAA+G group (p<0.05).

Effects of glutamine on markers of apoptosis and autophagy

The results for expression of proteins involved in the apoptosis cascade are shown in
Fig. 7. Expression of Bcl-2 protein was decreased in the TAA group relative to control
groups (p<0.001) and increased in the GlIn-treated group (p<0.001). The Bax trigger
protein and the apoptosis effector protein caspase 3, were increased in the TAA
group relative to the CO and CO+G groups (p<0.05) and this expression decreased
significantly in the group of Gin-treated animals (p<0.05).

The analysis of the autophagy-related proteins mTOR, Beclinl and LC3a/$
protein expression (Fig. 8) showed a significant increase in the TAA group as
compared to control groups (p <0.01) and a significant decrease in the TAA+G group

as compared to the control group TAA (p <0.05).

Effects of glutamine on the PI3K/Akt pathway and FOXO proteins

Several molecules are mediators in cell signaling pathways and activate different
cascades that culminate in the most diverse mechanisms within the cell. Fig. 9 shows
the results of the evaluation of PI3K, Akt and FOXO3a proteins expression. PI3K
expression was decreased in the TAA group as compared to controls (p<0.05) and
increased in the GiIn-treated group (p<0.05). Akt and FOXO3a proteins that
participate in the activation of the apoptosis cascade were increased in the TAA
group (p<0.001) and decreased in the TAA+G group as compared to the TAA group
(p<0.01).

Discussion
In this study, impairment of liver integrity was evidenced by changes in blood AST

and ALT. These findings were also reported by other authors who evaluated hepatic

enzymes in experimental models (Kucera et al., 2011, Zargar et al., 2017). GIn was
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able to reduce enzyme levels, thus showing its ability to protect against liver damage
induced by TAA. Other studies have evidenced this protective action of Gin by
restoring liver integrity in animals (Schemitt et al., 2016; Singh et al., 2014).

Centrilobular necrosis is a histopathological characteristic seen in human
SALF. Experimental studies have shown the presence of necrosis in SALF using the
xenobiotic TAA as an inducer of the disease in rats (Kucera et al., 2011; Zargar et al.,
2017). In our research, the presence of necrosis in animals of the TAA group was
also confirmed by the histopathological study. GIn, in turn, acted by minimizing the
deleterious effects of TAA, being possibly able to stimulate the liver regeneration
capacity.

We also found that TAA treatment led to a decrease in total protein levels.
Similar results were found in a previous study from our lab (Schemitt et al., 2016).
TAA metabolites also lead to the formation of oxidative molecules that react with
proteins contributing to the carbonylation process (Sokolovic et al.,, 2013). In this
study, GIn increased total protein levels and decreased carbonylated protein levels,
confirming its hepatoprotective action.

As a consequence of oxidative reactions and the presence of toxins, cells
induce the expression of cellular defense mechanisms including heat shock proteins.
HSFs regulate HSP expression to protect cells against stress-induced toxicity (Li et
al., 2018). HSP27 plays an important role in regulating the balance between cell
death and survival (Han et al. 2018). The protein repair mechanism promoted by
HSP70 involves folding cycles, similar to that occurring in freshly synthesized
peptide chains, being essential for the restoration of cellular homeostasis (Castro et
al., 2013). The HSP90 system is directed to the conformation control of signaling
proteins. In the initial folding and assembly, many proteins require subsequently the
company of these HSPs to remain in a functionally active conformation, even under
stress conditions (Buchberger et al., 2013). In the present study, GIn decreased
HSF-1 expression and regulated HSP27, HSP70 and HSP90 expression. Other
authors have also observed this modulating effect of GIn on proteins of the
chaperone system in different experimental studies (Hartmann et al., 2017; Li et al.,
2018; Zuhl et al. 2015).

A deficiency in the chaperone system leads to the accumulation of misfolded
or unfolded proteins, which is an important ER stress-inducing factor. Transcription

factor ATF-6, proteins CHOP and GRP78 are good markers of ER stress, since
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studies have demonstrated their increased expression under ER dysfunction
conditions (Crespo et al., 2012, Liu et al., 2017, Wen et al., 2018). Our study
corroborate these findings because it showed an increase in these ER stress
markers in the group of animals receiving the xenobiotic TAA. On the other hand, Gin
decreased this expression in the group of treated animals. Crespo et al. (2012) also
reported this decrease in Gin-treated rats in a model of TNBS-induced colitis
(Crespo et al., 2012).

In the mechanisms of apoptosis, decrease of Bcl -2 expression inhibits pro-
survival proteins and consequently leads to release of Bax protein and cleavage of
caspase 3 (Molpeceres et al. 2007). It has been reported that attenuation of
apoptosis contributes to the beneficial effects of melatonin in SALF (Tufion et al.,
2011). In diabetic rats glutamine promoted protection against apoptosis by increasing
Bcl-2 expression and decreasing Bax and caspase 3 (Medras et al., 2018). Similar
results were obtained in our study, which demonstrated the hepatoprotective effect of
GIn on apoptosis parameters in the experimental model of TAA-induced SALF.

In the present study, we also observed a decrease in Beclinl and LC3
expression in glutamine-treated animals, evidencing the inhibition of the autophagic
pathway. Beclinl signals the initiation of the process and LC3 patrticipates in the
autophagosome that culminates in the completion of the autophagic process. Other
authors have also also shown a similar decrease using melatonin as treatment in a
model of SALF induced by virus in rabbits (San-Miguel et al., 2014, Vallejo et al.,
2014). The mTOR protein integrates multiple signals of growth factors, nutrients and
cellular energy state to control a wide range of metabolic processes, including
autophagy. In this study we found that GIn decreased mTOR expression,
contributing to the inactivation of processes involved in autophagy, in contrast to
what was observed in the group of untreated animals, where mTOR expression was
increased. Li et al. (2017) also observed this increase in a study evaluating cell death
activation pathways in D-GalN/LPS-induced SALF (Li et al., 2017).

In order to maintain the balance between processing and loading of proteins,
signaling pathways are activated that are essential for cell survival, such as
PI3K/Akt. In the present study it was observed that GIn increased PI3K expression
and decreased Akt expression. Similar changes have been reported in a study
evaluating SALF induced by galactosamine/liposaccharide (Li et al., 2017). In vitro

studies have demonstrated that GIn-mediated cellular survival occurred through
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modulation of the ratio between Pik3 and phosphorylated Akt (Larson et al., 2007,
Wang et al., 2018). Taken together, these results may indicate this pathway as a
protective mechanism with the purpose of limiting the additional apoptosis associated
with cell stress.

FOXO transcription factors control various biological functions, including
apoptosis (Fluteau et al., 2015). A recent study demonstrated that FOXO3a
activation suppressed the growth of pancreatic cancer and metastasis by correlating
its findings with activation of the apoptotic pathway (Nagarajan et al., 2017). In the
present study, GIn decreased FOXO3a expression possibly by inactivating the
apoptosis pathway.

Therefore, data here reported indicate that GIn protected the livers of rats
submitted to the experimental model of SALF by acting on heat shock proteins,
reducing ER stress and acting positively on the pathways that involve cell death
processes, thus contributing to cell survival. Further studies will be deepen into the
mechanisms of the therapeutic action of Gln and to investigate other pathways

involved in the pathophysiology of severe SALF which could be modulated by GIn.
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Figure Legends

Fig. 1 Effects of SALF and glutamine on liver integrity through analysis of enzymes
aspartate aminotransferase (AST) and alanine aminotransferase (ALT). Data are
expressed as mean = SEM. *Significant difference in TAA group in relation to CO and
CO+G groups (p<0.001). *Significant difference in TAA+G group compared to TAA
group (p<0.001).

Fig. 2 Microphotographs of livers from the different experimental groups. In CO and
CO+G groups, a normal hepatic parenchyma is observed. In TAA group, notice the
destruction of the parenchyma with the presence of inflammatory infiltrate (if),
ballooning (b) and necrosis (n). TAA+G shows liver tissue regeneration and damage

reduction. Hematoxylin & eosin. Magnification: 200x.

Fig. 3 Effects of SALF and glutamine on liver total protein (a) and carbonylated
proteins (b) levels. Data are expressed as mean + SEM. *Significant difference in
TAA group in relation to CO and CO+G groups (p < 0.001). *Significant difference in
TAA+G group in relation to TAA group (p<0.05).

Fig. 4 Effects of SALF and glutamine on HSF-1 facto. Data are expressed as mean +
SEM. *Significant difference in TAA group in relation to CO+CO groups, and G
(p<0.01). *Significant difference in the TAA+G group compared to the TAA group (p
<0.05).

Fig. 5 Effects of SALF and glutamine on heat shock proteins. Data are expressed as
mean + SEM. *Significant difference in TAA group in relation to CO and CO+G
groups (p<0.05). *Significant difference in TAA+G group compared to TAA group
(p<0.05).

Fig. 6 Effects of SALF and glutamine on endoplasmic reticulum stress. Data are
expressed as mean + SEM. *Significant difference in TAA group in relation to CO and
CO+G groups (p<0.01). *Significant difference in TAA+G group in relation to TAA
group (p<0.05).
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Fig. 7 Effects of SALF and glutamine on apoptosis. Data are expressed as mean +
SEM. Significant difference in TAA group in relation to CO and CO+G groups
(*p<0.001, "p<0.05). Significant difference in TAA+G group compared to AAR group
(**p<0.001, ** p<0.05).

Fig. 8 Effects of SALF and glutamine on autophagy. Data are expressed as mean +
SEM. *Significant difference in TAA group in relation to CO and CO+G groups
(p<0.05). *Significant difference in TAA+G group in relation to TAA group (p<0.05).

Fig. 9 Effects of SALF and glutamine on PI3K/Akt and FOXO3a pathways. Data are
expressed as mean = SEM. Significant difference in TAA group as compared to CO
and CO+G groups (*p<0.05, **p<0.001). Significant difference in TAA+G group
compared to the TAA group (**p<0.05, *#p<0.001).
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Figure 5
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Figure 7
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Figure 9
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8 CONSIDERACOES FINAIS

O modelo experimental de IHAG induzido por tioacetamida mimetiza as

lesBes hepaticas da doenca em humanos, conforme é encontrado na pratica clinica.

As terapias atualmente utilizadas ndo se mostram eficazes para o tratamento
da IHAG. O conhecimento dos mecanismos oxidativos, inflamatérios, de protecao
celular, de estresse de reticulo e de morte celular, envolvidos na doenca € de suma
importancia para a compreensao da fisiopatologia dessa sindrome. Em tratamentos

futuros, a glutamina poderé ser uma escolha eficaz como estratégia terapéutica.

8.1 Conclusdes do artigo I: Protective action of glutamine in rats with severe acute

liver failure

A partir dos dados obtidos, a administracédo da glutamina:

- diminuiu os niveis séricos das enzimas que avaliam a integridade hepéatica
AST, ALF e FA;

- diminuiu os danos teciduais evidenciados na analise microscopica;

- diminuiu a lipoperoxidacéao;

- restaurou a atividade das enzimas antioxidantes SOD, CAT e GPx e da
atividade da enzima detoxificadora GST;

- modulou a da expressédo do fator nuclear Nrf2, seu inibidor KEAP1 e da
proteina NQO1;

- diminuiu os niveis de GSH;

- diminuiu o processo inflamatorio, evidenciado pela modulacdo do TNF-q,
TLR4, Nf-xB, das citocinas, da iNOS e dos metabdlitos do 6xido nitrico — nitritos e

nitratos.
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8.2 Conclusbdes do Artigo II: Glutamine modulates heat shock proteins, endoplasmic

reticulum stress and cell death in rats with thioacetamide-induced liver failure

A administracédo de glutamina foi capaz de:

- diminuir os niveis séricos das enzimas AST e ALT;

- aumentar os niveis das proteinas totais e diminuir os niveis de proteinas
carboniladas no figado dos animais;

- modular as proteinas de choque térmico HSF-1, HSP27, HSP70 e HSP90.

- diminuir a expressdo de enzimas relacionadas ao estresse de reticulo
endoplasmatico;

- modular proteinas envolvidas nas vias de sinalizacdo celular;

- modular as proteinas relacionas a apoptose (Bax Bcl2 e caspase 3) e
diminuir a expressdo de proteinas relacionas a autofagia (MTOR, Beclin-1 e
LC3a/B).

- diminuir a necrose, o infiltrado inflamatério e a balonizacdo no tecido

hepatico;

Em decorréncia dos resultados obtidos neste trabalho, confirmamos a eficacia
do modelo experimental no desenvolvimento da IHAG e sugerimos que a glutamina,

possa ser uma potencial terapia para a toxicidade hepatica (figura 23).
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Figura 23. Acao da glutamina nas vias estudadas. Fonte: autora.



9 PERSPECTIVAS FUTURAS

Embora sendo uma condi¢do rara, a IHAG ainda é um dos mais dificeis
problemas de resolucdo na pratica clinica. Os mecanismos intrinsecos envolvidos na
fisiopatogenia da sindrome, bem como os processos de mediagéo a regeneracao do
figado, ndo séo totalmente esclarecidos.

Dando continuidade ao estudo, utilizando o modelo experimental de IHAG
induzido por tioacetamida, avaliaremos o0 metabolismo da amoénia e outros

mecanismos envolvidos na encefalopatia hepética decorrente da IHAG.

Dessa forma poderemos estreitar 0 eixo da bancada experimental ao leito

hospitalar, desenvolvendo assim, uma pesquisa translacional (figura 24).

Fig
ura
24. Medicina translacional: da bancada laboratorial a clinica médica. Fonte: adaptado de Bona, 2014.
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Certificado de aprovacao do projeto.
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10.2 Anexo B

Artigos completos referentes a tese, enviados para publicacao:

SCHEMITT, ELIZANGELA GONCALVES; HARTMANN, RENATA MINUZZO;
COLARES, JOSIELI RAKOPF; LICKS, FRANCIELLI; SALVI, JEFERSON DE
OLIVEIRA; MARRONI, CLAUDIO AUGUSTO; MARRONI, NORMA POSSA.
Protective action of glutamine in rats with severe acute liver failure. (World Journal of
Hepatology) 2018.

SCHEMITT, ELIZANGELA GONCALVES: HARTMANN, RENATA MINUZZO:
COLARES, JOSIELI RAKOPF; LICKS, FRANCIELLI; SALVI, JEFERSON DE
OLIVEIRA; MARRONI, CLAUDIO AUGUSTO; GONZALEZ-GALLEGO, JAVIER;
MARRONI, NORMA POSSA. Glutamine modulates heat shock proteins,
endoplasmic reticulum stress and cell death in rats with thioacetamide-induced liver
failure. (Protoplasma) 2018.




140

Artigos completos publicados em periédicos durante a vigéncia do doutorado:
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