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NOTA EXPLICATIVA
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cientifico e consideragdes finais. Este formato esta de acordo com as normas do
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RESUMO

A doenga hepatica aguda é um problema de saude global que se desenvolve
quando ocorre exposi¢cdo abusiva a uma droga ou agente quimico. O tratamento
efetivo dos casos de hepatotoxicidade ainda é limitado e estudos envolvendo novas
possibilidades terapéuticas sdo necessarios. A liraglutida, um analogo do peptideo
semelhante ao glucagon (GLP-1), demonstrou reduzir o acumulo de gordura e o
estresse oxidativo em doencgas hepaticas cronicas. Assim, este estudo objetivou
investigar o potencial hepatoprotetor e terapéutico da liraglutida frente a um modelo
de hepatotoxicidade induzida por tetracloreto de carbono (CCls). Camundongos Swiss
machos foram submetidos a dois protocolos: 1) Pré-tratamento (efeito hepatoprotetor):
consistiu no tratamento intraperitoneal prévio com liraglutida (0,057 ou 0,118 mg/kg)
ou veiculo (agua destilada), uma vez ao dia, durante 7 dias consecutivos, e nos dias
6 e 7 de tratamento os animais foram desafiados com CCls a 2% (i.p.; 5 mL/kg); 2)
Tratamento tardio (efeito terapéutico): iniciou com o desafio por CCls a 5% (i.p.; 5
mL/kg) seguido do tratamento com liraglutida (0,057 mg/kg) ou veiculo por apenas 1
dia. As doses de liraglutida foram calculadas por alometria interespecifica utilizando
as doses indicadas para humanos, 0,6 e 1,2 mg/kg, respectivamente. Em ambos os
protocolos, anestesia seguida de eutanasia foi realizada 24 horas apds o ultimo
tratamento, e amostras de sangue, bile e figado foram coletadas. Biomarcadores de
lesdo hepatica, estresse oxidativo, metabolismo e histologia foram investigados. Além
disso, foi realizado um ensaio in vitro para avaliar a atividade sequestrante da
liraglutida per se utilizando o radical livre 2,2-difenil-1-picrilhidrazil (DPPH). Ambos os
protocolos de tratamento com liraglutida atenuaram a hepatotoxicidade do CCla,
demonstrando seu potencial protetor e curativo, respectivamente. Esses efeitos
podem ser atribuidos a preservacao do sistema antioxidante celular, uma vez que
foram observados niveis aumentados de GSH e da atividade da SOD, e reducao na
peroxidacgao lipidica no figado. A liraglutida também manteve os niveis de glicogénio
hepatico, indicando preservar o metabolismo frente a lesdo. In vitro, o analogo de
GLP-1 exibiu moderada atividade sequestradora de radicais livres. Tais resultados
demonstram o potencial hepatoprotetor e terapéutico da liraglutida, que pode ser

atribuido a reducao do estresse oxidativo e suporte do metabolismo hepatico.

Palavras-chaves: CCls; GLP-1; hepatotoxicidade; liraglutida; estresse oxidativo.



ABSTRACT

Acute liver disease is a current global health problem and develops when an
abusive exposure to a drug or chemical agent occurs. Effective treatment for
hepatotoxicity cases is limited and studies involving compounds that may promote
hepatoprotective and therapeutic effects are necessary. Liraglutide, a glucagon-like
peptide (GLP-1) analogue, demonstrated to reduce hepatic fat accumulation and
oxidative stress in chronic liver diseases. This study aimed to investigate the
hepatoprotective and therapeutic potential of liraglutide against an acute model of
hepatotoxicity in mice, induced by carbon tetrachloride (CCls). Swiss male mice were
submitted to two different protocols: 1) Pretreatment (hepatoprotective effect):
consisted of the previous intraperitoneal treatment with liraglutide (0.057 or 0.118
mg/kg) or vehicle (distillate water), once a day, for 7 consecutive days, and on 6" and
7t days of treatment the animals were challenged with i.p 2% CCls (5 mL/kg); 2) Late
treatment (therapeutic effect): started with the challenge by 5% CCl4 (5 mL/kg) followed
by the treatment with liraglutide (0.057 mg/kg) or vehicle for only 1 day. Liraglutide
doses were calculated by interspecific allometry using the doses indicated for human
beings, 0.6 and 1.2 mg/kg, respectively. In both protocols the anesthesia followed by
euthanasia was performed 24 h after the last treatment, and samples of blood, liver
and bile were collected. Biomarkers of liver damages, hepatic oxidative stress,
metabolism and histology were investigated. In addition, an in vitro assay was
performed to evaluate the scavenging activity of liraglutide per se using the free radical
2,2-diphenyl-1-picrylhydrazyl (DPPH) test. Both treatment protocols with liraglutide
attenuated the hepatotoxicity induced by CCls4, demonstrating its protective and
curative potential. These effects may be attributed to the preservation of the cellular
antioxidant system, since increased levels of GSH and SOD activity, and reduction of
lipid peroxidation were observed. Liraglutide also preserved hepatic glycogen levels,
indicating maintenance of the liver metabolism in CCls injury. In vitro, the GLP-1
analogue exhibited moderated radical scavenging activity. Our results demonstrated
the hepatoprotective and therapeutic potential of liraglutide, which may be attributed

to the reduction of oxidative stress and metabolism support.

Keywords: Acute liver injury; CCls; GLP-1; liraglutide; oxidative stress.
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1 REVISAO DE LITERATURA

1.1 O Figado

O figado, glandula abdominal anexa ao sistema digestivo, corresponde ao
segundo maior 6rgao do corpo humano, pesando entre 1,0 e 1,5 kg. Sua estrutura é
constituida por quatro lobos: esquerdo, direito, caudado e quadrado, os quais séo
internamente compostos por milhares de pequenas unidades funcionais denominadas
l6bulos (Figura 1). Os I6bulos hepaticos apresentam um formato hexagonal e séao
constituidos em sua maioria por células denominadas hepatdcitos, os quais compdem
cerca de 80% da massa total do 6rgao e encontram-se dispostos radialmente a partir
da veia central (SEELEY et al., 2003). Entre as placas de hepatécitos sdo formados
os sinusoides capilares (Figura 1), pequenos vasos responsaveis por conectar e
conduzir o sangue rico em nutrientes e oxigénio do espago porta em diregao a veia
central (STENVALL et al., 2014). Acopladas as células endoteliais dos sinusoides
capilares encontram-se também importantes células de defesa hepatica, as células
de Kupffer, que atuam como macréfagos residentes e sdo capazes de liberar
mediadores inflamatorios e espécies reativas de oxigénio quando ativas (DIXON et
al., 2013). Entre as paredes endoteliais dos sinusodides capilares e a membrana dos
hepatocitos ha o espaco de Disse, o qual abriga em seu lumen as células estreladas
ou células de Ito, que por sua vez exercem funcdo de armazenamento do retinol,
quando em seu estado quiescente. No entanto, quando em condicbes de estresse
passam para seu estado ativo e desempenham um papel maléfico, produzindo matriz
extracelular em elevadas quantidades, fato que pode contribuir e agravar o
desenvolvimento de algumas doengas hepaticas, principalmente aquelas
acompanhadas de fibrose (TSUCHIDA; FRIEDMAN, 2017). Todos esses
componentes atuam em conjunto para manter a homeostase do figado, permitindo
com que ele exergca suas atividades de maneira adequada, mas quando ativados
demasiadamente podem exercer uma papel importante e acelerar a progressao de

doencas hepaticas.
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FIGURA 1: MICROESTRUTURA DO TECIDO HEPATICO E AS DIVISOES EM LOBULOS.

Sinusoide hepatico :
Veia central )
— Canaliculo biliar

= - Célula reticuloendotelial
Hepatocitos r
- = — Sinusoide hepatico
Hepatocito

_ Triade portal
'+~ Ramo do ducto biliar

Veia central S~
Canaliculo biliar

— Ramo da veia porta hepatica

-Ramo da artéria hepatica

A. Lobulo hepatico

B. Hepatdcitos e sinusdides

FONTE: Adaptado de Mescher (2010).

As fungdes exercidas pelo figado somam mais de 250, mas o 6rgao tem como
objetivo primordial realizar o metabolismo de substancias enddgenas e exogenas,
sendo essencial para a manuteng¢ao do equilibrio corporal e protecéo contra agentes
intoxicantes. Assim, é considerado a primeira linha de defesa do organismo, visto que
trata-se de um dos primeiros 6érgdos a manter contato com substancias ingeridas
oralmente (BANDEIRA, 2017). A biotransformagao das substancias € essencial para
que metabdlitos inativos mais polares sejam gerados e posteriormente excretados,
ocorrendo classicamente em duas etapas, denominadas fase | e fase Il. As reagdes
de fase |, também conhecidas como reagdes de funcionalizagdo, ocorrem
principalmente via sistema CYP450, no reticulo endoplasmatico dos hepatécitos, e
envolvem principalmente mecanismos de oxidacao, reducéo e hidrdlise. O processo
€ responsavel por promover a introducao ou exposi¢cao de grupos funcionais polares
as moléculas, utilizando NAD ou NADP* como cofatores (BRUNTON et al., 2012). No
entanto, a etapa pode resultar na formacédo de compostos ainda mais toxicos do que
a molécula original. Ja nas reagdes de fase Il, também denominadas reagdes de
biossintese, ocorre a conjugagao do produto original ou de seus metabdlitos gerados
na fase anterior com moléculas polares, como acido glicurdnico e glutationa (GSH),
formando complexos inativos e altamente polares (TANIGUCHI; GUENGERICH,
2009).
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Sendo assim, as reagdes de biotransformacédo executadas pelo figado séo
consideradas vias de desintoxicagao do organismo, uma vez que conferem uma maior
polaridade aos compostos e metabdlitos, facilitando a excregao, principalmente via
renal. No entanto, nem sempre produzirdo efeitos benéficos ao organismo, uma vez
que em alguns casos podem produzir como subproduto metabdlitos téxicos e levar a
formacao de precursores instaveis para espécies reativas, os quais resultardo em
posterior lesao tecidual (Figura 2) (SINGH et al., 2011). Devido a elevada importancia
deste 6rgdo na homeostase corporal, qualquer lesdo pode resultar em sérios
problemas, de carater agudo ou crénico, como esteatose, hepatite e carcinoma

hepatico.

FIGURA 2: METABOLISMO HEPATICO DE XENOBIOTICOS PODENDO PROMOVER A
DETOXIFICACAO (A) OU FORMACAO DE METABOLITOS REATIVOS COM POSTERIOR LESAO
TECIDUAL (B).
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FONTE: Adaptada de Kumar et al. (2016).

1.2 Lesbes hepaticas induzida por drogas

As lesdes hepaticas induzida por drogas (DILI), denominag&o derivada do
inglés “Drug Induced Liver Injury”, sdo consideradas potenciais complica¢cdes que
podem ser causadas por diferentes agentes como plantas, compostos quimicos e
drogas de uso terapéutico, e consistem atualmente na principal reacédo adversa

envolvida no insucesso de ensaios clinicos (CHAN; BENET, 2017). Essas lesdes
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resultam do efeito direto da substancia sobre as células hepaticas ou do efeito de
produtos reativos formados durante a etapa de biotransformacéo da substancia
administrada, provocando a ruptura do equilibrio intracelular dos hepatécitos e
contribuindo para o acumulo de toxinas e alteragdes genéticas. A classificagdo das
DILI é realizada com base em sua previsibilidade, sendo denominada intrinseca
quando esperada, devido a elevada dose ou administracido combinada de
medicamentos pelo paciente, e idiossincratica quando aleatoria e ndo dependente da
dose (ROBLES-DIAZ et al., 2016). No Brasil, é elevada a incidéncia de intoxicagéo
por medicamentos, sendo considerada a principal causa de intoxicagdo segundo
estatisticas do Sistema Nacional de Informagbes Toxico-Farmacolégicas e estando
presente com frequéncia entre as causas de insuficiéncia hepatica aguda. Somente
em 2016, foram contabilizados 27.261 casos de intoxicagdes por medicamentos, dado
correspondente a 35% do total de casos nacionais (SINITOX, 2016). No contexto
internacional, por sua vez, o numero de lesdes hepaticas ocasionadas por drogas
também é bastante elevado (Figura 3) e a importancia delas é tamanha que em 2004
o U.S. Drug-Induced Liver Injury Network (DILIN) foi criado, consistindo de uma rede
com experientes hepatologistas e voltada a resolver os desafios desses quadros de
intoxicagdo. O sistema € apto a auxiliar na criagado de registros bem caracterizados
dos pacientes, bem como em apresentar em seu conteudo estudos diagndsticos,
epidemiologicos e mecanisticos que auxiliam os profissionais de saude (HAYASHI,
2016). Outra importante iniciativa nesse contexto, foi o desenvolvimento do website
LiverTox® pelo governo americano, o qual provém informagdes atualizadas e precisas
de diagndstico, causas, frequéncia e padrées de lesbdes atribuidas a medicacdes
prescritas e nao prescritas (BJORNSSON, 2016). Estatisticas propostas pelo
LiverTox® revelam que 53% das drogas de uso clinico ja ocasionaram pelo menos um
caso reportado de DILI, e dentre essas, 48 drogas sao responsaveis por causar mais
de 50 casos descritos de lesdes hepaticas. Como consequéncia, diversos sao os
casos de oObitos associados as intoxicacbes medicamentosas, sendo contabilizada
nos ultimos anos no Brasil uma média de 0,20% de mortes associadas a tal
circunstancia (SINITOX, 2016). Tais dados podem ser justificados em parte pelo
aumento no numero de acidentes envolvendo medicamentos, bem como pela
crescente pratica da automedicagéao pela populagdo, que segundo dados reportados
pelo SINITOX (2016), foi responsavel por desenvolver mais de 800 casos de

intoxicacao.
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FIGURA 3: A INTOXICAGAO POR PARACETAMOL E OUTRAS DROGAS COMO IMPORTANTES
CAUSAS DE INSUFICIENCIA HEPATICA AGUDA NA AMERICA E EUROPA. LEGENDA: HAV,
VIRUS DA HEPATITE A; HBV, VIRUS DA HEPATITE B; HEV, VIRUS DA HEPATITE E; NT:
AMOSTRAS NAO TESTADAS.
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FONTE: Bernal and Wendon (2013).

Diversos sdo os mecanismos descritos e envolvidos em processos de lesdes
hepaticas promovidas por agentes quimicos e medicamentos, podendo estes exercer
efeitos diretos ou indiretos sobre as estruturas celulares (LICATA, 2016). Dentre esses
mecanismos destacam-se: reagdes de alta energia no citocromo P450,
comprometendo a homeostase do calcio com a ruptura de fibrilas intracelulares e
rompimento de hepatdcitos (BERTOLAMI, 2005), disfungcdo de proteinas
transportadoras relacionadas com o fluxo de acidos (ROTH; LEE, 2017), reac¢des
imunes geradas pela formagao de metabdlitos das drogas formados no figado (DARA
et al. 2016), hepatotoxicidade promovida por células T com inflamagao adicional
mediada por neutrofilos (ADAMS et al., 2010), apoptose mediada por resposta imune
via TNF-a e Fas (LICATA, 2016) e estresse oxidativo gerado por dano a organelas
intracelulares (KIM; NAISBITT, 2016). Segundo trabalho de Suk e Kim (2012) os
mecanismos de lesdes hepaticas agudas ocorrem em trés etapas consecutivas que

interligam os mecanismos acima citados. Incialmente ha indugao de estresse celular
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pelo agente causal, desencadeando reagdes imunologicas e promovendo a segunda
etapa com a alteragado da permeabilidade mitocondrial, enquanto a terceira e ultima
envolve a morte celular por apoptose ou necrose. Frente a tais mecanismos sao
gerados padrdes de lesdes hepaticas, que incluem comprometimentos vasculares,
esteatose, granuloma, hepatite e neoplasia, os quais posteriormente, podem resultar
em morte celular por apoptose ou necrose (YUAN; KAPLOWITZ, 2013). O grau de
comprometimento do figado nestes casos dependera tanto de fatores associados ao
paciente, como também daqueles ligados ao ambiente e ao agente causal,
especialmente da dose e tempo de exposi¢cdo. Seguindo estas variagdes, a
intensidade das lesbes pode ser comumente caracterizada como subclinica, aguda
ou crénica. No entanto, existem ainda outros métodos de classificagdo do grau de
lesdo hepatica, como o disponibilizado pelo LiverTox®, onde a variagdo ocorre de
suave a fatal, de acordo com os niveis de biomarcadores avaliados.

Os sinais e sintomas da hepatotoxicidade sao fatores que influenciam no dificil
diagnostico e consequente elevagdo no numero de casos graves, uma vez que sao
considerados variados e pouco especificos. O paciente pode manifestar febre baixa,
hipoproteinemia, nauseas, dor abdominal e ictericia, dependendo do tempo e
evolugao do quadro de intoxicagdo (DAVID; HAMILTON, 2010). No entanto, sabe-se
que a maioria dos pacientes envolvidos em um quadro de DILI é assintomatica ou
manifesta tais sintomas quando o grau de les3o ja esta severo (GARCIA-CORTES et
al., 2018). Por isso, seu diagnéstico precoce requer uma abordagem completa do
paciente, envolvendo desde uma anamnese minuciosa até exames laboratoriais de
baixa e alta complexidade, quando necessarios. Fatores como alimentagéao,
alcoolismo, historico familiar e uso de drogas nos ultimos meses devem ser
investigados para identificagdo da possivel causa, juntamente com exame fisico, onde
anomalias como ictericia e hepatomegalia poderao ser detectadas (LIVERTOX, 2018).
De maneira complementar, exames sanguineos sao realizados para verificar
possiveis elevagdes no conteudo de enzimas hepaticas e bilirrubinas séricas, sendo
as aminotransferases os indicadores mais requeridos em casos de lesdo no figado
(KIM et al., 2008). As aminotransferases estao presentes em grandes concentragdes
no interior dos hepatdcitos e sao liberadas para o sangue quando ha rompimento da
membrana celular, refletindo uma importante reducédo na massa funcional hepatica.
Atualmente, sabe-se que a alanina aminotransferase (ALT) € um preditivo mais

especifico de dano hepatico, uma vez que sua presencga é predominante no figado,
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enquanto a aspartato aminotransferase (AST) encontra-se distribuida em altas
quantidades também em outros tecidos, como coragédo e musculos (MARRONE et al.,
2017; MCGILL, 2016). No entanto, ambas sdo mensuradas para fim diagndstico,
juntamente com outras enzimas de carater hepatico como a fosfatase alcalina (ALP)
e y-glutamiltranspeptidase (GGT). Exames de imagem e bidpsia, por sua vez, nao
apresentam carater mandatério para diagndsticos de DILI e sdo aplicados apenas em
casos mais dificeis e especificos, como para diferenciar de hepatite autoimune
(CHALASANI et al., 2014). Com a finalidade de reunir todos os dados coletados do
paciente e fornecer um diagndéstico mais exato de DILI, desenvolveu-se em 1993 um
sistema de diagndstico por meio de atribuicdo de pontos denominado “Método de
Avaliacao da Causalidade Roussel Uclaf” (RUCAM), no qual a pontuacgao atingida pelo
paciente reflete a probabilidade da lesdo hepatica ser devida a uma medicagao
especifica (TESCHKE; DANAN, 2016; LIVERTOX, 2017).

Uma vez confirmada a toxicidade por droga, o tratamento € outro desafio, pois
nao existem terapias especificas para esses casos. A medida inicial e principal é a
retirada do agente causal, realizada em conjunto com um acompanhamento constante
por meio da mensuragédo sérica das transaminases, ALP e bilirrubinas (YU et al.,
2017). Em grande parte dos casos, as DILI iniciam sua resolugdo alguns dias apos
cessar o agente causal, mas em casos de lesdes persistentes pode-se optar pelo uso
de algumas substancias anti-inflamatdrias e antioxidantes como medida auxiliar. Na
literatura encontramos “antidotos” bem estabelecidos para uso terapéutico em casos
especificos de DILI, como a N-acetilcisteina em overdoses de paracetamol ou lesbes
colestaticas (GIORDANO et al., 2014). Apesar dessas alternativas, em alguns casos
a lesdo persiste por meses e torna-se crénica (LIVERTOX, 2018), evoluindo
rapidamente para um quadro de insuficiéncia hepatica, onde o paciente pode
necessitar do transplante de figado, que, embora radical, € a Unica terapia eficiente
para o estagio (DINIZ, 2016; STINE; LEWIS, 2016). Diante dos severos graus de
lesdes hepaticas associados a farmacos e agentes quimicos, e da auséncia de
farmacos especificos que possam impedir ou mesmo reverter tais lesdes, faz-se
necessario buscar novas terapias. A caréncia de terapias associada aos severos
danos hepatocelulares resultam hoje em um indice de mortalidade superior a 10%,
podendo esse numero chegar a 80% quando referente aos casos de insuficiéncia
hepatica aguda (ROBLES-DIAZ et al., 2014; BJORNSSON; BJORNSSON, 2017).
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1.3 Estresse oxidativo

Dentre os inumeros mecanismos envolvidos no desenvolvimento das lesdes
hepaticas induzidas por drogas, o estresse oxidativo encontra-se entre os mais
frequentes (BATTINO; GIAMPIERI, 2018), sendo definido como um estado de
desequilibrio entre as quantidades de substéncias oxidantes formadas e os
antioxidantes presentes no organismo (YOSHIOKA et al., 2016). Portanto, € um
processo bem caracterizado pela formagao excessiva de diversos radicais livres,
principalmente das espécies reativas de oxigénio (EROs), as quais apresentam em
sua estrutura um ou mais elétrons desemparelhados (LI et al., 2015) capazes de se
conectar a alvos celulares, como proteinas e fosfolipidios de membrana, com objetivo
de estabilizacdo da molécula (BANDEIRA, 2017). Dentre essas espécies reativas de
oxigénio destacam-se o radical superoxido (O2¢), radical hidroxila (*OH) e perdxido de
hidrogénio (H202), formados a partir da redugéo progressiva do oxigénio molecular
(APEL; HIRT, 2004). Assim, ao se ligarem as estruturas celulares promovem
alteracdes significativas, que incluem desde danos proteicos até danos ao material
genético. A peroxidagao lipidica (LPO), caracterizada pela oxidagao dos fosfolipidios
de membrana e resultando em perda de fluidez e comprometimento celular, € uma
das consequéncias mais representativas do processo de estresse oxidativo (HAUCK;
BERNLOHR, 2016). Além disso, a deterioragdo ou reducgdo da atividade de protegao
das substancias antioxidantes também contribui para o processo (PISOSCHI; POP,
2015), estando todos esses fatores associados ao favorecimento de diversas
enfermidades, dentre elas as doengas neurodegenerativas e as neoplasias
(BARBOSA et al., 2010).

Mesmo sob condicbes de normalidade, as células hepaticas produzem
demasiadamente radicais livres, através do processo metabdlico de oxidagéo, o qual
€ responsavel por contribuir para a produgao energética celular (SIRAKI et al., 2018).
No entanto, a presenga de componentes enzimaticos e ndo enzimaticos do sistema
antioxidante enddgeno consegue atrasar ou inibir a agdo dessas espécies reativas,
impossibilitando a promogao de danos celulares. O sistema glutationa, por exemplo,
€ um dos componentes antioxidantes mais estudados atualmente e que apresenta um
papel primordial nesse processo de homeostase, realizando a defesa celular de
maneira dependente de NADH (KERKSICK; WILLOUGHBY, 2005). Sua composi¢ao
abrange o tripeptideo glutationa (GSH) e uma matriz de enzimas funcionalmente

relacionadas, incluindo a glutationa S-transferase (GST), a glutationa peroxidase
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(GPx) e a glutationa redutase (GR). Estes componentes sao utilizados, em conjunto
com LPO, como biomarcadores do processo de estresse oxidativo (CHENG et al.,
2017). De maneira complementar, ha a atuagao das enzimas superéxido dismutase
(SOD) e catalase (CAT), que integram a primeira linha de defesa antioxidante
enzimatica celular (AGUILAR et al., 2016). Enquanto a superéxido dismutase (SOD)
esta envolvida no desarranjo de anions superoxido, através da sua conversdo em
H202 e O2, a enzima catalase (CAT) atua na neutralizacdo do H202 formado,
produzindo como metabdlitos H20 e O2, conforme mostrado na Figura 4 (LUBRANO,;
BALZAN, 2015). A presenga desses componentes antioxidantes enzimaticos no
figado é elevada, portanto, a quantificacdo de suas atividades no tecido € um
importante critério de avaliacdo do dano celular por esse mecanismo (FERREIRA,;
MATSUBARA, 1997).

A indugao do estresse oxidativo envolve tanto fatores internos do individuo,
geralmente relacionados a processos metabdlicos, bem como fatores externos, como
a variagao de temperatura e contato excessivo com compostos quimicos (STOCKER,
KEANEY, 2004). Diversos farmacos presentes no mercado atualmente, quando
metabolizados via sistema CYP450, formam radicais instaveis em excesso, que
quando ndo combatidos podem iniciar o processo de estresse oxidativo (BANERJEE
et al., 2016). Portanto, casos de hepatotoxicidade promovida pelo uso abusivo de
medicamentos sao caracterizados pelo elevado indice de estresse oxidativo. Assim,
aumentaram os estudos em busca de novas substincias antioxidantes que
apresentem algumas caracteristicas essenciais, como a capacidade de extinguir
especificamente ou contribuir para a eliminacao de espécies reativas, e efeito positivo
na expressao de genes que codificam substancias antioxidantes (BARREIROS et al.,
2006). Tais substancias poderiam ser empregadas em uma gama de enfermidades
que tém o estresse oxidativo como fator patogénico, dentre elas as doencas

hepaticas, o diabetes e o cancer.
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FIGURA 4: SISTEMA ANTIOXIDANTE E ESPECIES REATIVAS DE OXIGENIO (EROS) GERADAS
DURANTE O PROCESSO DE ESTRESSE OXIDATIVO VIA METABOLIZAQAO HEPATICA DE
DROGAS. LEGENDA - O2: OXIGENIO MOLECULAR; O2-: ANION SUPEROXIDO; H20:2:
PEROXIDO DE HIDROGENIO; H-20: AGUA; OHe: ANION HIDROXILA; FE: FERRO; SOD:
SUPEROXIDO DISMUTASE; CAT: CATALASE; GSH: GLUTATIONA REDUZIDA; GPX:
GLUTATIONA PEROXIDASE; GR: GLUTATIONA REDUTASE; GSSH: GLUTATIONA OXIDADA;
LPO: LIPOPEROXIDAQAO.
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FONTE: Adaptado de Ojha et al. (2011).

1.4 Modelos de hepatotoxicidade in vivo

O desenvolvimento laboratorial de modelos experimentais adequados é
fundamental para o estudo e compreenséo de diversas patologias. Tratando-se da
hepatotoxicidade induzida por drogas, encontramos atualmente na literatura alguns
modelos de experimentagcdo animal ja bem estabelecidos, como aqueles induzidos
pelo paracetamol (APAP) e tetracloreto de carbono (CCls), ambos passiveis de serem
realizados tanto em ratos quanto em camundongos.

O paracetamol, medicamento analgésico de livre comercializagdo, é
responsavel por induzir a forma mais conhecida e estudada de dano ao tecido
hepatico, ocorrendo este em individuos adultos apés a administracdo de doses
superiores a 10 g (LORENZONI et al., 2014). Quando administrado em doses
terapéuticas, sua metabolizacdo hepatica ocorre principalmente via reag¢des de fase
Il, as quais através da conjugacao com glucuronatos e sulfatos formam subprodutos
nao toxicos, posteriormente secretados através da urina. Nessas condigbes, apenas
uma pequena parcela do paracetamol (10%) € metabolizada via citocromo P450,
principalmente pelas enzimas CYP1A2 e 3A4, formando baixas quantidades de um

metabdlito reativo denominado n-acetil-p-benzoquinonaimina (NAPQI). O NAPQI
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apresenta grande afinidade pelas estruturas celulares, mas consegue ser rapidamente
eliminado quando em baixas concentragdes, através da atuacdo do sistema
glutationa, ndo sendo capaz de desenvolver assim dano celular (YOON et al., 2016).
Ja em condigcbes de overdose do paracetamol, a saturacdo da principal via de
metabolismo é observada, assim como um consequente desvio desse processo para
o sistema CYP450. Como resultado tem-se uma abundante sintese do NAPQI e em
concomitante a deplegéo dos niveis de glutationa (GSH), promovendo um acumulo da
molécula reativa no citoplasma e favorecendo sua interacdo covalente com as
estruturas dos hepatécitos (LIVERTOX, 2018).

Outro modelo muito utilizado para estudos de doengas hepaticas agudas é
aquele induzido pelo tetracloreto de carbono (CCls), solvente sintético utilizado nas
industrias como agente refrigerante e para realizagao de limpeza a seco. O primeiro
estudo envolvendo a promoc¢ao de hepatotoxicidade pelo CCls foi realizado por
Cameron e Karunarate (1936) e até os dias atuais este modelo vem sendo reproduzido
em laboratorio para estudo do tecido hepatico, compondo um dos modelos mais
delineados da literatura. Seus efeitos toxicos também estdo relacionados com o
metabolismo hepatico, o qual ocorre principalmente via sistema CYP450. Sendo
assim, sua biotransformacdo pela CYP2E1 resulta na produgcdo de radicais
triclorometil (CCls*), os quais apresentam alta capacidade de se ligar as estruturas
celulares na tentativa de reestabelecer sua estabilidade, comprometida pelo elétron
desemparelhado presente em sua estrutura (RITESH et al., 2015). Além desse dano
inicial, o radical triclorometil também apresenta grande capacidade de reagir com o
oxigénio molecular, promovendo a formagéo do radical triclorometil perdxido
(CCI300s), o0 qual esta fortemente associado a peroxidagao lipidica das membranas.
Diante disso, sabe-se que a principal consequéncia da toxicidade induzida pelo CCl4
€ o rompimento das membranas celulares, ocasionando perda da sua integridade e
interferindo de maneira negativa na homeostase do Ca?* (RECKNAGEL et al., 1989),
conforme representado na figura 5. O aumento de calcio intracelular é considerado
um evento critico para a célula, uma vez que é capaz de inativar organelas e enzimas
celulares, colaborando com o desenvolvimento do estresse oxidativo e o inicio da
morte celular (BRAILSFORD et al., 2001). Além disso, com o avango do quadro de
peroxidacgao lipidica, ocorre também o extravasamento de enzimas hepaticas para a
corrente sanguinea, como € o caso das aminotransferases e fosfatases (OZER et al.,
2008).
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FIGURA 5: METABOLISMO HEPATICO E MECANISMO DE TOXICIDADE DO CCL4. LEGENDA -
CCL4: TETRACLORETO DE CARBONO; CYP: CITOCROMO; CCLs*: RADICAL TRICLOROMETIL;
O2: OXIGENIO MOLECULAR; CCL300¢+: RADICAL TRICLOROMETIL PEROXIDO; LPO:
LIPOPEROXIDAGAO; CA: CALCIO.
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FONTE: Adaptado de Vieira (2014).

Um terceiro modelo para estudo da hepatotoxicidade ainda n&o totalmente
elucidado, é aquele induzido pelo metotrexato (MTX), medicamento antimetabdlito
utilizado no tratamento de artrite reumatoide e quadros oncolégicos. Seu mecanismo
de toxicidade hepatica vem sendo bastante discutido e acredita-se que esteja
fortemente relacionado com a desregulacao da defesa antioxidante celular, causando
danos pelo desenvolvimento do estresse oxidativo. Fato esse justificado pela redugao
na sintese da metionina, molécula fundamental para a producdo de enzimas
antioxidantes (MAHMOUD et al., 2017). De maneira complementar, promove também
reducao nas reservas hepaticas de folato, resultando na inibicdo da sintese dos
nucleotideos timidilato e purina, e comprometendo assim a sintese dos acidos
nucleicos e a recuperacao celular diante do tratamento agressivo (BATH et al., 2014).
Existem ainda aqueles estudos que indicam uma possivel participacdo dos
mediadores inflamatérios, como TNF-a e 6xido nitrico, intensificando o desequilibrio
redox e o quadro de lesao tecidual (ABO-HADED et al., 2017). Devido a todas essas
caracteristicas e mecanismos em comum estes modelos s&o considerado fidedignos
de muitas DILI provocadas por farmacos de uso clinico, as quais se desenvolvem por
mecanismos muito semelhantes a estes apresentados (CORREA-FERREIRA et al.,
2017).



28

1.5 Liraglutida

A liraglutida consiste em um recente farmaco hipoglicemiante, analogo
sintético do hormdnio GLP-1 (glucagon), utilizado para o controle do diabetes tipo 2.
Foi aprovado e registrado pelo FDA e ANVISA no ano de 2010 para uso em adultos,
sendo atualmente disponibilizado sob nome comercial de Victoza®. O medicamento
se apresenta em um sistema de aplicagao injetavel, conhecido como caneta, onde o
paciente pode administrar trés diferentes doses, sendo elas 0,6, 1,2 ou 1,8 mg/kg.
Alguns anos apds a regularizagdo do Victoza®, a empresa detentora do registro (Novo
Nordisk), langou no mercado uma nova versdo do farmaco, denominada Saxenda®,
disponibilizando aos usuarios a alternativa de administrar doses maiores, de 2,4 ou
3,0 mg/kg. O mecanismo de agao da liraglutida se inicia com a ligagdo da molécula
ao receptor de GLP-1 enddgeno, ativando-o e potencializando a secrec¢ao da insulina
de maneira dependente de glicose pelas células beta pancreaticas. Efeitos adicionais
podem ser observados apos a administracdo desta incretina sintética, como o
aumento na massa de células beta pancreaticas e a redugao do peso corporal. Apds
a administracdo, a droga circula no organismo em quantidades bem acima da
enddgena, e também permanece durante mais tempo na circulagdo sanguinea,
promovendo dessa forma um atraso no esvaziamento gastrico com promogao de
saciedade (LEE et al., 2012). As ag¢des da liraglutida de maneira indireta também
diminuem a glicotoxicidade e a lipotoxicidade (agao dos lipideos no desenvolvimento
da resisténcia a insulina), proporcionando uma melhora na condi¢c&o das células beta
pancreaticas. Diante disso, observam-se duas caracteristicas importantes para o
sucesso da atividade da liraglutida no organismo: sua elevada homologia a incretina
humana (97%) e seu prolongado tempo de agédo, devido a resisténcia da estrutura a
atuacdo da enzima dipeptidil peptidase IV (DPP-IV), responsavel pelo seu
metabolismo (VICTOZA, 2014).

Diversos estudos recentes tém demonstrado efeitos benéficos dos agonistas
de GLP-1 em pacientes com esteatose hepatica, reduzindo significativamente os
niveis de enzimas hepaticas no sangue e aumentando a autofagia de hepatdcitos
lesados em pacientes com diabetes tipo 2 (SKRSYPCSAK; LOCATELLI, 2013). Esse
efeito secundario no tecido hepatico, conhecido como efeito idiossincratico, foi
também reportado por Petit et al. (2017), em estudo clinico realizado com pacientes
diabéticos, onde os autores observaram os efeitos do tratamento por seis meses com

1,2 mg/dia de liraglutida sobre o conteudo de gordura hepatica (LFC). Os dados
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apontam uma reducéao significativa do LFC em pacientes com diabetes tipo 2 nao-
controlada, motivada pela redugao do peso corporal. Além disso, a possivel atuagao
hepatoprotetora da liraglutida também ja foi avaliada frente ao modelo de lesao
hepatica por isquemia e reperfusdo (IR) em ratos, no qual a droga apresentou
potencial anti-inflamatorio, antioxidante e inibidor da apoptose (ABDELSAMEEA et al.,
2016).

Apesar disso, ainda sao escassos os dados sobre os efeitos preventivos e
terapéuticos dos analogos GLP-1 contra toxicidade induzida por medicamentos e
outros compostos quimicos. Diante deste fato, bem como da facilidade de obtengao
da liraglutida em farmacias comerciais e dos efeitos positivos acima citados sobre as
células hepaticas, a liraglutida torna-se um interessante alvo de estudo frente a
modelos de toxicidade hepatica aguda. Além disso, vale destacar que casos de
hepatotoxicidade promovidos pela liraglutida per se sao provavelmente raros, por se
tratar de um polipeptidio metabolizado a aminoacidos pelas proteases teciduais e
séricas, reduzindo seu potencial hepatotéxico direto (LIVERTOX, 2017).

Assim, a hipotese deste trabalho € que a liraglutida tem efeito benéfico sobre
o figado também diante de intoxicagdo aguda. Para testar esta hipétese, o CCl4 foi
usado como modelo de DILI em dois protocolos, para avaliar o efeito hepatoprotetor
(pré-tratamento) e terapéutico (tratamento tardio) da liraglutida. Os possiveis

mecanismos de acgao da liraglutida foram investigados.
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2 OBJETIVOS

2.1 Objetivo geral

Estudar o efeito hepatoprotetor e terapéutico do hipoglicemiante liraglutida
frente ao modelo de estudo de toxicidade hepatica aguda induzido por tetracloreto de

carbono (CCls) em camundongos.

2.2 Objetivos especificos

a) Investigar a extensao dos danos hepaticos na presenca do CCls4, em grupos
tratados ou nao tratados com a liraglutida, através de marcadores plasmaticos
da funcao hepatica, como determinacao de ALT, AST e ALP;

b) Avaliar os danos histoldgicos causados pelo modelo de hepatotoxicidade do
CClas, e o efeito hepatico do tratamento com a liraglutida;

c) Investigar os efeitos da liraglutida sobre o estresse oxidativo induzido pelo
modelo através da mensuragao de GSH, GST, SOD, CAT e LPO;

d) Investigar a modulagdo de biomarcadores do metabolismo hepatico como um
possivel mecanismo de acgdo da liraglutida, avaliando conteudo lipidico,
glicogénio, lactato e piruvato no tecido hepatico;

e) Acompanhar o peso ponderal e a glicemia dos animais durante o periodo de

experimentagéo.
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ABSTRACT

Aim: Introduction and Aim: Acute liver disease is a current health problem with few
effective treatments. The present study investigated the hepatoprotective and curative
potential of the glucagon-like peptide-1 analogue liraglutide against carbon
tetrachloride (CCls)-induced hepatotoxicity. Methods: Male Swiss mice were subjected
to two protocols. The first protocol (Pretreatment) consisted of intraperitoneal (i.p.)
treatment with liraglutide (0.057 and 0.118 mg/kg) or vehicle (distilled water) once daily
for 7 days. On days 6 and 7, the animals were challenged with 2% CCla4 (5 ml/kg, i.p.).
The second protocol (Late treatment) began with an injection of 5% CCls (5 ml/kg, i.p.)
and subsequent treatment with liraglutide (0.057 mg/kg) or vehicle (distilled water) for
1 day. In both protocols, 24 h after the last administration, blood and bile were collected
from anesthetized animals, followed by euthanasia and liver collection. Plasma and
bile underwent biochemical analyses, and histopathological, oxidative stress, and
metabolic parameters were evaluated in the liver. Results: Both liraglutide treatment
protocols attenuated hepatotoxicity that was induced by CCl4, decreasing plasma
levels of hepatic enzymes, stimulating the hepatic antioxidant system, and decreasing
centrilobular necrosis, hepatic glycogen, and lipid accumulation. CCls tended to reduce
bile lipid excretion, but liraglutide did not influence this parameter. Conclusions: The
present results demonstrated the hepatoprotective and therapeutic effects of
liraglutide, which may be attributable to a decrease in liver oxidative stress and the
preservation of metabolism. Liraglutide may have potential as a complementary

therapy for acute liver injury.
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3.1 Introduction

Intense or chronic exposure to pollutants, alcohol, and drugs can disrupt normal
liver function’. Drug-induced liver injury can result in acute liver failure and is
characterized as one of the most serious adverse effects of drugs. The incidence of
drug-induced livery injury has steadily increased because of the substantial number of
medications on the market and their abusive use?. Hepatic damage that is promoted
by drugs is directly associated with oxidative stress that results from excess free
radicals that are generated through hepatic xenobiotic pathways?.

Carbon tetrachloride (CCl4) is a toxic agent that is currently used as a well-
established model of experimental hepatotoxicity based on its ability to promote
centrilobular necrosis with fat deposition*. These alterations that are induced by CCl4
are attributable to trichloromethyl radicals («CCI3), reactive metabolites that are formed
by hepatic metabolism via cytochrome P450 enzymes, mainly CYP2E1.
Trichloromethyl radicals react rapidly with oxygen molecules, forming trichloromethyl
peroxy radicals (*OOCI3). Both are able to covalently bind to cellular structures,
causing damage through oxidative stress and lipid peroxidation and consequently
resulting in cellular death®.

Therapeutic strategies for the treatment of acute liver disease are still limited.
Removal of the causal agent and the use of antioxidant substances are the main
treatment modalities. Several compounds have been studied for clinical application in
these cases. Glucagon-like peptide-1 (GLP-1) analogues comprise a recent class of
antidiabetic drugs that mimic the effects of incretins and have been reported to have
beneficial effects in some organs. GLP-1 analogues have been shown to not cause
changes in blood glucose when administered in non-diabetic patients, thus supporting

their use for the treatment of other disorders®. Liraglutide is a long-acting synthetic
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analogue of GLP-1 with 97% homology to human GLP-1. Liraglutide was shown to
prevent oxidative stress and improve hepatic cell apoptosis in models of chronic liver
disease’ and hepatic glucolipotoxicity?, respectively. The cytoprotective effects of
liraglutide have been related to the activation of nuclear factor erythroid 2-related factor
2 (Nrf-2), a transcription factor that regulates the expression of redox homeostasis
genes and is involved in the oxidative stress response and cellular defense
mechanisms®. However, the involvement of GLP-1 analogues in acute liver disease is
still unclear, and the therapeutic potential of liraglutide in such cases is still unclear.
Most studies of liraglutide have only evaluated its preventive potential in chronic
diseases. Thus, the present study investigated the protective and therapeutic effects
of liraglutide on CCl4-induced hepatotoxicity in mice and the underlying mechanisms

and pathways that are involved in these actions.

3.2 Material and methods
3.2.1 Reagents

Liraglutide (Victoza®, Novo Nordisk, Copenhagen, Denmark) was commercially
available. CCls was purchased from Reagen (Rio de Janeiro, Brazil). DTNB (5,5'-
dithiobis), reduced glutathione, glutathione reductase, amyloglucosidase, NAD* and
NADH were purchased from Sigma-Aldrich (St. Louis, USA). Trichloroacetic acid,
CDNB (1-chloro-2,4-dinitrobenzene), pyrogallol and DPPH (2,2 diphenyl-1-
picrylhydrazyl) were purchased from Vetec (Rio de Janeiro, Brazil). Bradford Bio-
Rad™ Protein Assay was obtained from Bio-Rad Laboratories (Hercules, EUA).
Glucose Liquiform was obtained from Labtest (Lagoa Santa, Brazil). Hepatic enzymatic

kits were purchase from Kovalent (Sdo Gongalo, Brazil).
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3.2.2 Hepatotoxicity induction and experimental design

Adults male Swiss mice (Mus musculus), weighing 25 + 5 g, were obtained from
the vivarium of the Federal University of Parana (Curitiba, Brazil). The Ethics
Committee for Animal Care of SCB/UFPR approved all of the experimental protocols
(approval n°. 1101). The animals were maintained under controlled room temperature
(22°C = 1°C) on a 12 h/12 h light/dark cycle with free access to food and water. Two
different treatment protocols were employed to evaluate the protective and therapeutic

potential of liraglutide against acute liver injury.

3.2.3 Pretreatment with liraglutide

The animals were randomly divided into five groups (n = 7-12/group) and treated
with the compounds or water once daily for 7 days. On days 6 and 7 of treatment, the
animals were challenged with CCls (2% in canola oil, 5 ml/kg, i.p.). The treated groups
received liraglutide (0.057 and 0.118 mg/kg, i.p.) and injections of CCls. Both doses of
liraglutide were calculated by interspecific allometry’® based on doses that are
indicated for humans (0.6 and 1.2 mg). The 0.057 and 0.118 mg/kg doses that were
used in the present study are hereinafter referred to as the low dose (LD) and high
dose (HD), respectively. The naive group received water and injections of canola oil.
The vehicle group received water and was injected with CCl4. One additional positive
control group was orally treated with N-acetylcysteine (500 mg/kg) and injected with
CCls. Glycemia was monitored during the experiment using a glycosometer
(AccuCheck®). Twenty-four hours after the last injection of CCls, the mice were fasted
for 12 h and then intraperitoneally anesthetized with 100 mg/kg ketamine and 10 mg/kg
xylazine. Blood samples were collected from the abdominal cava vein with heparinized

syringes, and bile was collected from the gall bladder using ultra-fine insulin needles.
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Bile was stored at -20°C until analysis. After euthanasia, liver samples were
immediately collected and stored at -80°C for further analysis. A portion of the liver
was fixed in Alfac solution for histological analysis. The spleen, kidneys, and lungs
were removed and weighed to evaluate possible macroscopic alterations. The

experimental protocol is shown in Fig. 1A.

3.2.4 Late treatment with liraglutide

The animals were divided into two groups (n = 7-12/group) and challenged with
a single dose of CCls (5% in canola oil, 5 ml/kg, i.p.). The treatment group received
liraglutide (0.057 mg/kg, i.p.) or vehicle (distilled water) 1 h after the CCl4 challenge. In
this protocol, liraglutide was administered only at the LD. Glycemia was monitored
during the experiment using a glycosometer (AccuCheck®), which did not show
expressive variations along the treatment period. After 24 h of treatment, the mice were
intraperitoneally anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine, and
blood, bile, and liver samples were collected as described in the first experimental
protocol. The spleen, kidneys, and lungs were also removed and weighed. The

experimental protocol is shown in Fig. 1B.
FIGURE 1: EXPERIMENTAL DESIGN IN MICE THAT WERE CHALLENGED WITH CCL4 AND

RECEIVED LIRAGLUTIDE PRETREATMENT (A) OR LATE TREATMENT (B) ACCORDING TO THE
PROTOCOLS THAT ARE DESCRIBED IN SECTIONS 2.2.1 AND 2.2.2.
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3.2.5 Biochemical analysis of blood and bile

Plasma was obtained by centrifuging the blood samples at 3,400 x g for 5 min.
Plasma was used to measure biochemical markers of liver function, including the
activity of aspartate transaminase (AST), alanine transaminase (ALT), and alkaline
phosphatase (ALP), using commercial kits in an automatic analyzer (Mindray BS-200,
Shenzhen, China). Liraglutide is a hypoglycemic drug; therefore, plasma glucose
levels were also measured during treatment. The bile was diluted in 0.9% saline
solution for volume adjustment (100 ul) and subsequently analyzed for total cholesterol

in an automatic analyzer (Mindray BS-200, Shenzhen, China).

3.2.6 Hepatic histopathology

Hepatic tissue was rapidly harvested from the animals and fixed in Alfac (90%
ethyl alcohol, 40% formaldehyde, and glacial acetic acid) for 24 h. After being
embedded in paraffin, 5 ym sections were prepared, deparaffinized, and stained with
hematoxylin and eosin (HE). The analysis was blindly performed using an optical
microscope. Necrosis, inflammation, and cellular ballooning were evaluated. Lesions
were scored according to the adapted Knodel system: 0 (no lesions), 1 (mild lesions
with necrosis in < 1/3 of tissue), 2 (moderate lesions with necrosis in 1/3 to 2/3 of

tissue), and 3 (marked lesions with necrosis in = 2/3 of tissue)".

3.2.7 Invitro and in vivo determination of liraglutide antioxidant activity
3.2.7.1 Determination of hepatic oxidative stress parameters
Oxidative stress parameters were analyzed using hepatic tissue that was

homogenized in potassium phosphate buffer. The pure homogenate was used to
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determine the levels of reduced glutathione (GSH)'? and lipoperoxidation (LPO)'3. The
liver homogenate was then centrifuged at 9,000 x g for 20 min at 4°C, and the
supernatant was used to measure the activity of hepatic glutathione S-transferase
(GST)'™, superoxide dismutase (SOD)'5, and catalase (CAT)'6. With the exception of
GSH, the results are expressed as the amount of protein in the liver samples,
determined using the Bradford method (1976)"’. All of the techniques were performed
in 96-well microplates and read in a spectrophotometer (Synergy HT — Biotek,

Winooski, VT, USA).

3.2.7.2 Determination of in vitro free radical scavenging activity of liraglutide

The antioxidant potential of liraglutide in vitro was analyzed using the method of
Chen et al. (2004)'8, with modifications. The technique consists of measuring the
reactivity of liraglutide at different concentrations (1, 3, 10, 30, 100, 300, and 1000
pug/ml) with the stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH). Ascorbic acid
solution (50 pg/ml) was used as the positive control, and distilled water was used as
the negative control. Absorbance was read in a microplate spectrophotometer before

and 5 min after the addition of DDPH.

3.2.8 Hepatic glycogen determination

Hepatic glycogen levels were measured according to Kepler and Decker
(1974)"°, with modifications. Briefly, frozen hepatic samples were homogenized in 0.6
N perchloric acid, and basal glucose levels were determined using a commercial kit
(Labtest, Lagoa Santa, Brazil). Afterward, the homogenates underwent glycogen
hydrolysis using 0.2 M amyloglucosidase and maintained in a 40°C water bath for 60

min. The reaction was stopped by the addition of 0.6 N perchloric acid and centrifuged
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at 7,600 x g for 10 min at 4°C. The supernatants were used to determine the final
glucose levels. Both assays were read at 505 nm. Glycogen levels were calculated as
the difference between the basal and final glucose levels. The results are expressed

as pmol/g of tissue.

3.2.9 Lactate and pyruvate analysis

Frozen hepatic samples were homogenized in 0.6 N perchloric acid as
described above and centrifuged at 10,000 x g at 4°C for 10 min. The supernatant was
used to measure hepatic lactate and pyruvate levels??2'. Both metabolites were
determined using standard enzymatic techniques based on NAD* reduction and NADH
oxidation, respectively. The microplates were read at 340 nm. The results are

expressed as umol/g of tissue.

3.2.10 Hepatic lipid contents analysis

Tissue gravimetry was performed to determine the influence of liraglutide on
total liver lipid content according to Folch et al. (1957)%2, with modifications. Briefly, the
liver samples were lyophilized and then mixed with hexane. The mixtures were heated
to 80°C for 2 h, and the supernatant was transferred to a second glass tube for natural
evaporation. This procedure was repeated three times. The lipid content was weighed
and suspended in 99.50% chloroform and 99.50% isopropanol for the determination
of hepatic total cholesterol and triglycerides using commercial kits with an automatic

analyzer. The results are expressed as mg/g of tissue.
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3.2.11 Statistical analysis

The statistical analyses were performed using Prism 5.0 software (GraphPad,
San Diego, CA, USA). The results are presented as the mean + SEM. Group
differences were assessed using one-way analysis of variance (ANOVA) followed by
the Bonferroni post hoc test or unpaired two-tailed Student’s t-test. Values of p < 0.05

were considered statistically significant.

3.3 Results
3.3.1 Liraglutide attenuated hepatic alterations

Hepatic damage caused by CCls was measured based on relative liver weight,
and plasma hepatic biomarkers were quantitatively analyzed. All groups that were
challenged with CCls presented an increase in absolute (Supplementary Table. S1)
and relative liver weight compared with the vehicle group. Pretreatment with liraglutide
at the HD (0.118 mg/kg) partially prevented the increase in relative liver weight (Fig.
2A), whereas this effect was not observed with the late treatment protocol (Fig. 2B).
The CCls model did not change significantly the animals body weight, promoting a
modest reduction in all groups after toxin application. Liraglutide present similar results
and did not promote significantly alterations on body weight (Supplementary Figure
S1). The weight of the spleen, kidneys, and lungs did not differ between groups
(Supplementary Table S2). Increases in the activity of plasma hepatic enzymes (ALT,
AST, and ALP) were detected in the groups that received CCls, confirming tissue
damage. The groups that were treated with liraglutide with both protocols exhibited
significant reductions of ALT, AST, and ALP activity. Liraglutide pretreatment
decreased plasma levels of ALT by approximately 39% (Fig. 3A). Late treatment with

liraglutide decreased plasma levels of ALT by 56% (Fig. 3D). Similarly, plasma AST
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levels decreased by ~41% and 59% with the pretreatment and late treatment protocols,
respectively (Fig. 3B, E). The levels of ALP were slightly decreased by both treatment
protocols, but these decreases were not statistically significant (Fig. 3C, G). The two
doses of liraglutide presented similar effectiveness. Therefore, the LD (0.057 mg/kg)
was used for the late treatment protocol and subsequent analyses. These results with
liraglutide treatment were better than with N-acetylcysteine treatment (i.e., the positive

control), which reduced plasma transaminases by ~43%.

FIGURE 2: RELATIVE WEIGHT OF THE LIVER IN MICE THAT WERE SUBJECTED TO CCLs-
INDUCED LIVER INJURY, EXPRESSED AS A PERCENTAGE OF BODY WEIGHT. GROUPS: VEH
(DISTILLED WATER + CANOLA OIL), CCL4 (DISTILLED WATER + CCL4), LD (LOW DOSE OF 0.057
MG/KG LIRAGLUTIDE + CCL4), HD (HIGH DOSE OF 0.118 MG/KG LIRAGLUTIDE + CCL4), NAC
(500 MG/KG N-ACETYLCYSTEINE + CCL4). THE DATA ARE EXPRESSED AS MEAN + SEM. THE
ANALYSES WERE PERFORMED USING ONE-WAY ANOVA FOLLOWED BY BONFERRONI'S
POST HOC TEST. #P < 0.05, COMPARED WITH VEHICLE GROUP; *P < 0.05, COMPARED WITH
CCL4 GROUP.
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CCls administration reduced blood glucose levels by 44% and 47% with the
pretreatment and late treatment protocols, respectively. The groups that received
pretreatment with liraglutide but not late treatment exhibited a tendency to maintain
normal blood glucose levels, similar to N-acetylcysteine treatment (Fig. 3C, F). No

group differences in hemograms were observed (Supplementary Table S3).
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FIGURE 3: BIOCHEMICAL PARAMETERS IN MICE THAT WERE SUBJECTED TO CCL4-INDUCED
ACUTE LIVER INJURY AND TREATED WITH WATER, LIRAGLUTIDE, OR N-ACETYLCYSTEINE.
(A) ALT WITH PRETREATMENT PROTOCOL. (B) AST WITH PRETREATMENT PROTOCOL. (C)

ALP WITH PRETREATMENT PROTOCOL. (D) GLUCOSE WITH PRETREATMENT PROTOCOL. (E)
ALT WITH LATE TREATMENT PROTOCOL. (F) AST WITH LATE TREATMENT PROTOCOL. (G)

ALP WITH LATE TREATMENT PROTOCOL. (H) GLUCOSE WITH LATE PRETREATMENT
PROTOCOL. GROUPS: VEH (DISTILLED WATER + CANOLA OIL), CCL4 (DISTILLED WATER +
CCL4), LD (LOW DOSE OF 0.057 MG/KG LIRAGLUTIDE + CCL4), HD (HIGH DOSE OF 0.118

MG/KG LIRAGLUTIDE + CCL4), NAC (500 MG/KG N-ACETYLCYSTEINE + CCL4). THE DATA ARE

EXPRESSED AS MEAN = SEM. THE ANALYSES WERE PERFORMED USING ONE-WAY ANOVA
FOLLOWED BY BONFERRONI'S POST HOC TEST. #P < 0.05, COMPARED WITH VEHICLE
GROUP; *P < 0.05, COMPARED WITH CCL4+ GROUP.
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3.3.2 Hepatic Liraglutide attenuated hepatic histopathological lesions

The analysis of hepatic tissue showed that CCls induced necrosis to a significant
degree around the central vein (Fig. 4B, F). A mild degree of hepatocyte ballooning
was detected at the interface between healthy and injured tissue. Mild
lymphoplasmacytic infiltrates were also observed. Animals that were treated with
liraglutide with both protocols exhibited a lower degree of necrosis that was classified
as mild (Fig. 4C, D, G). The degree of hepatocyte ballooning and lymphoplasmacytic

infiltrates were moderate in all of the groups that received CCl4 (Table 1).

Table 1. Histopathological parameters observed in CCls-induced liver injury.

Pretreatment Late treatment
Parameters VEH CCly LD HD NAC VEH CCly LD
Centrilc_)bular 0 2 1 1 y 0 > 1
necrosis
Inflammatory 0 1 0 1 1 0 1 1
cells infiltrate
Ballooning 0 1 1 1 1 0 1 1

Groups: VEH (distillate water + canola oil); CCl4 (distillate water + CCla); LD (liraglutide 0.057 mg/kg +
CCl4); HD (liraglutide 0.118 mg/kg + CCls) and NAC (500 mg/kg + CCls). Grade of parameters was
adapted from Knodel et al.'?: Centrilobular necrosis (0 — none; 1 — <1/3; 2 — 1/3 to 2/3; 3 — = 2/3),
Inflammatory infiltrate (0 — none; 1 — mild; 2— moderate; 3 — marked) and Ballooning (0 — none; 1 — mild;

2 — moderate; 3 — marked).
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FIGURE 4: HISTOLOGICAL IMAGES OF LIVER SECTIONS (HE STAINING) FROM
REPRESENTATIVE MICE FROM THE FOLLOWING GROUPS: (A) VEH (DISTILLED WATER +
CANOLA OIL), (B) CCL4 PRETREATMENT (DISTILLED WATER + CCL4), (C) LD PRETREATMENT
(LOW DOSE OF 0.057 MG/KG LIRAGLUTIDE + CCL4), (D) HD PRETREATMENT (HIGH DOSE OF
0.118 MG/KG LIRAGLUTIDE + CCL4), (E) NAC PRETREATMENT (500 MG/KG N-
ACETYLCYSTEINE + CCL4), (F) CCL4 LATE TREATMENT (DISTILLED WATER + CCL4), (G) LD
LATE TREATMENT (LOW DOSE OF 0.057 MG/KG LIRAGLUTIDE + CCL4). *, CENTRILOBULAR
NECROSIS; —, BALLOONING HEPATOCYTES. SCALE BAR =100 MM.

Pretreatment Late treatment

SOURCE: THE AUTHOR.

3.3.3 Liraglutide improves liver antioxidant status in vivo

Hepatic redox homeostasis was altered by CCls, reflected by reductions of GSH
levels and SOD activity (Fig. 5). Liraglutide treatment before and after CCls-induced
hepatic injury preserved GSH levels (Fig. 5A, D) and SOD activity (Fig. 5B, E) at levels
that were similar to normal (vehicle-treated) and N-acetylcysteine-treated animals. No
changes in GST or CAT activity were observed in injured liver, except for GST activity
in the post-treatment protocol, which presented a significant reduction with CCl4
intoxication (Supplementary Figure 2). After CCls administration, LPO levels increased

by 60% and 81% with the liraglutide pretreatment and late treatment protocols,
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respectively. Pretreatment with liraglutide decreased LPO levels by 28% (Fig. 5C),
similar to N-acetylcysteine treatment. Late treatment with liraglutide partially reduced

LPO levels compared with the CCls4 group (Fig. 5F).

FIGURE 5: EFFECTS OF LIRAGLUTIDE ON HEPATIC OXIDATIVE STRESS IN CCL4-INDUCED
HEPATIC INJURY. (A) GLUTATHIONE LEVELS WITH PRETREATMENT. (B) SUPEROXIDE
DISMUTASE WITH PRETREATMENT. (C) LIPOPEROXIDATION LEVELS WITH PRETREATMENT.
(D) GLUTATHIONE LEVELS WITH LATE TREATMENT. (E) SUPEROXIDE DISMUTASE WITH LATE
TREATMENT. (F) LIPOPEROXIDATION LEVELS WITH LATE TREATMENT. GROUPS: VEH
(DISTILLED WATER + CANOLA OIL), CCL4 (DISTILLED WATER + CCL4), LD (LOW DOSE OF 0.057
MG/KG LIRAGLUTIDE + CCL4), HD (HIGH DOSE OF 0.118 MG/KG LIRAGLUTIDE + CCL4), NAC
(500 MG/KG N-ACETYLCYSTEINE + CCL4). THE DATA ARE EXPRESSED AS MEAN + SEM. THE
ANALYSES WERE PERFORMED USING ONE-WAY ANOVA FOLLOWED BY BONFERRONI'S
POST HOC TEST. #P < 0.05, COMPARED WITH VEHICLE GROUP; *P < 0.05, COMPARED WITH

CCL4 GROUP.
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3.3.4 Liraglutide exerted moderate radical scavenging activity in vitro

All of the liraglutide concentrations had similar and moderate free radical
scavenging activity (Fig. 6), although the degree of the antioxidant activity of liraglutide
was not as intense as ascorbic acid. The highest liraglutide concentration (1000 pg/ml)
reduced DPPH radicals by 43%; the other concentrations reduced DPPH radicals by

~23%.

FIGURE 6: FREE RADICAL SCAVENGING ACTIVITY OF LIRAGLUTIDE IN THE DPPH ASSAY.
DISTILLED WATER AND ASCORBIC ACID (AA) WERE USED AS NEGATIVE AND POSITIVE
CONTROLS, RESPECTIVELY. THE DATA ARE EXPRESSED AS THE MEAN + SEM OF A
TRIPLICATE ASSAY. THE ANALYSES WERE PERFORMED USING ONE-WAY ANOVA
FOLLOWED BY BONFERRONI'S TEST. #P < 0.05, COMPARED WITH NEGATIVE CONTROL;
*P<0.05, COMPARED WITH POSITIVE GROUP.
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3.3.5 Hepatic metabolites were partially normalized by liraglutide

The groups that were challenged with CCls exhibited a significant reduction of
glycogen levels. Pretreatment with liraglutide maintained hepatic glycogen at levels
that were similar to normal control animals (Table 2). However, no effect was observed
with the liraglutide late treatment protocol. CCls-induced hepatic injury only caused
significant increases in hepatic lactate and pyruvate concentrations with the late
treatment protocol compared with vehicle-treated animals. Pretreatment with liraglutide

increased the levels of these metabolites even further, especially at the HD, in which
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lactate increased by 36% and pyruvate increased by 77% compared to CCls group.
The opposite was observed with the late treatment protocol, in which a 37% decrease

in pyruvate levels was observed in relation to CCl4 group (Table 2).

Table 2. Hepatic metabolites evaluation after CCls-induced liver injury.

Pretreatment Late treatment
VEH CCls LD HD VEH CClq LD
a‘%‘g%ﬁ;‘ 18.8+093 151+394% 192+1.01* 19.4+154* | 188+093 153+352¢ 17.9+227
(L;rfltglt_;) 0.14£002 015%002 019£002° 021+002* | 0.14+002 0.19%0.01%  0.18+0.02
(F;Jyr:]“o‘fg% 0.06+0.01 0.08+004 0.12+0.04 0.15+0.02* [ 0.06+0.01 0.47+0.02* 0.1 +0.02*

Groups: VEH (distillate water + canola oil); CCls (distillate water + CCls); LD (liraglutide 0.057 mg/kg + CClas);
HD (liraglutide 0.118 mg/kg + CCl4) and NAC (500 mg/kg + CCls4). Data were expressed the mean + SEM and
the analyses were performed by one-way ANOVA followed by Bonferroni’s test. #* represent significant
differences between groups and vehicle or CCl4, respectively, at p < 0.05. Glycogen, lactate and pyruvate were

expressed in ymol.g of tissue™.

3.3.6 Liraglutide reduced hepatic fat accumulation

The gravimetric analysis showed the significant accumulation of hepatic lipids in
the CCls group compared with the vehicle group with both treatment protocols (Fig. 7A,
D). Pretreatment with liraglutide at the LD reduced lipid accumulation (Fig. 7A). Late
treatment with liraglutide reduced fat accumulation by 36%, but this reduction was not
significant compared with the CCl4 group (Fig. 7D). Both hepatic triglycerides (Fig. 7B,
E) and total cholesterol (data not shown) increased in the CCls group. Liraglutide
treatment reduced the concentrations of these lipids, but the reductions were not
statistically significant. A tendency toward a reduction of cholesterol excretion in bile
was observed in all of the groups that received CCls, but no group differences were

observed (Fig. 7C, D).
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FIGURE 7: EFFECTS OF LIRAGLUTIDE ON HEPATIC AND BILIARY LIPIDS. (A) HEPATIC
GRAVIMETRIC ANALYSIS WITH PRETREATMENT. (B) HEPATIC TRIGLYCERIDE ANALYSIS
WITH PRETREATMENT. (C) BILIARY TOTAL CHOLESTEROL ANALYSIS WITH PRETREATMENT.
(D) HEPATIC GRAVIMETRIC ANALYSIS WITH LATE TREATMENT. (E) HEPATIC TRIGLYCERIDE
ANALYSIS WITH LATE TREATMENT. (F) BILIARY TOTAL CHOLESTEROL ANALYSIS WITH LATE
TREATMENT. GROUPS: VEH (DISTILLED WATER + CANOLA OIL), CCL4 (DISTILLED WATER +
CCL4), LD (LOW DOSE OF 0.057 MG/KG LIRAGLUTIDE + CCL4). THE DATA ARE EXPRESSED AS
MEAN + SEM. THE ANALYSES WERE PERFORMED USING ONE-WAY ANOVA FOLLOWED BY
BONFERRONI'S TEST. #P < 0.05, COMPARED WITH VEHICLE GROUP; *P < 0.05, COMPARED
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3.4 Discussion

The present results showed that liraglutide exerted protective and therapeutic
actions against acute hepatotoxicity. Liraglutide decreased plasma ALT, AST, and ALP
levels and liver necrosis when administered both before and after CCls-induced liver
injury. These results indicate a hepatic action of liraglutide and corroborate previously
published studies that used models of nonalcoholic steatohepatitis and ischemia-
reperfusion injury”-2324_ A previous study showed that exenatide, the GLP-1 analogue
precursor, exerted beneficial actions against hepatic oxidative stress and steatosis in
metabolic disease?®. Thus, the present study investigated the possible mechanisms of
the protective and therapeutic effects of liraglutide against CCls-induced hepatic injury.

Trichloromethyl radicals that are overproduced by the hepatic metabolism of
CCls were shown to negatively influence cellular antioxidant balance, promoting lipid
peroxidation, causing GSH depletion, and reducing antioxidant enzyme activity?6-2”.
GLP-1 analogues, including liraglutide, have been reported to be possible synthetic
therapeutic alternatives to reduce oxidative stress and consequently attenuate cell
death in gastric?®, neuronal®®, renal®®, and hepatic cells in chronic disorders’823, The
present study found that liraglutide decreased LPO levels and increased GSH levels
and SOD activity in a mouse model of acute hepatic injury. GSH is important for
protecting cells against toxicity that is caused by peroxides and other free radicals3'.
Superoxide dismutase is an antioxidant enzyme that interacts with superoxide radicals
(O2™) and promotes their neutralization through H202 formation, which is subsequently
eliminated by other enzymes®2. The hepatic effects of liraglutide in the present study
are similar to hepatoprotective effects of N-acetylcysteine, which was shown to
maintain redox balance by modulating GSH33. The antioxidant potential of liraglutide

was also demonstrated in vitro (Fig. 6). Overall, these data suggest that liraglutide
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modulates the hepatic redox system through two mechanisms: (1) preserving the
activity of hepatic antioxidant components and (2) neutralizing free radicals that are
generated during the disease process.

The liver is an integral organ for metabolism. Several metabolites were analyzed
in the present study to evaluate the effects of liraglutide. Toxicity that was induced by
CCls decreased plasma glucose levels. Liraglutide treatment with both protocols
maintained glucose levels similar to vehicle-treated animals (Fig. 3C, F). The decrease
in plasma glucose levels could indicate a greater liver energy demand3*. A significant
decrease in hepatic glycogen levels also occurred after CCls exposure (Table 2),
suggesting intense rates of glycolysis and glycogenolysis that compensate for blood
hypoglycemia, which has been associated with hepatic failure3%36. Higher levels of
lactate and pyruvate in liver homogenates that resulted from glycolysis were also
observed after CCls administration (Table 2). Similar hepatic metabolism results were
reported in a previous study that evaluated acetaminophen-induced lesion®°.
Liraglutide, despite being a hypoglycemic drug, exerted a protective effect and
maintained blood glucose levels similar to control animals. This finding is related to its
glucose state-dependent action, in which it exerts effects only when glycemia levels
are high. This supports the possibility of using liraglutide for other therapeutic purposes
without affecting glycemia®’. However, this normoglycemic effect was not observed
when liraglutide was administered after hepatic injury. Animals that were pretreated
with liraglutide maintained hepatic glycogen at levels that were similar to vehicle-
treated animals. Pretreatment with liraglutide preserved hepatic glycometabolism,
which was also reported in a previous study in diabetic mice38. Valverde et al. (1994)
performed an in vitro assay and found that incretins, including GLP-1, increased

glycogen synthesis®.
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Pretreatment with liraglutide also suppressed hepatic lipid accumulation that
was caused by CCl4*%41, Mice with nonalcoholic fatty liver disease that were treated
with liraglutide exhibited an improvement in hepatic lipid congestion*?, as well as the
benefits of liraglutide in human patients with type 2 diabetes who developed
steatosis*?, thus supporting our findings. However, these interesting gravimetric results
were not reproduced in the differentiated lipid analysis in liver tissue, in which only
discrete changes in hepatic triglycerides and total cholesterol were observed.
Liraglutide administration has been previously reported to be a therapeutic alternative
to reverse high triglyceride levels in nonalcoholic fatty liver disease**45. Liraglutide-
treated animals in the present study exhibited lower levels of triglycerides, but this
decrease was not statistically significant. Other lipids that are present in the liver are
likely altered by CCls and liraglutide. Further studies of various lipids should be
performed to clarify this issue. Interestingly, liraglutide does not appear to interfere with
the bile excretion of cholesterol. Liraglutide may reduce steatosis by improving lipolysis

or attenuating lipogenesis rather than by increasing lipid excretion from the liver to bile.

In conclusion, the present study found hepatoprotective and therapeutic
effects of liraglutide against acute CCls-induced hepatic injury. The mechanism of
action of liraglutide appears to be related to the modulation of oxidative stress and
hepatic metabolism (Figure 8). These effects appear to be independent of dose, in
which both doses that were tested in the present study exerted similar effects. Overall,
liraglutide may have potential as a complementary therapy for the treatment of drug-

induced liver injury.
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FIGURE 8: LIRAGLUTIDE HEPATIC EFFECTS AGAINST CCL4 ACUTE INJURY. LEGEND — CCL4:
CARBON TETRACHLORIDE; CCLs*: TRICLOROMETIL RADICAL; CYP: CYTOCHROME; Oz:
MOLECULAR OXYGEN; CCL300-: TRICLOROMETIL PEROXIDE RADICAL; LPO:
LIPOPEROXIDATION; Oze—: SUPEROXIDE ANION; H202: HYDROGEN PEROXIDE; H20: WATER,;
OH-: HYDROXYL ANION; FE: IRON; SOD: SUPEROXIDE DISMUTASE; CAT: CATALASE; GSH:
REDUCED GLUTATHIONE; GPX: GLUTATHIONE PEROXIDASE; GR: GLUTATIONA REDUCTASE;
GSSH: OXIDIZED GLUTATHIONE.
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3.6 Supplementary material

Table S1: Absolute liver weight after CCls-induced liver injury in mice.

Absolute Liver Weight (g)

Pretreatment Post treatment
VEH 1.48 £ 0.06 1.32+0.07
CCly 2.10 + 0.06% 1.63 + 0.07#
LD 1.79 +0.07* 1.60 + 0.06
HD 1.54 +0.07*
NAC 1.66 + 0.08*

Groups: NAIVE (distillate water + canola oil); VEH (distillate water + CCls); LD (liraglutide 0.057 mg/kg
+ CCls); HD (liraglutide 0.118 mg/kg + CCls4) and NAC (500 mg/kg + CCl4). Data were expressed the
mean + SEM and analyses were performed by one-way ANOVA followed by Bonferroni's test. #*
represent significant differences between groups and naive and vehicle, respectively, at p < 0.05. Data

were shown in percentage of organs weight related to the body weight.



Table S2: Organs relative weight after CCls-induced liver injury in mice.
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Pretreatment Late treatment
Or(%/f)"s VEH cCly LD HD NAC CcCls LD
Spleen 0.37+0.06 0.35+0.04 0.34+0.03 0.29+0.06 0.28+0.05 0.50 +0.16 0.50+0.14
Kidney 1.28+0.09 1.35+0.06 145+020 1.41+0.19 1.30%0.16 1.35+0.13 1.43 £0.09
Lungs 0.63+0.08 0.70+0.08 0.70+0.10 0.65+0.07 0.64 £0.07 0.84 £ 0.21 0.93 +£0.56

Groups: NAIVE (distillate water + canola oil); VEH (distillate water + CCls); LD (liraglutide 0.057 mg/kg

+ CCls); HD (liraglutide 0.118 mg/kg + CCls4) and NAC (500 mg/kg + CCl4). Data were expressed the

mean + SEM and analyses were performed by one-way ANOVA followed by Bonferroni's test. #*

represent significant differences between groups and naive and vehicle, respectively, at p < 0.05. Data

were shown in percentage of organs weight related to the body weight.

Table S3: Hematological parameters after CCls-induced liver injury in mice.

Pretreatment Late treatment

Parameter VEH CCla LD HD NAC CCla LD
Red blood cells (x 108 pl") 832+0.32 895+043 866+0.36 8.75+0.87 891+0.26|8.36+070 7.78+0.10
Hemoglobin (g.dl"") 122+048 129+043 123+044 126+1.07 13.0+0.51 | 127+0.75 11.7+0.69
Hematocrit (%) 385+148 396+210 386+1.68 4031432 425+137 |41.3+254 3731216
White blood cells (x 103 pl) 428+287 6.21+261 587+136 573+267 6.62+227 |514+195 3.80+0.98
Lymphocytes (x 10% ul") 220+ 154 343+142 333+086 277+089 350+0.89 |287+1.37 1.85+044
Monocytes (x 10° ul) 024+026 043+026 0.36+0.11 0.27+0.16 0.30+0.10 | 0.27+£0.11 0.17 £0.05
Granulocytes (x 10 pl) 1.84+122 235+1.29 218+057 260+1.65 272+136 | 2.00+0.72 1.77+£0.58

Groups: NAIVE (distillate water + canola oil); VEH (distillate water + CCls); LD (liraglutide 0.057 mg/kg + CCl4); HD

(liraglutide 0.118 mg/kg + CCls) and NAC (500 mg/kg + CCl4). Data were expressed the mean £+ SEM and analyses

were performed by one-way ANOVA followed by Bonferroni’s test. #* represent significant differences between groups

and naive and vehicle, respectively, at p < 0.05. Data were shown in percentage of organs weight related to the body

weight.
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FIGURE S1: ANIMALS BODY WEIGHT VARIATION IN GRAMS DURING THE EXPERIMENT PERIOD IN
PRETREATMENT (A) AND POST-TREATMENT (B) PROTOCOLS. GROUPS: NAIVE (DISTILLATE
WATER + CANOLA OIL); VEH (DISTILLATE WATER + CCLa4); LD (LIRAGLUTIDE 0.057 MG/KG + CCLa4);
HD (LIRAGLUTIDE 0.118 MG/KG + CCL4) AND NAC (500 MG/KG + CCL4). DATAWERE ANALYZED BY
TWO-WAY ANOVA FOLLOWED BY BONFERRONI'S TEST. P < 0.05 WAS USED TO SIGNIFICANT
DIFFERENCES BETWEEN GROUPS.
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FIGURE S2: ANTIOXIDANT HEPATIC ENZYMES ACTIVITY IN PRETREATMENT (A, B) AND POST-
TREATMENT (C, D). GROUPS: NAIVE (DISTILLATE WATER + CANOLA OIL); VEH (DISTILLATE WATER
+ CCL4); LD (LIRAGLUTIDE 0.057 MG/KG + CCL4); HD (LIRAGLUTIDE 0.118 MG/KG + CCL4) AND NAC
(500 MG/KG + CCL4). DATA WERE EXPRESSED THE MEAN + SEM AND ANALYSES WERE
PERFORMED BY ONE-WAY ANOVA FOLLOWED BY BONFERRONI'S TEST. #REPRESENT

SIGNIFICANT DIFFERENCES COMPARED TO VEHICLE GROUP, AT P<0.05.
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4 CONSIDERAGOES FINAIS

Os resultados reportados no presente trabalho demonstraram benéfica atuagao
hepatica da liraglutida frente a um quadro agudo de toxicidade promovido pelo CCls,
tanto em carater preventivo como terapéutico. Além disso, pode-se destacar que os
efeitos apresentados nao sao dose-dependentes, visto que ambas as doses testadas
apresentaram resultados semelhantes. O analogo GLP-1 foi capaz de reduzir de
maneira significativa as caracteristicas macroscopicas de dano hepatico, bem como
as concentragdes sanguineas das enzimas indicativas de lesdo tecidual. A analise
histolégica complementa esses dados, demonstrando redugao da morte celular por
necrose frente ao tratamento com a droga teste. O efeito promovido pela liraglutida
pode ser atribuido, em parte, a modulagdo do sistema antioxidante, pois além de
demonstrar uma moderada atividade sequestradora de radicais livres in vitro, a
incretina sintética também preservou os niveis e atividade de importantes
componentes do sistema redox. Por fim, a atuac&o da liraglutida na recuperacéo do
metabolismo hepatico comprometido em quadros de hepatotoxicidade também foi
confirmada.

Diante disso, conclui-se que ambos os tratamentos com a liraglutida, tanto prévio
como posterior a lesdo, podem ser promissores em casos de intoxicagdo hepatica
aguda. Portanto, a liraglutida tem potencial como uma terapia segura em casos de
DILI, e estudos complementares devem ser encorajados para elucidar seus efeitos

hepatoprotetores e terapéuticos.
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