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PREFACIO

Esta tese foi realizada nas instalacbes do Laboratorio de Hepatologia e
Gastroenterologia Experimental, do HCPA vinculado ao Programa de P6s-graduagdo em
Ciéncis Bioldgicas: Fisiologia/ UFRGS, pertencente ao Instituto de Ciéncias Basicas da
Saude (ICBS). Teve como apoio técnico o Instituto de Biomedicina da Universidade de
Ledn, o Servico de Patologia Experimental do HCPA, a Unidade de Analise Molecular

de Proteinas e Unidade Experimentacdo Animal do HCPA.

Este estudo teve o apoio de agéncias nacionais e estadual, entre elas Conselho
Nacional de Desenvolvimeto Cientifico e Tecnoldgico (CNPq), Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Fundacdo de Amparo a
Pesquisa do Rio Grande do Sul (FAPERGS) e Fundo de Incentivo a Pesquisa e Eventos
do Hospital de Clinicas de Porto Alegre (FIPE/HCPA).

A estrutura desta tese se divide em uma revisao sobre assuntos pertinentes ao tema,
para estabelecer os antecendentes sobre o carcinoma hepatocelular (CHC). Segue com
trés artigos, o primeiro, propde modelo experimental de CHC e a avaliagdo do estresse
oxidativo; o segundo avalia a acdo da melatonina sobre o estresse oxidativo durante a
carcinogénese hepatica experimental e o terceiro, estuda os efeitos da melatonina sobre o
estresse de reticulo e as vias da apoptose durante a hepatocarcinogénese. No item
resultado estdo os artigos que respondem o0s objetivos formulados por esta tese.

Finalizando por uma discussao geral e suas conclusdes.
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Resumo Geral

O carcinoma hepatocelular (CHC) é a quarta causa mais frequente de morte por cancer
em todo o mundo. Este estudo teve dois grandes objetivos, o primeiro foi estabelecer o
carcinoma hpatocelular experimental por indugdo quimica e o segundo estudar os efeitos
da melatonina sobre o estresse oxidativo, estresse de reticulo endoplasmatico e apoptose
durante a hepatocarcinogénese. Foram realizados dois experimentos, ambos utilizaram
dietilnitrosamina (DEN) mais acetilaminofluoreno (2-AAF) em ratos Wistar machos
pesando 145-150 g. O primeiro estudo testou 3 protocolos de inducéo do cancer hepatico.
Os animais foram divididos em trés grupos testes: DEN50: que recebeu DEN 50 mg duas
vezes por semana até a 62 semana e uma vez por semana nas semanas 11 a 13. DEN75:
recebeu DEN 75mg uma vez por semana nas semanas até a 6% semana e um reforgo nas
semanas de 11 a 13. DEN100: recebeu 5 doses de DEN 100mg uma a cada seis semanas
por 28 semanas. Todos receberam 2- AAF dose Unica de 100 mg na 42 semana. Apos a
inducdo foi comprovado por testes bioquimicos, macroscopico e histoldgico que o
protocolo DEN50 desenvolve CHC avancado em 19 semanas, apresentou a fase
inflamatoria na 5% semana e cirrose na 122 semana. O protocolo DEN100 exibe padrédo de
lesbes pré-cancerosas com cirrose em 28 semanas. O protocolo DEN75 foi o mais
heterogéneo dos trés, pois desenvolveu lesdes pré-cancerosas, cancer inicial e CHC
avancado. O segundo estudo, repetiu o protocolo DEN50 e administrou melatonina
20mg/L. Os tratamentos comegaram nas semanas 5 e 12. Ao final de 19 semanas foi
observado que animais do grupo que sO recebeu DEN+2-AAF (DEN-CHC)
desenvolveram carcinoma avancado, exibiram mais expressdo de proteinas pro-
inflamatorias (INOS, COX-2 e NFkB). E animais tratados com Melatonina (DEN+MEL5
e DEN+MEL 12) apresentaram padrdo histoldgico de cirrose e reduzida expressao destas
proteinas. Quanto ao comportamento oxidativo foi observado que grupo DEN-CHC
apresentou menor lipoperoxidacdo (LPO) por reducdo de acidos graxos poliinsaturados,
maior oxidacdo proteica, menor atividade da SOD e maior indice de danos ao DNA. O
tratamento com melatonina ao longo da hepatocarcinogénese se mostrou efetivo para
proteger a membrana lipidica, reduziu a oxidacdo proteica, aumentou a atividade da SOD
e atenuou o dano ao DNA. Por fim, referente ao estresse de reticulo endoplasmatico e
apoptose, animais com DEN-CHC né&o apresentaram ativacdo das proteinas de estresse
de reticulo (BiP, ATF6 e CHOP) nem acionaram as rotas apoptoticas. Entretanto, animais

tratados com Melatonina tiveram aumento significativo na expresséo de proteinas como
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BiP, ATF6 e CHOP, assim como proteinas pré-apoptoticas. Nossos resultados apontam
que a melatonin, durante o processo de hepatocarcinogénese experimental, atuou como
anti-inflamatorio, antioxidante e pré-apoptético. E estas a¢Bes contribuiram para evitar a

progressao do carcinoma hepatocelular.

Palavras Chaves: carcinoma hepatocelular, estresse oxidativo, melatonina, estresse de

reticulo endoplasmaético, apoptose.
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General Abstract

Hepatocellular carcinoma (HCC) is the fourth most frequent cause of cancer death
worldwide. This study had two main objectives, the first was to establish the experimental
hpatocelular carcinoma by chemical induction and the second study the effects of
melatonin on oxidative stress, endoplasmic reticulum stress and apoptosis during
hepatocarcinogenesis. Two experiments were conducted, both used Diethylnitrosamine
(DEN) + acetylaminofluorene (2-AAF) in male Wistar rats weighing 145-150 g. The first
study tested three induction protocols of liver cancer. The animals were divided into three
test groups: DEN50: DEN that received 50 mg twice a week until 6 weeks and once a
week during the weeks 11 and 13. DEN75: DEN received 75mg once a week during the
weeks to 6 weeks and another reinforcement in weeks 11 to 13 DEN100: DEN received
5 doses of 100mg one every six weeks for 28 weeks. All received 2 AAF single dose of
100 mg at week 4. After induction was confirmed by biochemical, macroscopic and
histological tests that DEN50 protocol develops advanced HCC in 19 weeks, presents
inflammatory phase in the 5th week and cirrhosis at 12 weeks. The default display
protocol DEN100 of precancerous lesions and cirrhosis in 28 weeks. DEN75 The protocol
was the most heterogeneous of the three, as developed precancerous lesions, early cancer
and advanced HCC. The second study, repeated the DEN50 protocol and administered
melatonin 20mg / L. The treatments began on week 5 and 12. At the end of 19 weeks was
observed that animals in the group that received only DEN (DEN-CHC) developed
advanced carcinoma exhibited over expression of proinflammatory proteins (iNOS,
COX-2 and NFkB). And animals treated with melatonin (DEN+ MEL5W and
DEN+MEL 12W) showed histological pattern of cirrhosis and reduced expression of
these proteins. As for the oxidative behavior was observed that DEN-HCC group had
lower lipid peroxidation (LPO) by reducing polyunsaturated fatty acids, higher protein
oxidation, lower activity of SOD and higher rate of DNA damage. Treatment with
melatonin throughout hepatocarcinogenesis was effective to protect the lipid membrane,
protein oxidation decreased, increased SOD activity and attenuated DNA damage.
Finally, referring to the endoplasmic reticulum stress and apoptosis, animal DEN-CHC
did not show activation of reticulum stress protein (BiP, ATF6 and CHOP) or triggered
apoptotic routes. However, melatonin treated animals had a significant increase in the
expression of proteins and BiP, CHOP and ATF®6, as well as pro-apoptotic proteins. Our

results indicate that melatonin, during the process of experimental hepatocarcinogenesis,
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acted as anti-inflammatory, antioxidant and pro-apoptotic. And these actions contributed

to prevent progression of hepatocellular carcinoma.

Key words: hepatocarcinoma; diethylnitrosamine; oxidative stress; nuclear factor

erythroid 2-related factor 2; nitric oxide synthase; heat shock protein.
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1 REFERENCIAL TEORICO

1.1 Carcinoma hepatocelular (CHC)

O carcinoma hepatocelular (CHC) é o tumor maligno primario mais comum do
figado, e ocorre como uma complicacio da doenca hepatica cronica. E o 4° tumor maligno
mais frequente no mundo, com mais de 700.000 novos casos por ano, sendo quatro vezes

mais comum em homens do que em mulheres (Ferlay et al., 2010a; 2010b).

As doencas hepaticas crdnicas, como as cirroses alcoolica e por virus da hepatite
B ou C (VHB e VHC), deficiéncia de al-antitripsina, hemocromatose e tirosinemia, séo
fatores de risco que predispdem ao CHC. Estas doencas danificam crénica e lentamente
0s hepatocitos, podendo induzir mitoses, tornando o DNA dessas células mais suscetivel
a alteracdes genéticas, Em pacientes VHC positivo, o CHC surge, em geral 30 anos apos

a contaminacao, quase exclusivamente em pacientes cirréticos (Bruix et al., 2004).

Ja foi comprovada a capacidade do DNA do VHB de se integrar ao DNA do
hospedeiro, embora 0 mesmo néo tenha sido comprovado para o VHC. Tal fato obscurece
0 mecanismo de carcinogénese pelo VHC, levantando a possibilidade do surgimento de
clone maligno pelos varios ciclos de regeneracdo e reparo no figado. Em pacientes
cirroticos com hepatite C cronica, a incidéncia anual de CHC é de 1,5-4% (Kanai,
Hirohashi et al., 1987; Kojiro, 1989; Kondo, Wada et al., 1989; Nakashima, Sugihara et
al., 1995).

As possibilidades terapéuticas para o0 CHC sdo muito limitadas, pois a maioria dos
casos se apresenta como tumor avancado e sem possibilidades de cura. O ideal €é
diagnosticar precocemente, na fase inicipiente, com pequeno tamanho, quando as
possibilidades de tratamento curativo podem ser efetivas (resseccdo cirdrgica,
radiofrequéncia, alcoolizacdo), principalmente o transplante hepatico (Bruix et al., 2012;
Bruix et al., 2015). O rastreamento dos pacientes com doencas predisponentes ao CHC é
fator fundamental para o diagostico precoce e terapéutica eficaz. O melhor método de
rastreamento é a realizacdo periddica de ecografia abdominal. As andlises sanguineas
podem mostrar alteracbes enzimaticas como a elevagdo da fosfatase alcalina ou da -

fetoproteina nos casos avangados (Bolondi, 2003). Conforme Vezozzo e Carrilho (2014),
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a melhor forma de detectar tumores precoces hepaticos, é o rastreamento do CHC em

pacientes cirréticos por meio de ecografia abdominal a cada seis meses.

O Instituto Nacional do Céancer (INCA, 2005) apresentou resultados de estudo
epidemioldgico sobre CHC, o qual caracteriza a popula¢do acometida no Brasil. Na sua
maioria o grupo prevalente é de homens brancos, na 5 década de vida, com historia de
tabagismo, alcoolismo e cirrose. O CHC € uma doenca de alta mortalidade, razdo pela
qual € necessario que sejam desenvolvidos programas de prevencdo ou de deteccdo
precoce nas populacdes de risco, bem como, de estimular as pesquisas basicas para

melhor entendimento da patogenia dessa doenca.

O desenvolvimento do CHC é um processo complexo, associado ao acumulo de
alteracOes genéticas e epigenéticas, que passa por estagios de iniciacdo, promocao e
progressao (Cervello e Montalto, 2006). InUmeras observacfes experimentais
demonstraram que produtos virais podem contribuir para a transformacdo maligna dos

hepatocitos.

Entender o CHC é muito complexo, pois a carcinogénese é caracterizada pelo
processo de multiplos estagios que envolve varios eventos celulares e moleculares, para
transformar uma célula normal em uma célula neoplasica. Este processo compreende trés

momentos: iniciacdo, promogao e progressao.

Durante a iniciacdo, a célula normal é atacada por um agente bioldgico, fisico ou
qguimico genotoxico. Agentes genotdxicos podem promover a mutagdo na célula normal
e gerar espécies ativas de oxigénio (EAO) em alta concentracdo. EAO sdo capazes de
oxidar macromoléculas ou ativar fatores de transcricdo. Além disso, a iniciagdo ocorrer

concomitante com o desenvolvimento do processo inflamatorio (Klaunig et al., 2010).

Enquanto que, a iniciacdo estd associada a mutacdo celular e danos no DNA, a
promocao esta ligada a modulacdo da expressdo do gene. Uma caracteristica desta etapa
é 0 aumento na divisdo celular e a reducdo na apoptose, além de forte estimulo aos fatores
de crescimento. A fase de promocdo, normalmente, é caracterizada pela presenca de
lesGes pré-cancerosas na analise anatomopatologica. Por Gltimo, a fase de progresséo esta
associada aos fatores de crescimento ativados que podem favorecer a expansao clonal

celular e contibuir para o crescimento do tumor. Esta fase ja se observa lesdes tumorais,
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momento em que ocorre a transformacéo de lesGes pré-cancerosas em celulas tumorais.
Na fase de progressdo as EAO contribuem para a expansao clonal, resisténcia a farmacos
e crescimento desorganizado (Klaunig et al., 2010; Boonstra e Post, 2004).

Muitos estudos tém demonstrado a presenca de excesso de producdo de EAO em
doencas hepaticas cronicas (Tieppo et al., 2009; Bona et al., 2012). A relacéo entre EAO
e desenvolvimento de CHC tem sido amplamente discutida. O estresse oxidativo pode
causar danos nos lipidios, nas proteinas e no DNA, produzindo a instabilidade do
cromossoma, mutacdo genética e crescimento anormal de células (Droge, 2002).
Acredita-se que, reduzindo a geracao de EAOQ, seria uma forma de retardar a progressdo

de tumor no figado.

1.2 Estresse oxidativo na carcinogénese

O estresse oxidativo € um estado de desequilibrio entre espécies oxidantes e
antioxidantes em favor das oxidantes. Este desequilibrio pode ser resultado do aumento
exagerado na geracdo de EAO e de radicais livre (RL) e/ ou da reducdo da atividade de

enzimas antioxidantes (Halliwell, 1989).

O organismo vivo utiliza oxigénio (O2) para sobreviver e manter suas atividades
metabolicas. O oxigénio é um elemento vital e também potencialmente nocivo para as
células (Boveris e Chances, 1973). Em certas condicdes, 0 O é responsavel por reacoes

quimicas extremamente toxicas.

Para converter o0 oxigénio molecular em agua sdo necessarios 4 elétrons, porém na
cadeia eletrdnica mitocondrial, os elétrons s&o doados de forma monovalente, permitindo
a formac&o de espécies intermediarias. Entdo, nos organismos aerobios, o Oz € reduzido
a agua no final da respiracdo mitocondrial (Figura 1). A molécula de Oz se mantém unida
ao complexo IV da cadeia respiratoria mitocondrial até que ocorra a reducéo total do O
em agua. Durante este processo, por receber apenas 1 elétron de cada vez, ocorre a
reducdo parcial do oxigénio, gerando anion superéxido (O27). Com a adicdo de um
hidrogénio ao anion superdxido, este se reduz a peroxido de hidrogénio (H202). O H20;
na presenca de metais de transicdo forma o radical hidroxil (OH) (Thannickal e Fanburg,
2000).



21

NADPH
Oxidase Hzoz
MADPH —— NADP-

Mitocdndria

1Y ¥Y¥ b
O
”'.

Reticulo Endoplasmatico —
Inflamacéa )

Xantina Oxidase

m —” ONOO-
Arginina
: NOS |— NO
Citrulina

Figura 1: Esquema da geracdo das espécies ativas de oxigénio (EAO) e das espécies reativas de
nitrogénio (ERN). NADPH: fosfato nicotinamida adenina dinucleotideo; O: oxigénio; Oy
anion superoxido; H,O,: peréxido de hidrogénio; SOD: superéxido de dismutase; ONOO™:
peroxinitrito; NO: 6xido nitrico; NOS: 6xido nitrico sintase; Fe?*: ion ferro; OH-: radical hidroxil,

R-OO0: radical peroxil (fonte: do autor).

As espécies oxidantes sdo conhecidas como espécies ativas de oxigénio (EAO) e
incluem o anion superdxido (O27), o radical hidroxil ((OH), o radical peroxil (ROO-) e 0
alcoxil (RO), peroxido de hidrogénio (H20z2), anion hipoclorito (OCI") e oxigénio singlet
(*0,) (Barp et al., 2002). O 6xido nitrico também gera espécies reativas, tais como NO- .
Quando o NO se combinar com as EAO potencializa o estresse oxidativo, pois formam o
peroxinitrito (ONOO™), esta forma é muito reativa e danosa a célula (Halliwell, 1989).
Além das espécies ativas, existem outro grupo de espécies que podem oxidar moléculas
bioldgicas, este grupo é denominado de radicais livres. Os radicais livres apresentam o
ultimo orbital desemparelhado, devido a isto, possuem alta reatividade e capacidade de

reagir com outras moléculas.

Os danos celulares causados pelos radicais livres podem ser a lipoperoxidacao
(LPO), a inativacdo enzimatica, a alteragdo do estado redox intracelular e o dano no DNA

(Favier et al., 1995). Quando um radical reage com proteinas da membrana celular,
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ocasiona dano estrutural e funcional. Ao reagir com DNA e proteinas permite ativar ou
inativar enzimas envolvidas na carcinogénese, bem como, ativar fatores de transcri¢cao
pro-tumorais. Neste contexto, a geracdo de EAO e RL contribui com um ambiente
favoravel aos multiplos processos que envolve o crescimento tumoral (Klaunig et al.,
2010).

As EAO podem atacar o DNA ocasionando mutacGes, transformacdes
neoplasicas, perdas das fungbes celulares reguladoras e apoptose (Vuillaume, 1987;
Berlett e Stadtman, 1997). Podem ser citadas quatro vias em que o DNA sofre mutacoes
decorrente ao dano oxidativo: i) alteragcbes nas pontes de hidrogénio, modificando a
estrutura quimica dos nucleotideos do DNA,; ii) aumento nas zonas quentes de

predisposto ao erro (Henle e Linn, 1997).

Na fase de iniciacdo, oxidacOes dependentes de hidroperdxidos, permitem a
formagéo de adutos de DNA que pode ser reparados ou ndo. Quando néo reparados,
resultam em mutacdo. Este processo, por ndo afetar a sintese do DNA, permite o

crescimento da célula com mutacdo (Hardeland, 2005).

A superproducdo de EAO e RL, associada a precéria resposta das defesas
antioxidante, pode ser responsavel pelo dano oxidativo de macromoléculas. Exemplo
desta condicdo, € a exposicdo cronica e intermitente a quimicos carcinogénicos, que
provocam dano oxidativo ao DNA, alquilando a guanina, que por sua vez resultara em
mutacao e subsequentemente expansdo clonal da célula mutada. Drége (2002), relata que
as EAO podem potencializar os processos carcinogénicos, porque elas favorecem a
mutagenicidade, promovem o tumor e sua progressdo. As EAO podem estimular as vias
de transducdo de sinal e levar a ativacdo de fatores chave de transcricdo como fator

nuclear eritroide-2 (Nrf2) e NF«B, favorecendo a carcinogenese (Klaunig et al., 2010).

O papel do estresse oxidativo se sustenta na correlacdo entre a indugdo de tumores
e consumo ou exposicdo a altas concentragdes de metais de transicdo, que facilita a
producdo de radicais livres. As EAO estdo associadas a ativacdo metabdlica
procarcinogénica permitindo a iniciacdo, promocéo e progressao tumoral (Wang et al.,
2006).



23

1.3 Defesas antioxidantes: sistema enzimatico e ndo enzimatico

Os RL s0 sdo eliminados do organismo quando reagem com outro radical ou com
o0 sistema antioxidante. Os antioxidantes agem de varias formas, inativando as EAO ou
se ligando aos ions metais de transi¢cdo. Conforme a forma de atuacdo, sdo classificados
em antioxidantes primarios, secundarios e terciarios. Os antioxidantes primarios:
previnem a formacdo de novos RL. Representam este grupo, a superoxido dismutase
(SOD), a glutationa peroxidase (GPx) e as proteinas de unido com metais (ferritina e
ceruloplasmina). Os antioxidantes secundarios: captam os radicais, evitando as reagdes
em cadeia. Entram neste grupo: a vitamina E, a vitamina C, o &cido Urico e a albumina.
Os antioxidantes terciarios reparam moléculas lesadas por radicais, como por exemplo,

enzima reparadora de DNA (Cheeseman e Slater, 1993).

O sistema de defesa antioxidante pode ser de origem enzimatica ou ndo-enzimatica.
As defesas enzimaticas sdo: superéxido dismutase (SOD), catalase (CAT), glutationa
peroxidase (GPx), glutationa dissulfeto redutase (GR) e glutationa S transferase (GST)
(Travacio e Llesuy, 1996). As defesas antioxidantes ndo enziméticas sdo compreendidas
pelas vitaminas (a-tocoferol, B-caroteno, &cido ascorbico), glutationa e flavonoides
(Koul, Bhatia e Bansal, 2001).

O sistema antioxidante enzimatico é responséavel pela manutencdo do equilibrio
entre substancias pro-oxidante e antioxidante, que muitas vezes o organismo fica exposto.
Cada enzima deste sistema desempenha um papel especifico no controle do balanco

oxidativo.

A SOD tem por principal fungéo atuar na dismutacdo do &nion superéxido em H,0-
e O.. Apresenta-se em trés formas: a Cu-ZnSOD, localizada no citosol; a Cu-ZnSOD
situada no endotélio vascular e, por ultimo, a SOD-manganés, presente na matriz
mitocondrial (Chance et al., 1979). Na reacdo 1 esta expressa a acao catalitica da SOD

junto ao &nion superoxido.

SOD
202"+ 2H* > H0; + O @
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O produto final da dismutacédo é o peroxido de hidrogénio e o O2. O H2O2, apesar
de ndo ser um radical, facilmente reage origindo o radical hidroxil. A remocédo dos
peroxidos ocorre por meio da CAT e da GPx, tendo a CAT mais afinidade ao peroxido
de hidrogénio, de metila e etila, enquanto que a glutationa peroxidase (GPx) catalisa a
reducdo de perdxido de hidrogénio e de hidroperdxidos organicos (Travacio e Llesuy,

1996). A acdo da catalase sobre o perdxido € apresentada na reacao 2.

CATALASE
2 H202 » 02 + 2H0 2

A GPx também atua sobre peroxidos e estd situada no citosol e na matriz
mitocondrial e, reduz o perdxido de hidrogénio a 4gua, através da oxidacao da glutationa
reduzida (GSH). Para restabelecer a glutationa oxidada (GSSG) a reduzida, é necessario
que a Glutationa Redutase (GR) promova a regeneracdo da GSSG, consumindo NADPH,

conforme demonstrado na Figura 2 (Halliwell, 1989).

GPx Catalase 1
Hy02 — H20+ %0,

GSSG SOD

T e Oz~

Fe* —J OH-

Figura 2: Sistema de defesa antioxidante e a interacdo entre as enzimas. H,O: agua; GPx:
Glutationa Peroxidase; H20-: perdxido de hidrogénio; O,: oxigénio; GSSG: Glutationa oxidada;
GSH: Glutationa reduzida; GR: Glutationa Redutase; SOD: Superoxido de dismutase NADPH:

fosfato nicotinamida adenina dinucleotideo; Fe?*: fon ferro; OH-: radical hidroxil (fonte

autor).

Além das defesas enzimaticas, 0 estresse oxidativo pode ser controlado com a

suplementacédo de substancias que atuam como antioxidates. Dentre elas estdo vitaminas
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(o-tocoferol ou vitamina E, B-caroteno, acido ascérbico ou vitamina C), glutationa,
flavonoides e melatonina (MEL) (Tieppo et al., 2009; Bona et al., 2012). A melatonina
se destaca por ter agdo antioxidante, anti-inflamatoria e propriedades oncostaticas (Reiter
etal., 2007).

1.4 Melatonina: caracteristicas e a¢6es sobre a sinalizacéo celular

O estresse oxidativo desempenha um papel central na patogénese e progressao de
doencas hepéticas e 0 uso de antioxidantes tem sido proposto como terapia alternativa,
bem como, drogas coadjuvantes, para compensar 0s danos sistémicos e hepaticos
(Moreira et al., 2004; Tieppo et al., 2009; Bona et al., 2012).

A melatonina (MEL) — N-acetil-5-metoxitriptamina, ¢ uma indolamina lipofilica,
derivada do triptofano e produzida, principalmente, pela glandula pineal dos vertebrados
(Reiter e Tan, 2002; Reiter et al., 2007). A utilizacdo da MEL estéa relacionada ao controle
e tratamento de alteracdes ligadas ao ritmo circadiano (Kostoglou-Athanassiou, 2013;
Perdomo et al., 2013) ao ritmo do sono, ao humor, & maturacdo sexual e reproducéo, a
funcdo imunitaria, ao envelhecimento e ao sistema de defesa antioxidante (Mills et al.,
2005, Allegra et al., 2003, Reiter et al., 2001; Perdomo et al., 2013).

Muitos estudos vém demonstrando as inUmeras a¢6es que a melatonina é capaz de
realizar, entre elas: atividade anti-angiogénica (Lissoni et al., 2001), atividade anti-
inflamatdria (Lissoni et al., 1997), imunoestimulacdo (Brzezinski et al., 1997, Lissoni et
al., 2002), antioxidante (Reiter et al., 2004) e oncostatica (Mills et al., 2005; Reiter et al.,
2007, Blask et al., 2002). Os efeitos oncostaticos foram descritos pela primeira vez por
Blask et al. (2002), e atualmente, sdo amplamente estudados, principalmente em tumores
de mama, c6lon e ovario (Shiu et al., 2003, Mills et al., 2005; Otalora et al., 2008; Jung
et al., 2010; Carbajo-Pescador et al., 2011).

Nos estudos em que a acdo da melatonina foi comparada com a de outros
antioxidantes conhecidos, como por exemplo, as vitaminas C e E, a melatonina mostrou-
se mais eficiente na reducdo do estresse oxidativo/ nitrosativo (Reiter et al., 2001; Reiter
et al., 2003). As caracteristicas que conferem a MEL uma eficiente acdo antioxidante,
baseia-se na sua capacidade direta de atuar como um doador de elétrons em processos

ndo enzimaticos (Figura 3), na capacidade de atravessar facilmente barreiras
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morfofisioldgicas e pelo seu acesso rapido a locais de producéo de radicais livres, por
exemplo, nas mitocondrias, onde a geracdo de radicais livres é especialmente elevada
(Reiter et al., 2001; Reiter et al., 2003). Indiretamente a MEL age sobre os radicais livres,
através da estimulacdo de varias enzimas antioxidantes e por acdo de seus metabdlitos,

que também atuam como varredores de RL (Reiter et al, 2003).

Figura 3: A estrutura quimica da Melatonina. Esta indolamina tem peso molecular de
232,27 g/mol, caracteristica quimica de anfifilicidade, que permite difundir-se em meio
hidrofilico e lipofilico. Isto ocorre devido ao grupamento metoxi no carbono 5 e
grupamento acil ligado ao nitrogénio do grupo amina. A propriedade antioxidante se deve
a dupla ligacdo presente nos carbonos 2 e 3 (do anel pirr6lico) que possuem alta

capacidade de doar elétrons (Cipolla-Neto e Afeche, 2008).

Em adicdo a atuacdo da MEL frente aos RL seja via direta ou indireta, a melatonina
também exibe significativa atividade anti-inflamatoria (Mauriz et al., 2013; Perdomo et
al.,, 2013). A eficacia da melatonina como agente anti-inflamatério resulta da sua
capacidade em reduzir a expressao e atividade da 6xido nitrico sintase induzida (iNOS) e
da ciclo-oxigenase (COX-2), limitando assim a producdo de uma variedade de moléculas
pré- inflamatorias (Perdomo, et al., 2013). A melatonina modula a producéo destes fatores
através da regulacdo de varios fatores de transcricdo, incluindo NFxB, o fator nuclear
eritroide-2 (Nrf2) e o fator induzivel por hipéxia (HIF) (Mauriz et al., 2013; Carbajo-
Pescador et al., 2013; Vriend e Reiter et al., 2015).

O fator de transcricdo NFkB induz a expressdo de muitos genes que atuam na
regulacao da resposta imune, inflamatdria e apoptdética. Porém, a ativacdo exagerada deste
fator pode ser a causa priméaria de muitas doencas. Ha evidéncias de que o fator NFkB
pode ser modulado pela melatonina (Baeuerle e Henkel, 1994). De forma semelhante, o

fator AP-1, que regula a expressdo de genes associados com o crescimento celular,
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também pode ser regulado por esta indolamina. A regulacao destes fatores nucleares pode
resultar no controle na producéo de citocinas pro-inflamatérias. A melatonina contribui
com as defesas antioxidantes das células através da regulagdo génica, isto porque 0s
promotores de enzimas antioxidantes séo regulados de forma direta ou indireta por fatores
nucleares, os quais podem ser regulados por este horménio (Cuzzocrea e Reiter, 2002;
Mauriz et al., 2013; Hill 1988; Papazisis et al., 1999; Petranka et al., 1999; Fariol et al.,
2000).

Os genes do citocromo P450 séo tipicamente genes com elementos responsivos a
antioxidantes (ARE) em seus promotores. Por possuirem ARE, as enzimas citocromo
P450 podem ser reguladas, em parte, pela ativagdo do Nrf2, ap6s liberagdo do seu inibidor
Kelch-like ECH associated protein 1 (Keap-1). Esta ativacdo é importante para a

transcricao das enzimas antioxidantes (Venugopal e Jaiswal, 1996; Tripathi e Jena, 2010).

A melatonina tem capacidade de ativar o Nrf2, translocando-o para o ndcleo.
Devido a isto, é possivel que sistemas bioldgicos expostos a melatonina obtenham altos
niveis de enzimas detoxificantes da fase I, tornando-o0s mais preparados para situacoes de
estresse oxidativo ou situacgdes de toxicidade.

Estudos experimentais tém documentado que a melatonina é capaz de aumentar a
ativacdo de Nrf2 e a expressdo de enzimas detoxificantes Heme oxigenase 1 (HO-1) e
NAD(P) quinona oxidoredutase-1 (NOQZ1) (Tripathi e Jena, 2010). Escames et al., (2006)
destacam que a melatonina possui acdo neuroprotetora, cardioprotetora e

anticarcinogeénica.

Apesar da melatonina atuar como antiapoptdtica em doengas inflamatdrias
hepéticas. Alguns estudos “in vitro”, utilizando a melatonina em células tumorais,
demonstraram que ela apresenta uma acdo pré-apoptotica, controlando o crescimento
tumoral (Martin-Renedo et al., 2008; Carbajo-Pescador et al., 2013, 2013a). De forma
curiosa, parece que a melatonina atua de forma oposta em células normais e em células
tumorais (Sainz et al., 2003). Esta dualidade permite que ela seja um bom recurso
terapéutico no carcinoma hepatocelular (CHC), porgue exerce influéncia nos mecanismos
que regulam o estresse celular e oxidativo, sendo capaz de estimular e de inibir inimeras
rotas moleculares. Esta acdo regulatéria torna a melatonina um interessante agente

terapéutico na carcinogénese.
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1.5 Vias de sinalizacéo celular e suas relacGes durante a carcinogénese
1.5.1 Fator de Transcrigdo Nuclear Kappa B (NF«B)

O NF«B ¢ importante sinalizador da resposta inflamatoria e, quando ativado,
transloca-se para o nucleo (Figura 4), onde se liga a regido promotora de genes alvos e
estimula a expressdo de genes de moléculas de adesdo e de mediadores inflamatérios
(Thanos e Maniatis, 1995; Bakkar e Guttridge, 2010). A forma do fator de transcri¢cdo
NF«B é definida por um complexo dimero da familia de polipeptideos da familia Rel/
NF«B, que se dividide em duas classes: a primeira consiste de proteinas precursoras p105
e p100, que sdo processadas e maturadas nas formas de p50 e p52, respectivamente. A
segunda classe é representada pelas proteinas do tipo Rel (c-Rel), v-Rel, Rel A (p65) e
Rel B (Siebenlist, Franzoso e Brown, 1994).

l ® @
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@@ Cancer

s .
Imortalidade Anti-apoptose
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/ (telomerase)
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NF-«B (TNF, IL1) (NF=K (TNF, IL1, IL-6, cMyc)
: S 7/ o
N SR \ \‘ Angiogénese Promogéo Tumoral
(VEGF, TNF, IL1, 1L.8) (COX2,INOS, MMP-9)

Metastases
(ICAM, VCAM, ELAM)

Figura 4: Ativacdo do NFxB e suas agOes sobre a inflamacéo e o cancer (Adaptado de
Tabrunyn e Griffion, 2008; Walston, 2015).

Este fator apresenta por caracteristica a rapida translocacdo do citoplasma para o
nacleo em resposta a um sinal extracelular. O fator encontra-se inativado no citoplasma,
devido a ligacdo a uma proteina inibitéria 1kB, e nesta condi¢do ndo pode estimular outras

células. Porém muitos sinais inativam o inibidor kB, permitindo que o NF«B entre para
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0 nucleo e rapidamente passe a induzir a transcricdo nuclear (Siebenlist, Franzoso e
Brown, 1994).

O entendimento das vias utilizadas para sinalizar o fator nuclear ainda é motivo de
estudo, ja que existem muitos pontos obscuros. Muitos sinais de transducdo tém sido
implicados na ativacdo do NF«B, capazes de iniciar a cascata de fosforilagdo. O sitio da
proteina quinase (PKA) é conservada entre os membros da familia Rel/ NFxB, com
excecdo da Rel B e p52 (Bours et al., 1992).

As vias de sinalizacdo citoplasma-nucleo sdo extremamente complexas, observadas
na figura 5. Para ativar as respostas de fatores nucleares sdo necessarios varias estruturas
e processos celulares, tais como estimulo transmembrana, receptores, proteina guinase,
2° mensageiros, processos de fosforilacdo e proteinas citoplasmaticas. A fosforilagcdo da
subunidade NFxB pode afetar fun¢des importantes, como a ativacdo da transcricdo de
inimeros genes pré-inflamatorios e de sobrevivéncia celular. Os sinais que ativam o
NF«B sdo originados por estimulos decorrentes de: citocinas, sinais mitogénicos,
mediadores biologicos, produtos bacterianos, produtos virais, estresse fisico, estresse
oxidativo e agentes quimicos (Siebenlist, Franzoso e Brown, 1994) (Figura 5).

Existem evidéncias que sugerem que as EAO possam atuar como sinalizadores ao
NFB. Isto estd baseado na modulacdo da funcdo do fator nuclear B, quando utilizado
algum antioxidante. Este fato demonstra que, o NFxB é um fator de transcrigdo responsivo

ao estresse oxidativo (Van Den Berg et al., 2001).

Em funcéo de sua resposta a sinais de agentes agressores, de sua ligacéo a fatores
de crescimento e de sua associacdo a proteinas envolvendo crescimento irregular é
sugerido ao NF«B um papel patofisioldgico, levando a pensar que sua modulagdo poderia
ter efeitos benéficos na supressdo das respostas imediatas da inflamacdo na fase aguda
(Baeuerle e Henkel, 1994).
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Figura 5. Esquema das complexas vias do receptor de membrana e das cascatas de sinalizagoes
que ocorrem no citoplasma e nacleo celular. Salienta-se a presenga do NFB acionado por
fosfoinositol 3 quinase (PI3K) e proteina quinase ¢ (PKC) (Hanahan e Weinberg, 2000).

1.5.2 Estresse de reticulo e apoptose na carcinogénese

Recentemente a interacdo entre o estresse oxidativo, a resposta inflamatéria e o
estresse de reticulo esta sendo citada na literatura como base para explicar 0s processos
salde-doenca. O entendimento da interacdo entre estes trés processos € essencial para
elucidar a patogenia de muitas doencas. Ha evidéncias que o estresse oxidativo/ resposta
inflamatdria/ estresse do reticulo endoplasmatico estdo interligados e formam um ciclo
retroalimentado. E que, acOes sobre qualquer um deles, afetard os demais (Zhang,
Kaufaman, 2008).

O reticulo endoplasmatico (RE) é a organela responsavel pelo processo
de ”folding” da proteina ou enovelamento da proteina, fenébmeno pelo qual a proteina
dobra-se sobre si mesma e torna-se ativa. Também, o RE responde pela sintese de lipidios

e esteroides, e esta envolvido no sistema de controle de alta qualidade que garante correto
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processo de enovelamento de proteinas, as quais serdo transportadas para o complexo de

Golgi.

Contudo, estados fisiologicos ou patofisiologicos, que aumentam a demanda do
processo enovelamento de proteinas ou que estimulam a ruptura nas reagdes proteicas,
geram desequilibrio entre preparar o processo de enovelamento e a capacidade do RE.
Isso causa acumulo e desordem no processo de enovelamento proteico (denominado de
unfolded), no Iimen do RE. Tal situacdo € denominada de estresse do reticulo
endoplasmatico. O estresse do RE aciona processo de desativacdo proteica - UPR (do

inglés unfolder protein response) (Csordas e Hajndczky, 2009).

A inflamacéo, pelo excesso de mediadores quimicos e seus metabdlicos, agravam
0 estresse de RE. Curiosamente, em muitos processos patoldgicos, estes metabolicos,
também podem atuar como alvos para desencadear estresse oxidativo (Zhang, Kaufman,
2008; Hotamisligil, 2010). Além dos metabdlicos, salienta-se que a sinalizagdo por Ca*?
intracelular e radicais livres sdo as chaves para a interacdo entre estresse RE, estresse

oxidativo e inflamacédo (Csordas e Hajnéczky, 2009).

O reticulo endoplasmatico possui um ambiente oxidativo que facilita a formacao de
pontes dissulfidicas nas proteinas em maturacdo permitindo a estabilizacdo da estrutura
protéica. As proteinas entram no reticulo como cadeias polipetidicas ndo dobradas e
dobram-se no limen do reticulo. O dobramento é facilitado pelas chaperonas. As
chaperonas promovem o dobramento por meio de ciclos de ligacdo e liberacdo do

substrato regulado pela hidrdlise do ATP em ADP.

A presenca do estresse no reticulo é detectada por trés proteinas transmembranosas
(Figura 6): PERK (PKR-like ER kinase), ATF6 (Activating transcription factor) e IRE-1
(Inositol-requiring enzyme-1). Sob condicBes de estresse, estas proteinas iniciam

diferentes mecanismos de regulacdo (Zhang, 2008).
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ESTRESSE DE RETICULO ENDOPLASMATICO
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Figura 6: Esquema da ativagdo das proteinas envolvidas no estresse de reticulo em

associacdo a apoptose (Adaptada de Isler, Skalet e Alwine, 2005).

A PERK é uma proteina serina/treonina quinase transmembrana que ap6s sofrer
oligomerizacdo e auto-fosforilagéo, fosforila a subunidade alfa do fator de iniciagéo de
tradugdo 2 (elF2a), o que resulta na diminuicdo da tradugdo da maioria dos mMRNA
(Boyce et al., 2005). No entanto, hd uma traducéo seletiva do mRNA de ATF4 (activating
transcription factor 4). O ATF4 requer a fosforilagdo do elF2a para sua tradugdo e ¢
essencial para induzir a transcricdo da molécula GADD34 (growth-arrest DNA-damage

gene 34). GADD34 é uma proteina citosdlica, que se associa a proteina fosfatase 1 (PP1),
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que por sua vez desfosforila eIF2a e promove o recomeco da sintese protéica. O ATF4
também induz a sintese do fator CHOP (C/EBP homologous protein), um fator de
transcrigdo que esta relacionado a apoptose caso as células sejam expostas a um estresse
crénico do RE (Hotamisligil, 2010).

O ATF6 é um fator de transcrigdo que apos o desligamento da BiP do seu dominio
luminal, vai até o Complexo de Golgi e sofre clivagem proteolitica pelas proteases sitio
1 e sitio 2 (S1P e S2P). O fragmento gerado, ATF6f, vai até o nucleo e induz a expressao

de varios genes da via UPR (Zhang et al., 2006).

Depois de se desligar da BiP, a IRE-1 sofre oligomerizacao e autofosforilacao, ativa
0 seu dominio endonuclease que faz a clivagem sitio-especifica do mRNA de XBP1,
produzindo um mRNA de XBP1 processado (spliced, SXBP1) que gera uma proteina com
dominio C-terminal de 226 aminoécidos (Yoshida et al., 2000). A IRE-1 também pode
induzir a apoptose uma vez que recruta e ativa a caspase 12 (Nakagawa et al., 2012; Chen
etal., 2014).

O XBP-1 apresenta as formas processada (spliced) e ndo-processada (unspliced). A
presenca da forma spliced de XBP-1 representa a ativacdo da via UPR, sendo considerado
o principal fator de transcri¢do responsavel pela inducdo da expressdo genes alvos da via
UPR (YYoshida et al., 2000). Ele ativa a transcricdo de chaperonas (BiP/GRP78, GRP94,
Calnexina, ERdj3, ERdj4) e induz a transcricdo de outros genes relacionados a
degradacéo de proteinas (EDEM) (Yoshida et al., 2000).

Danos celulares, como lesao no hepatocito e seu continuo “turnover”, sdo essenciais
para a proliferacdo de células hepaticas malignas. A necessidade constante da célula em
realizar “turnover” também contribuem para a formacdo do carcinoma hepatocelular,
uma vez que células mortas estimulam a mitogénese de hepatdcitos (Malhi e Kaufman,
2011).

A morte celular € crucial para o desenvolvimento da malignidade. Isso pode ser
explicado pela agdo do fator de transcricdo kB pela subunidade p53, que regula o ciclo
celular, assim como a morte celular. A perda da funcdo ou defeito na subunidade p53, por
mutacdo ou inativacdo, pode estar associada a presenca de tumores malignos (Melino,
2010).
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Os mecanismos presentes na formacdo do tumor sdo extremamente complexos e
muitos atores estdo envolvidos (Figura 7). Este processo associa inflamacdo cronica,
atividade oxidativa ativada, angiogénese, fatores de crescimento, fatores nucleares, e por

fim alteracdes génicas.
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Figura 7: Relagdo entre o desenvolvimento do processo de doenga cronica inflamatoria com
alteracOes celulares malignas. Estabelecendo as respostas ao estresse oxidativo, ao fator nuclear
kB, a formacdo de angiogénese, a ativacdo de rotas inflamatdrias e proliferativas (fatores de
crescimento), apoptose e disfuncéo tecidual (Fonte: autor).

Outro aspecto importante na carcinogénese € a apoptose. Conceituada como
processo programado que leva a morte celular. Quando a célula sofre uma injdria,
desencadeia processo de necrose, cujos sinais sdo conhecidos como perda da capacidade
de regulagdo osmotica, ruptura da membrana e consequentemente saida do conteudo
intracelular. Isto por fim, resulta em processo de fagocitose dos restos celulares, acrescido
de resposta inflamatoria. Enquanto que, a apoptose é um processo fisiolégico, com
controle genético, cujas as células envelhecidas ou mal formadas sdo destruidas. Este

processo é considerado antagonista do ciclo celular de proliferacdo (Elmore, 2007).
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A apoptose pode apresentar periodos de reducdo de sua atividade de forma
fisiologica ao longo da vida, como durante o periodo embrionério. Entretanto, a reducéao
em algumas situagdes pode sinalizar distirbios, como doengas tumorais, auto-imunes,

infecciosas e virais (EImore, 2007).

Células tumorais apresentam caracteristicas de resisténcia a apoptose pela super
expressao de proteinas anti-apoptoticas, tais como a familia Bcl-2 ou pela inibicdo de
proteinas pro-apoptoticas (Bax) (Hanahan e Weinberg, 2011). As caspases sdo capazes
de reconhecer substratos com residuos de aspartato e sinalizar para a apoptose,
condensando e fragmentando o ndcleo, para posteriormente ser fagocitado. Das 14
caspases, apenas seis participam da apoptose (caspase 3, 6, 7, 8, 9, 10). A caspase cliva a
proteina ligada ao p53, liberando-o para que seja translocado ao nucleo e assim passe a
transcrever o gene pro-apoptético Bax. A apoptose € ativada de duas maneiras, pela via
extrinseca (citoplasmatica) ou pela via intrinseca (mitocondrial) (Figuras 6 e 8). A via
extrinseca ativa a caspase 3, por meio de FasL-Fas que aciona a caspase 8. A via intrinseca
é iniciada pela liberacdo de citocromo C, que se liga a APAF-1, e aciona a caspase 9, para

finalmente, ativar a caspase 3 (Nicholson e Thornberry, 1997).
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Figura 8: vias da apotose ativando a caspase 3 (Adaptada de Nicholson e Thornberry,
1997).
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Fortes evidéncias sugerem que a perda ou a faléncia deste sistema regulatorio pode
contribuir para o agravamento de inimeras formas de cancer (Hanahan e Weinberg,
2011).

1.6 Modelos experimentais de carcinogénese hepatica

Muitos modelos experimentais, que mimetizam o desenvolvimento da
carcinogénese do figado, foram descritos ao longo de 60 anos de historia. No decorrer
destas décadas muitas hipoteses sobre 0s mecanismos carcinogénicos hepatico foram
formuladas. Dentre elas destaca-se a concepc¢do que o desenvolvimento do CHC passa

por estagios de iniciacdo, promocao e progressao (Fausto e Campbell, 2010).

Séo citadas na literatura 4 grandes linhas de modelos experimentais: cirdrgico, por

implante de células tumorais, por manipulacdo genética e por inducao quimica.

Os modelos por implante de células tumorais sdo considerados rapidos para o
crescimento da neoplasia, porém sdo sofisticados, caros e necessitam dominio
tecnoldgico. Além do mais, sdo comumente associados a modelos por indugdo quimica,

para recriar um ambiente de fibrose no figado (Heindryckx et al., 2009).

Os modelos experimentais de CHC por manipulacdo genética utilizam animais
geneticamente modificados, como, camundongos transgénicos ou nocautes, genes com
expressao viral, supressores tumorais, oncogenes, fatores de crescimentos de insulina
(IGF), epidermal (EGF) e de hepatdcitos (HGF) inibidos ou hiperestimulados (Newell et
al, 2008; Heindryckx et al., 2009; Fausto e Campbell, 2010). Este modelo ¢ muito
utilizado para estudar rota molecular especifica, e normalmente é associado a inducgéo

quimica ou ao implante de células tumorais.

No grupo de modelos de CHC por indu¢do quimica estdo aqueles que expde 0s
animais a agentes quimicos genotoxicos/ carcinogénicos. Dentre eles podem ser citados:
dieta com reducdo de etionina, uso de proliferador de peroxissoma sintético, tioacetamida
(TAA) e dietilnitrosamina (DEN).

Estes modelos seguem a primicia de usar doses de composto carcinogénico e
esperar o tempo de laténcia. Ha dois tipos de compostos carcinogénicos (Pitot e Dragon,
1991):
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e Composto genotoxico: tem capacidade de induzir alterac@es estruturais no DNA,;
e Composto promotor: tem baixa capacidade genotoxica direta, mas reforca a formagéo do

tumor ap6s sua iniciagdo pelo composto genotdxico primario.

Uma das grandes vantagens dos modelos quimicos é o de mimetizar as fases de
evolugdo do CHC, reproduzir o ciclo lesédo-fibrose-cirrose-malignidade, permitindo

estudar cada fase do ciclo de formacédo do carcinoma hepético (Heindryckx et al., 2009).

Apos revisdo bibliografica sobre modelos experimentais para CHC foi constatada
imensa quantidade de protocolos, muitos de custo elevado, de dificil reproducéo, pela
falta de clareza dos protocolos, muitas adaptacGes de um trabalho para outro, alta taxa de
mortalidade, longo tempo de laténcia para desenvolvimento da doenca, além de nao

fornecer todas as etapas de desenvolvimento do cancer hepatico.

Na falta de modelo experimental de CHC padronizado e cuidadosamente descrito
surge a necessidade de propor a caracterizacdo de um modelo experimental para CHC. O
estabelecimento deste modelo se faz necessario para ampliar o conhecimento da sua
patogénese. Estudar os mecanismos que regulam o desenvolvimento do tumor, detectar
as vias que permita a transformacéo dos hepatocitos, avaliar a sequéncia da evolucao da
doenca, em condicdes controladas, e eventualmente propor estudos com drogas, verificar
sua resposta, efeitos e eficacia sdo objetivos que um bom modelo experimental deve

atender.

Caracterizar um modelo experimental requer extremo cuidado na documentagéo
dos resultados e sua interpretacdo. O modelo animal experimental precisa reproduzir as
condigdes clinicas do CHC. Segundo Terblanche e Hickman, (1991) o modelo ideal deve

atender uma série de requisitos:

= Ser reversivel: o modelo deve produzir o CHC e permitir a sobrevida dos animais
até o final do processo.

= Reproduzir: aclinica, a extensao da lesdo hepatica e permitir sua avaliacao.

= Ser reproduzido: quando seguidas as etapas do desenho experimental poder
reproduzir o CHC.

= A morte: deve condizer com o0 CHC. A morte dos animais deve ser resultado direto

do dano causado pelo tumor.
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= Ter“janela” terapéutica: dispor de tempo suficiente que permita a investigacao e
0 tratamento entre o periodo em que a lesdo se desenvolve e a morte dos animais;
= Animal adequado: que permita 0 manuseio e o desenvolvimento da doenca;

= Baixo Risco ao pesquisador

No intuito de estabelecer um modelo experimental de CHC esse estudo utilizou a
inducdo do carcinoma por meio de agente quimico indutor em associacdo de outro agente
promotor, ou seja, 0s compostos genotdxicos utilizados foram: dietilnitrosamina (DEN)
e acetilaminofluoreno 2 (2-AAF).

1.6.1 Modelo experimental de CHC por indugdo quimica

A dietilnitrosamina é um agente quimico frequentemente usado como carcinégeno,
podendo desenvolver tumor no figado, trato gastrointestinal (Binoto et al., 2008), pele e
pulmédo (Wang et al., 1992). A capacidade carcinogénica da DEN é caracterizada por dano
na estrutura do DNA. Conforme Verna et al., (1996), o DEN ¢ hidrolizado para a-
hidroxilnitrosamina. Esta bioativacao é dependente de oxigénio e de NADPH e é mediada
pelo Citocromo P450. Os agentes carcinogénicos podem formar adutos por metilacéo,
etilacdo ou alquilacdo. A biotransformacdo do DEN forma o ion etildiazonium, que
apresenta caracteristicas eletrofilicas. Este ion é responséavel pelos danos no DNA por
reagir com nucleotideos (Figura 9).
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Figura 9: Formacédo de Adutos no DNA causados pelos carcindgenos DEN e 2-AAF. Em
destaque a base nitrogenada, guanina, a qual reage com os radicais formados (Adaptado
de Kensler, 2008).
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A N-hidroxilacdo da 2-AAF seguida por esterificacdo do grupo N-hidroxilo da
origem a um composto altamente reativo (ion nitronium) capaz de uma reagdo ndo
enzimética com locais nucleofilos das proteinas e acidos nucleicos. Qi et al., (2008)
referem que o DEN potencializa o estresse oxidativo, que contribui para a
hepatocarciogénese. A ativacdo do sistema citocromo p450 aumenta a geracdo de
espécies ativas de oxigénio (EAO), principalmente peroxido de hidrogénio e anion
superoxido, ambas podem formar radical hidroxil, que provoca danos as proteinas,
lipidios e DNA.

Vaérios artigos foram consultados para a elaboracdo do modelo experimental por
DEN (Hacker et al., 1991; Chen et al., 1993; Shiota et al., 1999; Frey et al., 2000;
Finnberg et al., 2004; Park et al., 2008; Teoh et al., 2008; Zimmers et al., 2008). Alguns
autores recomendam que a dose utilizada deva ser preferencialmente alta, pois dose baixa
(<5ug/g por peso) permitem reparos, ndo desenvolvendo a neoplasia (Williams et al.,
2000). O tempo de laténcia estimado é de 3 a 5 meses. Na escolha dos animais deve ser
levada em consideracdo o género e a idade, segundo Nakatani et al., (2001), as fémeas
desenvolvem CHC por DEN em apenas 30%, acreditam que exista efeito inibitorio
promovido pelo estrogénio. Em contrapartida, 100% dos machos irdo formar CHC,
devido a estimulacdo androgénica sobre a hepatocarcionogénese. Ocorre mais CHC em
animais jovens, em funcédo das altas taxas proliferativas de hepatdcitos na primeira fase
da vida (Vesselinovitch e Mihailovich, 1983).

A literatura oferece inimeros protocolos de pesquisa, o que reforca a ideia da falta
de um modelo padrdo. As doses de DEN variam de 5 a 200mg/Kg, administrado
intraperitonial em dose Unica ou repetidas vezes. O tempo de laténcia é outro ponto
bastante conflitante, pois a literatura abrange de 20 a 104 semanas para estabelecimento
do tumor. O uso de indutores enzimaticos, também é polémico, pois alguns estudos
utilizam indutores enzimaticos para potencializar a formacéo da doenca, combinando o
DEN ao fenobarbital (PB) (Hacker et al., 1991; Chen et al., 1993; Shiota et al., 1999; Frey
et al., 2000; Finnberg et al., 2004; Park et al., 2008; Teoh et al., 2008; Zimmers et al.,
2008), em contrapartida outros protocolos desaconselham seu uso.

Neste contexto de variadas propostas € necessario estabelecer o modelo
experimental de CHC em que o tumor se desenvolva espontaneamente, no ambiente da

fibrose, mimetizando a evolucdo do crescimento do carcinoma. A padronizacdo deste
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modelo permitira sugerir as rotas metabdlicas e fisioldgicas da doenca e promover estudos

futuros pré-clinicos.

Com base nos conceitos e estudos citados, esta pesquisa buscou determinar um
modelo experimental de carcinogénese hepatica, para comparar lesdes pré-cancerosas
com carcinoma avangado quanto aos aspectos bioquimicos, histoldgicos e de estresse
oxidativo e posteriormente avaliar o efeito da administracdo da Melatonina durante a
hepatocarcinogénese experimental sobre o estresse oxidativo, estresse de reticulo e

apoptose.
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2 OBJETIVOS

2.1 Objetivo Geral

O objetivo geral desta tese foi estabelecer um modelo experimental de carcinoma
hepatocelular, avaliando o estresse oxidativo, estresse de reticulo endoplasmatico e

apoptose frente ao uso ou ndo de melatonina.

2.2 Objetivos especificos para o Experimento |

2.2.1. Determinar o modelo experimental de Carcinoma Hepatocelular e comparar

lesbes pré-cancerosas (PL) com CHC avangado

1. Descrever as etapas do desenho experimental para estabelecimento da
carcinogénese por inducdo quimica em ratos.

2. Caracterizar as manifestacdes do aspecto geral e somatico: avaliar aspectos gerais,
como peso, relacdo hepatossomatica, analise macroscopica do figado, avaliando
nodulos e massas tumorais.

3. Avaliar aspectos histoldgicos: realizar analise histopatoldgica no tecido hepatico,
por meio da coloracdo hematoxilina e eosina e picrosirius em animais com lesoes
pré-cancerosas (PL) e CHC avancado.

4. Quantificar as enzimas de integridade hepatica (AST, ALT, FA e yGT) dos

animais com lesdes pré-cancerosas (PL) e CHC avancado.
2.3 Objetivos especificos para o Experimento 11

2.3.1. Determinar a acdo da Melatonina na carcinogénese hepatica experimental sobre

0 estresse oxidativo, estresse de reticulo endoplasmatico e a apoptose.

1. Avaliar arelacdo hepatossomatica dos animais submetidos a carcinogénese com
e sem Melatonina.

2. Auvaliar as enzimas de integridade hepatica mediante a quantificacdo de AST,
ALT, FA e yGT dos animais submetidos a carcinogénese com e sem tratamento

com Melatonina.
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Avaliar os aspectos macroscopicos do figado dos animais submetidos a
carcinogénese com ou sem Melatonina;

Avaliar aspectos histoldgicos do figado pela coloracdo HE dos figados dos
animais submetidos a carcinogénese e tratados com ou sem Melatonina;
Determinar a reacdo ductular: pela positividade da citogqueratina 7 (pCK7) no
tecido hepatico de animais submetidos a carcinogénese com e sem tratamento
com Melatonina;

Determinar o dano ao DNA (mutagenicidade) do tecido hepatico dos animais
submetidos a carcinogénese com e sem tratamento com Melatonina;
Determinar a expressdo do marcador tumoral GST-P do tecido hepatico dos
animais submetidos a carcinogénese com e sem tratamento com Melatonina
Determinar o estresse oxidativo do tecido hepatico dos animais submetidos a
carcinogénese com e sem tratamento com Melatonina mediante a avaliacdo de
TBARS, da atividade de enzima antioxidante (SOD) e da expressédo do fator
nuclear Nrf2, seu inibidor KEAP1 e da proteina NADPH quinona oxidoredutase
1 (NQOL);

Determinar expressdo de iNOS, eNOS, fator nuclear kB e COX-2 do tecido
hepético dos animais submetidos a carcinogénese com e sem tratamento com
Melatonina;

Comprovar o efeito da Melatonina sobre o estresse de reticulo e a apoptose na
carcinogénese hepatica mediante a analise por Western blot da expressdo de
proteinas envolvidas com estresse de reticulo (ATF6, BiP e CHOP/ GADD) e
de proteinas proapoptéticas (Fas, Bax, TRAIL) e anti-apoptéticas (Bcl2,
Bclx/L), p53, caspases 8, 9 e 3.
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3 MATERIAIS E METODOS

A estrutura desta tese esta esquematizada no quadro abaixo (Figura 10), o qual
apresenta os momentos de inducdo do CHC, o objetivo primario estabelecido e os artigos

gerados a partir dos resultados obtidos.

N° CEP
FIPE/HCPA

Experimento Objetivo

Diethylnitrosamine-induced
cirrhosis in Wistar rats: an

Estudo Avaliar a agdo do experimental feasibility study. 09588
Piloto* DEN em ratos Wistar.  Protoplasma, (2015), may 252
(3) 825-33.

Caracterizar modelo Artigo 1: Oxidqtive stress and
_ de CHC cell damage in a model of
Experimento precancerous lesions and
I advanced hepatocellular
carcinoma in rats. Toxicology
Reports 2 (2015) 333-340.

120355
Comparar lesdes pre-
cancerosas com CHC.

Artigo 2:Melatonin attenuates
oxidative damage in hepatic
carcinogenesis induced by
diethylnitrosamine in rats.

BT SubmetidoToxicologic

hepatocarcinogénese Pathology, 2015.

expenmenta'l sopre 0 Artigo 3:Melatonin activates T LERT
estresse oxidativo,

. endoplasmic reticulum stress
estresse de reticulo e e .
apoptose a}nd apoptosis in rats with
' diethylnitrosamine-induced
hepatocarcinogenesis. PlosOne,
aceito (2015).

Avaliar o efeito a

Experimento
I

Figura 10: Quadro demonstrativo das fases experimentais desenvolvidas nesta tese.

* O estudo piloto ndo faz parte desta tese, porém suas evidéncias foram importantes
para o conhecimento da acdo do DEN em ratos e para estabelecer os protocolos

experimentais testados nesta tese (Anexo C).
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3.1. Experimento I: determinar o modelo experimental de Carcinoma Hepatocelular

e comparar lesdes pré-cancerosas (PL) com CHC avangado
3.1.1 Delineamento da pesquisa

Este estudo teve carater experimental qualitativo e quantitativo, buscando a indugéo

do carcinoma hepatocelular em ratos para estudar a carcinogénese hepatica.
3.1.2 Populagéo em estudo

Os procedimentos com 0s animais seguiram o preconizado pela Comissdo de
Pesquisa e Etica em Saude do Grupo de Pesquisa e P6s-Graduacgdo do Hospital de
Clinicas de Porto Alegre (HCPA) (Goldin e Raymundo, 1997). O estudo também
obedeceu a Legislacdo Brasileira e 0 Cédigo Estadual de Protecdo aos Animais, (lei
11.794/08), com politicas locais no cuidado e uso de animais de acordo com os c6digos
relacionados a pratica. Atendemos as Normativas 12 e 13 do Conselho Nacional de
Controle de Experimentacdo Animal — CONCEA: Normativa 12 (Diretriz Brasileira para
o Cuidado e a Utilizacdo de Animais para fins Cientificos e Didaticos — DBCA) e
Normativa 13 (Diretrizes da Préatica de Eutanasia — AVMA, 2013).

Foram utilizados ratos machos da linhagem Wistar, em torno de 1 més de idade,
com peso de 130 a 140gr. Os animais receberam alimentacdo recomendada pelos
profissionais da Unidade de Experimentacdo Animal (UEA), e foram mantidos no Centro
de Experimentacdo Animal do HCPA durante o experimento, acondicionados em caixas
plasticas de 47x34x18cm forradas com maravalha (5 animais em cada caixa), em ciclo de
12 horas claro/escuro e temperatura entre 22°C +2. Receberam racao e agua "ad libitum".
O projeto foi submetido e aprovado pelo comité de ética em pesquisa do HCPA/ FIPE
sob 0 nimero 120355.

3.1.3 Delineamento experimental
3.1.3.1 Agentes Carginogénicos

Dietilnitrosamina (DEN) da marca SIGMA Chemical Co St Louis, Mo, cddigo
N0258, com peso molecular 102,14 g/ mol ressuspendido em solucdo salina, em 3

concentracdes 50 mg/ Kg; 75mg/Kg e 100 mg/Kg.
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Acetilaminofluoreno 2 (2-AAF) da marca SIGMA Chemical Co St Louis, Mo,
cédigo A7015, com peso molecular de 223,27 g/ mol, na concentracdo de 100 mg/ Kg.

3.1.3.2 Animais e protocolos

Os 48 animais foram divididos em quatro grupos: controle (CO) (n=6): submetido
a injecdo com solucdo fisiologica e trés grupos testes, que receberam DEN em doses e
tempos distintos. Abaixo seguem as descricdes de trés metodologias propostas para
estabelecer o protocolo do Modelo Experimental de indugdo quimica de CHC (grupos

com 12 animais):

» TESTE 1 (DEN50): Os animais do grupo DEN50, sem qualquer tratamento
prévio, foram submetidos 2x/semana, & administracdo intraperitoneal, de
solucdo de dietilnitrosamina (DEN, Sigma Quimica), 50mg/kg diluido em
solucdo fisioldgica no periodo de 19 semanas (adaptacao de Park et al., 2009

e Nagahara et al., 2010) conforme figura 11.

» TESTE 2: (DENT75): Os animais do grupo DEN75, sem qualquer tratamento
prévio, foram submetidos 1x/semana, a administracdo intraperitoneal, de
solucdo de dietilnitrosamina (DEN, Sigma Quimica), 75mg/kg diluido em
solucdo fisioldgica no periodo de 19 semanas (adaptacdo de Shiota et al.,

1999) conforme figura 11.

» TESTE 3 (DEN100): Os animais do grupo DEN100, sem qualquer tratamento
prévio, foram submetidos 1x/ a cada 6 semanas, a administracdo
intraperitonealmente, de solucdo de dietilnitrosamina (DEN, Sigma
Quimica), 100 mg/kg diluido em solucdo fisioldgica no periodo de 28

semanas (adaptacdo de Yoshiro et al., 2005) conforme figura 11.

Todos os animais teste receberam dose Unica de 2-acetilaminofluoreno (2-AAF) a

100mg/ kg na 42 semana.



48

Grupo Descricdo do Protocolo

2x por semana DEN (50 mg/Kg i.p.) até a 32 semana
1x por semana de DEN (50mg/Kg) + 100mg/kg de 2-AAF na 4% semana
2x por semana de DEN (50 mg/Kg i.p.) na 5% semana
Grupo DENS0 1x por semana de DEN 50mg/Kg na 62 semana
Suspender por 4 semanas
Reiniciar a inducdo 1x por semana 50mg/Kg na 112 até 132
Eutanésia na 192 semana

1x por semana DEN (75 mg/Kg i.p.) até a 32 semana
1x por semana de DEN (75mg/Kg) + 100mg/kg de 2-AAF na 4% semana
Grupo DEN75 1x por semana de DEN (75 mg/Kg i.p.) na 5% e 6% semana
Suspender por 4 semanas
Reiniciar a inducdo 1x por semana 75mg/Kg na 112 até 132
Eutanasia na 192 semana

1 dose a cada 6 semanas DEN (100 mg/Kg i.p.) por 28 semanas
Grupo DEN100 100mg/kg 2-AAF na 42 semana
Eutanasia na 282 semana

Figura 11: Descricdo completa dos protocolos experimentais para inducdo do carcinoma
hepatocelular.

O trabalho investigativo consistiu em analisar cada grupo teste, quanto aos aspectos
bioquimicos e morfoldgicos do figado, ap6s o periodo pré-estabelecido de indugdo com
DEN, para definir o melhor protocolo para o desenvolvimento do carcinoma

hepatocelular.

As mortes dos animais ocorreram na 192 semana (grupos DEN50 e DEN75) e 282
semana (grupo DEN100) apo6s o inicio da inducdo. Para a eutanasia foi utilizada uma
mistura de Cloridrato de Xilazina 2% (50mg/Kg de peso corporal) e Cloridrato de
Cetamina (100mg/Kg de peso corporal) intraperitonialmente. Inicialmente foi realizada
uma tricotomia manual da regido abdominal, neste momento foi coletado sangue para
analises bioquimicas. Em seguida, realizou-se a laparotomia mediana ventral e a
exposi¢do do figado. Por fim, os animais foram mortos por ensanguinacgao sob anestesia

profunda.

O figado e o bago foram removidos e ambos, pesados e avaliados quanto aos
aspectos gerais como cor, textura e consisténcia. Amostras de figado foram retiradas para

analises histoldgicas.
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3.1.3.3 Anélises bioguimicas.

O sangue foi coletado através da técnica da puncao do plexo venoso retro-orbital
com tubo de capilar de vidro heparinizado e foi acondicionado em frascos devidamente
preparados para serem realizadas as analises de aspartato aminotrasferase (AST), alanina
aminotransferase (ALT), fosfatase alcalina (FA), gama-glutamil-transferase ( yGT). Os
niveis séricos de ALT (U/L) e AST (U/L) foram determinados por teste cinético ultra
violeta. As enzimas yGT (U/L) e a FA (U/L) foram quantificadas pelo teste colorimétrico
cinético. As dosagens séricas foram realizadas no Hospital de Clinicas de Porto Alegre

(HCPA), por método enzimatico automatizado (sistema Siemens Advia 1800).
3.1.3.4. Estudo histopatoldgico dos figados.

Apbs a dissecacdo, o figado foi colocado em formalina tamponada a 10% e
encaminhados ao Servico de Patologia do Hospital de Clinicas de Porto Alegre. Onde
posteriormente foram incluidos em blocos de parafina. Na etapa seguinte, os blocos de
parafina foram fixados ao Micrétomo (Leitz 1512) e cortados. Na fase de coloracéo, as
laminas foram mergulhadas nos corantes de hematoxilina e eosina e picrosirius
intermediadas por banho de dgua corrente. Na fase de desidratacéo, as estruturas passaram
por trés recipientes com alcool absoluto e por dois de xilol. Se colocou a laminula sobre
a lamina, utilizando-se Béalsamo do Canada ou Entellan, finalizando, assim, 0 processo

de preparacao.

As laminas foram analisadas em microscopio binocular Nikon Labophot nos
diferentes aumentos equipado com camera digital para captura de imagens através do
software Image-Plus (Media Cybernetics, Bethesda, USA). Todos os cortes foram

analisados em microscépio por observador cegado.

A percentagem de fibrose (%) no tecido do figado foi determinado por medicoes
morfomeétricas das laminas coradas com picrosirius. Dez imagens de cada lamina foram
capturadas a partir de campos selecionados aleatoriamente (200x ampliag¢do) contendo o
area de tecido conjuntivo positivo. A avaliacdo morfométrica da percentagem do tecido
conjuntivo em relacdo ao conjunto de figado foi realizada utilizando o Adobe
PhotoshopCS5 prolongado 10,0 (Adobe Systems, San Jose, CA), conforme o protocolo
descrito por Souza et al., (2014).
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3.1.3.5.Determinacéo do Estresse Oxidativo

Preparacdo do homogeneizado: foram colocados 9 ml de tampéo fosfato por
grama de tecido e, em seguida, homogeneizado em Ultra-Turrax (IKA-WERK)
por dois minutos a temperatura de 0-2°C. Este homogeneizado foi centrifugado
em centrifuga refrigerada (SORVALL RC-5B Refrigerated Superseed
Centrifuge) por 10 minutos a 4000 rpm (Llesuy et al., 1985). O precipitado foi
desprezado e o sobrenadante utilizado para medidas de lipoperoxidacdo (LPO) e
atividade enzimatica enddgena.

Dosagem de Proteina: as concentragdes de proteina no homogeneizado dos
figados foram determinadas utilizando método Bradford (1976).

Medida de Substancias Reativas ao Acido Tiobarbitarico (TBARS): foi
determinada a lipoperoxidacdo através do método de substancias reativas ao acido
tiobarbitdrico (TBARS). A técnica de TBARS consiste no aquecimento do
material homogeneizado na presenca de acido tiobarbitlrico e consequente
formacéo de um produto de coloracéo rosea, medido em espectrofotémetro a 535
nm. O aparecimento de coloracdo ocorre devido a presenca do malondialdeido e
outras substancias provenientes da peroxidacao lipidica no material biolégico. A
concentracdo de TBARS obtida foi expressa em nmol/mg de proteina (Buege e
Aust, 1978).

Avaliacdo da Atividade da Enzima Antioxidante Superédxido de Dismutase:
a avaliacdo da atividade da SOD foi realizada pelo método descrito por Misra e
Fridovich (1972) que se baseia na inibi¢do da formagdo de adrenocromo na auto-

oxidacdo da adrenalina pela superdxido dismutase (SOD).

3.1.3.6. Preparacao dos Extratos Citoplasmatico e Nuclear para Western blotting.

Os extratos citoplasmaticos utilizados para deteccdo da expressdo das proteinas

citoplasmaticas foram preparados a partir de um homogeneizado do figado em um tampéo
de lise (NaCl 140 mM, EDTA 15 mM, glicerol 10%, Tris 20 mM; pH 8,0) acrescido de

inibidores de proteases. Para a preparagdo do extrato nuclear para analise de Western blot:

o figado foi lavado rapidamente com TBS gelado e homogeneizado em tampao de lise
(50mM Tris-HCI pH 7,4, 0,2% de deoxicolato de sodio, 0,5% de Triton X-100, 5mM
Na3Vv04, 1ImM Naf, 1mM NaPPi e 1mM de PMSF) em tubo Dalce com pistilo de teflon,
em ciclos de 30 segundos, seguido de repouso em gelo por 30 minutos. O homogeneizado
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foi centrifugado a 10.000 rpm por 30 minutos. As amostras foram armazenadas a —80°C

para posteriores analises.

3.1.3.7. Determinacao das expressdes de proteinas: TGF- /4, eNOS, iNOS, Keapl, Nrf2,
NQO1, HSP70.

A técnica utilizada para esta quantificacdo foi a de Western blot, utilizando o
sistema descrito por Laemmli (1970) para a eletroforese, e para o blotting a técnica

descrita por Towbin e colaboradores (1979).

Foi determinada a expressao das seguintes proteinas TGF-13, eNOS, iNOS, Keap1l,
Nrf2, NQO1, HSP70. As proteinas (80ug) foram separadas por gel de poliacrilamida 10-
15% e transferidas eletricamente para membranas de difluorido de polivinilideno
(Millipore, Bradford, MA, USA). Posteriormente as membranas foram colocadas na
solucdo de bloqueio Tris/salina-tamponada/Tween-20 (TBST - 5% de leite em pd
desnatado em tampao fosfato salina-Tris contendo 0,05% Tween 20) durante 60 minutos,
a3r°C.

A membrana ficou incubada durante toda a noite a 4°C com anticorpo policlonais:
anti-TGF-1 (SC31609/ 25kDa), anti-eNOS (SC8311/ 140kDa), anti-INOS (SC7271/
130kDa), anti-NQO1 (SC376023/ 32 kDa), anti-Keapl (SC 33569/ 69kDa) e anti-Nrf2
(SC30915/ 57kDa) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) em diluicdo de
1:200-1:1000 com TTBS in 5% de leite desnatado. O anticorpo anti-HSP70 (H5147/ 73
e 72kDa) (Sigma—Aldrich, St.Louis, MO, USA) na dilui¢do de 1:5000 com TTBS in 5%
de leite desnatado, e o anticorpo anti-GAPDH (G9545/37kDa) (Sigma—Aldrich, St. Louis,
MO, USA) na diluicdo de 1:1000.

Ap0s as membranas foram lavadas com TBST e incubadas durante uma hora em
temperatura ambiente com um anticorpo anti-imunoglobulina de coelho ou camundongo,
unido a HRP (DAKO, Glostrup, Dinamarca). As proteinas foram detectadas mediante
qguimiluminescéncia, utilizando o kit comercial ECL (Amersham Pharmacia Biotech,
Uppsala, Suécia) e a densidade das bandas especificas foi quantificada com um
densitdmetro de imagem (Image J, USA) (Tufidn et al., 2013).
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3.2 Experimento 11: estudar o efeito da Melatonina durante a hepatocarcinogénese
experimental sobre o estresse oxidativo, estresse de reticulo endoplasmético e

apoptose.
3.2.1 Delineamento da pesquisa

Este estudo teve carater experimental qualitativo e quantitativo, buscando a indugéo
do carcinoma hepatocelular em ratos para estudar a acdo da melatonina sobre

carcinogéneses hepatica.
3.2.2 Populagéo em estudo

Os procedimentos com 0s animais seguiram o preconizado pela Comissdo de
Pesquisa e Etica em Saude do Grupo de Pesquisa e P6s-Graduacgdo do Hospital de
Clinicas de Porto Alegre (Goldin e Raymundo, 1997). O estudo também obedeceu a
Legislacdo Brasileira e o Cddigo Estadual de Protecdo aos Animais, (lei 11.794/08), com
politicas locais no cuidado e uso de animais de acordo com os cadigos relacionados a

pratica.

Atendemos as Normativas 12 e 13 do Conselho Nacional de Controle de
Experimentacdo Animal — CONCEA: Normativa 12 (Diretriz Brasileira para o Cuidado
e a Utilizacdo de Animais para fins Cientificos e Didaticos — DBCA) e Normativa 13
(Diretrizes da Préatica de Eutanasia) (AVMA, 2013).

Para esta etapa foi novamente realizado a indu¢do do CHC e tratados com
melatonina. Os 48 ratos Wistar, pesando cerca de 140g, foram divididos em cinco grupos:
(I) controle (CO); (1) controle + Melatonina (CO+MEL); (I111) Carcinoma Hepatocelular
(CHC); (IV) Carcinoma Hepatocelular + Melatonina iniciado o tratamento na 5% semana
(CHC+MELD5) e (V) Carcinoma Hepatocelular + Melatonina iniciado o tratamento na 122
semana (CHC+MEL12).

O projeto foi submetido e aprovado pelo comité de ética em pesquisa do HCPA/
FIPE sob o nimero 140311. Os animais receberam alimentacdo recomendada pelos
profissionais da Unidade de Experimentacdo Animal (UEA), e foram acondicionados em

caixas plasticas de 47x34x18cm forradas com maravalha (5 animais em cada caixa), em
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ciclo de 12 horas claro/escuro e temperatura entre 22°C +2. Receberam ragéo e agua "ad

libitum”.
3.2.3 Delineamento experimental
3.2.3.1 Animais e protocolo.

Os animais foram divididos em grupo controle (CO): submetido a injecdo com
solucdo fisiologica e grupo CHC: submetido a injecdo com Dietilnitrosoamina, conforme
descricdo na figura 12:

2x por semana DEN (50 mg/Kg i.p.) até a 3% semana
1x por semana de DEN (50mg/Kg) + 100mg 2-AAF na 42 semana
2x por semana de DEN (50 mg/Kg i.p.) na 5% semana
1x por semana de DEN 50mg/Kg na 62 semana
Suspender por 4 semanas
Reiniciar a inducéo 1x por semana 50mg/Kg na 112 até 132
Eutanasia na 192 semana

Moreira et al. 2015

Figura 12: descricdo do protocolo DEN50 de exposicdo crénica e intermitente de
dietiltrinosamina + acetilaminofluoreno para desenvolvimento do carcinoma

hepatocelular avancado em 19 semanas.

O tratamento com Melatonina foi baseado no protocolo de Molpeceres et al.,
2007, que propde o uso da Melatonina (Sigma Chemical) na concentracdo final de
20mg/L na agua de beber. Para controlar o volume bebido, os animais foram colocados

em caixas separadas e seus volumes de agua medidos diariamente.

O tratamento com Melatonina teve inicio na 5% e na 122 semana, momentos em
que 10 animais, por grupo passaram a receber Melatonina 20mg/L na 4gua de beber. Estes
tempos foram escolhidos com base nas andlises da 1* Etapa desta pesquisa sobre a
evolucdo da carcinogéneses experimental, que caracterizou a fase inflamatoria na 52

semana de exposic¢do ao DEN e a fase cirrotica na 122 semana.
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Com este desenho experimental, poderemos acompanhar a acdo da melatonina
sobre tecido hepatico inflamado durante o processo de carcinogénese e a acdo da
Melatonina sobre tecido hepético cirrético em processo de carcinogénese (Figura 13).

CARCINOGENESES HEPATICA —

Semanas Inflamacio Cirrose CHC
1 2 3 4 5 6 7 8 910 11 12 13 14 1516 17 18 19

A MEL 0

MEL 20mg/ L

MEL 20mg/L

A - CHC Avancado 50mg/ kg i.p.

Il DEN Administracio 2x por semana

I:l DEN Administracdo 1x por semana ‘ Administragio de 2-AAF (100mg/ kgip.)

|:| DEN Suspender administracao . Eutanasia

G MEL 5 - inicio do tratamento com melatonina na MEL 12 - inicio do tratamento com melatonina
agua. na agua

Desenho experimental para indugdo do carcinoma hepatocelular e momento do inicio
do tratamento com a Melatonina

Figura 13: desenho experimental de inducdo ao carcinoma hepatocelular e tempos de
tratamentos com melatonina 20mg/ L (Fonte: do autor).

Apos o periodo de 19 semanas os animais foram anestesiados com uma mistura de
Cloridrato de Xilazina 2% (50mg/Kg de peso corporal) e Cloridrato de Cetamina
(100mg/Kg de peso corporal) intraperitonialmente. Neste momento foi coletado o sangue
para as analises posteriores. O figado e baco foram removidos e pesados. As amostras do
figado foram retiradas sempre do mesmo Iébulo e congelados a -80°C. Por fim, os animais

foram mortos por ensanguinagdo sob anestesia profunda.

3.2.3.2 Avaliacgéo da sobrevida dos animais submetidos & carcinogenese e tratados com

melatonina;:

Foi realizada a curva de Kaplan-Meier no periodo de 19 semanas comparando a
sobrevida dos animais submetidos a carcinogéneses com e sem tratamento com

melatonina.
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3.2.3.3.Anélises bioguimica:

O sangue foi coletado através da técnica da puncao do plexo venoso retro-orbital
com tubo de capilar de vidro heparinizado e foi acondicionado em frascos devidamente
preparados para serem realizadas as anélises de aspartato aminotrasferase (AST), alanina
aminotransferase (ALT), fosfatase alcalina (FA), gama-glutamil-transferase (yGT). Os
niveis séricos de ALT (U/L) e AST (U/L) foram determinados por teste cinético ultra
violeta. As enzimas yGT (U/L) e a FA (U/L) foram quantificadas pelo teste colorimétrico
cinético. As dosagens séricas foram realizadas no Hospital de Clinicas de Porto Alegre

(HCPA), por método enzimatico automatizado (sistema Siemens Advia 1800).
3.2.3.4 Estudo Histopatoldgico

Amostras de tecido hepatico foram coradas com hematoxilina e eosina, para
avaliar o parénquima hepatico dos animais submetidos ao DEN e tratados com ou sem
melatonina. Apdés a dissecacdo, o figado foi colocado em formalina tamponada a 10% e
encaminhados ao Servigo de Patologia do Hospital de Clinicas de Porto Alegre. Onde
posteriormente foram incluidos em blocos de parafina. Na etapa seguinte, os blocos de
parafina foram fixados ao Micrétomo (Leitz 1512) e cortados. Na fase de coloracao, as
laminas foram mergulhadas nos corantes de hematoxilina e eosina intermediadas por
banho de agua corrente. Na fase de desidratacdo, as estruturas passaram por trés
recipientes com alcool absoluto e por dois de xilol. Se colocou a laminula sobre a 1amina,
utilizando-se Balsamo do Canada ou Entellan, finalizando, assim, o processo de
preparacdo. As laminas foram analisadas em microscépio binocular Nikon Labophot nos
diferentes aumentos equipado com camera digital para captura de imagens através do
software Image-Plus (Media Cybernetics, Bethesda, USA). Todos os cortes foram

analisados em microscépio por observador cegado.

3.2.3.5 Analise imuno-histoquimica de citoqueratina 7 (CK7), preparacao das amostras

e captura das imagens

Para determinar a reacéo ductular dos figados dos animais submetidos a inducédo de
CHC por DEN e tratados com melatonina, foi realizado a técnica de imuno-histoquimica

em laminas de figado incubadas com anti-citoqueratina 7 (CK7) (diluicdo 1:50, Ab9021
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Abcam) durante 1 h a temperatura ambiente. A forma de captura seguiu a descrita no

percentual de fibrose do item 3.1.3.4 (Souza et al., 2014).
3.2.3.6 Determinacgao da Genotoxicidade.

O ensaio cometa foi realizado como descrito por Tice et al., (2000). e adaptado por
Hartmann et al., (2003). Foram selecionadas imagens de 100 células aleatoriamente (50
células de cada uma das duas ld&minas em duplicata). As células foram também avaliadas
visualmente de acordo com o tamanho da cauda em cinco classes de indice de dano (DlI),
que vao desde ndo danificado (0, 100 células x 0) a um méaximo de 400, 100 células
danificadas x 4). Isto produziu um Unico ponto de dano de DNA para cada animal e,
consequentemente, para cada grupo. Frequéncia de dano (DF) foi calculada com base no
namero de células com cauda versus aqueles sem cauda. Neste momento, foram avaliados
os tecidos hepaticos exposto ao DEN sem e com tratamento com melatonina gerando o

indice de dano (DI) e a frequéncia de dano (DF) presente nos hepatdcitos.
3.2.3.7 Determinagéo do Estresse Oxidativo e enzima antioxidante

i. Preparacdo do homogeneizado: foram colocados 9 ml de tampéo fosfato por
grama de tecido e, em seguida, homogeneizado em Ultra-Turrax (IKA-WERK)
por dois minutos a temperatura de 0-2°C. Este homogeneizado foi centrifugado
em centrifuga refrigerada (SORVALL RC-5B Refrigerated Superseed
Centrifuge) por 10 minutos a 4000 rpm (Llesuy et al., 1985). O precipitado foi
desprezado e o sobrenadante utilizado para medidas de lipoperoxidacdo (LPO) e
atividade enzimatica enddégena.

ii. Dosagem de Proteina: as concentracdes de proteina no homogeneizado dos
figados foram determinadas utilizando método Bradford (1976).

iii. Medida de Substancias Reativas ao Acido Tiobarbitarico (TBARS): foi
determinada a lipoperoxidacdo no homogeneizado de figado de animais
submetidos a carcinogénese e tratados com melatonina, pelo método de
substancias reativas ao acido tiobarbitdrico (TBARS) conforme Buege e Aust,
1978 (ver item 3.1.3.5.1ii).

iv.  Avaliagdo da Atividade da Enzima Antioxidante Superoxido de Dismutase: a
avaliacdo da atividade da SOD foi realizada pelo método descrito por Misra e
Fridovich (1972) (ver item 3.1.3.5.iv).
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v. Determinacdo das proteinas carboniladas: a formacdo de proteinas
carboniladas é uma forma de avaliar danos oxidativo sobre esta molécula. Foi
determinada de acordo com kit comercial de ensaio de proteinas carboniladas
MAK 094 Sigma-Aldrich, EUA. A absorvancia espectrofotométrica utilizada foi
a 375nm. Os resultados foram calculados como nmol de carbonilas/ mg de

proteina.
3.2.3.8 Preparacéo dos Extratos Citoplasmatico e Nuclear para Western blotting.

Os extratos citoplasmaticos utilizados para deteccdo da expressdo das proteinas
citoplasmaticas foram preparados a partir de um homogeneizado do figado em um tampé&o
de lise (NaCl 140 mM, EDTA 15 mM, glicerol 10%, Tris 20 mM; pH 8,0) acrescido de

inibidores de proteases.

Para a preparacdo do extrato nuclear para analise de Western blot: o figado foi
lavado rapidamente com TBS gelado e homogeneizado em tampéo de lise (50mM Tris-
HCI pH 7,4, 0,2% de deoxicolato de sddio, 0,5% de Triton X-100, 5mM Na3VvO4, 1ImM
Naf, 1mM NaPPi e 1mM de PMSF) em tubo Dalce com pistilo de teflon, em ciclos de 30
segundos, seguido de repouso em gelo por 30 minutos. O homogeneizado foi centrifugado
a 10.000 rpm por 30 minutos. As amostras foram armazenadas a —80°C para posterior

utilizacéo.

3.2.3.9 Determinacédo das expressdes de proteinas envolvidas no estresse oxidativo, dano

celular, estresse de reticulo e apoptose

A técnica utilizada para esta quantificacdo foi a de Western blot, utilizando o
sistema descrito por Laemmli (1970) para a eletroforese, e para o blotting a técnica

descrita por Towbin e colaboradores (1979).

Foram avaliadas proteinas, envolvidas na inflamacdo, no estresse oxidativo, no
estresse de reticulo e na apoptose, em homogeneizado de figado de animais submetidos a
carcinogéneses e tratados com melatonina. O quadro a seguir apresenta as proteinas

avaliadas e suas caracteristicas técnicas (Figura 14).
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Proteina Cadigo P-M. Marca Diluicdo | Anticorpo 2°
(kDa)

o TGF1B SC31609 25 Santa Cruz Biotech 1:500 SC2020
’S" eNOS SC8311 140 Santa Cruz Biotec 1:750 SC2004
<§E iNOS SC7271 130 Santa Cruz Biotech 1:750 SC2005
é p65 SC 8008 65 Santa Cruz Biotec 1:1000 SC2005
= COX-2 SC 7951 72 Santa Cruz Biotech 1:200 SC2004
Keapl SC 33569 69 Santa Cruz Biotec 1:1000 SC2004
8 Nrf2 SC30915 57 Santa Cruz Biotech 1:200 SC2020
NQO1 SC376023 32 Santa Cruz Biotech 1:100 SC2005
E GST-P P04906 27 Enzo Life Science 1:200 Rabbit
o GAPDH G9545 37 Sigma-Aldrich 1:1000 A0545
% Actina A5060 42 Sigma-Aldrich 1:500 A1949
ATF6 SC166659 90/ 50 Santa Cruz Biotech 1:1000 SC2005
5 BiP/ GRP78 SC376768 78 Santa Cruz Biotec 1:1000 SC2064
- CHOP/ GADD SC175 30 Santa Cruz Biotech 1:500 SC2004
PARP SC 74470 114 Santa Cruz Biotech 1:1000 SC2005
p53 SC 1313 53 Santa Cruz Biotech 1:1000 SC2020
Bcl-2 SC 783 25-28 Santa Cruz Biotech | 1:1000 SC2004
u BAX SC 6236 25 Santa Cruz Biotech | 1:1000 SC2004
E Cytochrome C SC 13560 14 Santa Cruz Biotech 1:1000 SC200
g‘: Caspase 9 P55211 46-50 Alexis Bioch 1:1000 Mouse
Caspase 3 #9662 17/ 35 Cells Signaling 1:50 Rabbit
Caspase 8 AAM 118E 50-57 Alexis Bioch 1:000 Mouse
FAS-L SC6237 34-39 Santa Cruz Biotech | 1:1000 SC2004

Figura 14: quadro descritivo dos anticorpos utilizados e suas caracteristicas técnicas.

ERE: estresse de reticulo endoplasmaético; EO: estresse oxidativo; MT: marcador tumoral;

NOR: proteinas normalizadoras; PM: peso molecular.

As proteinas (80pg) foram separadas por gel de poliacrilamida 10-15% e

transferidas eletricamente para membranas de difluorido de polivinilideno (Millipore,

Bradford, MA, USA). Posteriormente as membranas foram colocadas na solugdo de

bloqueio Tris/salina-tamponada/Tween-20 (TTBS - 5% de leite em pd desnatado em

tampéo fosfato salina-Tris contendo 0,05% Tween 20) durante 60 minutos, a 37° C. A

membrana ficou incubada durante toda a noite a 4°C com anticorpo especifico em diluicdo
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de 1:200-1:1000 com TTBS in 5% de leite desnatado (ver quadro de anticorpos testados
figura 14).

Depois, as membranas foram lavadas com TBST e incubadas durante uma hora em
temperatura ambiente com um anticorpo anti-imunoglobulina de coelho ou camundongo,
unido a HRP. As proteinas foram detectadas mediante quimiluminescéncia, utilizando o
kit comercial ECL (Amersham Pharmacia Biotech, Uppsala, Suécia) e a densidade das
bandas especificas foi quantificada com um densitbmetro de imagem (Image J, USA)
(Tufdn et al., 2013).

3.3 Analise estatistica

Tamanho da Amostra: Para detectar diferencas com magnitude (tamanho de
efeito: E/S) maior de que 2,5 unidades de desvio padrdo, mantendo-se o= 0,05 e poder
de 90% foram calculados sete (7) ratos por grupos, totalizando 28 ratos ao todo para o
experimento I. Iniciou-se com 50% a mais de animais, em funcao das perdas que ocorrem
nas primeiras semanas de inducdo. No experimento Il foram utilizados 48 animais,

subdivididos em 5 grupos (Hulley et al., 2006).

Analise Estatistica: os dados quantitativos gerados foram descritos por média e
desvio padrdo. A comparacdo dos grupos foi realizada pelo procedimento de anélise de
variaveis ou de acordo com o modelo experimental por ANOVA ONEWAY. Na
localizagdo de diferenca foi executado o teste de Tukey ou teste Bonferoni. Para as
varidveis qualitativas foi usado o teste de Qui-quadrado. A analise de correlacdo foi
avaliada pelo coeficiente de Pearson. Todos os dados foram analisados com o programa

SPSS 21, e o nivel de significancia exigido foi de 5% ( p <0,05).
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4 RESULTADOS
4.1 Resultados Gerais do Experimento | (CEP/ HCPA/ FIPE — 120355).

Descrever as etapas do desenho experimental para estabelecimento da

carcinogénese por inducgdo quimica em ratos.

Foram testados trés protocolos para estabelecer o CHC experimental, a metodologia
utilizada seguiu a proposta da exposicdo cronica e intermitente aos agentes
carcinogeénicos, variando a quantidade de droga e o tempo. Ao longo do processo de
inducdo, houveram mortes (30% da amostra) por doenca hepatica induzida por droga e
faléncia hepética pela toxicidade da dietilnitrosamina. Isso ocorreu, principalmente, na 52
e 6% semana nos grupos DEN50 e DEN75. O tempo minimo para o grupo DEN50

desenvolver CHC foi de 16 semanas, como demonstrada na tabela 1.

Tabela 1: Causas de morte em funcdo do tempo de indugcdo com DEN+2-AAF.

Tabela Cruzada Causa da morte

Semana DILI Tumor Sem tumor Total
5a 2 0 0 2

62 8 0 0 8
174 0 2 0 2
198 0 12 3 15
288 0 9 0 9
Total 10 23 3 36
Pearson Chi-Square 50,6122 10 p=0,0001
Linear by Linear association 19,08 1 p=0,0001
Pearson R? 0,798 p=0,0001

a = assume a diferenga entre 0s grupos ou a associacéo entre eles de causa-efeito
DILI: doenca hepética induzida por droga (n=36 ratos que receberam DEN). Teste
qui-quadrado (coeficiente de Pearson), significancia estatistica com p<0,05.

Na 192 e na 282 semana os animais foram avaliados quando aos aspectos gerais,
sendo observados sinais de caquexia em todos os animais dos grupos DEN50 e DENT75,

o volume do estdmago reduzido, alcas intestinais adelgacadas e com pouca gordura.
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A média dos pesos dos animais ao final do estudo também apresentou diferenca
entre 0 DEN50 e DEN75 comparado aos animais CO. O DENS50 teve cerca de 30% a
menos de peso final que o controle (p<0,05) (Tabela 2).

Tabela 2 Média do peso inicial e final por grupo.

Média (Q) CO DENS50 DENT75 DEN100
Peso Inicial 145,8 +3,9 1471 +7,0 156,5 +6,6 154 +6,2
Peso Final 466,1+9 323,5 +53° 376,0 + 442 436,9 +26

2O peso final DEN50 e DEN75 vs CO com p<0,05. Teste Tukey.

A média da relacdo hepatossomatica do DEN50 foi de 12,44%, enquanto que o

grupo controle teve percentual de 3,48 (Figura 15).

Relagao hepatossomatica por grupo de DEN

a

I

m wm G h
| I I |

[=s] DEM 50 DEM TS DiErl 100
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% do peso corporal

Figura 15: Relacdo hepatossomatica. O grupo DEN50 apresentou diferenca estatistica
comparado ao seu controle, 2 p<0,05. Teste de Tukey.

A avaliacdo macroscopica foi feita pela visualizagdo da peca tumoral e
microscopicamente pelas coloragdes hematoxilina e eosina e picrosirius. Os figados dos
animais DEN50 e DEN75 estavam palidos, de cor esverdeada ou parda. Nesta analise
foram evidenciados figados com massa unifocal, formando nédulo Unico geralmente
grande (grupo DENS5Q0); nodulos multifocais de tamanhos variaveis, amplamente
distribuidos (grupo DENT75); céancer difusamente infiltrativo, sem areas definida,

permeando extensamente e envolvendo todo o figado (grupo DEN75) (Figura 16).
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Figura 16: aspectos macroscopicos dos tumores. A: figado com aparéncia normal no
grupo CO. B: Neoplasia unifocal macica que substitui a maior parte do lobo hepatico
direito, predominio no grupo DEN50. C: nddulos multifocais de tamanhos variaveis,
amplamente distribuidos com figado cirrético, visto no grupo DEN75 e D: lesGes pré-

cancerosas, predominio no grupo DEN100.

As analises das enzimas de integridade hepética apresentaram aumento nos trés grupos
DEN (Tabela. 3). As alteragcdes mais evidentes foram o grupo DEN50.

Tabela 3 Valores das enzimas de integridade hepatica ap6s inducdo com DEN.

Grupo AST (U/L) ALT (U/L) FA (U/L) YGT (U/L)
(6{0) 141,5 +6,6 49,5+4,2 71,5+12 2,25+0,9
DEN50 237,8 +77°2 160,2 +272 249,6 +842 113,8 +6,6%
DEN75 148,6 +31 79,83 +27 201,6 +52° 31,17 +35
DEN100 101,7 +23 62,33 +9 141,1 +57 10,22 +4

Resultados sdo expressos em média e +DP para 6-8 animais. # p<0,05 com diferenca
significativa do grupo DEN50 vs CO e DEN100. ® p<0,05 com diferenca significativa do
grupo DEN75 vs CO. Teste Tukey.

A avaliacdo histologica realizada no grupo DEN50 foi conclusiva para CHC. O
grupo DEN100 teve aspecto histolégico para displasia de baixo grau com lesdes pré-
cancerosas. O grupo DEN75 foi o mais heterogéneo, pois apresentou tanto sinais de

malignidade, quanto focos de displasias (Figura 17).
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(d) DEN100

Perda do parénquima hepatico normal.

Padrio pscudoacinar ¢ trabecular

Hepatocitos atipicos.

Aumento no indice de mitoses.

A - nicleo alargado.

B - aumento na razio nucleo/citoplasma.
C - nucleo localizado centralmente.

o D - multiplos nucleos.

400x
TR

(e) DEN50

Figura 17: Fotomicrografias de figados. a) CO: parénquima hepético normal; b) DEN50:
figado com perda do parénquima hepatico, com extensa area tumoral (T) com septo
fibroso (F); c) DEN75: aspecto cirrético com nodulos regenerativos e displasicos; d)
DENZ100: displasia de baixo grau, padrdo cirrético com septos fibrosos (seta), nodulos
regenerativos (NR) e nodulos displasicos (ND). e) DEN5O: descricdo das alteraces
celulares encontradas. As imagens a, b, ¢, d com original magnitude 4x e a imagem e
com original magnitude 40x, todas com coloragdo hematoxilina e eosina.
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Todos os animais que receberam DEN desenvolveram tumores e apresentaram
alteracbes nas enzimas hepéticas, porém o0s tempos em que apareceram sinais de
malignidade foram distintos, assim como a gravidade do tumor. A frequéncia da fase dos

CHC em funcéo dos protocolos estudados esta apresentada na tabela 4.

Tabela 4: percentual de animais com CHC em relagé&o ao protocolo de indugéo.

Grupos Lesdes pré- CHC inicial CHC avancado
cancerosas (%0) (%) (%)
CO 0 0 0
DEN50 0 10% 90%
DEN75 30% 50% 20%
DEN100 60% 40% 0

Ocorréncia das alteracdes de malignidade presentes ao longo do tempo de estudo por

grupo.

Ap0s a analise bioguimica e histopatoldgica dos figados foi comprovado que
grupo DEN50 desenvolveu carcinoma hepatocelular (CHC) avangado, enquanto que 0
grupo DEN100 apresentou aspecto histoldgico de lesbes pré-cancerosas (PL). O grupo
DEN75 ndo apresentou padrdo homogéneo na inducdo do CHC. A partir deste momento
foram realizadas comparagdes entre CHC avancado (DEN50) e PL (DENZ100),
comparando 0s aspectos histoldgico, bioquimico e o estresse oxidativo presente no tecido

hepatico.

As andlises sobre o estresse oxidativo e as comparacfes entre CHC avancado e
lesbes pré-cancerosas foram publicados no artigo abaixo:

Artigo 1: Oxidative stress and cell damage in a model of precancerous lesions
and advanced hepatocellular carcinoma in rats, Toxicology Reports 2 (2015)
333-340. Neste artigo sdo respondidos 0s seguintes objetivos:

Descrever as etapas do desenho experimental para estabelecimento da

carcinogénese por indugdo quimica em ratos.
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Caracterizar as manifestacdes do aspecto geral e somatico: avaliar aspectos
gerais, como peso, relacdo hepatossomatica, avaliando nédulos e massas

tumorais.

Avaliar aspectos histologicos: realizar analise histopatologica no tecido
hepético, por meio da coloracdo hematoxilina e eosina e picrosirius em

animais com lesdes pré-cancerosas (PL) e CHC avancado.

Quantificar as enzimas de integridade hepética (AST, ALT, FA e yGT) dos

aniamis com lesdes pré-cancerosas (PL) e CHC avancado.

Determinar o envolvimento do éxido nitrico (NO) em lesdes pré-cancerosas
e CHC avancado por meio da avaliacdo da expressdo da eNOS e iNOS por
Western blot.

Determinar o estresse oxidativo em lesGes pré-cancerosas (PL) e CHC
avancado quantificando a lipoperoxidacdo, pelo método de substéancia
reativa ao cido tiobarbiturico (TBARS), a atividade da enzima superoxido
de dismutase (SOD) e avaliando a expressdo de proteinas envolvidas no
estresse oxidativo (fator nuclear Nrf2, seu inibidor KEAPL e da proteina
NADPH quinona oxidoredutase 1 - NQO1) por Western blot.

Determinar o dano celular em lesGes pré-cancerosas (PL) e CHC avancgado
avaliando a expressdo da HSP70 (72 e 73 kDa) por Westen blot.



67

Toxicology Reports 2 (2015) 333-340

Contents lists available at ScienceDirect

jourmal homepage: www.elsevier.com/locate/toxrep

Toxicology Reports

Oxidative stress and cell damage in a model of precancerous
lesions and advanced hepatocellular carcinoma in rats

@ CrossMark

Andrea ]. Moreira®", Graziella Rodrigues ¢, Silvia Bona®¢,
Carlos Thadeu Cerski®?, Claudio A. Marroni®*, Jose L. Mauriz’,
Javier Gonzalez-Gallego’, Norma P. Marroni®P:-c-2:#

2 Center of Experimental Research, Hospital de Clinicas de Porto Alegre, Porto Alegre, RS, Brazil

b Graduate Program (n Biological Sciences: Physiology, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

© Graduate Program in Medical Sclences; Medicine, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

4 Department of Pathology, School of Medicine, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

® Graduate Program in Liver Diseases, Universidade Federal de Ciéncias da Saiide de Porto Alegre, Porto Alegre, RS, Brazil

I Centro de Investigacion Blomédica en Red de Enfermedades Hepdticas v Digestivas ((OBERehd) and Institute of Biomedicine (IBIOMED),

University of Ledn, Ledn, Spain

¥ Graduate Program n Cell and Molecular Biology Applied to Health, Universidade [uterana do Brasil, Canoas, RS, Brazil

ARTICLE INFO

ABSTRACT

Article history;

Received 14 August 2014

Received in revised form

21 Novemnber 2014

Accepted 21 November 2014
Available online 28 November 2014

Keywords:

Hepatocarcinoma

Diethylnitrosamine

Oxidative stress

Muclear factor erythroid 2-related factor 2
Mitric oxide synthase

Heat shock protein

Hepatocellular carcinoma (HCC) is the third most frequent cause of cancer deaths through-
out the world. This study was aimed to analyze oxidative stress and cell damage in a
multistage model of liver carcinogenesis induced by diethylnitrosamine (DEN) in rats.
Male Wistar rats weighing 145-150g were divided into three groups: control, precan-
cerous lesions (PL) (which received 100mg DEN once a week every & weeks up to 28
weeks), and advanced HCC (50 mg DEN onceftwice per week up to 19 weeks). Lipid per-
oxidation (TBARS), superoxide dismutase (S0D) activity, and expression of transforming
growth factor-1 beta (TGF)-1P. endothelial and inducible nitric oxide syntahese (eNOS,
iNO5), NADPH gquinone oxireductase (NQO)-1, nuclear factor erythroid 2-related factor
(MrF)2, kelch-like ECH-associated protein (Keap)l and heat shock protein (HSP)70 were
measured. TBARS concentration was augmented in the PL and advanced HCC groups. 50D
activity, TGF-1B and Nrf2 expression were higher in animals with precancerous lesions.
In advanced HCC, expression of NQO1 and iNOS5 increased while there was a decrease in
HPS70 expression. Data obtained provide evidence for the differential activation of pro-
teins involved in oxidative stress and cell damage during progression of carcinogenesis in
an animal model of HCC.
@ 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under
the CC BY-NC-ND license (http:/(creativecommeons.orgflicenses{by-nc-ndf3.0/).
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1. Intreduction

The most common histological type of primary liver
cancer is hepatocellular carcinoma (HCC). In 2008, there
were approximately 694,000 deaths from HCC, making it
the third most commeon cause of cancer death worldwide
[1].Chronic liver diseases are risk factors that predispose to
HCC, as any agent or factor that chronically and slowly dam-
ages the hepatocytes induces mitosis and makes the DNA of
these cells more susceptible to genetic alterations [ 2]. Such
diseases include alcoholic cirrhosis, hepatitis B or C virus
infection, e1-antitrypsin deficiency, hemochromatosis and
tyrosinemia. In HCV-positive patients, for example, HCC
appears on average 30 years after infection, almost exclu-
sively in those with cirrhosis [3]. The development of HCC
is a complex process, involving accumulation of genetic
and epigenetic alterations, which passes through stages
of initiation, promotion and progression, and numerous
experimental observations have shown that viral products
may contribute to the malignant transformation of hepa-
tocytes [4].

Curative therapeutic approaches for HCC involve liver
transplantation, or surgical and radiofrequency ablation,
but these treatments are not yet effective [5]. Although
surgical resection can sometimes be curative, few patients
have resectable tumors because of the presence of cirrhosis
or distant metastases; moreover, even after resection, pre-
existing liver cirrhosis persists and may cause other tumors
in the remaining tissue. Orthotopic liver transplantation is
the only truly curative therapy, although issues of recur-
rence and development of metastases remain. In case of
unresectable tumeor, treatment is limited, as HCC does not
respond to chemotherapy and the liver does not tolerate
high doses of radiotherapy [6].

HCC carries a high mortality rate and patients with
chronic liver diseases usually take a long time before
HCC occurs. Therefore, early diagnosis of HCC in precan-
cerous lesions may improve the outcome of treatment,
and it is necessary to encourage basic research to bet-
ter understand the pathogenesis of this disease. Many
experimental animal models of hepatocarcinogenesis have
been described over the last decades. The most widely
accepted, proposed by Farber et al. [7], combines chemical
induction by diethylnitrosamine (DEN) with partial hepa-
tectomy. Since then, DEN has been used to initiate the liver
cancer either alone or in combination with other carcino-
zens [8-11]. However, fewer studies have characterized in
detail the temporal evolution of oxidative stress and cell
damage implicated in hepatocarcinogenesis. Understand-
ing changes from pre-neoplastic to carcinoma lesions in
oxidative stress, inflammation and liver fibrosis could be
important to improve the knowledge on the transition of
chronic inflammatory liver diseases to HCC. In the current
study, we used a multistage model of chronic and inter-
mittent exposure to DEN without partial hepatectomy to
get insight into changes in markers of cell damage dur-
ing progression of the disease. Two different protocols of
drug exposure (designed to induce advanced HCC and pre-
cancerous lesions) allowed us to study effects of time on
tumor onset, liver pathology, blood chemistry, and markers
of oxidative stress and cell damage in the liver.

2. Materials and methods
2.1. Animals and procedures

Male Wistar rats weighing 145-150 g were used for this
study and were obtained from the Central Animal Labo-
ratory of the Federal University of Pelotas, Rio Grande do
Sul (Brazil). The rats were caged at 24=C, under a 12-h
light-dark cycle and with free access to food and water until
the time of the experiments at the Animal Experimentation
Division of Hospital de Clinicas de Porto Alegre (Brazil). All
experiments were performed in accordance with the Guid-
ing Principles for Research Involving Animals (NAS) under
protocol number 120355.

The animals were divided into three groups: CO: control,
precancerous lesions (PL) and advanced HCC. Animals in
the PL group were given diethylnitrosamine (DEN, Sigma
Aldrich, St. Louis, MO) at a dose of 100 mg/kg body weight
i.p. once a week every 6 weeks up to 28 weeks. Animals in
the advanced HCC group received DEN at a dose of 50 mg/kg
body weight i.p. twice a week for the first three weeks and
once a week fromweeks 4 to6 and 11 to 13 up to 19 weeks.
A single dose of 2-acetylaminofluorene (2-AAF, 100 mg/kg,
Sigma-Aldrich, St. Louis, MO) was administered in week 4
to both DEM groups.

Following a 12-h fast, the animals were anesthetized
with ketamine hydrochloride (Ketalar®, 100 mg/kg - Pub-
Chem CID: 15851) and xylazine {50 mg/kg — PubChem CID:
5707) and subjected to blood collection for measurement
of biochemical parameters.

Samples of livers for histology, biochemical and molec-
ular analyzes were taken from the same lobe (right medial
lobe). The collected sample was withdrawn from the area
where the nodules were visible. The animals were killed at

the end of the experiment by exsanguination under deep
anesthesia, as described in the American Veterinary Medi-
cal Association (AVMA) Guidelines on Euthanasia [12].

2.2. Biochemical analysis

Serum levels of alanine aminotransferase (ALT) (U/L).
aspartate aminotransferase (AST) (U/L) were determined
by kinetic UV test. Gamma-glutamyl transferase (gamma-
GT) (U/L), and alkaline phosphatase (AP) (UJL) were
quantified by colorimetric kinetic test. They were mea-
sured using routine laboratory methods of the Hospital de
Clinicas de Porto Alegre by enzymatic method (automated
— Siemens Advia 1800 Chemistry system).

2.3. Histology

For histological examination, a specimen of liver was
trimmed and fixed by immersion in 10% buffered formalin
for 24 h. The blocks were dehydrated in a graded ethanol
series and embedded in paraffin wax. Serial 3-jam sections
were stained with hematoxylin and eosin and picrosirius
red.

The percentage of fibrosis (%) in the liver tissue was
determined by morphometric measurements. Ten images
from each slide were captured from randomly selected
high-power fields (200 magnification) containing the
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conjunctive tissue area positive. Morphometric assessment
of the percentage of the ratios of conjunctive tissue relative
to whole liver were performed using the Adobe Photoshop
S5 Extended 10.0(Adobe Systems, San Jose, CA), according
to the protocol described by Souza et al. [13].

2.4. Lipid peroxidation and cytosolic superoxide
dismutase (50D)

The livers were excised, weighed, and immediately
frozen at —70°C. Frozen tissue from each rat was homoge-
nized in ice-cold phosphate buffer (KCl 140 mM, phosphate
20mM, pH 7.4) and centrifuged at 3000 rpm for 10 min.
Protein concentration in the liver homogenates was
determined using a bovine albumin solution [14]. Lipid
peroxidation was determined by measuring the concentra-
tion of TBARS (nmol/mg protein) [15]. Spectrophotometric
absorbance was determined in the supernatant as 535 nm.
Cytosolic SOD (EC 1.15.1.1) was assayed as described by
Misra and Fridovich [16].

2.5. Western blot

Western blot analysis was performed on cytosolic
extracts prepared by liver tissue homogenization in
140mM NacCl, 15mM EDTA (PubChem CID: 6049), 20 mM
glycerol {(10%), and a protease inhibitor cocktail [17].
The mixture was incubated on ice for 30min and
centrifuged for 30min at 12,000g and 4°C. The super-
natant fraction was collected and stored at —80°C in
aliquots until use. Protein concentration was measured
by the Bradford assay [14). Samples containing 50-100 pg
of protein were separated by sodium dodecylsulfate-
polyacrylamide gel electrophoresis (9-12% acrylamide)
and transferred to polyvinylidene fluoride (PVDF) mem-
branes [18,19]. The membranes were then blocked with
5% nonfat dry milk in Tris-buffered saline containing
0.05% Tween 20 (TTBS) for 1 h at room temperature and
probed owernight at 4°C with polyclonal anti-TGF-1p
(SC31609/25 kDa), anti-eNOS (SC8311/140 kDa), anti-iNOS
(5C7271/130kDa), anti-NQO1 (SC376023/32 kDa), anti-
Keap1 (5C 33569/69 kDa), and anti-Nrf2 (SC30915/57 kDa)
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at 1:200-1:1000 dilution with TTBS in 5% nonfat dry milk,
and anti-HSP70(H5147(73 and 72 kDa) (Sigma-Aldrich, 5t.
Louis, MO, USA) antibody at 1:5000 dilution with TTBS in 5%
nonfat dry milk, and anti-GAPDH (G9545/37 kDa) antibody
[Sigma-Aldrich, St. Louis, MO, USA) antibody at 1:1000
dilution with TTBS in 5% nonfat dry milk. After washing
with TTBS, the membranes were incubated for 1 h at room
temperature with secondary HRP-conjugated antibody
(Dako, Glostrup, Denmark, 1:4000). Protein detection was
performed via chemiluminescence using a commercial ECL
kit (Amersham Pharmacia Biotech, Little Chalfont, Great
Britain) [20]. The density of the specific bands was quanti-
fied with an L-Pix Chemi Molecular Imaging densitometer.

2.6. Statistical analysis

Means and standard deviations (SD) were calculated
for all data. Significant differences between means were

evaluated by one-way analysis of variance (ANOVA). In
the case of significance, Tukey's test was applied. P values
<0.05 were deemed significant. All analyses were carried
out using SP55 18.0.

3. Results
3.1. Body weight and blood biochemical analyses

Rats with advanced HCC showed a slower growth rate
than the PL and control animals, reaching at the time of
sacrifice a body weight approximately 30% lower than that
of controls, with a significant increase in the hepatosomatic
ratio (Table 1). Blood analyses indicated that AST, ALT, AP
and GGT levels were significantly higher in the advanced
HCC group compared to control rats. Enzyme levels for the
PL group also differed from those in control rats, although
values were lower than those in the HCC group (Table 1).

3.2, Histology and morphometric study

The liver histology of animals in the advanced HCC

group was characterized by chronic damage and areas of
cellular atypia such as large nucleoli, increased nucleus to
cytoplasm ratio and increased mitotic index at 19 weeks.
The signs observed included lymphocytic infiltration, cells
with enlarged nuclei, extremely atypical hepatocytes. Loss
of normal hepatic parenchyma was present, with a pseudo-
acinar and trabecular growth pattern. Moderate and large
nodules were present (20% and 80% of rats, respectively)
[21]. Animals in the group with precancerous lesions had
developed early-stage HCC or preneoplastic lesions at 28
weeks. The liver histology in this group was consistent with
multiple nodules of regeneration (small nodules in 100%
of animals) and preneoplastic foci (Fig. 1). Distorted lobu-
lar architecture was also observed, with increased mitotic
index and hepatocellular damage such fibrosis and cirrho-
sis. The cytologic criteria included nuclear and cytoplasmic
changes, multinucleation, centrally located nuclei, promi-
nent nucleoli and increased cell density [22].

The percentage of fibrosis in the liver tissue was
determined by morphometric measurement of picrosirius
red-stained samples. Data obtained indicate that the extent
of fibrotic tissue increased slightly in rats with precan-
cerous lesions and augmented markedly in animals with
advanced HCC (control: 1.7 £0.1; precancerous lesions:
3.8+1.5; advanced HCC: 12.3+£2.9; p<.05).

3.3. Markers of lipid peroxidation and 50D activity

Determination of lipid peroxidation in liver tissue was
performed by the TBARS method, which showed a sig-
nificant increase of malondialdehyde formation in both
groups of DEN-treated rats. TBARS increased by 81% in the
PL group when compared to control animals, while rats
with advanced HCC had values approximately 25% lower
than that of PL group. Liver activity of the antioxidant
enzyme 50D was significantly increased in PL rats (+13%)
and reduced in the advanced HCC group (—32%) when com-
pared to control animals (Table 1).
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Table 1
Effects of advanced HOC and precancerous lesions on body weight, hepatosomatic ratio, serum levels of AST, ALT, AP and GGT, hepatic TRARS and liver SOD
activity.
Control Advanced HCC Precancerous lesions
Initial weight (g) 146+ 6 147+ 7 154+ 6
Final weight (g) 486 + 8 323 + 534 437 + 260
HSR () 31+02 124 + 66° 35+ 04"
AST (L) 102 + 10 238 + 707 1605 + 1540
ALT(LYL) 40 + 4 160 + 277 e
AP(UL) 71x12 240 + B4° 141 + 5748
GGT (/L) 22209 1138 + 6.6 102 £ 1.7+
TBARS (nmol/mg prot) 0.11 £ 0,02 016 + 0.03° 0.20 + 0.02°
S0D (U S0D) 127 = 04 B7+ 1.8 159 £ 2(p0

Values are expressed as means + 5D for 8-10 rats. HSR, hepatosomatic ratio; AST, aspartate aminotransferase; ALT, alanine aminotransferase: AP, alkaline

phosphatase; GGT, gamma-glutamyl transferase.
2 p< 05 vs, control.
b p< 05 wvs, advanced HCC,

3.4, TGF-18, Keap-1, Nr{2, NQO1, eNOS, iNOS and HSP70
expression

To evaluate the effects of early and advanced HCC
on development of fibrosis, the expression of TGF-1p
was quantified by measurement of protein expression.
Both PL and advanced HCC animals exhibited a signifi-
cant induction of TGF-1[3, which reached a higher extent
in the first group (+98%) (Fig. 2). Concerning markers

of inflammation, eMOS expression was reduced {—60%),
whereas iNOS expression increased strongly in animals
with advanced HCC (Fig. 2). Protein markers related to
oxidative stress were also evaluated. The advanced HCC
group exhibited a significant induction of NQO1 protein
as compared with the control group (+82%). Rats in the
PL group overexpressed nuclear factor Nrf2 (+260%), while
in the advanced HCC group Nrf-2 expression was reduced
[—56%) and Keap-1 was markedly overexpressed (+308%).

Fig. 1. Photomicrographs of liver sections. Left panels: tissue samples counter stained with hematoxylin-eosin. (A) Control: normal hepatic parenchyma.
(B) Advanced HCC: non-cancerous cells (a) and atypical hepatocytes (b). Abnormal hepatic parenchyma was present, with a pseudo-acinar and trabecular
growth pattern. (C) Precancerous lesions: low-grade dysplastic nodules (DN) and collagen deposition (black arrows) (Original magnification 40 x ). Right
panels: tissue samples counter stained with picrosirius red, (D) Control: normal hepatic parenchyma. (E) Advanced HCC:; intense deposits of fibrosis. (F)
Precancerous lesions: moderated deposits of fibrosis (Original magnification 100x).
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Expression of the main isoforms of the HSP family (con-
stitutive HSP 73 and stress-inducible HSP72) decreased
significantly in animals with advanced HCC (—32% and
—74%, respectively) (Fig. 3).

4, Discussion

This study provides evidence of the activa-
tion/inhibition of different proteins involved in oxidative
stress and cell damage in a multistage animal model of
hepatic carcinogenesis. Blood chemistry, liver histology,
markers of oxidative stress and expression of different
proteins related to HCC pathogenic mechanisms were
measured in rats with early/precancerous lesions (PL) or
late-stage HCC reached through different protocols of DEN
administration.

DEN is a potent hepatocarcinogenic agent [23], which
is hydrolyzed to nitrosamine, generating an electrophilic
radical. The rats that were exposed most frequently to low
doses of DEN had developed advanced HCC at 19 weeks,
whereas animals exposed to high doses on fewer occa-
sions developed preneoplastic lesions or early HCC by 28
weeks. In addition, we used 2-AAF on week 4 to inhibit
the proliferation of normal hepatocytes [824]. With this
design, HCC was already established by weeks 17-19 in
the advanced HCC group, suggesting that the therapeutic
window to address inflammation occurs on week 4 or 5,
whereas cirrhosis is established by weeks 10-12.

Aminotransferase levels were significantly increased
in the advanced HCC group. By week 19, there was an
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Fig. 3. Western blot analysis of NQO1, Keapl, Nri2, HP72 and HP72,
Protein from liver extracts was separated by sodium dodecylsulfate-
polyacrylamide gel electrophoresis followed by immunoblotting. (A)
Representative images. (B) Densitometric guantification. Values are
expressed as means £ 50 (n=5). *p< 05 vs, control, *p <05 vs, advanced
HCC.

elevation of both ALT and AST, indicative of liver injury
and hepatocellular damage [25], reaching values similar
to those previously reported in other models of progres-
sive cirrhosis induced in rat by repeated injections of DEN
[9,26]. Furthermore, AP was elevated concomitantly with
a significant increase in the GGT level, which indicates the
presence of obstructive and cholestatic disease. After anal-
ysis of the dimensions of the masses found, we believe that
tumor nodules caused compression of the hepatic ducts.
Both ALP and GGT have been confirmed as useful factor for
confirmation of stages in HCC [10], and it is known that
elevated GGT associates with increased cancer risk [27,28],
seeming to be involved in the activation of pro-oncogenes
or the inactivation of tumor-suppressor genes [29].

The effects of HCC stages on development of fibrosis
were evaluated by quantifying TGF-1[3 expression and per-
centage of fibrosis (%). TGF-1[3 was significantly increased
in all rats with precancerous lesions, while the intense
depaosits of fibrosis was more prominent in animals with
advanced HCC. This result may suggest that the TGF-13 is
first activated in the early stage of HCC. Due to this activa-
tion, stellate cells (HSC) respond with intense deposits of
fibrosis observed in the late stage of HCC. A strong associa-
tion exists between fibrosis and HCC, because TGF-1 is an
important peptide mediator of hepatic stellate cells (HSC),
which activate and stimulate matrix synthesis, leading to
progressive liver failure [20]. A wealth of evidence suggests
the existence of reciprocal signaling and positive feed-
back loop between precancerous hepatocytes and stellate
cells. This cycle enhances the growth of hepatocytes and
HSC activation, which promotes carcinogenesis by altering
the stromal environment and promoting angiogenesis.
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Furthermore, the accumulation of extracellular matrix
would lead to increased proliferation and decreased apo-
ptosis, favoring carcinogenesis [31]. TGF-1j3 signaling in
carcinogenesis is complex; in early-stage HCC, it acts as a
tumor suppressor, but in the late phase it plays a role as a
tumor promoter [51].

We also studied the behavior of the inflammatory
mediator nitric oxide (NO), evaluating eNOS and iNOS
expression in cytoplasmic extract of livers with advanced
HCC and precancerous lesions. iNOS expression was
increased in advanced HCC, whereas eNOS expression
decreased significantly. Hanahan and Weinberg [32,33]
have proposed six biological hallmarks necessary for tumor
development, Overexpression of iNOS acts on three of these
six markers. This occurs when overexpressed iNOS inter-
acts on two important molecular pathways, IKK/MNF-kappaB
and RAS/ERK. Activation of these pathways triggers the
transcription of genes that control cell growth, angiogen-
esis, and inhibition of cell death [34,25]. Regarding the
role eNOS in carcinoma, Decker et al. [36] demonstrated
that eNOS overexpression was associated with fewer and
smaller tumor lesions as well as increased animal survival.
However, eNOS—/— knockout animals developed larger
tumors and had worse survival. This vascular dysfunction
in chronic liver disease is an important sign that precedes
carcinoma [36].

After determination of proteins classically involved in
chronic liver diseases, we assessed oxidative stress, by
measuring the cytosolic concentration of TBARS and quan-
tifying SOD activity. TBARS was already increased in the
PL groups compared to controls. DEN is hydrolyzed in
nitrosamine, generating the ethyl radical, responsible for
an increase in intensification of oxidative stress. Many
studies have linked oxidative stress to pathogenesis and
disease prognosis [37-39]. One of the key factors in car-
cinogenesis is an imbalance of the redox state, favoring
the formation of several toxic products such as malondi-
aldehyde and 4-hydroxynonenal, which can attack lipids,
proteins and DNA, leading to carcinogenicity and muta-
genicity [40,41]. In this study, SOD activity was reduced in
advanced HCC, whereas increased in early HCC, signaling
the presence of the superoxide anion. Similar results, show-
ing increases inoxidative stress and reduction in S0D levels
in animals with HCC have been previously reported, indi-
cating that the decrease of SOD activity intensifies with the
disease progression [2,42].

In addition to SOD activity, NQO1 expression was also
determined. While SOD activity was significantly reduced
in animals with advanced HCC, NQOD1 protein expression
increased significantly. Most solid tumors express high lev-
els of MQO1 [43], and biochemical studies have shown that
NQO1 is induced by numerous chemicals, including poly-
cyclic aromatic hydrocarbons and azo dyes. Two regulatory
elements responsible for the NQO1 gene are the antioxi-
dant response element (ARE) and the xenobiotic response
element (XRE) [44]. According to Venugopal and Jaiswal
[45] an increase in NQO1 expression occurs in response
to the generation of ROS caused by inflammation or xeno-
biotic exposure. Conversely, precancerous lesions showed
augmented SOD activity with no increase in NOQ1 pro-
tein expression. These findings suggest that NQO1 acts

directly as a superoxide anion scavenger, although less effi-
ciently than SOD [46]. Its lack results in additional loss
of protection against oxidative stress, exposing the cell to
the aggressions of ROS. Tissues with high SOD levels and
low MNQO1 expression may have decreased clearance of
superoxide anmion, generating other reactive species and
worsening liver injury [47].

In this study, Keap1/Nrf2 were assessed in animals with
PL and advanced HCC. There is doubt as to whether Nrf2 is
a tumor suppressoer or oncogenic [48]. Under basal con-
ditions, Nrf2 is sequestered in the cytoplasm by Keapl,
but induction of oxidative stress is able to dissociate Nrf2
from Keap1, leading to its translocation to the nucleus and
subseguent increase on antioxidant genes expression [49].
We observed that animals in late-stage (advanced) HCC
showed Keapl overexpression and Nrf2 downregulation
compared to animals in the PL group. It is known that the
Mrf2 system could be induced by chemical carcinogens [50].
Activation of this factor facilitates cytoprotection and con-
tributes to the proliferation and survival of tumor cells,
whereas its inhibition results in degradation [51,52], allow-
ing an increase in ROS attacks to the cell. The role of Nrf2 is
dependent on the stage of carcinogenesis. In the inflamma-
tory phase, with precancerous lesions, increased activation
of Nrf2 aims to reduce oxidative stress, thus contributing
to tumor suppression [53]. Meanwhile, maintaining MNrf2

activation during the tumorigenesis stage may facilitate the
transformation of dysplastic nodules into malignant cancer
cells and make them resistant to treatment [53,54]. During
the development of carcinoma, an increase in Nrf2 protein
is associated with poor prognosis [48]. In our work, Nrf2
and Keapl changes observed in both PL and HCC groups
were in parallel with the changes on SOD activity, con-
tributing to liver injury during hepatocarcinogenesis.

Another interesting finding from our investigation was
the significant reduction in the expression of HSP70 in
liver tissue with advanced HCC. HSP70 has strong cyto-
protective effects and functions as a molecular chaperone
in protein folding, transport, and degradation [55]. HSP70
downregulation is associated with carcinogenesis of the
oral epithelium, and is a marker of HCC [56]. HSP70 down-
regulation also correlates with poor prognosis in breast
cancer [57 |, endometrial cancer | 58], and pancreatic cancer
[56]. Rohde et al. [59] reported that HSP70 is not a condition
for the growth of tumor cells, but plays an important role in
maintaining the deregulated tumor cell cycle. Chuma et al.
[60] evaluated the expression of HSP70 in liver tissue with
and without cancer, and identified HSP70 as a molecular
marker of HCC progression.

In conclusion, we have shown a multistage induction of
HCC in rats through chronic and intermittent exposure to
carcinogenic agents. Changes in 50D and NrF2 and TGF-1p
stand out as markers of oxidative stress and cell damage
in early HCC. TGF-13 stimulates extracellular matrix for-
mation and contributes to cell proliferation, SOD and Nrf2
overexpression act as cytoprotectives factors in precancer-
ous lesions. In advanced HCC, however, there is a decreased
expression of H5P70, and an increase in the expression
of NQO1 and iNOS, that interact with important genes
controlling cell growth, angiogenesis and apoptosis. These
results confirm that oxidative stress and fibrosis plays an
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important role in liver carcinogenesis, suggesting that a
multi-step process involving different molecular mecha-
nisms could be implicated in the progression of chronic
inflammatory liver diseases to HCC. Factors involved in
oxidative stress and fibrosis can constitute not only poten-
tial biomarkers but also therapeutical targets for treatment
of HCC.
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4.2 Resultados do Experimento Il (CEP/ FIPE/ HCPA 140311)

Realizamos nova inducdo de CHC com DEN + 2-AAF para avaliar os efeitos da
melatonina durante a carcinogénese. Neste novo experimento so utilizamos o protocolo
DENSO0, pois foi o que desenvolveu o CHC avangado. Os resultados do Experimento Il
foram submetidos para a publicacdo sob forma dos artigos baixo:

Artigo 2: Melatonin attenuates oxidative damage in hepatocarcinogenesis induced
by diethylnitrosamine in rats, submetido para Toxicologic Pathology. Este artigo
responde os seguintes objetivos especificos do Experimento II:

Avaliar a relagdo hepatossomética dos animais submetidos a carcinogénese
com e sem Melatonina.

Avaliar as enzimas de integridade hepatica mediante a quantificacdo de
AST, ALT, FA e yGT dos animais submetidos a carcinogénese com e sem
tratamento com Melatonina.

Avaliar os aspectos macroscopicos do figado dos animais submetidos a
carcinogénese com ou sem Melatonina;

Avaliar aspectos histologicos do figado pela coloracdo HE dos figados dos
animais submetidos a carcinogénese e tratados com ou sem Melatonina;

Determinar a reacdo ductular: pela positividade da citoqueratina 7 (pCK7)
no tecido hepético de animais submetidos & carcinogénese com e sem
tratamento com Melatonina;

Determinar o dano ao DNA (mutagenicidade) do tecido hepéatico dos
animais submetidos a carcinogénese com e sem tratamento com Melatoning;

Determinar o estresse oxidativo do tecido hepéatico dos animais submetidos
a carcinogénese com e sem tratamento com Melatonina mediante a
avaliacdo de TBARS, da atividade de enzima antioxidante (SOD) e da
expressao do fator nuclear Nrf2, seu inibidor KEAP1 e da proteina NADPH
quinona oxidoredutase 1 (NQO1);

Determinar expressao de fator nuclear B do tecido hepético dos animais
submetidos a carcinogénese com e sem tratamento com Melatonina.
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ABSTRACT

The relation between reactive oxygen species (ROS) and development of hepatocellular
carcinoma (HCC) has been widely discussed. ROS may cause damage to lipids, proteins
and DNA, producing genetic mutation and abnormal cell growth. However, it seems that
solid tumors are resistant to lipid peroxidation in the later stages. There is evidence
suggesting the involvement of ROS in the induction of carcinogenesis. Melatonin (MEL)
is a lipophilic indoleamine, associated with antioxidative defense, anti-inflammatory and
oncostatic systems. Our goal was to investigate the effects of melatonin on oxidative
stress in an animal model of liver carcinogenesis induced by diethylnitrosamine +
acetylaminofluorene (DEN+2AAF) and its impact on the development of HCC. Rats in
treatment groups received diethylnitrosamine (DEN) 50mg/kg intraperitoneally once or
twice a week for 19 weeks. Melatonin was given in drinking water at 1mg/kg/day,
beginning 5 or 12 weeks after the start of DEN administration. Animals receiving MEL
exhibited precancerous lesions, less intense ductular reactions, normal values for liver
enzymes, down-expression of NFkB (p65) and iNOS and overexpression of eNOS and
Nrf2. These conditions were predictive of the attenuation in the formation of liver tumor.
Melatonin appears to have the ability to control hepatocarcinogenesis, delaying the

development of HCC in rats.

Key words: Nrf2, NFkB, Animals Models, Antioxidants, hepatocellular Carcinoma
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1 Introduction

Carcinogenesis is characterized by a multistage process involving several
molecules and cellular events which transforms a normal cell into a malignant, neoplastic
one (Hanahan and Weinberg, 2011). The stages of this process are known as initiation,
promotion and progression. Initiation is associated with DNA damage, while promotion
is linked to the modulation of gene expression. The hallmarks of promotion stage are
increased cell division and reduced apoptosis as well as strong stimulus to growth factors.
Growth factors can encourage cell expansion, contributing to clonal expansion and
formation of a tumor. This occurs in the progression stage (Hanahan and Weinberg,
2011). Genotoxic agents can promote mutation in a normal cell. Moreover, they can
generate reactive oxygen species (ROS) in high concentrations. ROS are able to oxidize
macromolecules or activate transcription factors such as NFxB and Nrf2. In addition,
initiation occurs concomitant with the development of the inflammatory process

(Klaunig, Kamendulis, Hocevar, 2010).

Formation of hepatocellular carcinoma (HCC) is the result of several inflammatory
assaults, chemical agents and chronic diseases. Such diseases include alcoholic cirrhosis,
hepatitis B or C virus (HBV and HCV) infection, nonalcoholic steatohepatitis (NASH),
al-antitrypsin deficiency, hemochromatosis and tyrosinemia (Bruix et al., 2004). Many
studies have demonstrated the presence of overproduction of ROS in inflammatory
chronic diseases (Subramanian et al., 2007; Moreira et al., 2015). The relationship
between ROS and development of HCC has been widely discussed. Oxidative stress may
cause damage to lipids, proteins and DNA, producing chromosome instability and
abnormal cell growth. However, it seems that solid tumors are resistant to lipid
peroxidation in the later stages (Subramanian et al., 2007; Moreira, et al., 2015; Masotti,
Casali, Galeotti, 1988; Canuto et al., 1991). It is believed that ROS are responsible for
tumor initiation. There is evidence suggesting the involvement of ROS in the induction
of carcinogenesis. Therefore, reducing the generation of ROS would be a way to slow the

progression of liver tumor (Sanchez-Pérez et al., 2005; Reiter, 2004).

Melatonin—N-acetyl-5-methoxytryptamine is a lipophilic indoleamine derivative of
tryptophan. It is produced primarily by the pineal gland of vertebrates, but is also present
in other organs (Reiter and Tan, 2002; Reiter et al., 2007). Melatonin (MEL) is associated

with effects on sleep, mood, sexual maturation and reproduction, immune function, aging,
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and the antioxidative defense system (Allegra et al, 2003; Mills et al., 2005). Melatonin
performs numerous actions, including protection from oxidative damage (Reiter, 2004),
anti-angiogenic activity (Lissoni et al., 2001), anti-inflammatory activity (Lissoni et al
1997) and oncostatic effects. The oncostatic properties of melatonin in many tumors have
been widely studied, principally in breast, colon and ovarian cancers (Mills et al., 2005;
Blask et al., 2002; Carbajo-Pescador et al., 2011; Carbajo-Pescador et al, 2013).

Our goal was to investigate the effects of melatonin on oxidative stress in an animal
model of liver carcinogenesis induced by diethylnitrosamine + acetylaminofluorene
(DEN+2AAF) and its impact on the development of HCC

2 Materials and methods

2.1. Animals and experimental design

Male Wistar rats weighing +150 g were used for this study and were obtained
from the Central Animal Laboratory of the Federal University of Pelotas, Rio Grande do
Sul, Brazil. The rats were caged individually at 24°C, with a 12 h light-dark cycle and had
free access to food and water until the time of the experiments in the Animal
Experimentation Division of Hospital de Clinicas de Porto Alegre, Brazil. All
experiments were performed in accordance with the Guiding Principles for Research
Involving Animals (NAS) protocol number 140311.

HCC was induced by a chronic and intermittent model of exposure to carcinogenic
agents (50 mg/Kg i.p. diethylnitrosamine — DEN and 100 mg/kg i.p. and 2-
acetylaminofluorene - 2-AAF, both from Sigma Aldrich, St. Louis, MO, USA). The
administration of DEN followed the protocol: 1 to 3 and 5" weeks: DEN 2x per week
(50 mg/kg i.p.); 4" week: DEN (50 mg/Kgi.p.) + 2-AAF (100 mg/kg i.p.); 6" week: DEN
1x per week (50 mg/Kg i.p.); suspension for four weeks; 11" to 13" weeks: DEN 1x per
week (50 mg/Kg i.p.); and euthanasia at 19 weeks (Moreira et al, 2015). The animals were
divided into four groups: (I) Control (CO); (Il) Diethylnitrosamine + 2-AAF (DEN-
HCC); (111) Diethylnitrosamine + 2-AAF + melatonin from the 5" to the 19" week
(DEN+MEL5W) and (1V) Diethylnitrosamine + 2-AAF + melatonin from the 12'" to the
19" week (DEN+MEL12W). Melatonin (Sigma Chemical Company, St. Louis, MO) was
prepared three times a week by dissolving the drug (16 mg) in ethanol (200 pL, 100%,
vol/vol). This solution was then diluted with drinking water to a final concentration of 20
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mg/L. Melatonin was administered daily for 90 days (group I11) or 45 days (group 1V)
and water bottles were covered with aluminum foil. The rats drank about 25 mL/day, and
the average daily intake of melatonin was estimated to be 1 mg/kg/day, which was
expected to increase normal plasma melatonin levels 20-30 times (Molpeceres et al.,
2007; De Butte and Pappas, 2007; Rasmussen et al., 1999).

After fasting for 12 hours, the animals were anesthetized with ketamine
hydrochloride (Ketalar® 100 mg/kg) and xylazine (50 mg/kg) and subjected to blood
collection for biochemical analysis. Liver samples were taken—always from the same
lobe—for histological analysis, comet assay, and determination of oxidative stress. The
animals were killed at the end of the experiment by exsanguination under deep anesthesia,
as described in the American Veterinary Medical Association Guidelines on Euthanasia
(AVMA 2013).

2.2 Biochemical analysis

Serum levels of alanine aminotransferase (ALT) (U/L), aspartate
aminotransferase (AST) (U/L), gamma-glutamyl transferase (yGT) (U/L), and alkaline
phosphatase (AP) (U/L) were measured, using routine laboratory methods of the Hospital
de Clinicas de Porto Alegre, by the enzymatic method (automated — Siemens Advia 1800

Chemistry system).
2.3 Histology and immunohistochemical analysis, sample preparation and image capture

For histological examination, a liver sample was trimmed and fixed by immersion
in 10% buftered formalin for 24 hours. The blocks were dehydrated in a graded ethanol
series and embedded in paraffin wax. Serial 3-pm sections were stained with hematoxylin
and eosin (H&E) and imaged (40x magnification). The analyses were performed by a

blinded evaluator.

For immunohistochemical analysis, slides of the liver were drained and incubated
with anti-cytokeratin 7 (CK7) (1:50 dilution, Ab9021 Abcam) for 1 h at room
temperature. For morphometric measurements, 10 images from each slide were captured
from randomly selected high-power fields (200x magnification) containing CK7-positive
structures. Morphometric assessment of the percentage of CK7-positive area (pCK7- %)
was performed using Adobe Photoshop CS5 Extended 10.0 (Adobe Systems, San Jose,
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CA) as described in Souza et al., (2014). The analyses were performed by a blinded

evaluator.
2.4 Comet assay

The alkaline comet assay was carried out as described by Tice et al., (2000) with
minor modifications (Hartmann et al., 2003). Images of 100 randomly selected cells (50
cells from each of two replicated slides) were analyzed from each animal. Cells were also
visually scored according to tail size into five classes ranging from undamaged (0) to
maximally damaged (4), resulting in a single DNA damage score for each animal and
consequently for each studied group. Therefore, the damage index (DI) ranges from 0 (no

damage, 100 cells x 0) to 400 (maximum damage, 100 cells x 4).
2.5 Lipid peroxidation

The livers were excised, weighed, and immediately frozen at —70 °C. Frozen tissue
from each rat was homogenized in an ice-cold phosphate buffer (KCI 140 mM, phosphate
20 mM, pH 7.4) and centrifuged at 3000 rpm for 10 minutes. Protein concentration in the
liver homogenates was determined using a bovine albumin solution (Lowry et al., 1951).
Lipid peroxidation was determined by measuring the concentration of TBARS (nmol/mg
protein) (Buege and Aust, 1978). Spectrophotometric absorbance in the supernatant was

determined to be 535 nm.
2.6 Protein carbonyl content

Protein carbonyl formation, a marker of protein damage, was measured according
Protein Carbonyl Content Assay Kit via spectrophotometric absorbance at 375nm
(MAKO094 Sigma-Aldrich, USA). The results were calculated as nmol of carbonyls/mg
protein.

2.7 Cytosolic superoxide dismutase (SOD)

Cytosolic SOD (EC 1.15.1.1) was assayed as described by Misra and Fridovich (1972).
The rate of autooxidation of epinephrine, which is progressively inhibited by increasing
amounts of SOD in the homogenate, is monitored spectrophotometrically at 560 nm. The
amount of enzyme that inhibits epinephrine autooxidation at 50% of the maximum
inhibition is defined as 1 U of SOD activity.
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2.8 Western blot

Western blot analysis was performed on nuclear and cytosolic extracts prepared
by liver tissue homogenization in 140 mM NaCl, 15 mM EDTA, 20 mM glycerol (10%)
and a protease inhibitor cocktail (Laemmli,1970). The mixture was incubated on ice for
30 min and centrifuged for 30 min at 12,000 g and 4 °C. The supernatant fraction was
collected and stored at -80 °C in aliquots until use. Protein concentration was measured
by the Lowry assay (Lowry et al., 1951). Samples containing 50-100 pg of protein were
separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (9-12%
acrylamide) and transferred to polyvinylidene fluoride (PVDF) membranes (Mauriz et
al., 2007). The membranes were then blocked with 5% nonfat dry milk in Tris-buffered
saline containing 0.05% Tween 20 (TTBS) for 1 h at room temperature. They were kept
overnight at 4 °C with polyclonal anti-p65 (nuclear extract SC8008/65 kDa), anti-eNOS
(SC8311/130 kDa), anti-iNOS (SC7271/120 kDa), anti-NQO1 (SC376023/31 kDa), anti-
Keapl (SC33569/70 kDa) and anti-Nrf2 (nucelar extract SC30915/57 kDa) antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:200-1:1,000 dilution with TTBS
in 5% nonfat dry milk, and anti-GAPDH (G9545/35 kDa) antibodies (Sigma Aldrich, St
Louis, MO, USA) at 1:200-1:1,000 dilution with TTBS in 5% nonfat dry milk. After
washing with TTBS, the membranes were incubated for 1 h at room temperature with
secondary HRP-conjugated antibodies. Protein detection was performed via
chemiluminescence using a commercial ECL kit (Amersham Pharmacia Biotech, Little
Chalfont, Great Britain) (San Miguel et al., 2013). The density of the specific bands was
quantified with an L-Pix Chemi Molecular Imaging densitometer.

2.9 Statistical Analysis

Means and standard deviation (SD) were calculated for all data. Significant
differences between means were evaluated by one-way analysis of variance (ANOVA).
Tukey’s test was also applied. P values < 0.05 were deemed significant. All analyses were
carried out in SPSS 18.0.

3 Results

3.1 Animals
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The animals receiving DEN showed a slower growth rate than the control animals.
The average weights of the animals at the end of the study showed a difference between
the 11, 111, and IV groups and the control group, with presence of cachexia in animals with
DEN. They had a final weight approximately 30% lower than that of the controls (p <
0.05) (Table 1). Melatonin treatment failed to reverse this weight loss. We observed that
90% of the animals exposed to DEN developed HCC at 19 weeks while only 25% of the
animals exposed to DEN and treated with melatonin developed HCC (Log Rank (Mantel-
Cox) Chi-Square 12.923 and significance .000/ Log-Rank test of equality of survival

distributions for the different levels of Melatonin).
3.2 Biochemical Analysis

Analyses of transaminase enzymes in group Il showed increases in AST and ALT
compared to groups I, 11 and 1V. Group Il also demonstrated significant increases in AP
and yGT compared to groups I, Il and IV. Animals treated with melatonin showed

enzyme levels similar to controls (Fig. 1).
3.3 Histology analysis

In group I, the liver histology was characterized by advanced HCC (Fig.2B).
Abnormal hepatic parenchyma was present with pseudoacinar and trabecular growth
patterns. The cytologic criteria include nuclear and cytoplasmic changes, centrally
located nuclei, prominent nucleoli and increased cell density. Groups Il and IV showed

low-grade dysplastic nodules, precancerous lesions (PL) and cirrhosis (Fig. 2C, 2D).

The ductular reaction was evaluated by the percentage of CK7 positivity (pCK?7).
We observed greater positivity in animals with advanced HCC (Fig 2F), but in animals
treated with melatonin the ductular reaction was similar to controls (pCK7: CO: 1.2%;
DEN-HCC: 17%; DEN+MEL 5W: 3.2%; DEN+MEL 12W: 3%) (Fig. 2G, 2H).

3.4 Comet assay

There was significant increase (p < 0.05) in the damage index to liver DNA in
DEN groups compared to group I, indicating the genotoxic effect of DEN in this tissue.

Groups I11 and 1V showed a significantly lower damage index (p < 0.05) (Fig. 3D).

3.5 Markers of oxidative stress
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Determination of lipid peroxidation in liver tissue with tumor (DEN-HCC group)
and precancerous lesions (DEN+MEL groups) was performed using the TBARS method,
which showed an increase of malondialdehyde (MDA) formation in tissues exposed to
DEN, but lipid peroxidation was significantly increased in the DEN+MEL5W and
DEN+MEL12W versus control animals. DEN-HCC group had LPO approximately 25%
lower than that of groups Il and 1V (Fig. 3A). Group Il showed higher levels of protein
carbonyls (increased by 55% versus control group). Groups 111 showed a significantly

lower levels of protein carbonyls (-30% versus DEN-HCC group) (Fig 3B).

The SOD activity was strongly increased in DEN+MEL groups compared to the
control. SOD activity in the DEN+MEL5W group increased by 300% versus the control

group. (Fig. 3).
3.6. p65, INOS, eNOS, Keap-1, Nrf2, NQO1 expression

Expression of NFkB/p65 and iNOS, which is indicative of inflammation, was
strongly increased in animals treated with DEN (+35% and +100% respectively), while
the DEN+MEL5W and DEN+MEL12W groups had expression similar to the control
group (Fig. 4). Expression of eNOS was reduced in the DEN-HCC group (-50%) as
compared with the control group (Fig. 4). Protein markers related to oxidative stress were
also evaluated. Animals in the DEN-HCC group underexpressed nuclear factor Nrf2 (-
40%). Conversely, animals in groups Il and IV overexpressed Nrf2 (+40% and +100%
respectively). The DEN animals with advanced HCC (group I1) exhibited high induction
of the NQOL1 protein (+80%) compared to the control group. (Fig. 4).

4 Discussion

We evaluated the efficacy of melatonin a protector of macromolecules against
oxidative damage during the carcinogenesis process in animals exposed to DEN. In
general, melatonin was competent in improving the state of the hepatic enzymes, the
histological aspect, and reducing the damage index of DNA of the liver compared with
group Il. The livers of the DEN + melatonin animals contained smaller tumors and

precancerous lesions than DEN-HCC.

Regarding oxidative damage, melatonin increased antioxidant enzymes, reduced

the effect of ROS on DNA and protein, and also protected and kept the membrane lipid
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substrate. Meanwhile, DEN-HCC animals lost considerable lipids and suffered intense
damage to proteins and DNA. We evaluated four parameters: biochemical analysis,

histological aspects, liver DNA damage index and oxidative damage in macromolecules.

After 19 weeks, 90% of animals DEN-HCC group developed tumor masses, while
melatonin treated animals developed precancerous lesions. This suggests that the
melatonin treatment was effective in preventing or delaying the development of HCC

experimentally.

DEN and 2-AAF are considered potent carcinogens. DEN, when hydrolyzed,
generates a monovalent ethyl radical, and when associated with 2-AAF is responsible for
the formation of DNA adducts (Williams et al., 1996; Malik et al., 2013; Bagnyukova et
al., 2008; Poirier, 2002). Melatonin slowed tumor formation; it played the role of a
cytoprotective drug, protecting the cell from oxidative damage and the genotoxic effects
(Imaida et al., 2000). Many studies report oncostatic effects of melatonin (Subramanian
et al., 2007; Blask, Dauchy, Sauer, 2005; Anisimov et al., 2006; Tomas-Zapico and Coto-
Montes, 2005). These effects are associated with inhibition of tumor, ability to repair
DNA damage, proapoptotic effects and regulation of nuclear factors and growth
(Subramanian et al., 2007).

The toxicity promoted by the carcinogenic agents was attenuated by melatonin, and
this was reflected in reduced values of hepatic enzymes. The DEN+MEL animals had
normal liver enzyme patterns. Low values of AST and ALT mean less hepatocellular
injury, lower incidence of necrosis, and less chance of cell membrane permeability. DEN-
HCC group exhibited increased AST and ALT, which is indicative of acute liver injury
and hepatocellular damage (Mauriz et al., 2001). Group Il showed high yGT and AP
levels, which indicates cholangitis as well as obstructive and cholestatic disease. Elevated
yGT is associated with increased cancer risk (Guiu et al., 2012; Strasak et al., 2008) and
seems involved in the activation of pro-oncogenes or the inactivation of tumor-suppressor
genes (Hanigan et al., 1999). Treated animals had reduced levels of yGT and the
DEN+MEL12W group showed the greatest reduction. These findings are consistent with
the lowest positivity for CK7 and reduction of the enzymes AP and yGT, restoring the

function of the bile ducts.
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Tumors of hepatocellular cells have the ability to express cytokeratin. This may
contribute to elevated levels of yGT in HCC (Van Eyken et al., 1988; Gould, 1986). The
ductular reaction evidenced by the increased CK7 positivity could explain the increase in
yGT levels in group II. These data suggest that the presence of ductular reactions,
including changes in cytoskeletal structure (Desmet, 2011), may be associated with
complications of liver cancer. Zhang et al. (2013) showed that this ductular reaction in
the initial HCC was smaller when compared with advanced HCC. Our results suggest that

melatonin protected hepatocytes and reduced ductular reaction.

Group Il showed poorly differentiated HCC with abnormal hepatic parenchyma.
The tumoral cells are surrounded by fibrous hyaline bands. The cytological criteria
include increased nuclear/cytoplasmic ratio, rounded nuclei, prominent nucleoli, and
increased cell density (Thoolen et al., 2010). This study observed that DEN+MEL
animals had dysplastic nodules and cirrhosis characterized by precancerous lesions. All
the control animals showed normal histological analysis (Guiu et al., 2012; Strasak et al.,
2008; Thoolen et al., 2010; Paradis, 2013).

We evaluated the damage index (DI) in liver DNA by comet assay. This assay
evaluates the genotoxic effect of DEN on hepatic tissue. The animals in group Il showed
more DI. DEN+2-AAF caused DNA damage and strong genotoxic effetcs, resulting in
DNA adducts (El Mesallamy et al., 2011; Verna, Whysner, Williams, 1996; Srinivasan
et al., 2008). These lesions induce hepatocarcinogenesis. Melatonin protected against
DNA damage, reduced the formation of ROS and DNA adducts (Liu et al., 2013). Our
results demonstrated that DEN+MEL5W and 12W significantly reduced the damage
index in liver DNA.

Melatonin has been shown to increase the efficiency of the electron transport chain
and, as a consequence, to reduce electron leakage and the generation of free radicals
(Anisimov et al., 2006; Reiter et al., 2001). In these analyses we can see that melatonin
acted to reduce the expression of iINOS and increase eNOS, reversing the vascular
dysfunction present in chronic liver diseases. Just as significantly, it attenuated the
expression of p65, reducing inflammation and stopping maintenance of activated pro-
tumor pathways. There is evidence that melatonin stabilizes microsomal membranes,
thereby probably helping them resist oxidative damage (Karbownik et al., 2001).

Melatonin controlled the inflammation and was effective in attenuating the tumor
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initiation stage, thus resulting in delay of HCC development. Regulating NFkB
expression allows acting along numerous pathways involved in carcinogenesis, among
them cell proliferation via MAPK signal pathways; angiogenic pathways by HIF/VEGF,;
inflammatory pathways by COX2-iNOS; and apoptotic pathways (Hanahan and
Weinberg, 2011). Again, better results occurred in the DEN+MEL12W group compared
to DEN+MELS5W group.

Our results showed that the lipid peroxidation (LPO) was reduced in animals with
advanced HCC. This suggests that disruption of the redox status affects the rate of
proliferation of tumor cells, which in turn can stimulate cell division and promote tumor
growth (Subramanian et al., 2007; Canuto et al., 1991; Srinivasan et al., 2008). LPO is
characterized by the oxidation of lipids. The main targets of free radicals are the
polyunsaturated fatty acids present in the cell membrane, for example arachidonic acid
(Canuto et al., 1991). It is believed that in hepatoma cells, arachidonic acid comprises
11% of the total fatty acids, while in hepatocytes, the percentage is 23 (Canuto et al.,
1991). LPO participates in important physiological roles, such as cellular aging and

control of mitogenic activity (Masotti, Casali, Galeotti, 1988; Tappel, 1980).

Animals that developed HCC showed less LPO compared to animals with
precancerous lesions. Canuto et al. (1991) reported that the decrease in polyunsaturated
fatty acid content in tumor cells could explain the pattern of low values of LPO. The
reduced rate of polyunsaturated fatty acids in the cell membranes of hepatoma compared
to the membranes of hepatocytes is a possible cause of reduced LPO. Halliwell and
Gutteridge (1989) reported that reactions involving LPO are complex, and are associated
with cell growth rate. Many studies showed that advanced solid tumors exhibit low LPO
(Subramanian et al., 2007; Moreira et al., 2015; Masotti, Casali, Galeotti, 1988) and this
is associated with cell growth rate (Subramanian et al., 2007; Masotti, Casali, Galeotti,
1988). In vitro, a study using oxidizing agents on the tumor cells caused a decrease in the
viability of these cells (Speclor and Burns, 1987).

Several authors have associated LPO cell growth processes. They observed that
tissues with increased cell growth rate - such as in fetuses, neonates and tumors - showed
resistance to LPO. There is evidence that peroxidation of lipids is able to regulate the
mitotic activity of the cell by means of its by products, which may interfere with DNA

synthesis. It is believed that this mechanism of regulation is anomalous in cells that divide
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rapidly. In summary, in normal cells, LPO interferes with and inhibits cell division;
whereas, in tumor cells, the change occurs in the lipid composition of the cell membrane,
which results in lower LPO. The reduction in LPO increases tumor growth rate (Masotti,
Casali, Galeotti, 1988; Wolfson, Wilbur, Bernheim, 1956; Cole, 1956). Melatonin
restores the redox equilibrium affecting cell growth rate. These effects slow the promotion

and progression stages of tumor.

The proteins evaluated to study the oxidative system were Keapl, Nrf2 and NQO1.
Under stress conditions, Nrf2 is able to dissociate from the Keapl, leading to its
translocation to the nucleus and subsequent increase on antioxidant genes expression
(Jeong, Jun, Kong, 2006). We observed that animals with advanced HCC exhibited more
expression of the Keapl inhibitor and less activation of the Nrf2 factor. DEN + MEL
animals exhibited a pattern of lower expression of the cytoplasmic inhibitor Keapl and
greater expression of Nrf2 factor. This may suggest that the cytoprotective system is
triggered under these conditions. As a result, the DEN + MEL animals had a strong
increase in SOD activity compared to DEN-HCC animals. Melatonin is considered a
potent scavenger, and acts synergistically, stimulating the antioxidant enzyme system and
reinforcing the cytoprotective effect, reducing DNA damage (Reiter, 2004). One
interesting fact recorded in this study was an increase in NQOL expression in animals
with advanced tumors. There are two explanations. The first is associated with the
presence of tumor and the other is xenobiotic. It is reported that in baseline conditions,
NQOL1 expression is extremely low, but in the presence of solid tumors, its expression is
stimulated (Siegel, Yan, Ross, 2012). Another explanation could be connected to the
xenobiotics used, which may have been able to activate the xenobiotic responsive element
(XRE) or electrophile responsive element (EpRE) that also regulates the expression of
this enzyme (Siegel, Yan, Ross, 2012; Dinkova-Kostova, Talalay, 2010; Hayes et al.,
2003).

The lower activity of antioxidant enzymes observed in tumors is due to oxidation
of proteins and enzymes, as confirmed by the high values of protein carbonyls of group
I. Our results showed that SOD activity was increased in the DEN + MEL groups.
Melatonin acts as direct scavenger of free radicals. It may play an important role in
defending cells from genotoxic agents, reducing DNA damage and oxidative mutagens
(Anisimov et al., 2006). Melatonin regulates antioxidant enzyme activity, controlling its
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stimulation and synthesis, enhancing the cytoprotective system (Cemeli, Baumgartner,
Anderson, 2009).

In conclusion, our data suggest that rats exposed to DEN formed advanced tumors
and did not activate the Keapl-Nrf2 cytoprotective complex. Failure in cytoprotection
and the increase in the generation of ROS are involved in liver carcinogenesis by
changing the cellular redox state, which contributes to tumor formation. While,
melatonin-treated animals showed precancerous lesions, increases in LPO, intense SOD
activity, activation of Keapl-Nrf2 cytoprotective complex and absence of ductular
reaction. Melatonin appears to have the ability to control hepatocarcinogenesis, delaying

the development of HCC in rats.
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Figure legends

Figure 1: Effects of melatonin on serum levels AST, ALT, AP, yGT activities in DEN-
induced hepatocarcinogenesis. (a): p < 0.05 vs control, DEN+MEL5W, DEN+MEL12W
groups; (b): p < 0.05 vs Control and DEN-HCC groups. (One-way ANOVA and Tukey’s
test)

Figure 2a: Photomicrographs of liver sections. (A) Control: normal hepatic parenchyma.
(B) DEN-HCC: Advanced HCC. Note tumor (T) and hepatic parenchyma (HP). (C)
DEN+MELS5W: precancerous lesions with low-grade dysplastic nodules (DN). (D)
DEN+MEL12W: cirrhosis with low-grade dysplastic nodules (DN). (Tissue samples
counter stained with hematoxylin-eosin; original magnification 40x). Figure 2b:
Photomicrographs of liver sections. (E) Control: low positivity of cytokeratin 7 protein.
(F) DEN-HCC: high positivity of cytokeratin 7 protein. Extensive ductular reaction. (G)
DEN+MEL5W: low positivity of cytokeratin 7 protein. (H) DEN+MEL12W: low
positivity of cytokeratin 7 protein (Original magnification 200x). Note: CK7: Cytokeratin
7 by immunohistochemistry (pCK7 in %).

Figure 3: Effects of melatonin on LPO levels, protein carbonyl levels, damage index of
liver DNA and SOD activity in DEN-induced hepatocarcinogenesis. (A) TBARS method.
(B) Protein Carbonyl. (C) SOD activity. (D) Comet assay: damage index (DI) - can range
from 0 (completely undamaged, 100 cells x 0) to 400 (maximum damage 100 x 4). (7
animals per group). Significant difference: (a) p < 0.05 vs control group; (b) p < 0.05 vs
DEN-HCC group. (One-way ANOVA and Tukey’s test).

Figure 4: Western blot analysis of endothelial nitric oxide synthase, inducible nitric oxide

synthase, Keapl, nicotinamide adenine dinucleotide phosphate quinone oxidoreductase
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1, p65 and nuclear factor erythroid 2-related factor 2. Protein from liver extracts was
separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis followed by
immunoblotting. A) DEN+MEL5W group: representative images and densitometric
quantification. B) DEN+MEL12W group: representative images and densitometric
quantification. Arbitrary values expressed as means + standard deviation (n=7). (a) p <
0.05 vs Control and DEN+MEL groups. (b) p < 0.05 vs Control and DEN. Tukey’s test.
Note: eNOS: endothelial nitric oxide synthase; iNOS: inducible nitric oxide synthase;
Keapl: Kelch-like ECH associated protein 1; p65: NFKB/REL A; Nrf2: nuclear factor
erythroid 2-related factor 2; NQOL: nicotinamide adenine dinucleotide phosphate

quinone oxidoreductase 1; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Legend of Supplementary material (a): Schematic model of the action of reactive oxygen
species on the lipids, proteins and DNA under conditions of hepatocarcinogenesis in the
absence of melatonin. Inflammation, vascular dysfunction, increased DNA damage and
lower LPO due to substrate loss can be seen. (b): Schematic model of the action of
reactive oxygen species on the lipids, proteins and DNA under conditions of
hepatocarcinogenesis in the presence of melatonin. Melatonin reduces inflammation and
enhances the action of the antioxidant system, protects DNA and maintains the lipid

components.

Table 1: Effects of Melatonin on weight and HSR in DEN-induced hepatocarcinogenesis.

Group CO DEN-HCC DEN+MEL5W DEN+MEL12W
U (1 () (V)
Initial Weight (g) 15349 150+8 154+12 155+9
Final Weight (g) 480.4+29 319.1+36 @ 330+50 335+25 2
HSR (%) 3+0.16 12.845° 4.7+1 4.1+0.6

Values are mean +SD for 8-10 rats. HSR: hepatosomatic rate. Co: control; DEN:
diethylnitrosamine; HCC: hepatocellular carcinoma; MEL: melatonin Tukey's test. (a) p<0.05 against CO

group. (b) p<0.05 Il group against I , I1l and 1V groups.
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2 Melatonin activates endoplasmic reticulum stress and apoptosis in rats with
diethylnitrosamine-induced hepatocarcinogenesis, foi aceito na PlosOne, 2015.
Este artigo responde 0s seguintes objetivos especificos do Experimento II:

Avaliar a relacdo hepatossomatica dos animais submetidos a carcinogénese
com e sem Melatonina.

Avaliar as enzimas de integridade hepatica mediante a quantificacdo de
AST, ALT, FA e yGT dos animais submetidos a carcinogénese com e sem
tratamento com Melatonina.

Avaliar os aspectos macroscopicos do figado dos animais submetidos a
carcinogénese com ou sem Melatonina;

Avaliar aspectos histologicos do figado pela colora¢do HE dos figados dos
animais submetidos a carcinogénese e tratados com ou sem Melatonina;

Determinar a expressdo do marcador tumoral GST-P do tecido hepatico dos
animais submetidos a carcinogénese com e sem tratmento com Melatonina

Determinar expressdo de COX-2 do tecido hepético dos animais submetidos
a carcinogénese com e sem tratamento com Melatonina;

Comprovar o efeito da Melatonina sobre o estresse de reticulo e a apoptose
na carcinogénese hepéatica mediante a analise por Western blot da expressao
de proteinas envolvidas com estresse de reticulo (ATF6, BiP e
CHOP/GADD) e de proteinas proapoptdticas (Fas, Bax, TRAIL) e anti-
apoptéticas (Bcl2, Belx/L), p53, caspases 8, 9 e 3.
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Abstract

Hepatocellular carcinoma (HCC) is one of the most lethal human cancers worldwide
because of its high incidence, its metastatic potential and the low efficacy of conventional
treatment. Inactivation of apoptosis is implicated in tumour progression and
chemotherapy resistance, and has been linked to the presence of endoplasmic reticulum
stress. Melatonin, the main product of the pineal gland, exerts anti-proliferative, pro-
apoptotic and anti-angiogenic effects in HCC cells, but these effects still need to be
confirmed in animal models. Male Wistar rats in treatment groups received
diethylnitrosamine (DEN) 50 mg/kg intraperitoneally twice/once a week for 18 weeks.
Melatonin was given in drinking water at 1 mg/kg/d, beginning 5 or 12 weeks after the
start of DEN administration. Melatonin improved survival rates and successfully
attenuated liver injury, as shown by histopathology, decreased levels of serum
transaminases and reduced expression of placental glutathione S-transferase.
Furthermore, melatonin treatment resulted in a significant increase of caspase 3, 8 and 9
activities, polyadenosine diphosphate (ADP) ribose polymerase (PARP) cleavage, and
Bcl-associated X protein (Bax)/Bcl-2 ratio. Cytochrome ¢, p53 and Fas-L protein
concentration were also significantly enhanced by melatonin. Melatonin induced an
increased expression of activating transcription factor 6 (ATF6), C/EBP-homologous
protein (CHOP) and immunoglobulin heavy chain-binding protein (BiP), while
cyclooxygenase (COX)-2 expression decreased. Data obtained suggest that induction of
apoptosis and ER stress contribute to the beneficial effects of melatonin in rats with DEN-

induced HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common disease in men worldwide,
the seventh in women and the third leading cause of cancer-related mortality. It has been
established as the final step for chronic liver diseases, and it is closely related to fibrosis
and cirrhosis with a variable aetiology [1]. Its incidence and mortality are higher in
developing regions, but most of the burden occurs in developed countries [2]. In
developed countries (North America, Europe and Japan) infection with hepatitis C virus
(HCV) and alcohol use are the main risk factors. However, in underdeveloped countries
HCC is associated with in hepatitis B (HBV) and exposure to aflatoxin B1 [3]. The late
diagnosis and the low efficacy of drugs employed in its treatment make HCC the third
cause of cancer death. Moreover, it is well known that HCC develops resistance to
chemotherapeutic agents, which complicates HCC management [1].

Resistance to cell death is a distinctive characteristic of cancer. Apoptosis is one of the
main mechanism implicated in cell death, and its inactivation contributes to tumour
progression and chemotherapy resistance [4]. Apoptosis can be triggered by different
pathways that depend on the initial stimulus. The extrinsic pathway requires the activation
of transmembrane receptors by soluble death ligands, such as Fas ligand (Fas-L), that
initiate a cascade of events which finally stimulate caspase 3 pro-death activity [5]. The
intrinsic pathway involves the mitochondrial release of cytochrome c, allowing
apoptosome complex formation and consequently procaspases activation. The
permeabilization of mitochondrial membrane is necessary for the translocation of
cytochrome c to cytosol, and this process is regulated by the Bcl-2 family of proteins [6].
The cascade of apoptosis signal transduction begins by the action of initiator caspases
that are recruited and activated by autocatalytic processing. Among these caspases,

caspase 8 and 9 are the main initiators of programmed cell death; caspase 8 is stimulated
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in response to extrinsic death ligands, while caspase 9 is necessary for the activation of
executor caspase 3 [7]. Targeting both the intrinsic and extrinsic pathways reduces the
growth of different tumour types, and a large number of studies demonstrate that different
drugs alone or in combination enhance apoptosis in cancerous cells, including HCC [8].

Various cell stress factors lead to the accumulation of unfolded proteins in the
endoplasmic reticulum (ER), causing an imbalance that activates the unfolded protein
response (UPR) in an attempt to ameliorate the protein accumulation in ER. Different
pathways which are initiated by sensor proteins located in the membrane of the ER have
been found as mediators of the ER stress response. Under non-extreme conditions, these
proteins are inactivated due to the immunoglobulin heavy chain-binding protein (BiP) to
their luminal domains; however, when unfolded proteins are accumulated, BiP is
sequestered, letting ER stress sensors to initiate the protective response. Even so, if
damage is not improved, ER stress turns out lethal. ER stress is also deregulated in
different pathologies, including cancer [9]. Due to the tumour microenvironment, ER
stress is activated as an adaptive mechanism in certain types of cancer, such as breast,
prostate or liver cancers [10,11]. However, apoptosis derived from non-resolved ER stress
has also been observed, indicating that a sustained ER stress response could contribute to
tumour cell death [12]. C/EBP homologous protein (CHOP) has been indicated as a
crucial element for ER stress-induced apoptosis [13]. Management of ER stress could
have anticancer properties in HCC cell lines, in which it has been reported that ER stress
induction via PERK phosphorylation leads to an increase in cell death through CHOP
activity [14].

Melatonin is an indole hormone that regulates important physiological processes in
eukaryotic and prokaryotic organisms. Beneficial effects on a wide range of pathological

situations strengthened its possible antitumor effect, and many studies have demonstrated
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that melatonin is able to prevent promotion and progression in different cancers [15].
Melatonin combined with immunomodulating therapy in patients with HCC that are not
suitable for conventional therapy delays tumour progression and reverses tumour
formation [16]. Proapoptotic effects of melatonin [17-21], and effects in combination
with ER stress inducers [22,23] have been reported in different HCC cell lines.
Interestingly, melatonin has been shown to induce apoptosis under ER stress situations in
hepatoma cells via induction of CHOP and suppression of cyclooxygenase 2 (COX-2)
[22]. However, in spite of the number of in vitro studies on the beneficial effects of
melatonin, only results demonstrating effects on cancer development and oxidative stress
are available in animal models of HCC [24-26], and underlying mechanisms of melatonin
effects are not completely understood. This research was aimed to extend our previous in
in vitro findings, which demonstrate cell cycle arrest and apoptosis induction in HepG2
cells through intrinsic and extrinsic pathway [17-20]. Given the relationship between
apoptosis and ER stress, we decided to investigate the possible modulation of both

processes by melatonin an in vivo diethylnitrosamine (DEN)-induced rat model of HCC.

Material and Methods

Animals and experimental design

Male Wistar rats weighing 140-150 g were used for this study and were obtained from
the Central Animal Laboratory of the Federal University of Pelotas, Brazil. The rats were
caged individually at 24°C, with a 12h light-dark cycle and free access to food and water
until the time of experiments in the Animal Experimentation Division of the Hospital de
Clinicas de Porto Alegre, Brazil. All experiments were performed in accordance with the

Guiding Principles for Research Involving Animals (NAS) under protocol number
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140311 and were approved by the Ethics Committee of the Hospital de Clinicas de Porto
Alegre (Brazil).

To induce hepatocarcinogenesis animals were given DEN (Sigma Aldrich, St. Louis,
MO) at a dose of 50 mg/kg body weight i.p. twice a week for the first three weeks and
once a week from weeks 4 to 6 and 11 to 13 up to 19 weeks. A single dose of 2-
acetylaminofluorene (2-AAF, 100 mg/ kg, Sigma Aldrich, St. Louis, MO) was
administered in week 4 [27]. The animals were divided into five groups: Control (CO);
Control+melatonin (CO+MEL); DEN; DEN+melatonin from the 5th to the 19th week
(DEN+MELD5) and (V) DEN+melatonin from the 12th to the 19th week (DEN+MEL12).
Melatonin (Sigma Chemical Company, St. Louis, MO) was prepared three times a week
by dissolving the drug (16 mg) in ethanol 250uL, 100%, vol/vol) [28]. This solution was
then diluted with drinking water to a final concentration of 20 mg/L. Melatonin was
administered daily for 90 days (group DEN+MELS5) and 45 days (group DEN+MEL12).
Water bottles were covered with aluminium foil. Rats drank about 25 mL/day, and the
average daily intake of melatonin was estimated to be 1 mg/kg/day, which was expected
to rise 20-30 times normal plasma melatonin levels. Appropriate dilutions were made to
the drinking melatonin solution to match individual variations in water consumption on
the previous day [28].

After fasting for 12 hours, the animals were anesthetized with ketamine hydrochloride
(Ketalar® 100 mg/kg) and xylazine (50 mg/kg) and subjected to blood collection for
measurement of biochemical analysis. Liver samples were removed for histological
analysis and comet assay. Samples of livers for histology, biochemical and molecular
analyses were taken from the right medial lobe. The animals were killed at the end of the
experiment by exsanguination under deep anesthesia, as described in the American

Veterinary Medical Association (AVMA, 2013) Guidelines on Euthanasia.
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Biochemical analysis

Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
gamma-glutamyl transferase (GGT), and alkaline phosphatase (AP) were measured with

automated routine laboratory methods at Hospital de Clinicas de Porto Alegre, Brazil.

Histology

For histological examination, a specimen of liver was trimmed and fixed by immersion
in 10% buffered formalin for 24 hours. The blocks were dehydrated in a graded ethanol
series and embedded in paraffin wax. Serial 3-pm sections were stained with hematoxylin

and eosin (H&E) and imaged (200x magnification).
Immunohistochemical staining

Immunohistochemistry was used for detection of caspase 3 positive cells in liver
samples. Tissue samples were fixed in 10% buffered formalin and embedded in paraffin.
Sections of 4-um were dewax and hydrated through a gradient of ethanol. Antigen
retrieval was performed in 10 mM citrate, pH 6.0, by heating in a microwave oven for 25
minutes at 720 W. After cool down (30 minutes at room temperature), endogenous
peroxidase was blocked by exposure to 3% hydrogen peroxide in methanol for 15
minutes. The slides were incubated with antibody cleaved-caspase 3 (1:50 dilution, Cell
Signaling, MA) overnight at 4°C. After washing with PBS, slides were incubated with
secondary Dako EnVision+System-HRP labelled polymer anti-rabbit (Dako North
America, CA) and bound antibody was visualized by use of 3,3’-diaminobenzidine
(DAB) substrate kit (Vector Laboratories, Burlingame, CA). Cell nuclei were
counterstained with hematoxylin. The specificity of the technique was evaluated by

negative controls.

Comet assay
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The alkaline comet assay was carried out as described by Tice et al [29] with minor
modifications. Images of 100 randomly selected cells (50 cells from each of two replicate
slides) were analysed from each animal. Cells were also visually scored according to tail
size into five classes ranging from undamaged (0) to maximally damaged (4), resulting
in a single DNA damage score for each animal and consequently for each studied group.
Therefore, the damage index (DI) can range from 0 (completely undamaged, 100 cells x
0) to 400 (with maximum damage, 100 cells x 4) and damage frequency (DF) was

calculated based on the number of cell with tail versus those with no tail.
Caspase-3, 8 and 9 activities assays

Enzymatic activities were performed in total extracts prepared by liver tissue
homogenization in 0.25 M sucrose, 10 mM Tris, 1ImM EDTA and a phosphatase and
protease inhibitor cocktail (Roche Diagnostic). Protein concentration was determinated
by Bradford assay. Equal amounts of protein were incubated for 60 min at 37°C in a buffer
20 mM HEPES, glycerol 10%, DTT 2 mM, pH=7.4 containing 100 uM concentration of
the specific fluorogenic Ac-DEVD-AMC, Ac-IETD-AFC and Ac-LEHD-AMC for
caspase-3, -8 and -9 respectively (Alexis Biochemicals, Cornerstone, San Diego, CA,
USA). Cleavage of fluorescent substrates was monitored using fluorescence microtitre
plate reader (Synergy HT Multi-Mode Microplate Reader, Bio-Tek Instruments, Inc.,
Winooski, VT) at excitation/emission wavelengths of 360/460 nm for caspase-3 and -9,
and 400/505 nm for caspase-8. Activity was expressed as fluorescents units per min of

incubation.
Western blot analysis
Western blot analyses were performed on cytosolic extracts prepared by liver tissue

homogenization in 0.25 mM sucrose, 1 mM EDTA, 10 mM Tris and a phosphatase and

protease inhibitor cocktail (Roche Diagnostic GmbH). The homogenate was incubated on
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ice for 30 min, and finally, the samples were centrifuged at 12,000 g for 30 min at 4°C.
The supernatant fraction was recollected and stored at -80°C in aliquots until use. Protein
concentration was measured by the Bradford assay. Equal amounts of protein (15-30 pg)
were separated by 9-12% sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis for 1.5 hr at 100 V and then blotted on polyvinylidene fluoride membranes
(Amersham Pharmacia; Little Chalfont, UK). The membranes were then blocked with
5% non-fat dry milk in phosphate buffered saline buffer containing 0.05% Tween 20
(PBST) for 1 hr at room temperature and probed overnight at 4°C with polyclonal anti-
PARP cleaved, Bcl-2, Bax, Fas-L, p53, COX-2, BiP, CHOP and ATF6 antibodies (Santa
Cruz Biotechnology; Santa Cruz, CA) and GST-P polyclonal antibody (Enzo Life
Science, Farmingdale, NY, USA) at 1:200-1:1,000 dilution with PBS-T containing 2.5%
non-fat dry milk. Equal loading of protein was demonstrated by probing the membranes
with a rabbit anti-B-actin polyclonal antibody (1:2,000 Sigma; St Louis, MO). After
washing with TBST, the membranes were incubated for 1 hr at room temperature with
secondary HRP conjugated antibody (Dako, Glostrup, Denmark, 1:4,000) and visualized
using ECL detection kit (Amersham Pharmacia; Uppsala, Sweden) [30]. The density of
the specific bands was quantified with an imaging densitometer (Scion Image; Maryland,
MA).

Statistical analyses

Results were expressed as mean values. Significant differences between means were
evaluated by one-way analysis of variance; in the case of significance, the means were
compared with the Bonferroni test. Significance was accepted when P value was less than
0.05. Values were analyzed using the statistical package SPSS 22.0 (IBM Corporation,

Armonk, NY).
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Results

Serum biochemical analyses were performed to determine hepatic function. Both ALT
and AST activities showed a significant increase in DEN-treated group which was
significantly prevented by melatonin. AP and GGT also exhibited an increase in DEN
group, that was partially inhibited by melatonin. The hepatic-somatic ratio was
significantly higher in DEN animals than in melatonin-co administered groups (Table 1).

Microscopy observations revealed that DEN induced chronic damage and lymphocytic
infiltration. Livers of DEN-treated rats presented areas characterized by large nucleolus
and increased mitotic index, and hepatic parenchyma was altered, with pseudotrabecular
and pseudoacinar growth pattern showing large HCC nodules. Treatment with melatonin
resulted in a significant amelioration in histologic changes; DEN+MEL5 showed only
some dysplastic foci, and DEN+MEL12 samples showed multiple nodules of
regeneration, precancerous lesions with fibrosis and cirrhotic pattern (Fig. 1B).

Placental GST-P is expressed during hepatocarcinogenesis in rats, and is used as a
HCC marker. GST-P protein levels were analyzed by Western blot, showing an increase
in DEN group. However, in melatonin plus DEN-treated animals, its expression was
significantly lower (Fig. 1C), reaching a higher extent in the late-stage treated group. The
study of DNA integrity was assessed by comet assay in blood and liver. No significant
alterations were observed in blood, but there was a significant increase in damage index
in DEN group compared to control in hepatic tissue. Moreover, melatonin
supplementation reduced DNA damage and damage frequency compared to DEN group
(Table 2).

To elucidate the possible proapoptotic effect of melatonin, we performed several
analyses on the apoptotic pathway. The status of PARP and caspase-3 was evaluated as

final markers of apoptosis. We observed that cleaved PARP expression decreased in
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DEN-treated animals and was significantly augmented by melatonin, showing a
restoration of normal levels (Fig. 2C). Caspase 3 activity was measured by incubating
samples with a specific fluoregenic substrate. An increase in fluorescence was observed
when melatonin was supplemented in DEN-treated animals (Fig. 2A). Moreover, active
caspase 3 positive foci were observed by immunohistochemistry in livers of DEN plus
melatonin groups compared to control animals (Fig. 2B). Activation of the executor
caspase 3 indicates that melatonin is able to induce apoptosis, suggesting that death of
cancer liver cells could contribute to the improvement in liver histology.

To clarify the mechanism of apoptosis induced by melatonin, markers of the intrinsic
apoptotic pathway were analyzed by Western blot. Caspase 9 activity showed an increase
in melatonin groups compared to control and DEN animals. The balance between
apoptotic and anti-apoptotic proteins was assessed by the Bax/bcl-2 ratio. Although DEN
was not able to alter this relation, melatonin administration increased the Bax/bcl-2 ratio
(Fig. 3). Moreover, mitochondrial dysfunction was evaluated by measuring cytochrome
c protein levels in cytosolic liver fractions; cytochrome c expression decreased
significantly in DEN group and was significantly increased in melatonin-supplemented
animals (Fig. 3). p53 expression was also significantly reduce in DEN rats and increased
in those receiving melatonin (Fig. 3). All these data suggest that melatonin is able to
increase intrinsic apoptosis in HCC. Because of apoptosis can also be managed by an
extrinsic pathway, we evaluated the expression of Fas-L, and caspase 8 activity. As shown
in figure 4, both caspase 8 activity and Fas-L protein levels were not altered by DEN, but
augmented when melatonin was administrated to DEN-treated animals. These
observations suggest that not only intrinsic but also extrinsic apoptosis is induced by

melatonin in HCC.
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ER stress is one of the mechanisms altered during hepatocarcinogenesis and is closely
related to apoptosis, so we decided to evaluate the status of ER markers. Melatonin
addition induced CHOP and BiP expression in both melatonin-treated groups, (Fig. 5).
ATF6 is one of the sensor proteins which, after cleavage, activate the expression of CHOP
and BiP. ATF6 proteolysis was analysed by Western blot, showing that melatonin was
able to increase the levels of the active form ATF6 p50 compared to DEN and control
groups (Fig. 5). This induction was larger in the group of rats that received melatonin at
an advanced stage. These observations indicate that the indole is able to induce ER stress
in liver animals with HCC. COX-2 has been shown to regulate both, apoptosis and ER
stress. To define the possible implication of COX-2 in the effects of melatonin action, we
analyzed COX-2 protein levels, and observed that DEN increased the expression of this
protein, but melatonin supplementation reduced significantly its levels (Fig. 5),
suggesting a possible role of COX-2 in the apoptotic and ER alteration effects of

melatonin in HCC.

Discussion

Among the different in vivo models that have been developed to induce HCC, the DEN
model has been widely used. The carcinogenic activity of DEN is triggered by DNA
damage and reactive oxygen species formation [31]. Here, we have used a previously
validated model of exposure to DEN [27] to address the effects of melatonin on HCC.
Melatonin is known to present oncostatic properties by enhancing antioxidant systems
and immune mechanisms, and modulating pathways that control cell cycle and cell
growth [32-34]. However, mechanisms contributing to the beneficial effects of melatonin
in HCC in vivo are not fully understood, so we decided to focus on the role of melatonin

in the regulation of different molecular pathways related to cell death in HCC.
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Histology revealed that DEN treatment caused the formation of nodules and alterations
in hepatic tissue, in parallel to an increased hepatic-somatic ratio. Damaging effect of
DEN was corroborated by induction of DNA fragmentation and increased serum levels
of liver enzymes. In addition, induction of HCC was assessed by analysing GST-P protein
levels in liver tissue homogenates. GST-P has been used as HCC marker whose
expression is repressed in normal livers [35]. Western blot showed that DEN increased
significantly the levels of GST-P. All these findings are in accordance with results by
other groups that also used DEN as a HCC promoter in rats [24,36,37] and mice [38].
Administration of melatonin to DEN-treated animals indicated that the indole was able to
reduce hepatocarcinogenic features in HCC-bearing rats, because it caused an
ameliorated histology, and reduced changes in serum enzymes and GST-P expression.
Melatonin also prevented DNA damage in DEN treated animal, which is in accordance
with a report that melatonin is able to regulate several key genes involved in DNA
repairing pathways, such as CEP152 and N4BP2L2, in breast cancer cells [39]. Our
results are also in agreement with a previous study which shows how melatonin
counteracts deleterious effects on liver histology and function in rats injected with DEN
[24]. Different antioxidants, including resveratrol, maotai or saffron, have been tested in
DEN-induced HCC model, showing a reversion in the carcinogenic effects of the toxic
[37,38,40,41]. However, other natural compounds with hepatoprotective properties such
as silymarin have not demonstrated an anticarcinogenic effect in this model of
hepatocarcinogenesis [36], although it has been found that silimaryn is able to inhibit
tumour growth in vitro [42]. Experimental designs, doses utilized and time of the
experiments could contribute to explain different effects of these compounds in animal

and in vitro models.



116

Anti-oncogenic properties of melatonin have been tested in different cancer types,
including breast, melanoma, neuroblastoma or prostate cancer [15]. Most studies
concerning HCC have been carried out in cultured hepatoma cells, where melatonin
modulates apoptosis, inhibits the expression of angiogenic genes and reduces the
migration and motility of HepG2 cells during metastasis, with no toxic effects on healthy
hepatocytes [17-21]. Melatonin has been reported to restore antioxidant machinery and
liver biochemical parameters [24], and to reduce neoplasic lesions and GST-P expression
in DEN-treated rats [26]. However, the effects of melatonin and other natural compounds
in the DEN model are mainly focused on their impact on antioxidant machinery but not
in the molecular mechanisms that have been observed in vitro, so it is necessary to
confirm the observations made in culture cells to define effective targets for HCC
treatment [43-45].

Because apoptosis disturbances are key events in cancer we decided to evaluate the
effect of melatonin on the apoptotic status in DEN-treated rats. Caspase 3 is the main
executor of apoptosis and its activation results in PARP proteolysis [46]. Our data indicate
that melatonin increased PARP cleavage and caspase 3 activity, confirming its
proapoptotic effect. These results are in agreement with our previous findings in HepG2
cells, where supraphysiological doses of melatonin induced an activation of apoptosis and
cell death [17]. Combination of melatonin with chemotherapeutics such as doxorubicin
or sorafenib [47,48] also increase apoptosis in hepatoma cells. In addition, other
antioxidants have also demonstrated pro-apoptotic properties in HCC induced by DEN
injection. Curcumin enhances cytochrome c release and DNA fragmentation compared to
DEN control group [49]. Saffron, resveratrol and morin induce caspase 3 activation and
PARP fragmentation [37,40,50], indicating that beneficial effects of these natural

compounds in HCC are possible linked to apoptosis induction.
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To clarify the proapoptotic mechanism of melatonin, and based on our previous studies
in vitro, we decided to evaluate the status of the intrinsic and extrinsic apoptotic pathways.
Intrinsic pathway is frequently aberrant in cancer, and Bcl-2 protein family members are
expressed abnormally in cancer cell lines and tumour human samples [51]. We observed
that Bax protein levels increased in animals with HCC that received melatonin. It is
known that Bax is inactivated in solid tumours [52], so restoration of its functionality
could lead to HCC regression. Bcl-2, the main anti-apoptotic protein is able to inhibit Bax
action, and it has become in an important target for the development of new drugs [53,54],
so the relationship between both proteins was analyzed. The Bax/bcl-2 ratio was higher
in melatonin supplemented groups compared to DEN-treated animals. This effect
correlated with the release of cytochrome ¢ from the mitochondria, indicating that
regulation of the mitochondrial pathway contributes to melatonin effects. In HepG2 cells,
melatonin is able to increase Bax expression and the cytosolic release of cytochrome ¢
[17]. Other antioxidants, such as resveratrol and morin have also been reported to increase
Bax protein levels [37,50]. p53 acts as a transcription factor that regulates the expression
of genes involved in apoptosis, such as Bax or bcl-2 [55]. Here, we have found that
melatonin plus DEN-treated rats overexpressed p53 in hepatic tissue, suggesting that this
protein could be involved in the regulation of intrinsic apoptotic markers by melatonin.
Due to the fact that melatonin also activates the extrinsic pathway of apoptosis in HepG2
cells [17], we evaluated the activity of caspase 8, a key initiator caspase that mediates the
death receptor pathway of apoptosis, in which the binding of Fas to Fas-L induces
receptor clustering and formation of death-induced signalling complexes. Caspase 8
activity and Fas-L expression were induced in HCC-bearing rats treated with melatonin,
indicating a possible implication of the extrinsic pathway in the pro-apoptotic effects of

the indole. Melatonin has also been reported to induce caspase 8 activation in H2Oo-
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tretaed leukaemia HL-60 cells, but had no effect in leukemia Molt-3 cells [56,57],
indicating that effects of melatonin are cell type and context-dependent.

ER is an important organelle involved in protein folding, maintenance of calcium
homeostasis and lipid biosynthesis. If cells are subdued to stressful situations, ER initiates
a response to maintain cellular integrity (UPR), but in certain situations this response
triggers cells to apoptosis [9]. Hypoxia and nutrient starvation are common features in
cancer that induce misfolded protein accumulation, an important inductor of ER stress
[58,59]. It is well known that ER stress is activated in solid tumors, and it has been linked
to chemotherapy resistance [60,61]. Because ER stress is closely connected to apoptosis,
regulation of ER stress could be involved in the pro-apoptotic actions of melatonin. Effect
on the viability of hepatoma cells of other molecules, such as neferine or guggulsterone,
associate to ER induction [62-64]. We evaluated the effect of melatonin on protein levels
of BiP, a chaperone responsible for the properly folding of proteins in the ER [65], and
found an increased expression in DEN-treated rats that received melatonin, indicating that
the hormone was able to initiate the ER stress response. ATF6 is as sensor protein
cleavage when ER stress is activated, leading to the release of an active form that
promotes the translation of chaperone genes and CHOP [66], CHOP is a modulator of
apoptosis regarding to its function as a transcription factor that increases the expression
of pro-apoptotic proteins and downregulates anti-apoptotic genes [13,67,68]. Our finding
that melatonin increases the expression of cleaved ATF6 and CHOP in rats with HCC
suggests that ER stress could be responsible, in part, for the enhancement of apoptosis in
our model. Effects of melatonin on ER stress have been evaluated in HePG2 with the co-
administration of an ER inductor, and it has been shown that melatonin treatment

enhanced the levels of CHOP and decreased the Bcl-2/Bax ratio [22]. Moreover, it has
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been reported that melatonin strengthens the apoptotic effect of doxorubicin under ER
stress conditions in HepG2 and SMMC-7721 hepatoma cell lines [23].

Since COX-2 inhibition has been shown to increase apoptosis in tunicamycin-treated
HepG2 cells through induction of CHOP expression and downregulation of bcl-2/Bax
ratio, it has been proposed to be a target molecule for HCC treatment [22]. Our results
demonstrate that DEN treatment caused an increase in COX-2 protein levels while
melatonin co-administration partially restored normal levels. COX-2 activity is inhibited
by melatonin in HepG2 and SMMC-7721 cells, and blocking of AKT activation results
in lowered COX-2 expression [69]. Therefore, suppression of the COX-2/PI3K/AKT
pathway could contribute to induction of apoptosis through ER stress by melatonin. Other
proteins such as forkhead box O3 (FOXO3) [19] or mitogen-activated protein kinases
(MAPK) such as c-Jun N-terminal kinase (JNK) [17] could also play a role in melatonin-
induced apoptosis in HepG2 cells. In this regard, JNK phosphorylation is altered during
melatonin treatment in HepG2 cells [17], so it could be the link between ER stress and
apoptosis since it has been demonstrated that its activation is induced under ER stress
conditions and regulates apoptotic gene expression [70]. Therefore, more studies in the
DEN model of HCC are necessary to confirm the findings obtained in vitro.

Previous reports have demonstrated that HCC is stablished between 17-19 weeks of
DEN administration, while inflammation starts after 4-5 weeks and cirrhosis appears 10-
12 weeks after DEN injection [27]. Melatonin treatment was initiated in our study
beginning 5 or 12 weeks after the start of DEN administration to assess effects when
different degrees of liver damage were present. Although melatonin did not caused
significant differences in most markers of apoptosis according to the time of
administration, GST-P expression was notably lower when melatonin administration

started during cirrhosis establishment. A previous study has shown that resveratrol



120

interferes with DEN-induced HCC at early and advanced stages, although in terms of the
rate of caspase activation data obtained indicated a higher rate of conversion in the
advanced stage [37]. Differences among both studies could be related to the experimental
design of DEN administration. However, we also observed that, although ER stress
increased in the two groups of rats receiving DEN and melatonin, administration of the
indole in the advanced-stage resulted in a higher capacity for ATF6 and CHOP induction,
which suggests an increased/demand requirement for the induction of apoptosis. Data
obtained indicate that melatonin could have different effects on molecular pathways

depending on the degree of hepatic injury, and further study is required.

Conclusions

Our research demonstrates that melatonin administrated during inflammation or
cirrhosis progression acts as a powerful pro-apoptotic agent able to ameliorate histology
and biochemical outcomes in DEN-induced HCC. Moreover, melatonin also induces an
ER stress response that could be linked to the apoptotic effects observed. However, it is
necessary to determine the signaling pathways that regulate both processes with the aim

to potentiate the therapeutic applications of melatonin in HCC treatment.
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Figure legends

Fig. 1. Effect of DEN and treatment with melatonin on HCC development. (A)
Histologic assessment of liver sections from control (CO), control rats treated with
melatonin (CO+MEL), DEN-treated rats (DEN), and DEN and melatonin treated rats
beginning 5 or 12 weeks after the start of DEN administration (DEN+MEL5 and
DEN+MEL12, respectively). The livers of CO and CO+MEL had normal architecture,
and DEN treatment induced advanced HCC. Treatment with melatonin resulted in a
significant amelioration in histologic changes; DEN+MELS5 showed only some dysplastic
foci (N), and DEN+MEL12 multiple nodules of regeneration (NR), precancerous lesions
(PL) with fibrosis and cirrhotic pattern (arrows). (B) Representative Western blot and
densitometric quantification of GST-P protein levels. Equal loading of protein was
assessed by B-actin analyses. Values are expressed as means + standard error of the

mean. p<0.05, compared with control (CO), #p<0.05, compared with DEN.

Fig. 2. Effect of DEN and treatment with melatonin on markers of apoptosis. (A)
caspase 3 activity was analysed with a fluorescent analogue of caspase 3 substrate and
fluorescence measurement. (B) Histologic assessment of activated caspase 3 showed a
higher expression in DEN plus melatonin groups compared to controls (200x). (C)
Representative Western blot and densitometric quantification of PARP cleavage. Equal
loading of proteins was assessed by fB-actin analyses. Values are expressed as means +
standard error of the mean. p<0.05, compared with control (CO) #p<0.05, compared with

DEN.
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Fig. 3. Effect of DEN and treatment with melatonin on the intrinsic pathway of
apoptosis. (A) Representative Western blot of intrinsic apoptotic proteins p53, bcl-2, Bax
and cytochrome c in the cytosolic fraction, and caspase 9 activity. Equal loading of
proteins was assessed by [-actin analyses. (B) Densitometric quantification of Western
blots. Values are expressed as means + standard error of the mean. p<0.05, compared

with control (CO), #p<0.05, compared with DEN.

Fig. 4. Effect of DEN and treatment with melatonin on the extrinsic pathway of
apoptosis. (A) caspase 8 activity was analysed with a fluorescent analogue of caspase 8
substrate and fluorescence measurement. (B) Representative Western blot and
densitometric quantification of Fas-L. Equal loading of protein was assessed by B-actin
analyses. Values are expressed as means + standard error of the mean. p<0.05, compared

with control (CO), #p<0.05, compared with DEN.

Fig. 5. Effect of DEN and treatment with melatonin on markers of ER stress and
COX-2. (A) Representative Western blot of BiP, ATF6 p60, CHOP and COX-2. Equal
loading of proteins was assessed by -actin analyses. (B) Densitometric quantification of
Western blots. Values are expressed as means + standard error of the mean. p<0.05,
compared with control (CO), #p<0.05, compared with DEN, ¢p<0.05 compared with

DEN+MELS.
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Table 1. Effects of DEN and melatonin on serum enzyme levels and hepatosomatic

ratio (HSR)

Group
Marker CO CO+MEL DEN DEN+MELS | DEN+MEL12
AST (U/L) 132 +15.5 107 +7.7 2354+ 71* 166 + 59** 143 +28%*
ALT (U/L) 79+ 6 54+ 15 124 + 39* 102 + 37+ 96 + 19**
AP (U(L) 182 +42 111 +50 316 + 99* 215 +98** 213 + 46**
GGT (U/L) 7.8+2.5 9.0+2.1 50.3 £9.0* 35.8 + 11.0%* 25.1+9.0%*
HSR (%) 3.1+£0.2 29+0.3 10.8 +£5.0%* 4.6+1.2° 4.2+0.7"
AST, aspartate aminotransferase; AL7, alanine aminotransferase, AP alkaline

phosphatase; GGT, gamma-glutamyl transferase, HSP, hepatosomatic ratio.

Values are expressed as means + standard error of the mean.

*p<0.05, compared with control (CO).

#p<0.05 compared with DEN.

4p<0.05 compared with DEN+MELS.
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Table 2. Comet assay in the peripheral blood and liver from rats treated with DEN

and melatonin

Tissue Group Damage Index Damage frequency

Blood CcO 76 +7.1 34+34
CO+MEL 7.0 £51 39+44
DEN 93 +51 6.3 +2.2
DEN+MEL5 70 24 64 +24
DEN+MEL12 8.7 +3.3 7.7 +3.0

Liver CO 95.8 £27.6 746 £17.9
CO+MEL 96.5 £17.6 79.5 £16.9
DEN 339.3 +56.5% 99.0 2.0
DEN+MELS5 259.0 + 42.8%* 92.3+5.6
DEN+MEL12 119.6 +17.9 **& 60.7 +5.0%"&

Damage index can range from 0 (completely undamaged) to 400 (with maximum
damage); damage frequency was calculated based on the number of cells with tail versus
those with no tail.

Values are expressed as means + standard error of the mean.

“p<0.05, compared with control (CO).

#p<0.05 compared with DEN.

4p<0.05 compared with DEN+MELS5.
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Figure 1 A
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5 DISCUSSAO

Estabelecer a hepatocarcinogénese experimental tem sido alvo de estudos ha
décadas. O Experimento | buscou desenvolver o modelo experimental de carcinoma
hepatocelular por indu¢do quimica. Dentre as substancias quimicas, para inducdo do
cancer, a que mais se destaca é dietilnitrosamina (DEN) (Heindryckx et al., 2009). DEN
é um potente agente hepatocarcinogéncico (Williams et al., 1996), que € hidrolisado em
nitrosamina, gerando radical eletrofilico, responsavel pela instabilidade génica (Malik et
al., 2013).

O modelo experimental foi desenvolvido a partir de varias referéncias
bibliogréficas, que contribuiram de alguma forma para construir a proposta final. As
tentativas de reproduzir uma metodologia ja descrita foram fracassadas e, por isso,
buscamos o estabelecimento de um modelo proprio, com base em autores que ja haviam
estudando o assunto e em estudo piloto realizado previamente. Tracamos estratégias
importantes para estabelecermos o desenho experimental. Com base na literatura,
avaliamos as doses mais utilizadas (50 a 200 mg), as vias de administragéo (ip, oral, na
agua de beber); 0 uso ou ndo de fenobarbital; com ou sem acetilaminofluoreno (2-AAF);
administracdo continua ou intermitente de DEN (para proporcionar periodos de
recuperacdo). Usamos animais de idades diferentes (adultos no estudo piloto! e animais
jovens nos Experimentos | e Il) (Farber et al., 1977; Park et al., 2009; Heindryckx et al.,
2009; Nagahara et al., 2010; Tan et al., 2012; Malik et al., 2013).

Realizamos varios ensaios ao longo destes 3 anos, que nos forneceram informacdes
relevantes para definir com maior seguranga os protocolos experimentais. No estudo
piloto que utilizou 0 DEN de forma continua por 16 semanas, apesar do insucesso no
desenvolvimento do CHC, desenvolvemos um modelo de cirrose hepatica experimental
(Bonaet al., 2015). Também, obeservamos neste estudo, que apos a 6% semana 0s animais
perdiam muito peso, 0 que resultava na morte por intoxicacao, sinalizando a necessidade

de haver periodo de interrupcéo da inducao.

1 O estudo piloto foi registrado no CEP/HCPA/FIPE sob o n® 09588, e os resultados foram publicados no artigo
Diethylnitrosamine-induced cirrhosis in Wistar rats: an experimental feasibility study, Protoplasma, 2015 may 252 (3)
825-33. Anexo C.
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Para descrever o protocolo DEN50 e DEN75 do experimento | esta observacéo foi
levada em consideracdo. Nestes grupos, apds 6 semanas de DEN, eram suspensas as
indugdes por um periodo de 1 més (interrupcdo da inducdo por 4 semanas) para que 0S
animais recuperassem seu peso, evitando a morte precoce por intoxicagdo promovido pela
droga. Apos este periodo, a inducdo era reiniciada por mais 3 semanas, por isso a
denominacdo de modelo cronico e intermitente de exposi¢do ao agente carcinogénico.
Esta suspensdo na 72 semana é vital para garantir a sobrevida dos grupos até a 192 semana.
O grupo DEN100 seguiu as mesmas diretrizes, diferenciando-se na dose mais alta
(100mg/Kg) e na menor frequéncia entre as doses (1x a cada 6 semanas por 7 meses de

acompanhamento).

Salientamos que para promover o CHC experimental € necessario a combinacéo
entre dose e repeticdo. Esta combinacdo é muito sensivel, pois quando o animal é exposto
a dose Unica de DEN, tem condic¢des de reparar a lesdo; porém quando a dose é continua

e alta, o animal tem alto risco de ir a dbito por faléncia hepatica.

O DEN foi utilizado em associacdo ao acetilaminofluoreno (2-AAF) que é um
promotor tumoral e inibidor proliferativo (Farber et al., 1977; Malik et al., 2013). Farber
et al., (1977) descreveram o classico modelo de CHC por cirurgia + inducdo quimica.
Este modelo parte do principio que a retirada de % do figado atua como agente
estimulador para iniciar a regeneracdo hepatica. Entdo, concomitante com a atividade
mitética, era administrado DEN e 2-AAF, potentes agentes promotores do cancer. Com
base nestas informacdes, identificamos no nosso experimento 0 momento em que ocorria
0 estimulo regenerativo, pois tinhamos avaliado, no estudo piloto, o tamanho do figado
em varias semanas de uso do DEN (4% 62 10? semana). Dentre todas estas semanas,
observamos que na 42 semana a relacdo hepatossomatica era de 2% do peso corporal, na
62 semana 3% e somente na 10? semana que a relacéo voltava a normalidade de 4%. Com
base neste acompanhamento, administramos dose Unica de 100mg/Kg de 2-AAF na 4?
semana, exato momento de maior perda de massa hepética e inicio do processo de

regeneracdo (Bagnyukova et al., 2008; Malik et al., 2013).

Outro ponto relevante é a escolha dos animais, que devem ser jovens e machos
porque segundo Vesselinovitch e Mihailovich (1983), o CHC ocorre mais em animais
jovens, em funcédo das altas taxas proliferativas de hepatocito e, o horménio masculino

favorece o desenvolvimento do cancer. Depois de definido o género e idade dos animais,
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foram estabelecidos os grupos testes - DEN50, DEN75 e DEN100 (ver figura 11). Na
sequéncia seguem as andlises dos trés protocolos quanto a aspectos somaticos,

bioquimicos e histologicos.

Os grupos DEN50 e DEN75 apresentarm maior sinal de perda de peso, por isso foi
necessario a interrupcdo da administragdo de DEN na 6% semana, retornando somente na
118 Esta acdo ameniza o risco de faléncia hepatica, consequentemente o 6bito. No
protocolo DEN100, os animais apresentavam menos efeitos colaterais do DEN, néo

perderam peso e nenhum animal morreu durante o acompanhamento.

As analises das enzimas transaminases apresentaram aumento tanto para AST como
para ALT, caracterizando quadro de lesdo hepatocelular por necrose ou alteracdo da
permeabilidade de membrana celular. Salientamos que o DEN50 teve os valores mais
alterados comparados aos outros dois grupos. A determinacéo das enzimas canaliculares,
- fosfatase alcalina e yGT - comprovou aumento significativo no grupo DEN50 em
comparagao ao controle. Este aumento sinaliza doenga colestatica e obstrutiva. Em vista
das dimensfes das massas tumorais encontradas, acredita-se que os nodulos tumorais
causaram compressdes sobre ductos biliares. Novamente, o DEN50 foi o que teve maior

alteracéo entre 0s 3 grupos testados (Tabela 3).

Na 192 semana, os figados dos animais DEN50 estavam pardos, com nodulacGes
difusas ou com massa unica e grande. As bordas estavam rombas e com pontos de
necrose. O baco encontrava-se aumentado e com coloracdo normal. Nao foi observado
ascite. Estas alteracGes sdao compativeis com doenca cirrética seguida de tumor. Outro
fato que é conclusivo para a formacdo das nodulacdes é a relacdo hepatossomatica do
DENS50. O aumento de 3% (CO) para 12% observado no DEN50 é resultado do tamanho
dos nodulos e da massa tumoral visivel. DEN100 apresentou nddulos pequenos e difusos,

ndo alterando a relagdo hepatossomaética (Figura 15).

A avaliacdo macroscépica pode predizer 4 padr6es: massa unifocal, formando um
nodulo Unico geralmente grande; nddulos multifocais de tamanhos variaveis, amplamente
distribuidos; céncer difusamente infiltrativo, sem é&reas definida, permeando
extensamente e envolvendo todo o figado e lesBes pré-cancerosas. O DEN50 foi o

protocolo mais agressivo na formacéo do tumor e em menor tempo de laténcia. DEN100
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teve lesdes mais brandas em um tempo de laténcia longo. DEN75 teve padréo

heterogéneo, apresentando figados normais, cirréticos, com CHC inicial e avangado.

A anélise histopatoldgica foi embasada nos estudos de Thoolen et al., (2010, 2012).
A histologia do grupo DEN50 foi conclusiva para CHC (Figuras 17b, 17e). Os sinais
observados incluem: células com nucleos alargados, hepatécitos extremamente atipicos,
ndcleo localizado centralmente, incremento da razdo ndcleo/citoplasma, aumento no
indice de mitose, perda do parénquima hepéatico normal com presenca de padrdo
pseudoacinar e trabecular. O grupo DEN100 teve aspecto histologico para displasia de
baixo grau com lesdes pré-cancerosas, com nucléolos proeminentes, focos de aumento na
densidade celular, septo de fibrose com nddulos regenerativos, tipico de cirrose. O grupo
DEN7Y5 foi 0 mais heterogéneo, pois apresentou tanto sinais de malignidade quanto focos
de displasias (Thoolen et al., 2010; Thoolen et al., 2012).

O modelo descrito nesta tese é denominado de exposicao cronica e intermitente ao
agente carcinogénico (Reuber, 1965). Esta metodologia foi possivel evidenciar carcinoma
hepatocelular avancado (CHC avancado) no grupo DEN5O e lesdes pre-cancerosas (PL)
no grupo DEN100 pela avaliacdo somatica, histopatoldgica e bioquimica. O grupo
DEN75 teve comportamento muito heterogéneo, sendo desaconselhavel seu uso para
estudo da carcinogénese hepética experimental.

Entdo, os protocolos DEN50 e DEN100 atenderam os critérios estabelecidos por
Terblanche e Hickman, (1991) como modelo experimental; e por esta razdo foram
utilizados para os estudos subsequentes. Os critérios sao:

= Ser reversivel: os modelos produziram o CHC em 19 semanas e PL em 28
semanas e permitiram a sobrevida dos animais até o final do processo.

» Reproduzir a doenca: foram capazes de reproduzir a clinica da carcinogénese e a
extensdo da lesdo hepética, permitindo sua avaliacao.

= Ser reproduzido: quando seguidas as etapas do desenho experimental é possivel
caracterizar o CHC inicial e avangado, passando pelos momentos de inflamacéo/
cirrose/ neoplasia.

= A morte: a morte deve ter relacdo com a doenca estudada. A morte dos animais
foi resultado direto do dano causado pelo tumor, ap6s 16% semana 0s animais

morriam por hemorragia ou ruptura do tumor.
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= Ter janela terapéutica: o modelo deve possuir tempo suficiente para a
investigacdo e o tratamento. O protocolo DEN5O estabelece quatro janelas
terapéuticas: 5% semana fase inflamatdria; 122 semana fase cirrotica; 15% semana
CHC inicial e 192 semana CHC avancado.

» Animal adequado: os ratos machos jovens responderam melhor a carcinogénese,
que os ratos machos adultos.

= Baixo Risco ao pesquisador: DEN e 2-AAF sdo produtos quimicos altamente
toxicos, devem ser manuseados na capela, com equipamentos de protecao
individual, como mascara, luvas e 6culos. Os materiais contaminados devem ser
descartados no lixo apropriado para substancias carcinogénicas ou

quimioterapicas.

A continuacdo deste estudo segue com a comparacdao do CHC avancado (grupo
DEN50) e lesbes pré-cancerosas - PL (grupo DEN100) quanto a fibrose, presenca de

estresse oxidativo e dano celular, publicado no seguinte artigo:

Artigo 1: Oxidative stress and cell damage in a model of precancerous lesions and

advanced hepatocellular carcinoma in rats, Toxicology Reports 2 (2015) 333-340).

Os efeitos dos estdgios do CHC sobre o desenvolvimento da fibrose foram
avaliados pela quantificacdo da expressdo do TGF-1p e pela percentagem de fibrose (%)
na histologia. A expresséo de TGF-1p foi significativamente aumentada nos animais com
PL, enquanto que o depdsito de fibrose foi mais proeminente nos animais com CHC
avancado. Este resultado sugere que o TGF-1 3 é primeiramente ativado na fase inicial
do carcinoma. Devido a esta ativacdo, células satélites (HSC) respondem com intenso
depdsito de fibrose observada no grupo CHC avancado. Existem evidéncias que TGF-13
pode atuar como promotor da carcinogénese por ativar HSC, células estromais e
promover a angiogénese (Gressner et al., 2007; Sakamoto et al., 2010; Zhang e Friedman,
2012).

Além disso, o acimulo de matriz extracelular pode levar ao aumento na proliferacao
e a reducdo da apoptose, fato que favorecem a carcinogénese. (Zhang e Friedman, 2012).
Nos também estudamos o envolvimento do 6xido nitrico (NO) no CHC avangado e nas
PL, avaliando a expressdo de eNOS e iNOS no extrato citoplasmatico de figado. A

expressdo da iINOS foi significativamente aumentada nos animais com CHC avangado,
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enquanto a expressdo da eNOS foi reduzida. Hanahan e Weinberg (2000, 2011)
propuseram seis marcadores bioldgicos para o desenvolvimento do tumor. A expresséo
aumentada da INOS ativa 3 dos 6 marcadores, isto ocorre por duas vias moleculares
importante, IKK/ NFxB e RAS/ ERK. Quando estas vias estdo ativadas acionam fatores
de transcricdo génica que controlam o crescimento celular, a angiogénese e a inibicéo da
morte celular (Frau et al., 2010; Muntané e Mata, 2010). A reducdo da expressao da eNOS
agrava o tumor, fato comprovado neste estudo. Decker et al., (2008) demonstraram que a
presenca de eNOS estava associada a poucos e pequenos tumores, porém ratos nocaute
para eNOS-/- desenvolviam tumores maiores e em maior quantidade. Acredita-se que a
disfuncdo vascular, vista nas doengas cronicas hepéticas, seja importante sinal que

precede o0 estabelecimento do carcinoma (Decker et al., 2008).

O estresse oxidativo foi avaliado pela concentracdo citosolica de TBARS e
quantificacdo da atividade da enzima antioxidante SOD. Observamos aumento na
lipoperoxidacdo nos animais PL. O DEN & hidrolisado em nitrosamina e gera radical etil,
responsavel pela intensificacdo do estresse oxidativo (Malik et al., 2013). Um dos fatores
chaves na formacéo do tumor é o desequilibrio no estado redox, em favor a formacéao de
produtos oxidantes, que podem atacar lipidios, proteinas e DNA (Mauriz et al., 2003;
Vasquez-Garzon et al., 2013, Kretzmann et al., 2008). Neste estudo, a atividade da SOD
foi reduzida em animais com CHC avancado, esta reducao intensifica a progressao e piora
da doenca (Malik et al., 2013; Mauriz et al., 2007). Também avaliamos a expressao da
proteina NQOL1 que estava significativamente elevada no grupo CHC avancado. Muitos
estudos referem que tumores solidos expressam altos niveis de NQO1 (Ross et al., 1996).
O gene de NQO1 ¢é regulado tanto pelo elemento responsivo antioxidante (ARE), quanto
pelo elemento responsivo xenobidtico (XRE) (Ross et al., 2000). Segundo Venugopal e
Jaiswal (1996), o aumento na expressdo NQO1 ocorre em resposta a geragdo de EAO ou
a exposicdo de xenobidtico. As lesGes pré-cancerosas mostraram atividade SOD
aumentada, sem aumento na expressdo da proteina NOQL. Sob condi¢cbes de estresse
oxidativo, os tecidos com altos niveis de SOD e baixa expressdo NQO1 podem ter
diminuicdo da depuracdo de anion superoxido, gerando outras especies reativas e

piorando a lesdo hepatica (Dinkova-Kostova e Talalay, 2010).

As expressdes de Keapl e de Nrf2, também, foram avaliadas em animais com PL e

CHC avancado. Em condicOes basais, Nrf2 & sequestrado no citoplasma pelo seu inibidor
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Keapl, mas em condicdes de estresse oxidativo, o Nrf2 é capaz de se dissociar do Keapl,
e se translocar para o nucleo, subsequentemente aumentando a expressao de genes
antioxidante (Jeong, Jun, Kong, 2006). Observou-se que os animais em fase final de CHC
mostraram aumento na expressdo de Keapl e reducdo na expressdo de Nrf2 em
comparagdo com 0s animais do grupo PL. (Jung e Kwak 2010). N&o ha duavida quanto a
dualidade do Nrf2, atuando como supressor ou como promotor do tumor (Sporn e Liby,
2012). Ativacdo deste fator facilita a citoprotecdo e contribui para a proliferacéo.
Enquanto que sua inibicdo resulta em degradacdo (Kansanen et al., 2013, Linehan e
Rouault 2013), favorecendo o aumento dos ataques das EAO a célula. O papel de Nrf2 é
dependente da fase de carcinogénese. Na fase inflamatdria, com lesbes pré-cancerosas,
aumenta a ativacdo de Nrf2 para reduzir o estresse oxidativo, contribuindo com a
supressdo do tumor (Satoh et al., 2013), porém, a manutencdo da ativacdo do Nrf2,
durante a progressdo da carcinogénese, pode facilitar a transformacdo de nddulos
displasicos em células cancerosas malignas, e torna-los resistentes ao tratamento (Satoh
et al., 2013; Jaramillo, Zhang, 2013).

Outro achado interessante de nosso estudo foi a reducdo significativa na expressdo
de HSP70 no tecido hepatico com CHC avangado. HSP70 tem fungdes citoprotetoras,
atuam no dobramento de proteinas, transporte e degradacdo (Gupta et al., 2010). Rohde
et al., (2005) relataram que HSP70 ndo é uma condicdo para o crescimento de células
tumorais, mas desempenha um papel importante na manutencdo do ciclo celular
desregulado do tumor. Chuma et al., (2003) avaliaram a expressédo de HSP70 no tecido
do figado com CHC e com nodulos pré-cancerosos, e observaram que HSP70 estava
presente na fase inicial do CHC, concluindo que HSP70 poderia ser um marcador

molecular da fase inicial do cancer hepatico.

O Artigo 1 comprova que a indu¢do do carcinoma hepatocelular em ratos é possivel
por meio da exposicdo cronica e intermitente de agentes carcinogénicos. Existem
diferencas entre os estagios do CHC quanto o comportamento de proteinas envolvidas no
estresse oxidativo e dano celular. As proteinas como TGF-13, Nrf2 e HSP70 estdo mais
expressas na fase inicial da doenca e desempenham funcdes especificas neste processo.
TGF-1 B estimula a formagdo da matriz extracelular e contribui para a proliferacdo
celular. Enquanto que, a enzima SOD e o fator Nrf2 atuam como fatores citoprotetores

em lesdes pré-cancerosas. Jaem CHC avancado, no entanto, ha diminuicéo da expressdo
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de HSP70, e aumento na expressao da iINOS, que interagem com 0s genes importantes no

controle do crescimento celular, apoptose e angiogénese.

Como conclusbes do Experimento I, nossos resultados confirmam que o estresse
oxidativo e a formacdo da fibrose desempenham papel importante na carcinogénese do
figado. Nossas evidéncias sugerem que, em um processo de multiplos estagios estdo
envolvidos diferentes mecanismos moleculares que podem ser os responsaveis pela

transformacéo da doenca hepatica cronica em CHC.

A segunda parte desta tese tem por objeto de estudo a acdo da melatonina sobre a
hepatocarcinogénese experimental. A melatonina é conhecida por apresentar
propriedades oncostética, tais como: agdo antiangigénica, pro-apoptdtica, antioxidantes e
anti-inflamatoria, além de modular as vias que controlam o ciclo celular. No entanto, o0s
mecanismos que contribuem para os efeitos benéficos da melatonina sobre 0 CHC in vivo
ndo sdo completamente compreendidos, por isso, avaliamos o papel da melatonina na

regulacdo de vias moleculares relacionados a morte celular no CHC experimental.

Por isso, para 0 Experimento 11 foi novamente induzido ao CHC, agora somente
o protocolo de DEN50, que desenvolve carcinoma hepatocelular avancado em 19
semanas. O objetivo foi estudar a acdo da melatonina durante o processo de
hepatocarcinogénese, avaliando o estresse oxidativo descrito no seguinte artigo:
Melatonin attenuates oxidative damage in hepatocarcinogenesis induced by
diethylnitrosamine in rats, submetido para Toxicologic Pathology. E avaliar o estresse
de reticulo endoplasmético e vias da apoptose nestes animais, publicado no artigo:
Melatonin activates endoplasmic reticulum stress and apoptosis in rats with
diethylnitrosamine-induced hepatocarcinogenesis, aceito para publicacdo na
PlosOne.

O tratamento teve dois tempos: um com inicio na 5% semana apds 0 comeco da
inducdo com DEN (DEN+MELDS5). Neste momento, existe a presenca da inflamacéo
hepética. O outro tempo, iniciou-se na 122 semana, que coincide com o estabelecimento
da cirrose hepatica (DEN+MEL12).

Avaliou-se a eficicia e seguranca do tratamento com melatonina em animais
expostos a0 DEN. Em geral, a melatonina melhorou a sobrevida global, padrdo das

enzimas hepaticas, a expressdo do marcador de carcinoma hepatocelular, o aspecto
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histologico e indice de dano do DNA do figado em comparacdo com o placebo. Este
estudo observou menor incidéncia de tumores em animais que foram tratados com
Melatonina. Os animais do grupo DEN-CHC apresentaram pior prognéstico e maior

gravidade em desenvolvimento do carcinoma hepatocelular.

No Artigo 2 abordamos a capacidade da melatonina em proteger lipidios,
proteinas e DNA de animais expostos a agentes carcinogénicos e a sua forte acdo hepato-
proterora. Ao longo da carcinogénese o grupo DEN-CHC desenvolveu 90% de cancer
hepatico em 19 semanas, enquanto que animais tratados com melatonina demostraram
apenas 25% do CHC. DEN + 2-AAF sdo hepatocarcinogénicos poderosos (Williams et
al., 1996). Enquanto, o DEN é hidrolisado em nitrosamina, gerando um radical
eletrofilico; o 2-AAF forma adutos com DNA via citocromo P450 (CYP1A2) no figado
(Malik et al., 2013; Bagnyukova et al., 2008; Poirier, 2002) e inibe a proliferacdo de
hepatocitos normais. No entanto, a melatonina atenuou a acdo carcinogénica do DEN
(Subramanian et al., 2007). Diversos estudos comprovaram a eficicia da melatonina para
prevenir o desenvolvimento de cancer (Subramanian et al., 2007). Imaida et al., (2000)
estudaram lesdes pré-neoplésicas do figado de ratos, induzidas por NDEA, observaram
diminuicdo das lesdes com o uso de melatonina. A inibicdo da sintese de melatonina, na
estabilizagéo da carcinogénese, acelera a transformacéo maligna e o crescimento celular,
e isto resulta na menor sobrevivéncia dos ratos (Van den Heiligenberg et al., 1999). A
melatonina desempenha agdes oncostaticas: (a) por acdo pré-apoptética, sobre as células
tumorais; (b) por suas agdes antioxidantes (Tomas-Zapico e Coto-Montes, 2005) (c), por
reforcar mecanismos imunes do organismo (Anisimov et al., 2006); (d) por reduzir a
ativacdo de fatores-chave para o crescimento tumoral e sinalizacdo de moléculas (por
exemplo, &cido linoléico) (Blask et al., 2005). Animais do grupo DEN-CHC tiveram cerca
de 30% de sobrevida apés o uso do DEN, enquanto, que os animais DEN+MEL
apresentaram 100% de sobrevida. Isto sugere que o tratamento com melatonina foi eficaz
para amenizar os efeitos toxicos e deletérios do DEN, e assim retardar o desenvolvimento

de CHC experimental.

O uso da melatonina durante a inducdo do DEN evitou a morte dos animais em
sua totalidade. Pela curva de sobrevivéncia Kaplan Meier pode-se perceber que animais
que foram tratados com melatonina a sobrevida foi de 100% comparado aos 30% do

grupo DEN-CHC (dado ndo apresentado). Para entender este achado, realizamos
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inimeros ensaios referentes ao indice de dano no DNA, as proteinas envolvidas no

estresse oxidativo, ao estresse de reticulo e as vias de apoptose.

Foi observado que a melatonina consegue restaurar a integridade das enzimas
hepaticas, retornando a valores normais. Animais expostos ao DEN e tratados com
melatonina reduziram significativamente os niveis de AST e ALT indicando efeito
citoprotetor sobre os hepatocitos em acordo com Subramanian et al., 2007. O tratamento
com a melatonina, também, foi eficiente na reducdo da reacdo ductular, da positividade
da CK7 (pCK?7) e dos niveis de yGT, diminuindo o dano sobre o tecido biliar. O estudo
histopatolégico sinalizou CHC avancado nos animais que receberam apenas DEN.
Enguanto que, animais tratados com melatonina obtiveram padréo histoldgico compativel
com displasia de baixo grau e cirrose. Estes dados demonstram que a melatonina atuou
como hepatoprotetora, atenuando a transformacdo do tecido hepético inflamado ou

cirrético em neoplasico.

Ao realizarmos o ensaio cometa foi possivel avaliar que o0 DEN causou intenso
indice de danos (DI) ao DNA, mais de 300 células de 400 avaliadas estavam com
alteracdes. Entretanto, os animais DEN+melatonina apresentaram maior protecdo a lesdes
no DNA. Salientamos que o grupo com Melatonina na 122 semana demonstrou melhor
resposta, obtendo DI igual aos controles. A melatonina exerce efeitos protetores e
reparadores contra danos ao DNA. Liu et al., (2013) sugeriram que a melatonina pode
participar na regulacdo de varios genes envolvidos no dano ao DNA e vias reparadoras,
tais como CEP152 e N4BP2L2.

Para estudar acdo da melatonina na carcinogénese hepética sobre o aspecto da
inflamacdo, avaliamos a expressdo das proteinas iNOS, eNOS, p65 e COX-2. Nestas
analises podemos verificar que a melatonina atuou reduzindo a expressdo da iNOS e
aumentando a expressdo da eNOS, revertendo a disfungéo vascular presente nas doencas
hepéticas crénicas. Assim como, atenuou significativamente a expressdo de p65 e COX-
2, reduzindo a inflamacéo, e evitando manter ativadas vias pro-tumorais (Figura 19).
Regular a expressdo de NFxB permite atuar em inumeras vias envolvidas na
carcinogénese, dentre elas rotas proliferativas (via MAPK); angiogénica (via HIF/
VEGF), inflamatdria (via COX-2-iNOS). Novamente os melhores resultados ocorrem no
grupo DEN+MEL12, comparado ao grupo DEN+MELS5.
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A melatonina possui propriedades antioxidantes devido a dupla ligagdo existente na
sua estrutura quimica, que lhe garante a capacidade de ceder elétrons a espécies quimicas
instaveis. Aspectos relevantes sobre este hormonio, € que seu pequeno peso molecular e
sua caracteristica anfipatica, lhe permite livre transito pelas membranas e barreiras
hematoldgicas. Reiter (2004) escreve sobre os mecanismos inibitorio da Melatonina no
cancer. Na fase de iniciagdo: ela limita a frequéncia de iniciacdo de cancer, reduzindo o
dano ao DNA, pelo controle do estresse oxidativo. Na fase de promogao: ela atua sobre
as vias de transducao de sinais, regulando a expressao génica de fatores de crescimento e
de diferenciacdo. Na fase de progressao: a melatonina controla o crescimento tumoral,

atuando sobre o receptor do fator crescimento epidermal (rEGF).

Foi avaliada a lipoperoxidacdo (LPO) por meio da técnica da substancia reativa ao
acido tiobarbiturico (TBARS) em homogeneizado de figado. A LPO foi menor nos
animais com cancer avancado (DEN-CHC) comparado aos animais com lesbes pré-
cancerosas (DEN+melatonina). Apesar deste resultado ndo ter sido esperado, existe uma
explicagdo para o menor valor na oxidagdo dos lipidios no tecido neoplésico. As células
tumorais exibem geralmente um baixo teor de &cidos graxos poliinsaturados presentes na
membrana, que poderia justificar a reduzida sensibilidade a peroxidacéo lipidica (Poli et
al., 1986; Dianzani et al., 1986; Masotti et al., 1988; Canuto et al., 1991).

Estudos que avaliaram a quantidade de &cidos graxos nas células de tecido tumoral,
verificaram reducdo na quantidade de lipidios. A falta de substrato seria uma causa
relevante para a diminuicdo da peroxidacdo lipica em hepatocitos tumorais. A
desestruturacdo e a perda dos lipidios podem estar associada a progressao da doenca
neoplésica e a reducdo da LPO (Figura 18a) (Poli et al., 1986; Dianzani et al., 1986;
Masotti et al., 1988; Canuto et al., 1991). Além de contribuir para 0 aumento do dano

oxidativo a proteinas e DNA.

Isto se comprova quando avaliadas as proteinas carboniladas e o indice de dano ao
DNA de animais com CHC avancado, e se verifica intensa oxidagdo proteica e maior
numero de células danificadas (Poli et al., 1986; Dianzani et al., 1986; Masotti et al.,
1988; Canuto et al., 1991).

A melatonina atuou protegendo as macromoléculas - lipideo, proteina e DNA

contra as EAO (Figura 18b). Observamos que animais com DEN+melatonina tiveram
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maior LPO, sinalizando a existéncia de substrato lipidico, porem a oxidacao proteica e

danos ao DNA reduziram consideravelmente.
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Figura 18a: Modelo esquematico da acdo das espécies ativas de oxigénio sobre os lipidios,
proteinas e DNA sob condic¢des de hepatocarcinogénese sem a presenca de Melatonina.
Percebe-se mais dano inflamatorio, disfuncdo vascular, maior dano ao DNA e menor

valor de LPO, devido a perda de substrato.

As proteinas avaliadas para se estudar o sistema oxidativo foram Keapl, Nrf2,
NQOL1. Observamos que animais com CHC avancado (grupo DEN-CHC) apresentavam
mais expressdo do inibidor Keapl e menor ativacdo do fator Nrf2. J&, os animais
DEN-+melatonina exibiram um padrdo de menor expressdo do inibidor citoplasmatico
Keapl e maior expressdo do fator Nrf2. Isto pode sugerir que o sistema citoprotetor foi
acionado nestas condi¢des. Como consequéncia, os animais DEN+melatonina tinham
maior atividade da SOD em comparacdo aos animais DEN-CHC. A melatonina é
considerada um potente scavenger, e atua de forma sinérgica, estimulando o sistema

enzimatico antioxidante, reforcando o efeito citoprotetor. (Reiter 2004). Fato interessante
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que foi registrado neste estudo se refere ao aumento na expressdo de NQO1 nos animais
com tumores avancados. Existem duas explicacdes, a primeira estd associada a presenca
do tumor e a outra ligada ao xenobi6tico. E relatado que em condicdes basais, a expressio
de NQOL é extremamente baixa, porém na presenca de tumores solidos, sua expressao é
estimulada. A outra explicacéo pode estar ligada ao xenobidtico usado, que foi capaz de

ativar o elemento responsivo a xenobidtico, que também regula a expressdo desta enzima.
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Figura 18b: Modelo esquematico da acdo das espécies ativas de oxigénio sobre 0s
lipidios, proteinas e DNA sob condicfes de hepatocarcinogénese com a presenca de
Melatonina. Reduz a inflamacdo e aumenta a agdo do sistema antioxidante, protege o

DNA e mantem os componentes lipidicos.

Por fim, o Artigo 2 fornece evidéncias concretas que fundamentam a acdo
hepatoproterora da melatonina quanto ao dano oxidativo. Neste artigo foi demonstrado
que os figados dos animais DEN+melatonina atenuaram o estresse oxidativo e as
caracteristicas hepatocarcinogénicas primarias, visto pela melhora no aspecto histolégico,
reduzida atividade das enzimas hepaticas, menor resposta inflamatoria e menor indice de

dano no DNA.

O Artigo 3 explora a acdo da melatonina sobre o estresse de reticulo e apoptose

durante a carcinogénese. Para confirmar a indugdo de carcinoma hepatocelular foi



156

avaliada a expressdo da proteina Glutationa S Transferase Placentaria (GST-P) em
homogeneizados de tecido do figado. GST-P tem sido utilizada como marcador de CHC,
cuja expressdao € reprimida em figados normais. Animais CHC aumentaram
significativamente os niveis de GST-P. Todas estas descobertas estdo em conformidade
com os resultados de outros grupos que também utilizaram DEN como promotor de

cancer em ratos.

As propriedades antioncogénicas de melatonina foram testadas em diferentes tipos
de céncer, incluindo de mama, melanoma, neuroblastoma ou de préstata (Cutando et al.,
2012). A maioria dos estudos sobre CHC foram realizados em células cultivadas de
hepatoma, em que a melatonina modula a apoptose, inibe a expressdo de genes
angiogeénicos e reduz a migracdao e mobilidade das células HepG2 durante a metastase,
sem efeitos toxicos sobre hepatdcitos saudaveis (Martin-Renedo et al., 2008; Carbajo-
Pescador et al., 2011; Carbajo-Pescador et al. 2013; Carbajo-Pescador et al., 2013a;
Ordonez et al., 2014). A melatonina tem sido relatada como agente ativo na restauracdo
da atividade antioxidante e bioquimica do figado (Subramanian et al., 2007) e na reducéo
das lesdes neoplésicas e expressdo GST-P em animais submetidos a carcinogénese
hepética (Rahman et al., 2003). No entanto, os efeitos da melatonina, no modelo DEN
estdo focados principalmente no seu impacto sobre a maquinaria antioxidante, poucos
trabalhos estudam os mecanismos moleculares que ja foram observados in vitro, por isso
sd0 necessarias evidéncias in vivo, que confirmem as observacdes feitas em cultura
células, para que assim possam ser definidas metas eficazes para o tratamento do CHC.
(Hadem et al., 2014; Balamurugan et al., 2012; Jayakumar et al., 2012).

No céncer, existem inimeros eventos que difere do funcionamento normal da
célula, destacamos neste estudo o estresse de reticulo endoplasmatico e a supressdo da
apoptose. O reticulo endoplasmatico (RE) € uma organela envolvida na dobragem e
transporte de proteinas e na biossintese de lipidos. Se as células sdo expostas a situacdes
estressantes, RE inicia uma resposta para manter a integridade celular (UPR), mas em
determinadas situacdes esta resposta aciona a morte da célula (Yadav et al., 2014). O
efeito da melatonina sobre o estresse de RE foi avaliado nos animais expostos a
carcinogénese, por meio das expressdes de proteinas como BiP, ATF6 e CHOP. BIP é
responsavel pela correta dobragem de proteinas clientes no Ilimem do RE (Yoshida et al.,
2001). A BIP esta na superficie da membrana ligada a 3 estruturas PERK/ IRE1 e ATF6.
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Quando em condicdes de sobrecarga na sintese proteica, 0 RE entra em estresse, ndo
conseguindo desempenhar suas funcfes de dobragem e transporte de proteinas recém-
formadas. Nossos resultados mostraram que a expressao de BiP se encontrava aumentada
em ratos tratados com DEN que receberam melatonina, indicando que este hormonio foi
capaz de iniciar a resposta estresse de RE. O RE em estresse permite a liberacdo de BiP
do fator ATF6. ATF690p € um fator sensivel ao estresse de RE, esta proteina se cliva na
porcdo 50kDa. O fragmento do ATF6sop € a forma ativa, que promove a transcri¢do dos
genes de chaperonas e CHOP (Adachi et al., 2008). CHOP é um modulador da apoptose,
que aumenta a expressao de proteinas pro-apoptaticas e, regula negativamente genes anti-
apoptéticos (McCullough et al., 2001; Puthalakath et al., 2007; Yamaguchi e Wang,
2004). Esta proteina visa controlar o estresse de RE e acionar vias apoptdticas para evitar
proteinas mal dobradas ou de baixa qualidade (Williams e Lipkin, 2006). Nossas
observacdes permitem concluir que a melatonina aumenta a expressdo de ATF6 clivada
e CHOP em ratos com DEN-CHC. Isto sugere que o estresse RE poderia ser responsavel,
em parte, para a regulacdo da apoptose em nosso modelo.

Entdo, decidimos avaliar o efeito da melatonina sobre o estado apopto6tico em ratos
tratados com DEN. Caspase 3 € o principal executor da apoptose e, sua ativacdo resulta
em protedlise de PARP (Mauriz et al., 2008). Nossos dados indicam que a melatonina
aumentou a clivagem de PARP e a atividade da caspase 3, confirmando seu efeito proé-
apoptotico. Estes resultados estdo de acordo com estudos em células HepG2, que foram
utilizadas doses suprafisiologicas de melatonina e, observaram inducdo na ativacao da
apoptose e morte celular (Martin-Renedo et al., 2008). Outro estudo, combinando a
melatonina com agentes quimioterapéuticos, tais como sorafenib (Fan et al., 2010; Gao
et al., 2012), também foi observado o aumento na apoptose em células de hepatoma.
Outros antioxidantes também demonstraram propriedades pro-apoptéticas em CHC
induzidos por DEN, como a curcumina que aumentou a liberagcdo do citocromo c e a

fragmentacdo do DNA em relacdo ao grupo controle (Ghosh et al., 2012).

Para elucidar o possivel mecanismo pro-apoptético de melatonina na
hepatocarcinogénese, avaliamos o estado das vias apoptéticas intrinsecas e extrinsecas.
A via intrinseca é frequentemente anormal no cancer, prova disto € a expressao anémala
das proteinas da familia Bcl-2 em linhagem de células de cancer humano (Delbridge e
Strasser, 2015). Nosso estudo, observou que os niveis da proteina Bax encontravam-se

aumentados em animais que receberam DEN+melatonina. Sabe-se que o Bax é inativado



158

em tumores sélidos (Rampino et al.,, 1997), de modo que a restauracdo da sua
funcionalidade pode levar a regressdo de CHC. Bcl-2, a principal proteina anti-apoptotica,
tem a capacidade de inibir a acdo da Bax. Por isso a relagdo entre ambas foi analisada. A
razdo Bax/ Bcl-2 foi maior nos grupos que receberam melatonina em comparagdo com
animais tratados apenas com DEN. Este efeito correlacionado com a libertacdo de
citocromo ¢ das mitocondrias, indicam que a regulagdo da via mitocondrial, pode

contribuir para os efeitos pro-apoptoticos da melatonina.

Buscando mais evidéncias que suportem nossa tese, avaliamos o p53, que € um
fator de transcricdo que regula a expressdo de genes envolvidos na apoptose, tais como
Bax ou Bcl-2 (Hickman et al., 2002) Verificamos que nos grupos DEN+melatonina, o
p53 encontrava-se mais expresso no tecido hepatico comparado aos animais DEN, o que
sugere que esta proteina pode estar envolvida na regulacdo dos marcadores apoptoticos

intrinsecos pela melatonina.

Devido ao fato que a melatonina também ativa a via extrinseca da apoptose em
células HepG2 (Martin-Renedo et al., 2008) avaliou-se a atividade da caspase 8, que é
responsavel por ativar a via do receptor de morte da apoptose, por meio da ligacdo de Fas
e Fas-L, a qual induz a formacao de complexa sinalizacdo de morte-induzida. A atividade
da Caspase 8 e a expressdo de Fas-L foram induzidas ap6s tratamento com a melatonina,
indicando um possivel envolvimento da via extrinseca nos efeitos pré-apoptoéticos

promovido por esta indolamina.

Os nossos resultados demonstram que o0 uso do DEN causou aumento na expressao
de COX-2, enquanto os animais com DEN mais a administragdo de melatonina resultaram
em restauracdo dos niveis normais. Recentemente, foi relatado mecanismo pelo qual a
melatonina sensibiliza células de hepatoma humano pelo reticulo endoplasmatico e, induz
a apoptose por reduzir a expressao COX-2, aumentando os niveis de CHOP e diminuindo
a razdo Bcl-2/ Bax (Zha et al., 2012). Nossos resultados constataram que este sistema de
controle e qualidade celular estd inativo nos animais com CHC avancado. E que, a
melatonina é eficaz de acionar as proteinas do estresse de RE e ativar as repostas

extrinsecas e intrinsecas da apoptose, assim atenuando a formacéo do CHC.
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Figura 19: O esquema descreve as interacdes entre as respostas ao estresse oxidativo, ao
fator nuclear kB, a ativacéo de rotas inflamatdrias e apoptose envolvidas na transformacéo
da doenga crbnica hepatica em alteracGes celulares malignas e a agdo regulatéria da
Melatonina sobre este processo.

A administracdo da melatonina iniciou nas semanas 5 e 12, depois do inicio da
administracdo DEN, para avaliar os efeitos desta indolamina em diferentes graus de dano
hepético. No inicio do tratamento, 0s animais na 5% semana apresentavam quadro de
inflamacdo, enquanto que os, da 122 semana se encontravam cirroticos. Apesar de nao
terem sido observadas, na maioria dos marcadores de apoptose, diferencas significativas
entre os dois tempos de tratamento com a melatonina, a expressdo de GST-P foi
notavelmente mais baixa no grupo com a administracdo de melatonina durante o
estabelecimento da cirrose. De forma semelhante, observou-se que, embora o estresse de
RE tenha sido ativado nos dois grupos que receberam DEN+melatonina, a administracdo
da indolamina no estado de cirrose resultou em uma maior capacidade de inducéo de
ATF6 e CHOP, isto sugere que a melatonina pode ter efeitos diferentes em vias
moleculares, dependendo do grau de lesdo hepatica, e mais estudos sdo necessarios para

elucidar este processo.
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Nossa pesquisa demonstrou que a melatonina administrada durante inflamacéo ou
na fase cirrética da hepatocarcinogénese age como agente prd-apoptoético, capaz de
melhorar a histologia e os resultados bioquimicos em CHC induzida por DEN. Além
disso, a melatonina também induz a resposta ao estresse RE que poderia estar ligado aos
efeitos apoptoticos observados. No entanto, € necessario determinar as vias de sinalizagdo
que regulam ambos 0s processos, com 0 objetivo de potenciar as aplicagdes terapéuticas
da melatonina no tratamento de CHC.



Conclusao



CONCLUSAO

Esta tese estudou a carcinogénese hepatica experimental em trés momentos: no
desenvolvimento do modelo experimental, na comparacéo entre lesdes iniciais e lesdes
avancadas e na intervencao da melatonina sobre a carcinogénese. Como conclusdes gerais

seguem.

= Experimento I:

Determinamos o0 modelo experimental de carcinogénese hepéatica em 19 semanas por
meio de um protocolo de exposicdo cronica e intermitente de agente
carcinogénico, estabelecemos janelas terapéuticas que permitem intervir com
propostas terapéuticas, além de atender a todos 0s quesitos necessarios

recomendados para ser um modelo experimental de CHC.

Observamos diferencas entre as lesbes pré-cancerosas com carcinoma avangado
guanto aos aspectos bioquimicos, histologicos e de estresse oxidativo. Na fase
inicial existe mais lipoperoxidacdo, enquanto que na fase mais tardia do
carcinoma, a lipoperoxidagdo é menor, porém, fatores nucleares e as rotas pro-

tumorais ja estdo acionadas.

= Experimento I1:

Estudamos o efeito da administracdo da Melatonina durante a hepatocarcinogénese
experimental sobre o estresse oxidativo, estresse de reticulo endoplasmatico e
apoptose, e concluimos que a Melatonina é capaz de controlar a formacdo do
tumor. Ela atuou como potente antioxidante, ativou as proteinas envolvidas no
estresse de reticulo endoplasmatico e assim, acionou o sistema de apoptose

intrinseco e extrinseco, controlando as fases de promogé&o e progressao tumoral.
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Conclus6es por artigos

No Experimento | ao determinar o modelo experimental de Carcinoma
Hepatocelular e comparar lesdes pré-cancerosas (PL) com CHC avangado concluimos

que:

1. Oxidative stress and cell damage in a model of precancerous lesions and advanced
hepatocellular carcinoma in rats, (Toxicology Reports 2 (2015) 333-340). Neste
artigo séo respondidos 0s seguintes objetivos:

Descrever as etapas do desenho experimental para estabelecimento da carcinogénese
por indugdo quimica em ratos.

O modelo cronico e intermitente de exposi¢cdo ao DEN50+2-AAF desenvolve CHC
em 19 semanas em ratos machos e jovens, e é possivel definir a fase inflamatéria (5
semana); a fase cirrética (10-12% semana); CHC (a partir da 172 semana). Ja,
DEN100+2-AAF apresentou ao final de 28 semanas lesdes pré-cancerosas.

Caracterizar as manifestacdes do aspecto geral e somatico: avaliar aspectos gerais:
peso, relacdo hepatossomatica, avaliando nddulos e massas tumorais.

Os animais DEN50 perdem peso, desenvolvem nddulos grandes, compativeis com
CHC avancado a partir da 172 semana. Os animais DEN100 néo se observou perda
no peso, nem alteracdo na relacao hepatossomatica, pois seus nédulo eram pequenos.

Avaliar aspectos histologicos em animais com lesdes pré-cancerosas (PL) e CHC
avancado.

A histologia do DEN50 foi caracterizada por alteraces classicas encontradas em
CHC avancado, tais como padrdo pseudoacinar e trabecular, alter¢des de atipia
celular, aumento na densidade celular. Enquanto que o padrdo histologico do
DEN100 foi lesBes pré-cancerosas, nodulos displasicos e displasia de baixo grau. Os
animais com CHC exibiram mais depdsito de coldgeno que os animais com lesdes
pré-cancerosas.

Quantificar as enzimas de integridade hepatica dos aniamis com lesdes pré-cancerosas
(PL) e CHC avangado.

Animais com CHC avancado e PL tiveram alteragdes nas enzimas de integridade
hepaticas, sendo que os animais com CHC apresentaram elevados niveis yGT.
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Determinar o envolvimento do déxido nitrico (NO) em lesdes pré-cancerosas e CHC
avangado.

Animais com CHC avangado apresentaram mais expressdo de iNOS e redugédo na
eNOS, quando comparada as lesdes iniciais. Este dado destacou a importancia da
disfuncdo vascular presente na doenca hepatica, no processo de transformacéo do
estagio pre-canceroso para o estagio de malignidade.

Determinar o estresse oxidativo em lesdes pré-cancerosas (PL) e CHC avancado.

As lesdes pre-cancerosas exibiram mais LPO, ativaram o complexo Keapl-Nrf2 e
apresentaram mais atividade da SOD. Entretanto, 0 CHC avancado apresentou baixos
niveis de LPO e SOD, assim como ndo ativou o sistema Keap1-Nrf2.

2. Melatonin attenuates oxidative damage in hepatocarcinogenesis induced by
diethylnitrosamine in rats, (submetido para Toxicologic Pathology). Este artigo

responde 0s seguintes objetivos especificos do Experimento II:

Avaliar a relacé@o hepatossomatica dos animais submetidos a carcinogénese com e sem
Melatonina.
A Melatonina controlou a carcinogénese hepética observada pela redugdo na
quantidade e tamanho dos noédulos tumorais, mantendo a relacdo hepatossomatica
destes animais. A Melatonina aumentou a sobrevida dos animais submetidos a
carcinogénese.

Avaliar as enzimas de integridade hepatica dos animais submetidos a carcinogénese
com e sem tratamento com Melatonina.
A Melatonina foi capaz de restaurar os valores das enzimas hepaticas (AST, ALT,
FA e yGT) dos animais submetidos & carcinogénese.

Avaliar os aspectos macroscopicos e histologicos do figado dos animais submetidos a
carcinogénese com ou sem Melatonina.
Os animais com CHC desenvolveram nddulos grandes, enquanto que 0s animais que
recebram melatonina apresentaram figados cirréticos. Os animais tratados com a
Melatonina apresentaram aspecto histoldgico compativel com lesbes pré-cancerosas
e cirrose, diferentemente dos néo tratados que desenvolveram CHC avangado com
atipias celulares.

Determinar a reacdo ductular de animais submetidos & carcinogénese com e sem
tratamento com Melatonina;
Os animais com CHC avangado desenvolveram extensa area de reagdo ductular,
porém aqueles tratados com Melatonina, a reacdo ductular foi menor com menos
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positividade para CK7. Novamente, a Melatonina demonstrou ser hepatoprotetora
frente a agentes carcinogénicos.

Determinar o dano ao DNA (mutagenicidade) do tecido hepéatico dos animais
submetidos a carcinogénese com e sem tratamento com Melatonina;
A Melatonina foi capaz de reduzir os danos ao DNA de figado de animais submetidos
a agentes carcinogénicos.

Determinar o estresse oxidativo do tecido hepatico dos animais submetidos a
carcinogénese com e sem tratamento com Melatonina.

Animais com CHC exibiram menor LPO, comparados aos tratados. Animais
tratados com Melatonina acionaram o complexo Keapl-Nrf2, estimularam a
atividade da SOD, reduzindo o dano oxidativo proteico e dano ao DNA. Ao
contrario, os animais CHC avangado ndo acionaram o sistema citoprotetor Keap1-
Nrf2, apresentaram reducgéo da atividade da SOD e maior oxidagdo proteica e dano
ao DNA.

Determinar expressdo de fator nuclear kB do tecido hepatico dos animais submetidos a
carcinogénese com e sem tratamento com Melatonina.
A Melatonina exerceu acdo anti-inflamatéria, atuando sobre a regulacédo do fator
nuclear kB tecido hepatico dos animais submetidos a carcinogénese. A acéo
reguladora da Melatonina sobre este fator, auxilia no controle de inUmeras rotas
pré-tumorais.

3. Melatonin activates endoplasmic reticulum stress and apoptosis in rats with
diethylnitrosamine-induced hepatocarcinogenesis, aceito para publicacdo na
PlosOne. Este artigo responde 0s seguintes objetivos especificos do Experimento II:

Determinar a expressao do marcador tumoral GST-P do tecido hepatico dos animais
submetidos a carcinogénese com e sem tratamento com Melatonina
Os animais com CHC avancado apresentaram forte expressao do marcador tumoral
GST-P do tecido hepético, porém os animais tratados com Melatonina, tiveram
atenuacéo deste marcador.

Determinar expressdo de COX-2 do tecido hepatico dos animais submetidos a
carcinogénese com e sem tratamento com Melatonina;
A Melatonina exerceu acdo anti-inflamatdria, atenuando a expressdo da COX-2 do
tecido hepético dos animais submetidos a carcinogénese.
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Comprovar o efeito da Melatonina sobre o estresse de reticulo e a apoptose na
carcinogénese hepatica.
A Melatonina atuou sobre as proteinas envolvidas no estresse de reticulo (ATF6,
BiP e CHOP/GADD), assim desencadearam a ativacdo das vias de apoptose.
Observamos aumento na expressdo das proteinas pré-apoptéticas (Fas, Bax,
TRAIL) e reducéo da expresséao das anti-apoptoticas (Bcl2, Belx/L). Isto contribuiu
para evitar a fase de progressdo do tumor nos animais tratados com Melatonina.

Por fim, podemos sugerir que a Melatonina atuou como antioxidante, anti-
inflamatorio e anti-apoptotico. Estes efeitos durante a carcinogénese hepatica comprovou
que a Melatonina apresenta propriedades oncostaticas, capazes de atenuar o
desenvolvimeto do tumor hepatico. De forma que ela controla a fase de iniciacéo, e evita

a fase de promocéo e de progressao tumoral.
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ANEXO A

Cartas de Aprovacéo dos Projetos pelo Comité de Etica em Pesquisa

¥ HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
= GRUPO DE PESQUISA E POS-GRADUAGAO

COMISSAO DE ETICA NO USO DE ANIMAIS

A Comissdo de Etica no Uso de Animais (CEUA/HCPA) analisou o projeto:

Projeto: 120355
Data da Versdo do Projeto:  25/10/2012

Pesquisadores:

NORMA ANAIR POSSA MARRONI
ANDREA JANZ MOREIRA

SILVIA BONA

Titulo: CARCINOMA HEPATOCELULAR: CARACTERIZAGAOQ DO MODELO
EXPERIMENTAL

Este projeto foi APROVADO em seus azpecios éticos e melodoldgicos de acordo com as Diretrizes e
Mormas Macionais e Internacionais, especialmente a Lel 11.794 de OB/10/2008, que estabelece
procedimentos para o uso cientifico de animais.

- Os membros da CEUA/HCPA néo pariciparam do processo de avaliagio de projetos onde constam
como pesquisadores,

- Toda & qualquer alteragdo do Projeto deverd ser comunicada &4 CEUA/HCPA.

- 0 pesquisador devera apresenltar relatdrios semestrais de acompanhamento e relatério final ao

CEUAMHCPA,
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ANEXO B

Rotinas de descarte dos materiais bioldgicos e toxicos.

Materiais toxicos (como frascos de DEN, seringas, luvas) utilizados eram
descartados em lixo préprio para materiais quimioterapicos ou toxicos (identificados pela

cor laranja).

Os animais, apds sua morte, eram devidamente embalados em saco plastico branco,
rotulados com seu respectivo nimero e nimero do projeto e acondicionado em frezzer

especifico existente na Unidade Experimental Animal (UEA) do HCPA.

O material DEN e AAF eram acondicionados em armario de material controlado, sob
supervisdo da coordenacdo da UEA, sendo liberado apenas por solicitacdo da

pesquisadora responsavel.
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Abstract The experimental models of the development of
cirrhosis in rats require a long time. Many studies in
animals have demonstrated similarities in histological pat-
tern with human cirrhosis. Just like the relation between
cirrhosis and increased lipid peroxidation (LPO), which
contributes to the worsening of the disease. However, few
studies have focused on the reduction of time to establish
cirrhosis and evaluated the expression of heat-shock pro-
tein 70 (HSP70) in cirrhotic livers of rodents. The present
study proposes the adaptation of an experimental cirrhosis
model using diethvlnitrosamine (DEN). Twenty-six male
Wistar rats, weighing +270 g, divided into two groups: (i)
CO-control and (i1) DEN-diethylnitrosamine. The DEN
oroun received 50 mo'ke of DEN twice a week intraner-

itoneally for 7 weeks. The model developed cirrhosis in
7 weeks. The liver function tests showed that the animals
with DEN-induced cirrhosis had increased levels when
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compared to control. The histological examination
showed changes in the liver architecture, with severe
ductal proliferation, signs of chronic damage, cholestasis,
lymphocytic infiltrate, steatosis, and extensive parenchy-
mal loss. We also found nodular formations with homo-
geneous pattern, increased LPO, increased expression of
INOS, TGF beta, o-SMA, and NQOI1. However, the
HSP70 expression was reduced in cirrhotic animals. This
study showed signs of cirrhosis in liver based on bio-
chemical, histological, and molecular analysis. The re-
duced expression of HSPT70 appears to be associated with
increased oxidative stress, contributing to the worsening
of the disease.
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Introduction

Chronic liver diseases are one of the major health prob-
lems worldwide. Cirrhosis is the most common liver dis-
ease, causing the death of thousands every year. This
disease results from successive cellular, biochemical, and
molecular events that lead to changes in the hepatic pa-
renchyma and increase collagen deposition. Formation of
nodules, anatomical changes, and death of hepatocytes
also occur (Friedman 2008).

Many studies have shown the relationship between cirrho-
sis and increased lipid peroxidation (LPO). The elevated
generation of reactive oxygen species (ROS) contributes to
the worsening of the disease. The administration of antioxi-
dants seems to change the outcome of cirrhosis in animal
models, demonstrating the promising use of these substances
in cirrhotic livers (Bona et al. 2012; Tieppo et al. 2009; Wasser
et al. 2001). However, few studies have evaluated the expres-
sion of heat-shock protein 70 (HSP70) in cirthotic livers of
rodents. The HSP70 are chaperones sensitive to cellular stress.
They are involved in numerous cellular functions such as
folding of proteins, transport, and protein degradation
(Gupta etal. 2010). In addition to HSP70, NAD(P)H: quinone
oxidoreductase 1 (NQO1) also plays a role in cellular stress.
This protein with enzymatic activity prevents the one electron
reduction of quinones, thus acting in the cellular antioxidant
defense and also playing an antioxidant role in exogenous
xenobiotics and drugs (Ross 2004). Likewise, NQO1 reduces

oxidative stress and LPO. This enzyme is also capable of
scavenging superoxide anions generated during oxidative
stress and regenerating reduced forms of protective endoge-
nous antioxidant compounds (Aleksunes et al. 2006; Ross
2004; Siegel et al. 1997).

Because of the importance of redox state in cirthosis, there
is need to investigate the pathophysiclogical mechanisms that
are triggered and to propose new effective therapies in the
treatment of cirrhotic livers. Therefore, experimental research
in animal models provides controlled conditions to identify
markers of oxidative stress or therapeutic targets for liver
disease.

The experimental models of cirthosis currently used are
induced by chemical substances such as diethylnitrosamine
(DEN) (Haratake et al. 1991) or carbon tetrachloride {CCl,)
(Bona et al. 2012; Cameron and Karunarete 1936; Jiménez
etal. 1992) orby bile duct ligation (BDL) { Tieppo et al. 2009).
These cirrhosis models demonstrate many similarities in the
histological pattern and changes in liver integrity compared to
human cirthosis.

The objective of the present study was to propose an
experimental cirrhosis model chemically induced with
DEN to evaluate LPO, expression of stress-sensitive pro-
teins (NQO1 and HSP70), and fibrosis marker (TGF-f1
and o-SMA).

‘a Springer

Materials and methods
Animals and procedures

Male Wistar rats weighing 230-250 g were used in our study.
Rats were obtained from the Central Animal Laboratory of the
Federal University of Pelotas, Rio Grande do Sul, Brazil. The
animals were caged at 24 °C, kept on a 12/12-h light-dark
cycle, and with free access to food and water until the time of
experiments in the Animal Experimentation Division of the
Hospital de Clinicas de Porto Alegre. All experiments were
performed in accordance with the Guiding Principles for
Research Involving Animals (NAS) under protocol no. (09—
588.

Phenobarbital at a concentration of 0.3 g/l was added to
the drinking water of animals 7 days before the first DEN
administration and subsequently throughout the experiment to
cause enzyme induction and shorten the time required for the
development of cirrhosis (Li et al. 2012; Cremonese et al
2001). The animals were divided into two groups: (1) CO-
control and (i) DEN-diethylnitrosamine. The CO group re-
ceived the same amount of vehicle for 7 weeks. The DEN
group received 50 mg'kg of DEN twice a week intraperitone-
ally for 7 weeks.

After fasting for 12 h, the animals were anesthetized with
ketamine hydrochloride (Ketalar® 100 mg/kg) and xylazine
(50mg/kg) and subjected to blood collection for measurement
of biochemical analysis. Liver samples were removed for

histological and biochemical analysis. The animals were
killed at the end of the experiment by exsanguination under
deep anesthesia, as described in the American Veterinary
Medical Association (AVMA) Guidelines on Euthanasia
(AVMA 2007).

Histology

For histological examination, a sample of the liver was
trimmed and fixed by immersion in 10 % buffered formalin
for 24 h. The blocks were dehydrated in a graded series of
ethanol and embedded in paraffin wax. Serial 3-um sections
were stained with hematoxylin/eosin and picrosirius.

Biochemical analysis, LPO and SOD activity

Serum levels of alanine aminotransferase {ALT) (U/L) and
aspartate aminotransferase (AST) (U/L) were determined by
kinetic UV test. Gamma-glutamyl transferase (gamma-GT)
(U/L) and alkaline phosphatase (AP) (U/L) were guantified
by colorimetric kinetic test. They were measured using routine
laboratory methods of the Hospital de Clinicas de Porto
Alegre by enzymatic method (automated—Siemens Advia
1800 Chemistry system).
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The livers were excised, weighed, and immediately frozen
at =70 °C. Frozen tissue from each rat was homogenized in
ice-cold phosphate buffer (KC1 140 mM, phosphate 20 mM,
pH 7.4) and centrifiged at 3000 rpm for 10 min. Protein
concentration in the liver homogenates was determined using
a bovine albumin solution as described by Bradford (1976).
Oxidative stress was determined by measuring the concentra-
tion of thiobarbituric acid reactive substances (TBARS
nmol/'mg protein) (Buege and Aust 1978). The amount of
aldehydic products generated by lipid peroxidation was quan-
tified by the thiobarbituric acid reaction using 3 mg of protein
per sample. Results were expressed as TBARS. The samples
were incubated at 90 °C for 30 min after adding 500 uL of
0.37 % thiobarbituric acid in 15 % trichloroacetic acid. Next,
they were centrifuged at 4 °C at 2000 g for 15 min.
Spectrophotometric absorbance was determined in the super-
natant at 535 nm. Spectrophotometric absorbance was deter-
mined in the supernatant as 535 nm. Cytosolic SOD (EC
1.15.1.1) was assayed as described by Misra and Fridovich
(1972).

Western blot

Western blot analysis were performed on cvtosolic extracts
prepared by liver tissue homogenization in 140 mM NaCl,
15 mM EDTA, 10 % glycerol, 20 mM, and a protease inhib-
itor cocktail (Laemmli 1970). The mixture was incubated on
ice for 30 min and centrifuged for 30 min at 12,000 gand 4 °C.
The supernatant fraction was recollected and stored at —80 °C
in aliquots until use. Protein concentration was measured by

the Bradford assay. Samples containing 50-100 pg of protein
were separated by sodium dodecylsulfate-polyacrylamide gel
electrophoresis (9-12 % acrylamide) and transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes
were then blocked with 5 % nonfat dry milk in trs saline
buffer containing 0.05 % Tween 20 (TTBS) for 1 h at room
temperature and probed overnight at 4 °C with polyclonal
anti-TGF-15 (SC31609/25 kDa), anti-NQO!1 (SC376023/
31 kDa), and anti-iNOS (SC7271/131 kDa) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) antibodies at 1:200-
1:1000 dilution with TTBS in 5 % nonfat dry milk; anti o-
SMA (A2547/42 kDa), anti-HSP70 (H5147/70 kDa), and
anti-HSF-1 (H4163/75 kDa) (Sigma Aldrch, St Louis, MO,
USA) antibody at 1:5000 dilution with TTBS in 5 % nonfat
dry milk; anti-B-actin polyclonal antibody (AS060/42 kDa)
(Sigma Aldrch, St Louis, MO, USA) at 1:2000 dilution with
TTBS in 5 % nonfat dry milk. After washing with TTBS, the
membranes were incubated for 1 h at room temperature with
secondary HRP-conjugated antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA, 1:4000). Protein de-
tection was performed via chemiluminescence using a com-
mercial ECL kit (Amersham Pharmacia Biotech, Little
Chalfont, Great Britan). The density of the specific bands

was quantified with an imaging densitometer L-Pix Chemi
Molecular Imaging (Tufién et al. 2013).

Statistical analysis

Means and standard deviation (SD) were calculated for all
data. Significant differences between means were evaluated
by Student’s 7 test. Significance level was set at p<0.03.

Results

The weight of the animals varied significantly between the
two groups. The rats that received 50 mg/kg of DEN twice a
week showed a slower growth rate than controls. As shown in
Fig. 1, the DEN group started to lose weight in the 7th week.

Histology

The histological examination of the DEN group with
7 weeks showed changes in liver architecture, with severe
ductal proliferation. We found signs of chronic damage
such as cholestasis, lymphocytic infiltrate, hepatocytes
with extremely atypical enlarged nuclei, steatosis, and
extensive parenchymal loss. We also detected nodular
formations with well-defined nodules. These formations
were similar to micronodular cirrhosis with septal fibrosis,
showing possible homogeneous pattern of nodules of
collagen deposition (Fig. 2).

Transaminase activities

Liver integrity included determination of serum
aminotransaminase enzymes (aspartate and alanine amino-
transferase), gamma-glutamyl transferase (gamma-GT), and
alkaline phosphatase (AP). Aminotransaminase enzymes
were significantly different in the DEN group, signaling that
there is injury to hepatocytes caused by necrosis or changes in
the permeability of the cell membrane (Table 1). The AST/
ALT ratio was greater than 1, indicating evolutionary frame-
work for cirhosis. The elevation of AP and gamma-GT were
concomitant in DEN group. Gamma-GT and alkaline phos-
phatase activities were significantly differ between the two
groups, p=<0.05 (Table 1). We emphasize that the values of
gamma-GT in rats are very low under normal conditions,
however in animals using DEN these values are significantly
elevated, p<0.05.

Marker of LPO and SOD activity

The cytosolic concentration of TBARS increased in the ani-
mals treated with DEN during 7 weeks (DEN group) (p<0.05)

ﬂ Springer
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0 7 . Table 1 Effects of DEN for 7 wecks on the serum levels of AST, ALT,
370 - - AP, and gamma-G T activities

-
350 1 P u Control DEN P

S 330 - .

£ 310 | AST (U/L) 116.75425.7 124144833 *

f 200 =+ +Control  A1T(UL) 49,049 52 428104218 *
10 —DEN AP (UL) 124254388 188.6+573 *

GGT (/L) 075409 872444 *
250 -
230 Values are expressed as means+SD for 6 to 8 ras

[T -
Weeks

Fig. 1 Weight variation of the control and DEN groups per week.
p=0.05 compared DEN gmoup with control group

" 6 7™

(Fig. 3). The LPO measurement by TBARS demonstrated a
significant increase in DEN rats (+41 %) (means:
0.17 nmoles/mg prot SD+0.04) vs. CO rats (means:
0.12 nmoles/mg prot SD+0.02). While SOD activity de-
creases significantly in the animals of group DEN (means:
182 U SOD/mg prot SD£0.6) vs. CO rats (means: 23.49 U
S0D/mg prot SD+2) (Fig. 3).

Fig. 2 Effect of DEN during

7 weeks on collagen deposition in
the liver. The signs of chronic
damage were: cholestasis,
steatosis, and parenchymal loss.
The nodular formations were
similar to micronodular cirrhosis.
a Liver macroscopy of control
(CO) rats (left) and DEN
intoxication (#ight). b Liver
histologic sections using
hematoxylin and eosin staining
with 10x amplification of CO rats
(leff) and DEN intoxication
(right). ¢ Liver histologic sections
using picrosirius staining with
10x amplification of CO rats
(feff), DEN intoxication (right)

AST aspartate aminotransferase, ALT alanine aminotransferase, 4P alka-
line phosphatase, GGT gamma-GT
*P <005 compared with control group

Protein expression—NQO1, TGF-B1, a-SMA, INOS,
HSF-1, and HSP70

The proteins NQOI1, iNOS, HSP70, and HSF-1 were quanti-
fied by measurement of protein expression—Westem Blot
(Fig. 4). The animals of the DEN group showed higher induc-
tion of NQO1 protein compared to control rats (+54 %). DEN
animals showed overexpression of iNOS protein. The expres-
sion of HSF-1 was reduced in cirrhotic group. Similar

DEN
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Fig. 3 Effects of DEN a
adminisration on liver TRARS 0.25
concentration (a) and the
antioxidant enzyme SOD activity £ 02
(b). Values are expressed as "E
means£SD for & to 10 rats. *P o 015
<10.05 compared with control E
ou =
P g o1
c
0.05
ﬂ -

Control

behavior, cHSP70 and iHSPT0, were decreased in the animals
of the DEN group (=21 % and —40 %, respectively).

To evaluate the effects ofexperimental cirrhosis induced by
the DEN treatment on fibrosis production, the expression of
TGF-B1 and x-SMA (Fig. 5) were quantified. DEN coursed
with a significant induction of TGF-f1 protein (+70 %); o-
SMA expression strongly increased in cirhotic animals.

Discussion

Liver diseases are one of the biggest health problems in
the world. In this context, cirrhosis is the major cause of
chronic inflammatory liver diseases, resulting in the de-
struction of liver parenchyma and its replacement by
fibrosis (Gressner et al. 2007). Liver cirrhosis includes
anatomical changes in liver function due to death of
hepatocytes, which is characterized by the formation of
fibrotic nodules. These structural changes are the response
of liver tissue to numerous inflammatory, viral, toxic, and
metabolic attacks or liver failure.

Our results suggest that the adaptation proposed by this
study using DEN 50 mgkg twice a week (Haratake et al.
1991 ) associated with the use of phenobarbital in the drinking
water of the animals at a concentration of 0.3 g/L, 7 days
before the first application and thereafter, throughout the
experiment contributed to the time required for the develop-
ment of cirthosis (Li et al. 2012; Cremonese et al. 2001). The
use of enzyme inducers, with hepatotoxicity causing
chemical-driven liver damage, is mentioned in several studies
to enhance the onset of the illness. Phenobarbital associated
with DEN accelerates the development of liver cirrhosis, thus
increasing the expression of cytochrome P430, which acts by
increasing metabolism of DEN resulting in a significant in-
crease in the formation of free radicals inducing oxidative
stress (Imaocka et al. 2004). With this design, cirrhosis is
already established in the Tth week, suggesting that the ther-
apeutic window occurs in the 4th and 5th weeks. Regarding
survival after 8 weeks, the percentage of deaths rises by 50 %:;
and at 10 weeks, about 80 % of the animals will die.

=3

30
25 T
20

15

USOD/mg protein

Contral DEMN

DEN

The DEN for 7 weeks used in our study is an animal model
characterized by hepatic cirthosis, with changes in liver archi-
tecture and severe ductal proliferation. We found signs of
chronic damage, cholestasis, lymphocytic infiltrate, steatosis,
and extensive parenchymal loss. Nodular formations were
also present, showing well-defined nodules similar to
micronodular cirthosis with septal fibrosis. There was a pos-
sible homogeneous pattern of nodular collagen deposition.

In addition to the similar histological appearance, the ab-
normal liver integrity were consistent with cirrthosis. After
7 weeks, the increased levels of the two aminotransferases
(ASTand ALT)andmecanali(.:}_J‘ljaren?;mes(AP and gamma-

LR D BN 0§ LANEE LEE LelREEL m 1 owane Fliieay 2 u uene S

J31kDa

131 kDa

|

cHSPT0 ’-.-,g = = | 73kDa

iHSPTO 72kDa

B-actin [ e epapaDEDed ;. (D:

=3

= Control
mDEN

| [ 1
*

. _,_i-_ - _._ﬁ-_.

NQO1 iNOS ¢HSP 70 HSPTO HSF-1
Fig. 4 Westem blot (WB) analysis. a Cytoplasmic fractions were ana-
Iyzed by WB with NAINP)H quinone oxidoreductase 1 (NQO1), induc-
ible nitric oxide synthase (INOS), heat-shock protein, cognate (cHSP70),
and induced (iHSP70), heat-shock factor 1 (HSF-1) and B-actin antibod-

ies. b Arbitrary values expressed as mean and standard deviation.
*P=0.05 compared with control group
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Fig. 5 Westem blot (WB) analysis. a Cytoplasmic fractions were ana-
Iyzed by WB with alpha-smooth muscle actin (oc-SMA), hepatic tumor
growth factor-beta 1 (TGF-f1), and P-actin antibodies. b Arbitrary
values expressed as mean and standard deviation. *P<0.05 compared
with control group
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GT) exceeded five times the upper limit of normality (ULN),
suggesting cirhosis, primary biliary cirrhosis, or cholangitis
(Sturgill and Lambert 1997).

The first bioactivation step of DEN is P450-mediated o-
hydroxylation, producing e-hydroxyl nitrosamine. DEN is
mainly hydroxylated by the ethanol-inducible CYP2E] in the
liver (Swenberg et al. 1991; Verna et al. 1996). DEN is
hydrolyzed in nitrosamine generating an electrophilic radical.
The ethyl radical results in oxidant injury, (Malik et al. 2013)
increasing the generation of ROS. Oxidative stress may play
an important role in the pathogenesis of cirrhosis and the
development of septal fibrosis (Liu and Gaston Pravia
2010). It has been defined as an imbalance between pro- and
antioxidants, and ROS-induced LPO can occur either in situ-
ations in which scavenging systems are overwhelmed (exces-
sive production of ROS) or when the antioxidant systems are
impaired (Michiels et al. 1994). We determined the LPO level
of the liver. The cytosolic concentration of TBARS increased
in the animals with cirthosis (DEN group) (#41.6 %) com-
pared to controls. We observed reduction in antioxidant de-
fenses. SOD activity was lower in the animals receiving DEN.
The lack of antioxidant enzyme favors the maintenance of
oxidative stress by accumulation of reactive oxygen species
(ROS). Many studies have demonstrated that LPO may be
triggered by the superoxide burst; and, as a consequence,
causes the appearance of toxic products such as reactive
aldehydes (Bona et al. 2012; Teufelhofer et al. 20035).

In the present investigation, the expression of nicotinamide
adenine dinucleotide phosphate-oxidase NAD(P)H quinone ox-
idoreductase 1 (NQOI ) was significantly increased in the DEN
group. This protein contributes to the dismutation of superoxide
commonly generated during cirthosis (Siegel et al. 2004). We
observed that animals with experimental cirthosis with higher
LPO expressed more NQO1 compared to controls, which coin-
cides with the higher levels of metabolic products of LPO in this
model. Several studies have demonstrated increased production
of ROS in different cirrhotic models (Bona et al. 2012;
Cremonese et al. 2001; Jiménez et al. 1992; Tieppo et al
2009). Venugopal and Jaiswal { 1996) suggested that the increase
in the expression of NQO1 occurs in response to the generation
of ROS caused by inflammation or use of xenobiotic substances.

The transduction of intracellular signals stimulated by
TGF-B results in stimulation of alpha-smooth muscle actin
(c-SMA) and collagen. o-SMA is the marker most commonly
used in experimental and clinical studies related chronic liver
disease, being accepted as an indicator of activation of hepatic
stellate cells (HSCs) (Gressner et al. 2002, 2007). We evalu-
ated the expression of TGF-31 and «-SMA, which were
increased in all rats exposed to DEN for 7 weeks and mani-
fested as micronodular cirrhosis with septal fibrosis.
Gonzalez-Ramos et al. (2013) observed that the TGF-{ 1
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upregulation increases the expression of the ECM proteins
(type 1 collagen and fibronectin). Activation of HSCs plays a
central role in liver fibrosis and o-SMA is an established
indicator of HSC activation (Bataller and Brenner 2005;
Brenner et al. 2013; Altrock et al. 2014). We found a signif-
icant increase in expression of the TGF-A1 and x-SMA
protein in cirrhotic animals. In summary, our proposed result-
ed in collagen accumulation and impaired liver function.

Unresolved inflammation can stimulate a fibrotic/cirrhotic
response characterized by an imeversible decline in liver func-
tions (Brenner et al. 2013). There is increasing evidence that
changes in redox homeostasis may play a significant role in
the pathogenesis of many diseases charactenized by chronic
inflammation, activation of the healing process, and
fibrogenesis of the liver tissue. Corpechot et al. {2002) inves-
tigated in vivo the relationships between hypoxia, angiogen-
esis, vascular endothelial growth factor (VEGF), VEGF re-
ceptors, and the collagen expression in DEN-induced liver
fibrosis. They observed a pathologic vicious circle in the
development of cirrhosis. Their results showed that
fibrogenesis, angiogenesis, and hepatic hypoxia are associated
in the repair process. INOS is upregulated in response to
stress, catalyzing intense quantities of NO. Our result demon-
strated a marked increase in INOS expression in cirrhotic
animals, typical feature of the inflaimmation process. We be-
lieve it will be necessary studies of gene expression of genes
involved with cirrhosis; among them, we highlight o-SMA,
CTGF and TFG-3 genes, well as nuclear factor kB, and its
subunits which are markers of inflammation.
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In addition to the presence of increased TGF-p1, o-SMA,
and iNOS expression, our investigation demonstrated a sig-
nificantly reduced cytoplasmic HSP70 expression in the liver
with experimental cirrhosis induced by DEN. iHSP70 has
strong cytoprotective effects and functions as a molecular
chaperone in protein folding, transport, and degradation.
Moreover, the cytoprotective effect of iHSP70 is also related
to its ability to inhibit apoptosis (Gupta et al. 2010). DEN
inhibited iHSP70 expression because DEN is a potent xeno-
biotic substance that induces inflammation and cirthosis in
liver tissue. In response to diverse stimuli, including ROS,
many nuclear factors are activated and translocated into the
cell nucleus (Verma and Stevenson 1997). Results of this
study demonstrated that in rats with experimentally induced
cirrhosis results in downregulation of iIHSP70.

Increased levels of HSP are essential for cell adaptation to
stress. The inability to respond to stress or inhibition of
iHSP70 expression results in increased cellular vulnerability
understress conditions (Lindquist and Craig 1988; Rodrigues-
Krause et al. 2012). The cellular ability to respond to stress
appropriately is crtical to their survival. In chronic diseases,
cells lose their sensitivity to detect threats. This inability to
activate the stress-sensitive proteins, such as HSP, causes
dysfunctions in folding, transport, and protein degradation
(Hooper and Hooper 2005). Under pathological conditions,

the level of such misfolded proteins may exceed the protective
machinery of the cell to either maintain them in a soluble form
or degrade them, resulting in cell accumulation, dysfunction,
and death (Adachi et al. 2009; Krause and Rodr gues-Krause
20111). Oxidative stress may induce conformational changes
of proteins, and consequently, an overexpression of specific
molecular chaperones such as those of the HSP70 family
(Gomer et al. 1996; Jacquier-Sarlin et al. 1995). In our exper-
imental model, the level of HSP70 expression was modified in
the cirhotic livers of DEN-reated rats. We believe that the
reduction in expression of the HSP70 protein could aggravate
the cirrhosis. Mikamiet al (2004 ) investigated the inducibility
and cytoprotective effect of HSP72 on LPS induced liver
injury in cirrhotic rats by CCl;. They demonstrated that
cirrhotic rats showed less HSP70 expression. When
treatment stimulated the HSP70, cirrhotic animals improved
the clinical aspect. Watanabe et al. (2004) evidenced that in
cirrhotic rats by bile duct ligation, the expression of HSP72 in
gastric mucosa was inversely related to the elevation of portal
venous pressure with increasing severity of liver cirrhosis.

In this study, the iHSP70 and cHSP70 were
downexpressed. It is known that HSP transcription requires
the activation of the heat-shock factor (HSF 1), which involves
its nuclear translocation, phosphorylation, trimerization, and
binding to the heat-shock element (HSE) in the promoter
region of HSP genes (Morimoto et al. 1996; Sarge et al.
1993). Jacquier-Sarlin and Polla (1996) reported that H,0,
could inhibit HSF1 binding to DNA probably by oxidizing

critical cysteine residues within the DNA binding domain.
Oxidative aggression could also be responsible for an inacti-
vation of the transcription factor HSF1, which could explain
the lowering of the iHSP70 expression in stressed hepatic
tissue (Ncin et al. 2012). Under chronic stress conditions,
the generation of H,0, can affect the expression of cHSP70.
This allows the chaperone to be translocated from the cyto-
plasm to the nucleus. Conversely, reduction in HSP70 expres-
sion can increase ROS generation and mitochondrial protein
oxidation (Guo et al. 2007; Yan et al. 2002). Additional
studies will be necessary by PCR (polymerase chain reaction)
to confirm the exact mechanisms that relates the cirrhosis with
HSP70 expression.

In conclusion, DEN induced cirrhosis in 7 weeks. The
administration of DEN in rats developed cirmhosis quickly
and efficiently with collagen deposition, and the resulting
cirrhosis fairly homogeneous pattern and uniform among
animals in both histological, biochemical, and molecular eval-
uations. Cirthosis was developed under conditions of chronic
cellular stress. This condition caused instability in the stress
responsive system demonstrated by reduction in the expres-
sion of HSP70 protein, which results in increased generation
of ROS and overexpression of INOS, TGF-f1, and a-SMA
proteins, thus contributing to the development of hepatic
fibrosis.

Acknowledgments This study was supported by grants from the Bra-
zilian agencies Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPg), Coordenagio de Aperfeigoamento de Pessoal de
Nivel Superior (CAPES), Fundo de Incentivo & Pesquisa e Evemntos
(FIPE) of the Hospital de Clinicas of Porto Alegre (HCPA), Fundacio
de Amparo 4 Pesquisa do Estado do Rio Grande do Sul (FAPERGS),
Laboratério Experimental de Hepatologia e Gastroenterologia
(HCPAUFRGS), and Laboratorio de Estresse Oxidativo e Antioxidantes
(ULBRA).

Conflict of interest
conflicts of imterest.

The authors of this article declare that they have no

References

Adachi H, Katsuno M, Waza M, Minamiyama M, Tanaka F, Sobue G
{2009) Heat shock proteins in neurodegenerative diseases: patho-
genic roles and therapeutic implications. Int J Hyperthermia 25:647-
654

Aleksunes LM, Goedken M, Manautou JE (2006) Up-regulation of
NAD(P)H quinone oxidoreductase 1 during human liver injury.
World J Gastroenterol 12:1937-1940

Altrock E, Sens C, Wuerfel C, Vasel M, Kawelke N, Dooley S, Sottile J
et al (2014) Inhibition of fibronectin deposition improves experi-
mental liver fibrosis. I Hepatol

AVMA (2007) AVMA Guidelines on Euthanasia (Formerly Report of the
AVMA Panel on Euthanasia). pp 1-39

Bataller R, Brenmer DA (2005) Liver fibrosis. ] Clin Invest 15:209-218

Bona 5, Filippin LI, Di Maso FC, de David C, Valiatti B, Isoppo Schaun
M, Xavier RM, Marroni NP (2012) Effect of antioxidant treatment



197

5. Bona et al.

on fibrogenesis in rats with carbon tetrachloride-induced cirhosis.
ISRN Gastroenterol 2012:1-7

Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248-254

Brenner C, Galhizz L, Kepp O, Kroemer G (2013) Decoding cell death
sgnals in liver inflammation. J Hepatol 59:583-594

Buege JA, Aust 3D (1978) Microsomal lipid peroxidation. Methods
Enzymol $2:302-310

Cameron J, Kanunarete W (1936) Tetrachloride cirhosis in relation to
liver regeneration. J Pathol Bacteriol 42:1-21

Caorpechot C, Barbu V, Wendum D, Chignard N, Housset C, Poupon R,
Rosmorduc O (2002) Hepatocyte growth factor and c-Met inhibition
by hepatic cell hypoxia: a potential mechanism for liver regeneration
failure in experimental cirrhosis. Am J Pathol 160:613-620

Cremonese RV, Pereira-Filho AA, Magalhies R, de Mattos AA, Marroni
CA, Zettler CG, Marroni NP (2001) Experimental cimrhosis induced
by carbon tetrachloride inhalation: adaptation of the technique and
evaluation of lipid peroxidation. Arq Gastroenterol 38:40-47

Friedman SL (2008) Mechanisms of hepatic fibrogenesis.
Gastroenterology 134:1655-1669

Gomer CJ, Ryter SW, Ferrario A, Rucker N, Wong S, Fisher AM (1996)
Photodynamic therapy-mediated oxidative stress can induce ex pres-
sion of heat shock proteins. Cancer Res 56:2355-2360

Gonzilez-Ramos M, Calleros L, Lopez-Ongil S, Raoch V. Griera M,
Rodriguez-Puyol M, de Frutes S, Rodriguez-Puyol D (2013) HSP70
increases extracel ular matrix production by human vascular smooth
muscle through TGF-B1 up-regulation. Int J Biochem Cell Biol 45:
232-242

Gressner AM, Weiskirchen R, Breitkopf K, Dooley S (2002) Roles of
TGF-beta in hepatic fibrosis. Front Biosci 7:d 793-d807

Gressner OA, Weiskirchen R, Gressner AM (2007) Biomarkers of liver
fibross: clinical translation of molecular pathogenesis or based on
liver-dependent malfimction tests. Clin Chim Acta 381:107-113

Guo S, Wharton W, Moseley P, Shi H (2007) Heat shock protein 70
regulates cellular redox status by modulating glutathione-related
enzyme actavities. Cell Stress Chaperones 12:245-254

Gupta S, Deepti A, Deegan S, Lisbona F, Hetz C, Samali A (2010)
HSP72 protects cells from ER stress-induced apoptosis via enhance-
ment of [RE1alpha-XBP1 signaling through a physical interaction.
FLoS Biol 8:1-15

Haratake J, Hisacka M, Yamamoto O, Horie A (1991) Momhological
changes of hepatic microcirculation in experimental rat cirthosis: a
scanning electron microscopic study. Hepatology 13:952-956

Hooper PL, Hooper JJ (2005) Loss of defense against stress: diabetes and
heat shock proteins. Diabetes Technol Ther 7:204-208

Imaoka S, Osada M, Minamiyama Y, Yukimura T, Toyoluni 8, Takenura
S Hiroi T. Funae Y (2004) Role of phenobarbital-inducible cyto-
chrome P450s as a source of active oxygen species in DNA-oxida-
tion. Cancer Lett 203:117-125

Jacquier-Sarlin MR, Polla BS (1996) Dual regulation of heat-shock
transcription factor (HSF) activation and DNA-binding activity by
H202: role of thioredoxin. Biochem J 318(Pt 1):187-193

Jacquier-Sarlin MR, Jomot L, Polla BS (1995) Differential expression
and regulation ofhsp70 and hsp90 by phorbol esters and heat shock.
I Biol Chem 270:14004- 14099

Jiménez W, Claria J, Amoyo V, Rodés J (1992) Carbon tetrachloride
induced cirrhosis in rats: a useful tool for investigating the patho-
genesis of ascites in chronic liver disease. J Gastroenterol Hepatol 7
90-97

Krause M, Rodrigues-Krause JC (2011) Extracellular heat shock proteins
(eHSPT0) in exercise: possible targets outside the immune system
and their role for neurodegenerative disorders treatment. Med
Hypotheses 76:286-290

Laemmli UK (1970) Cleavage of stuctural proteins during the assembly
of the head of bacteriophage T4. Nature 227:680-685

Li Z, Chen X, Meng J, Deng L, Ma H, Csete M, Xiong L (2012) Ed50
and recovery times after propofol in rats with graded cimhosis.
Anesth Analg 114:117-121

Lindguist 8, Craig EA (1988) The heatshock proteins. Annu Rev Genet
22:631-677

Liu RM, Gaston Pravia KA (2010) Oxidative stress and ghitathione
in TGF-beta-mediated fibrogenesis. Free Radic Biol Med 48:1-
15

Malik S, Bhamagar S, Chaudhary N, Katare DP, Jain SK (2013)
DEN+2-AAF-induced multistep hepatotumorgenesis in Wistar
rats: supportive evidence and insights. Protoplasma 250:175-
183

Michiels C, Raes M, Toussaint O, Remacle J (1994) Importance of
Se-glutathione peroxidase, catalase, and CwZn-S0D for cell
survival against oxidative stress. Free Radic Biol Med 17:235-
248

Mikami K, Otaka M, Goto T, Mium K, Ohshima 5, Yoneyama K et al
(2004) Induction of a 72-kda heat shock protein and protection
against lipopolysaccharide-induced liver injury in cirhotic rats. J
Gastroenterol Hepatol 19:884-890

Misra HP, Fridovich I (1972) The role of superoxide anion in the autox-
idation of epinephrine and a simple assay for superoxide dismutase.
I Biol Chem 247:3170-3175

Morimoto RI, Kroeger PE, Cotto 11 (1996) The transcriptional regulation
of heat shock genes: a plethora of heat shock factors and regulatory
conditions. EXS 77:139-163

Nein R, Allagui MS, Bourogaa E, Sacudi M, Murat JC, Croute F, Elfeki
A (2012) Lipid peroxidation, antioxidant activities and stress protein
(HSPT2/73, GRPM) expression in kidney and liver of rats under
lithium treaiment. J Physiol Biochem 68:11-18

Rodngues-Krause J, Krause M, O'Hagan C, De Vito G, Boreham C,
Murphy C, Newsholme P, Colleran G (2012) Divergence of intrma-
cellular and extracellular HSP72 in type 2 diabetes: does fat matter?
Cell Stress Chaperones 17:293-302

Ross D (2004) Quinone reductases multitasking in the metabolic warld.
Drug Metab Rev 36:639-654

Sarge KD, Murphy SP, Morimoto RI (1993) Activation of heat
shock gene transcription by heat shock factor 1 involves olig-
omerization, acquisition of DNA-binding activity, and nuclear
localization and can occur in the absence of stress. Mol Cell
Biol 13:1392-1407

Siegel D, Bolton EM, Burr JA, Licbler DC, Ross D ( 1997) The reduction
of alpha-tocopherolquinone by human NADY(P)H: quinone oxidore-
ductase: the role of alpha-tocopherolhydroquinone as a cellular
antioxidant. Mol Pharmacol 52:300-305

Siegel D, Gustafson DL, Dehn DL, Han IY, Boonchoong P, Bediner LI,
Ross D (2004) NAD(P)H:quinone oxidoreductase 1: role as a su-
peroxide scavenger. Mol Phammacol 65:1238-1247

Sturgill MG, Lambert GH (1997) Xenobiotic-induced hepatotoxicity:
mechanisms of liver injury and methods of monitoring hepatic
function. Clin Chem 43:1512-1526

Swenberg JA, Hoel DG, Magee PN (1991) Mechanistic and statistical
insight into the large carcinogenesis bioassays on N-
nirosodiethylamine and N-nitrosodimethylamine. Cancer Res 51:
6409-6414

Teufelhofer O, Parzefall W, Kainzbauer E, Ferk F, Freiler C, Knasmiiller
S, Elbling L, Thurman R, Schulte-Hermann R (2005) Superoxide
generation from Kupffer cells contributes to hepatocarcinogenesis:
smdies on N ADPH oxidase knockoutmice. Carcinogenesis 26:319-
29

Tieppo I, Cuevas MJ, Vercelino R, Tufion MJ, Marroni NP, Gonzilez-
Gallego J (2009) Quercetin administration ameliorates pulmonary
complications of cirrhosis in rats. J Nuir 139:1339-1346

Tundn MJ, San-Miguel B, Crespo [, Laliena A, Vallgjo D, Alvarez
M et al (2013) Melatonin treatment reduces endoplasmic retic-
ulum stress and modulates the unfolded protein response in



Diethy Initrosamine-induced cirrhosis in Wistar rats

198

833

rabbits with lethal fulminant hepatitis of viral ongm. J Pineal
Res 55:221-228

Vemugopal R, Jaiswal AK (1996) Nrfl and Nrf2 positively and c-Fos and
Fral negatively regulate the human antioxidant response element-
mediated expression of NAD(P)H:quinone oxidoreductasel gene.
Proc Natl Acad Sci U 8 A 93:14960- 149635

Verma IM, Stevenson J (1997) IkappaB kinase: beginning, not the end.
Proc Natl Acad Sci U 3 A 94:11758-11760

Vemna L, Whysner J, Williams GM {1996) N-nitrosodiethylamine mech-
anistic data and risk assessment: bioactivation, DMNA-adduct forma-
tion, mutagenicity, and tumor initiation. Pharmacol Ther 71:57-81

Wasser 3, Lim GY, Ong CN, Tan CE (2001) Ant-oxidant ebselen causes
the resolution of expenmentally induced hepatic fibrosis i rats. J
(Gastroenterol Hepatol 16:1244-1253

Watanabe D, Otaka M, Mikami K. Yonevama K, Goto T, Mura K et al
{2004) Expression of a 72-kda heat shock protein, and its
cywprotective function, in gastric mucosa in cirrhotic rats. J
(Grastroenterol 39:724-733

Yan LJ, Christians ES, Liu L, Xiao X, Schal RS, Benjamin 1T (2002)
Mouse heat shock transcription factor 1 deficiency alters cardiac
redox homeostasis and increases mitochondrial oxidative damage.
EMBO J 21:5164-5172



