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RESUMO

A fibrose hepatica é a resposta cicatricial do figado a lesdes repetidas. Este processo
inicia com o dano das células parenquimatosas e consecutiva inflamacao,
caracterizado pelo rompimento da arquitetura hepatica associada ao aumento da
expressao dos componentes da matriz extracelular. O desenvolvimento da fibrose
hepatica é baseado na ativagdo das células hepaticas estreladas (HSC) que sofrem
mudancas fenotipicas e se caracterizam pela perda do depdsito de vitamina A e
aumento da proliferacdo celular, desencadeando disfun¢do microcirculatéria
hepatica e fibrogénese nos pacientes com doenca hepatica cronica (CLD). A
liraglutida é um analago do GLP-1 (glucagon-like peptide 1) bem estabelecido como
farmaco antidiabético, mas que também possui propriedades antinflamatérias, além
da efetividade para NAFLD (doenga hepdtica gordurosa ndo alcodlica). Por essa
razdo, o objetivo deste estudo foi avaliar os efeitos da liraglutida sobre o fenétipo das
HSC e a funcao microvascular hepatica utilizando diversos modelos pré-clinicos de
CLD. Os resultados obtidos demonstram que a liraglutida desativou o fenétipo das
HSC humanas e de ratos através de um mecanismo independente do receptor GLP1.
A liraglutida ndo afetou a viabilidade das HSC mas diminuiu a proliferacao celular.
Os ratos com CLD que receberam liraglutida apresentaram pressao portal
significativamente menor (-20%) com consequente reducao da resisténcia vascular
intra-hepatica. Houve também uma acentuada melhoria na fun¢ao vascular hepatica,
fibrose, fendtipo das HSC e fendtipo endotelial sinusoidal. Os efeitos anti-fibréticos
da liraglutida também foram confirmados em tecido hepatico humano. Como
conclusdo, este estudo demonstra pela primeira vez que a liraglutida melhora o
endotelio sinusoidal hepatico em modelos experimentais clinicamente relevantes de
cirrose, o que leva a melhora no quadro fibrético e na hipertensao portal e, portanto,
pode ser valido no tratamento da doenga hepatica cronica avangada.

Palavras-chave: cirrose, hipertensao portal, HSC, LSEC, GLP-1R, Liraglutida.



ABSTRACT

Liver fibrosis is the wound healing response to repeated injury of the liver. This
process begins with the damage of the parenchymal cells and subsequent
inflammation, characterized by the rupture of the hepatic architecture associated to
the increase of the expression of the components of the extracellular matrix. The
development of hepatic fibrosis is based on the activation of hepatic stellate cells
(HSC) that undergo phenotypic changes and are characterized by loss of vitamin A
deposition and increased cell proliferation, triggering hepatic microcirculatory
dysfunction and fibrogenesis in patients with chronic liver disease (CLD). Liraglutide
is a GLP-1 agonist (glucagon-like peptide 1) well established as an antidiabetic drug,
but also has anti-inflammatory properties, in addition to the effectiveness for NAFLD
(non-alcoholic fatty liver disease). Therefore, the aim of this study was to evaluate
the effects of liraglutide on the HSC phenotype and liver microvascular function
using diverse pre-clinical models of CLD. The results obtained demonstrate that
Liraglutide de-activated human and rat HSC phenotype through a GLP1-
Rindependent mechanism. Liraglutide did not affect the HSC viability but decreased
cell proliferation. CLD-rats receiving liraglutide exhibited significantly lower portal
pressure (-20%) with a consequent reduction in intrahepatic vascular resistance.
There was also a marked improvements in hepatic vascular function, fibrosis, HSC
phenotype and sinusoidal endothelial phenotype. The anti-fibrotic effects of
liraglutide were confirmed in human liver tissue. In conclusion, this study
demonstrates for the first time that liraglutide improves hepatic sinusoidal
endothelium in clinically relevant experimental models of cirrhosis, which leads to
improvement in fibrosis and portal hypertension, and therefore is valid in the
treatment of advanced chronic liver disease.

Keywords: cirrhosis, portal hypertension, HSC, LSEC, GLP-1R, Liraglutide.
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1. Introducao

1.1 Doenca hepatica cronica

A fibrose hepatica é uma resposta cicatricial que ocorre em quase todos os
pacientes com lesdo cronica do figado (1, 2). Este processo inicia com o dano das
células parenquimatosas e consecutiva inflamacdo (3) e é caracterizado pela
producao e deposicdo excessiva de matriz extracelular (MEC), principalmente
colageno tipo I (4).

Na maioria dos casos, a fibrose hepatica acumula-se durante décadas,
proveniente de uma lesdo croénica (5), que é geralmente decorrente de infec¢do por
virus da hepatite C (HCV) ou hepatite B (HBV), abuso de alcool, obesidade e esteato-
hepatite ndo alcodlica (4, 6). O prolongamento natural dessa resposta, em contraste
com a progressao mais rapida da fibrose nos rins ou pulmdes, é creditado a
capacidade excepcional do figado de regeneracdo, pois se sabe que deve haver uma
reducdo de 80 a 90% da capacidade funcional do figado para que ocorra faléncia
hepatica, tamanha a reserva funcional desse 6rgao (2, 7).

A cirrose hepatica é considerada um estagio avancado de fibrose, constituindo-
se em um dos maiores problemas de saide mundial (2) e compreende todas as
complicacdes da doenca hepatica no estagio final, que inclui hipertensao portal,
ascite, encefalopatia e alteragcdes no metabolismo, principalmente de lipideos e da
glicose (8). O maior determinante da cirrose hepatica é a dificuldade em degradar a
matriz fibroética, o que provoca destrui¢do da arquitetura do figado, interrupg¢ao das

fungdes hepaticas, acarretando em disfuncao (2, 9-11).

1.2 Células hepaticas estreladas

As células hepaticas estreladas (HSC, do inglés, Hepatic Stellate Cells) sdo
também chamadas de lipdcitos, células armazenadoras de gordura, células
armazenadoras de vitamina A, células intersticiais ou células de Ito (11, 12). Foram
descobertas por Kupffer em 1876 e caracterizadas quase um século depois por Ito e

Nemoto como células armazenadoras de gordura (13).
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Estas células estdo localizadas no espaco perissinusoidal de Disse.
Classicamente este espaco define-se como uma zona limitada pelos hepatocitos e
pela parede sinusoidal formada pelas células endoteliais sinusoidais (2, 12, 13). O
espaco perisinusoidal de Disse contém fibras nervosas e componentes da MEC como
fibras de colageno dos tipos I e IIl e componentes da membrana basal (14).

As HSC constituem 5-8% do nimero total de células hepaticas considerando as
parenquimatosas (hepatocitos), endoteliais (sinusoidais e vasculares), células de
Kupffer (macréfagos hepaticos) e as células epiteliais da via biliar. As HSC
manifestam dois fendtipos distintos: miofibroblastico (quando estdo ativadas) e
lipocitico (quando estdo quiescentes), como demonstrado na figura 1. Quando
expressam o fendtipo miofibroblastico estdo essencialmente envolvidas com a
producdao da matriz extracelular (MEC) e controle da homeostasia do tecido
conectivo hepatico. O aumento do nimero e ativacdo dos miofibroblastos hepaticos

esta associado com fibrose e cirrose (14).

P - , RN Loss of hepatocyte

— I illi
—— \‘TEFOVIHI

Deposition

sinusoid of scar ECM Activated
Kupffer cell

Figura 1 - Papel das células residentes do figado na lesdo hepatica. As mudan¢as no espago
perisinusoidal de Disse durante o desenvolvimento da fibrose em resposta a alguma lesdo no figado
incluem alteragdes tanto no comportamento celular quanto na composi¢do da MEC. A ativacao das
HSC leva a sintese de colageno e consequentemente a deposi¢ao de matriz fibrética precedendo a
faléncia hepatica. A ativacdo das células de Kupffer tem a¢do paracrina sobre as HSC (10).

13



Expressando o fendtipo lipocitico, seu citoplasma se caracteriza por conter
goticulas de gordura onde esta a vitamina A (retinol) (2, 11, 12). Mais de 90% da
vitamina A hepatica (aproximadamente 80% do total do organismo) é captada,
armazenada e metabolizada nas HSC, que podem ser identificadas pela
autofluorescéncia desta vitamina (2, 13).

Em condi¢des normais as HSC cumprem varias fungdes no figado, entre elas as
mais importantes sdao: armazenamento da vitamina A, controle da comunicacao
intercelular através da liberacdo de mediadores e remodelamento da MEC (13).

Além disso, alguns estudos relatam que as HSC tém um papel crucial no sistema
imune hepatico. Elas expressam receptores para os lipopolissacarideos bacterianos
(Toll-like receptor 4 — TLR4), moléculas co-estimulatérias e citocinas necessarias
para a modulagdo da resposta imune além de atuarem como células apresentadoras
de antigenos (APCs) (13).

O desenvolvimento de fibrose hepatica é baseado na ativacdo das HSC que
sofrem mudancas fenotipicas caracteristicas. Essa ativagdo é um processo patoldgico
que se caracteriza pela perda das goticulas de gordura onde a vitamina A é
armazenada, pelo aumento do nimero e tamanho celulares e pela diferenciacao das
HSC em células proliferativas, fibrogénicas, contrateis, muito similares aos
miofibroblastos (2, 11).

A ativacao das HSC consiste em duas subfases: iniciacdo e perpetuacao,
seguidas pela fase final chamada resolucado, conforme pode ser observado na figura
2. A primeira fase estd associada ao estimulo paracrino de células inflamatérias e
hepatdcitos lesados. As células de Kupffer podem estimular a proliferacdo, sintese
de matriz, e perda dos retinoides pelas HSCs através da agao de citocinas como fator
de transformacao do crescimento 3 (TGF-[3) e fator de necrose tumoral a (TNF-a)
(15). A perpetuacdo resulta dos efeitos desses estimulos que mantém o fendtipo
ativado principalmente através do aumento da expressao de fatores de crescimento.
Essa fase de ativacdo envolve no minimo sete mudangas no comportamento celular:
proliferacdo, quimiotaxia, fibrogénese, contratilidade, degradacdo da matriz, perda
de lipidios e liberagdo de citocinas. Durante essa fase ha liberagdo de estimulos pro-

inflamatérios, pré-fibrogénicos e pré-mitogénicos que agem de forma autécrina e
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paracrina, além do remodelamento acelerado da MEC (16). O marcador mais
confiavel dessa ativacdo é a-SMA (alpha smooth muscle actin), porque esta ausente
na forma lipocitica destas células e em outras células residentes no figado. A proteina
a-SMA é uma das seis isoformas de actina expressas em tecidos de mamiferos. A sua
presenca é tipica de células de musculo liso vascular e miofibroblastos (17). Na
resolucdo, as HSC podem sofrer apoptose, senescéncia ou podem também voltar a

exibir um fenétipo quiescente, o que seria benéfico para o tecido hepatico (13).

Intitiation Perpetuation

N 2
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Figura 2 - Vias de ativacdo das HSC. As caracteristicas da ativacdo de células estreladas podem ser
distinguidas entre aquelas que estimulam a iniciacdo e aquelas que contribuem para a perpetuacao.
A iniciacdo é provocada por estimulos que incluem espécies reativas de oxigenio, substancias
apoptoticas, lipopolissacarideos (LPS) e os estimulos paracrinos de células vizinhas, que incluem
macréfagos e hepatécitos. A perpetuacdo que se segue é caracterizada por varias mudangas
fenotipicas como proliferacido, contratilidade, fibrogénese, alteracio na degradacdo da matriz,
quimiotaxia e sinaliza¢do inflamatdria (2).

Além da ativacao das HSC, atualmente tem ganho destaque o conceito de
crosstalk celular, que se aplica ao endotélio hepatico. O crosstalk é um processo pelo
qual uma mensagem é transmitida dentro de uma célula individual (crosstalk

intracelular) ou entre células diferentes (crosstalk intercelular) (18). O crosstalk
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intercelular no microambiente do figado € critico para a manutenc¢do das funcdes
hepaticas normais e para que as células sobrevivam (19).

Alteracdes no crosstalk hepatico normal causam disfun¢do microvascular
progressiva no figado cirrdtico, aumento da resisténcia vascular hepatica e favorece
o desenvolvimento de cirrose e hipertensao portal. Todas as células sinusoidais
fazem parte deste processo: elas se comunicam e adquirem um fenétipo
vasoconstritor que é exacerbado em resposta a danos biomecanicos, patogénicos e
infamatérios (18).

A reacdo fibrogénica é iniciada por duas principais vias de crosstalk
intercelulares que sao finalmente conectadas. Na presenca de lesdo hepatica, as LSEC
(liver sinusoidal endothelial cells) tornam-se rapidamente desreguladas e iniciam a
diferenciacdo para um fenétipo capilarizado. Isto é acompanhado pela producao e
liberacao de fatores soluveis que vao rapidamente para células vizinhas afetando seu
fenotipo (19) (figura 3). Paralelamente, a lesdo hepatica exdgena modifica
significativamente os programas transcricionais dos hepatocitos promovendo a sua
proliferacao e morte. A apoptose dos hepatdcitos resulta na formacdo de corpos
apoptéticos que, uma vez capturados pelas células nao-parenquimatosas (HSC e KC),
contribuem para a sua ativagao (20-22). As HSC, por sua vez, comegam a proliferar,
contrair e depositar quantidades elevadas de fibras de colageno e moléculas de
matriz extracelular no parénquima hepatico, contribuindo para o endurecimento do
orgao, afetando todas as fungoes celulares. Curiosamente, a acumulacgao de colageno
no espaco de Disse pode contribuir para a perda de fenestras endoteliais, agravando
a fibrose hepatica (23). Assim, um ciclo de auto-perpetuacdo entre HSC ativada
produtor de colageno e LSEC capilarizada estimulam-se mutuamente, contribuindo

ainda mais para a fibrose hepatica.

16



Normal function Response to liver injury Progression of disease

o KC akKC
o N
LSEC . LG @ : dxLSEC ¢ ASEC
e SRR AT c [ \
Space of Disse \ . 2 /
D h gHSC ' g N ¥ aHsSC
‘.\
~
R
fHep dxHep dxHep
> e
—_—
=
e
Kx
%&%
R__
Anti-inflammatory e

Chronic liver injury

Figura 3 - Cross-talk sinusoidal durante a lesdo hepatica cronica. Devido a lesdes hepaticas, a
desregulacdo inicial em hepatdcitos funcionais (fHep) e células endoteliais sinusoidais hepaticas
(LSEC) iniciam interagdes complexas pardcrinas (setas vermelhas) com células quiescentes
estreladas hepaticas (qHSC) e células Kupffer (KC), criando um microenvolvimento sinusoidal
disfuncional composto por LSEC disfuncionais (dxLSEC), HSC ativadas (aHSC), KC ativadas (aKC) e
hepatoécitos disfuncionais e necroptdticos (dxHep). As caracteristicas fenotipicas de cada tipo de
célula sdo progressivamente perdidas durante a progressdo da doenca hepatica, e novas
propriedades patolégicas aparecem (18).

1.3 Hipertensao portal, cirrose e HSC

A hipertensdo portal é uma grave consequéncia da cirrose hepatica e resulta
em complicagdes com elevada morbidade e mortalidade. De acordo com a lei de Ohm
(AP = Q x R), a pressao venosa portal é proporcional ao fluxo sanguineo e a
resisténcia, onde AP é a mudanca na pressao portal ao longo do vaso, Q € o fluxo
sanguineo portal e R é a resisténcia ao fluxo (24). No figado normal, a resisténcia
intra-hepatica varia de acordo com mudancgas no fluxo sanguineo portal, mantendo
assim a pressao portal dentro dos limites normais. No entanto, na cirrose, a
resisténcia intra-hepatica e o fluxo sanguineo aumentam. A hipertensao portal &,
portanto, a consequéncia de uma combinacdo de diminuicdo da complacéncia e

aumento do fluxo sanguineo portal (25).
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O evento inicial na fisiopatologia da hipertensao portal é o aumento da
resisténcia vascular ao fluxo portal, causado principalmente por alteracdes
estruturais como tecido cicatricial fibrotico e nddulos regenerativos que comprimem
as vénulas portal e central. Além disso, tem sido demonstrado que o inchac¢o dos
hepatocitos e a capilarizacdo dos sinuséides hepaticos (perda de fenestragdes
endoteliais e deposicdo de colageno no espaco de Disse) fazem parte do aumento da
resisténcia vascular. Varios aspectos estruturais e fisiolégicos das HSC sao
semelhantes aos pericitos de outros 6rgaos, sugerindo que as HSC podem funcionar
como pericitos especificos do figado (26). De fato, tanto a localizagao anatémica das
HSC como a capacidade de contrair ou relaxar em resposta a varios mediadores
vasoativos sugerem que estas células possam desempenhar um papel na modulagao
da resisténcia vascular intra-hepatica e do fluxo sanguineo sinusoidal. Assim, as HSC
tornaram-se alvos terapéuticos para tratar complicacdes das doengas hepaticas

cronicas (25, 27).

1.4 Tratamento

A fibrose hepatica e a sua fase final, a cirrose, foram consideradas irreversiveis
por muitos anos, porém em 1979, pela primeira vez, este dado foi questionado.
Atualmente ja se sabe que mesmo a cirrose pode ser revertida, especialmente como
consequéncia de uma terapia antiviral bem-sucedida (4, 28).

Nossa compreensdao dos mecanismos subjacentes a fibrose tem avanc¢ado
muito nos ultimos 10 a 15 anos, e uma lista crescente de agentes estdo sendo
testados com potencial acao antifibrética. No entanto, nenhum destes foi aprovado
ainda para uso clinico. Uma selecdo dos ensaios clinicos em andamento até o ano de
2016, inscritos no site ClinicalTrials.gov para "fibrose hepatica" estao listados na

Tabela 1 (28).
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Quadro 1 - Selecdo de ensaios clinicos antifibréticos registrados em ClinicalTrial.gov (28).

clonal antibody

Drug Mechanism Subjects Results Year of start | Phase | NCT identifier
(alternate mame)
Control primary disease
UDCA Secondary bile PEC Delayed fibrosis 4 »
acid progression
Farglitazar PPARY agonist HCV No effect 2005 2 NCTOD244751%%
Pioglitazone/ PPARy agonist/ MNASH Improved NAS 2003 3 Nt_—roonegazz
Vitamin E antioxidant No progression in [PIVENS]'b
fibrosis
Pioglitazone/ PPARy agonist/ MASH Pending 2009 4 NCTO1002547
Vitamin E antioxidant
GFTS505 Dual PPARa[E NASH Pending 2012 2 NCTO1 624845
agonist
Obeticholic FXR agonist NASH Improved NAS 2010 2 NCTO1 265498 (FLINT)
acid Improved fibrosis =
Obeticholic FXR agonist PBC Pending 2014 3 NCT02308111
acid
Obeticholic FXR agonist MNASH Pending 2015 3 NCT02548351
acid (REGEMERATE])
Liraglutide GLP-1 agonist MNASH Pending 2010 2 NCT01237119
Antagonize receptor ligand interactions andfor intracellular signaling
Irbesartan Angiotensin Il HCV Completed 2005 3 NCT00265642
type 1 receptor Results pending
antagonist
Losartan Angiotensin Il NASH Completed 2010 2 NCTO1051219
type 1 receptor (FELIME)
antagonist
Pentoxifylline | TNFa inhibitor MNASH Improved NAS 2007 2 NCT 00590161°F
No change in
fibrosis
GR-MD-02 Galectin-3 MNASH Completed 2013 1 NCT01 399859
inhibitor Results pending
GR-MD-02 Galectin-3 NASH Pending 2015 2 NCTO2421094
inhibitor
IDN-6556 Pan-caspase Posttransplant | Pending 2014 2 NCTD2138253
(Emricasane) inhibitor HCV
Cenicriviroc CCRS and CCR2 NASH Pending 2014 2 NCT02217475
antagonist [CENTALIR)
PRI 724 wnt signaling HCWV Pending 2014 1 NCT02195440
inhibitor
Pirfenidone TGFE and HSP 47 | HCV Pending 2014 2 NCT02161952
inhibitor
Nintedanib Tyrosine kinase Liver cirrhosis Pending 2014 1 NCT02191865
inhibitor
GS4997| Apoptosis signal- | NASH Pending 2015 2 NCT02466516
Simtuzumab requlation kinase
(ASK 1) inhibitor/
Anti-LOXL2
monoclonal
antibody
Inhibit fibrogenesis
FG-3019 Anti-CTGF mono- | HEV Pending 2010 2 NCTO1 217632
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Table 1 (Continued)

Drug Mechanism Subjects Results Year of start | Phase | NCT identifier

(alternate name)
ND-L02 sec- Vitamin A-cou- Moderate to Pending 2014 12 NCT02227459
ond-201 pled liposome extensive

targeting H5P 47 | fibrosis

Promote fibrosis resolution

Simtuzumab Anti-LOXL2 HIV and) or Pending 2012 2 NCTO1707472
(C5-6624) monoclonal HCV

antibody
Simtuzumab Anti-LOXLZ P5C Pending 2012 2 NCTO1672853
(C5-6624) maonoclonal

antibody

Abbreviations: CCR, chemakine receptor; CENTAUR, Combined Effects of Non-statin Treatments on Apolipoprotein A-l UpRegulation (CENTAUR): A
Feasibility Study; CTGF, connective tissue growth factor, FELINE, AntiFibrotic Effects of Losartan in NASH Evaluation Study; FXR, famesoid X rece ptor
FLUNT, The Farnesoid X Rece ptor (FXR) Ligand Obeticholic Acid in MASH Treatment Trial; GLP-1, glucagon-like peptide-1; HBV, hepatitis B virus; HCV,
hepatitis C virus; HV, human immunodeficiency virus; HSP, heat shock protein; LOXL2, lysyl oxidasedike malecule 2; NAS, NAFLD activity scome; NASH,
nonalcoholic steatohepatitis; PBC, primary biliary cirhosis; PIVENS, Pioglitazone vs Vitamin E vs Placebo for Treatment of Non-Diabetic Patients With
Nonalcoholic Steatohepatitis; PPAR, peroxisome prolifemtoractivated receptor; PSC, primary sclerosing cholangitis; REGENERATE, Randomized
Global Phase 3 Study to Bealuate the Impact on NASH With Fibrosis of Obeticholic Acid Treatment; TGF, tmnsforming growth factor; TNF, tumor
necrosis factor, UDCA, ursodeaxychalic acid.

A caracterizagdo dos mecanismos da fibrose identificou vias comuns a fibrose
renal, pulmonar, cutdnea e hepatica. Estas novas abordagens antifibroticas nos
tecidos levam a um ritmo acelerado de desenvolvimento de farmacos, que inclui
também terapias de reaproveitamento de fArmacos ou terapias de combinacgao.

Embora as principais vias de ativagdo das células estreladas hepaticas e fibrose
sejam comuns a todas as etiologias da lesao cronica, foram descritas vias especificas
da doenca e padrdes de progressdo da fibrose. Independentemente de os alvos
serem especificos da doenga ou estarem presentes em todas as formas de lesdo
hepatica, as terapias antifibréticas para doengas nao-virais terdo de ser eficazes em
decorréncia da lesdo em curso, uma vez que, diferentemente dos doentes com
hepatite viral, a etiologia primaria pode nao ser curavel. Na figura 4 demonstramos
os principais alvos terapéuticos dos agentes antifibroticos atualmente estudados,
entre os quais seria importante destacar: o tratamento da causa da doenc¢a primaria,
o bloqueio das rotas de producdo de colageno e a promocgao da degradacao da MEC

(28, 29).
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1. Control or cure primary disease

Adiponectin PPAR-«, 8, y agonist
NASH Other* CB1R antagonist ET-1 antagonist
FXR agonist Immunosuppression gﬁs:nm ABS l'{(r;smz:il:ta S ingoriety
Vitamin £ . UDCA \, FXR &
PPAR-y agonist Remove iron or copper
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Alcoholic liver disease
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<=

Cirrhotic

liver liver

\ Liver Injury
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Figura 4 - Alvos terapéuticos dos agentes antifibroticos. O quadro para as estratégias
antifibréticas incluem [1] terapias especificas que controlam ou curam a doenca subjacente. [2] As
interagdes receptor-ligante para atenuar a ativacdo das HSC reduzindo a fibrogenese. [3] A inibicao
das vias profibrogénicas mais potentes, por exemplo, impedir a ativacdo de TGFf latente, ou bloquear
a atividade de CTGF. [4] Promover a resolu¢do da fibrose aumentando a apoptose das HSC ativadas
ou aumentando a degrada¢do da matriz extracelular (28, 29).

Além dos farmacos ja em testes clinicos, existem indmeras outras pesquisas
buscando terapias antifibroticas ainda em fase pré-clinica (ou seja, em animais).
Uma delas, que ganha destaque, é o uso das estatinas (inibidores da HMG-CoA
redutase que reduzem o colesterol). As estatinas tém efeitos pleiotrépicos, incluindo
fungbes anti-inflamatorias, antiproliferativas, antioxidantes e imunomoduladoras
(30), e também promovem um efeito antifibrético. O tratamento de ratos cirroticos
com atorvastatina ou sinvastatina, levou a uma reducao significativa da fibrose (31,
32) e efeitos antifibréticos também foram analisados no pulmao (33) e no coragdo

(34). Ainda que sejam necessarias analises adicionais sobre os efeitos de estatinas
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em modelos pré-clinicos e clinicos, as estatinas indicam resultados promissores no

tratamento da fibrose hepatica.

1.5 Liraglutida

A terapia baseada no hormonio GLP-1 (Glucagon-like peptide 1) atraiu
recentemente a atencdao como um novo tratamento de diabetes mellitus tipo 2 (DM2)
em humanos (35). Agonistas do receptor do GLP-1 e inibidores da DPP-4 (dipeptidil
peptidase 1V), enzima que degrada o GLP-1, tém se mostrado eficazes no controle da
glicemia em varios ensaios clinicos (35). Foi lancada entdo a liraglutida, um peptideo
analago do GLP-1, aprovado pela Agéncia Europeia de Medicamentos (EMEA) em
julho de 2009, pelo Food and Drug Administration (FDA)em janeiro de 2010 e
pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA) em mar¢o de 2010. A acdo da
liraglutida é estimular a liberac¢do de insulina pelo pancreas, proporcional aos niveis
de glicose através da ligacao ao receptor de GLP-1 na superficie da membrana das
células 3. Apés esta ligacdo ocorre a ativagdo da adenilciclase e 0 aumento dos niveis
de cAMP, que é responsavel pela liberacao de insulina quando estimulada pela
glicose (figura 5B) (36-38). Mas também pode reduzir o glucagon caso este esteja
elevado, em relacao inversa a glicose. Desta forma, caso a glicose esteja elevada, o
farmaco ira estimular a secrecao da insulina e inibira o glucagon. (36, 37) No caso de
hipoglicemia, o farmaco diminui a liberacdo de insulina e ndo afeta a liberacao de
glucagon, portanto, ndo afeta os niveis de glicose em pessoas nado diabéticas (36, 37).

A vida plasmatica do GLP-1 é extremamente curta (menor do que 3 minutos)
devido a sua degradacdo pela enzima dipeptidilpeptidase 4 (DPP-4), entdo, tornou-
se necessario a sintese de analogos do GLP-1 resistentes a inativacdo enzimatica. A
liraglutida é exatamente um desses compostos resistentes, sendo constituida por
duas modifica¢des na sequéncia de aminoacidos da molécula nativa e o acoplamento
de um acido graxo a cadeia peptidica (figura 5A). Seu mecanismo de atuacgdo e seus
efeitos sao como o GLP-1, porém, com maior poténcia e maior vida média. Essa
amplificacdo permite o uso clinico com apenas uma injecao subcutanea por dia (36,

37).
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O hormodnio GLP-1 possui efeitos multiplos, incluindo a modulacdo da
proliferacao de células, apoptose e neogénese (39). Corroborando com estes dados,
estudos demonstraram resultados benéficos do GLP- 1 sobre o miocardio (39) e
sobre a fungdo endotelial (40, 41). Em um modelo experimental murino, a liraglutida
reduziu o tamanho da area lesada pelo infarto do miocardio (42). Além destes
efeitos, estudos demonstram também que a liraglutida possui agdes neuroprotetoras
(43) e anti-inflamatérias (44) em modelos de doeng¢as neurodegenerativas em
camundongos. Analogos de GLP-1 tem mostrado reduzir mediadores proé-
inflamatérias como IL-1f induzida por LPS (45) e o estresse oxidativo induzido por
TNF-a em células endoteliais (35).

Os receptores GLP-1 (receptor acoplado a proteina G) estdo presentes nas
células pancreaticas e em muitos outros tecidos, entretanto sua expressao no figado
nao é clara. Apesar da maioria dos estudos demonstrarem auséncia deste receptor
no figado, em 2010 Gupta e colaboradores publicaram no periédico Hepatology a
presenca de receptores de GLP-1 no figado (46, 47). Mesmo com estes dados
controversos, é importante destacar que estudos recentes demonstraram a eficacia
dos agonistas de GLP-1R em doengas que afetam o figado, como por exemplo, na
doenca hepatica gordurosa ndo alcodlica (NAFLD) (48, 49). As propriedades anti-
inflamatdrias e antioxidantes ja descritas também sdo importantes para a resolucao
da doenga hepatica cronica (CLD). Os mecanismos subjacentes a estes diferentes
efeitos ainda ndo sao totalmente compreendidos. Porém, interessantemente, muitos
destes efeitos foram evidentes em camundongos knockout para receptores de GLP-
1, sugerindo que sejam efeitos independentes dos receptores de GLP- 1 ja

conhecidos (50-52).
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Figura 5 - Estrutura do GLP-1 e da liraglutida (A). Acdo do GLP-1 na superficie da membrana
das células 8 (B). GLP-1 promove o aumento dos niveis de cAMP, que é responsavel pela liberacio

de insulina na presenca de glicose (38).
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2. Justificativa

As atuais opg¢oOes de tratamento para doenca cronica hepatica (CLD) e a sua
principal complicagdo, a hipertensdo portal, ainda sdo limitadas e sem nenhuma
terapia eficaz disponivel para melhorar a fibrose hepatica e a microcirculacao
hepatica de pacientes com CLD (12, 16). Portanto, sdo necessarias novas estratégias
terapéuticas baseadas em farmacos ja aprovados por EMA/FDA/ANVISA e sem
efeitos adversos sistémicos para melhorar os tratamentos para pacientes com CLD.
Além disso, estudos prévios relataram a propriedade anti-inflamatoéria da liraglutida
em modelos celulares e animais (35, 53, 54) e efeitos benéficos na reducido da doenca
hepatica gordurosa ndo alcodlica (NAFLD) (48, 55). Sabendo que o processo de
fibrose hepatica envolve mediadores inflamatérios como citocinas e quimiocinas e
que ja foi descrito efeitos benéficos da liraglutida no figado, é importante avaliar a

efetividade deste farmaco no processo fibrético hepatico.
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3. Objetivos

3.1. Objetivo geral

Avaliar o efeito in vitro e in vivo da liraglutida sobre a fibrose hepatica.

3.2. Objetivos especificos

In vitro

» Determinar alteracdes de fendtipo de células HSC humanas e de ratos.

= Avaliar os marcadores de ativacao de fendtipo, a-SMA, colageno e TGF-f.

= Determinar a a¢do da liraglutida sobre a proliferacdo e viabilidade da células
HSC.

= Avaliar a acdo da liraglutida sobre a apoptose em HSC.

= Avaliar o efeito sinérgico da liraglutida com sinvastatina.

In vivo

= Avaliar a hemodinamica hepatica e microcirculagdo intra-hepatica em ratos
fibroticos tratados com liraglutida.

= Avaliar os marcadores bioquimicos de lesdo e func¢ao hepatica no soro de
ratos fibroticos tratados com liraglutida.

= Avaliar a acdo da liraglutida sobre o fenétipo das células sinusoidais.

= Realizar histologia no figado dos animais tratados com liraglutida para
avaliar a fibrose hepatica.

= Verificar se a liraglutida atua através do receptor de GLP-1.
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CAPITULO II

ARTIGO ORIGINAL

Liraglutide improves liver microvascular dysfunction in cirrhosis:
Evidence from translational studies.*

*Os resultados do presente trabalho foram publicados em Scientific Reports e esta
formatado de acordo com as normas do periédico.

Fator de Impacto dos ultimos 5 anos: 5.525
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4. Artigo cientifico

: 19th April 17 12:19:35

: 19th April 17 12:19:35

: Redacted

: Redacted

: Scientific Reports: Decision letter for SREP-17-08836A
: Dear Dr Gracia-Sancho,

We are delighted to accept your manuscript entitled "Liraglutide improves liver microvascular dysfunction
in cirrhosis: Evidence from translational studies.” for publication in Scientific Reports, Thank you for
choosing to publish your work with us.

Y¥ou should have just received another email from scientificreports@nature.com with instructions for the
next step, which is to complete your publication agreements. To continue with your publication
agreements you will need to create a new account on this new system. Please complete these as soon as
possible so we can start preparing your manuscript for publication. The agreements include the licence,
which defines the terms of publication, and billing information for your Open Access article, Please see our
<a href="http://www.nature.com/openresearch/publishing-with-npg/arti cle-processing-charges-fags/?
shunter=1484759720810" »>FAQs page</a> for further information about article processing charges.

After we've prepared your paper for publication, you will receive a PDF proof for checking. At that point,
please check the author list and affiliations to ensure that they are correct, For the main text, only errors
that have been introduced during the preduction process or those that directly compromise the scientific
integrity of the paper may be corrected at this stage. Please ensure that only one author communicates
with us and that only one set of corrections is returned. The corresponding (or nominated) author is
responsible on behalf of all co-authors for the accuracy of all content, including spelling of names and
current affiliations.

To ensure prompt publication, your proofs should be returned within two working days; please contact
SciRep.Producticn@nature.com immediately if you wish to nominate a contributing author to receive the
procfs on your behalf.

Acceptance of your manuscript is conditional on all authors' agreement with our publication policies (see
http:/fwww.nature.com/srep/policies/index.html). In particular, your manuscript must not be published
elsewhere and there must be no announcement of this work to any media cutlet until the publication
date is confirmed. We will inform you by email as soon as your manuscript is scheduled for publication,
which will be after we have received and approved your proof corrections. Advice about media relations is
available from NPG's press office at press@nature.com.

Your article will be open for online commenting on the Scientific Reports website. You may use the report
facility if you see any comments which you consider inappropriate, and of course, you can contribute to
discussions yourself, If you wish to track comments on your article, please register for this service by
visiting the 'Comments' section in the full text (HTML) version of your paper.

== A form to order reprints of your article is available at http://www.nature.com/reprints/author-
reprints.html. To cbtain the special author reprint rate, orders must be made within a month of the
publication date. After that, reprints are charged at the normal (commercial) rate.* ™

We look forward to publishing your article.
Best regards,

Ruchi Bansal
Editorial Board Member
Scientific Reports

Editorial Board Member comments:

P.S. If appropriate, you may also consider uploading any biologically- or biomedically-related protocols used
in this manuscript to the protocol exchange, part of cur on-line web resource,
nature.com/protocolexchange. By participating, you are enabling researchers to more readily reproduce or
adapt the methodology you use. The protocol exchanage is fully searchable, providing your protocols and
paper with increased utility and visibility. Please submit your protocol to
http://protocols.nature.com/manuscripts. After entering your nature.com username and password you
will need to enter your manuscript number (SREP-17-088364). Further information can be found at
www.nature.com/protocolexchange.
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Abstract (200 words)

Hepatic stellate cells (HSC) play a key role in the development of chronic liver
disease (CLD). Liraglutide, well-established in type 2 diabetes, showed anti-
inflammatory and anti-oxidant properties. We evaluated the effects of liraglutide
on HSC phenotype and hepatic microvascular function using diverse pre-clinical
models of CLD. Human and rat HSC were in vitro treated with liraglutide, or
vehicle, and their phenotype, viability and proliferation were evaluated. In addition,
liraglutide or vehicle was administered to rats with CLD. Liver microvascular
function, fibrosis, HSC phenotype and sinusoidal endothelial phenotype were
determined. Additionally, the effects of liraglutide on HSC phenotype were
analysed in human precision-cut liver slices. Liraglutide markedly improved HSC
phenotype and diminished cell proliferation. Cirrhotic rats receiving liraglutide
exhibited significantly improved liver microvascular function, as evidenced by
lower portal pressure, improved intrahepatic vascular resistance, and marked
ameliorations in fibrosis, HSC phenotype and endothelial function. The anti-
fibrotic effects of liraglutide were confirmed in human liver tissue and, although
requiring further investigation, its underlying molecular mechanisms suggested a
GLP1-R-independent and NF-kB-Sox9-dependent one. This study demonstrates
for the first time that Liraglutide improves the liver sinusoidal milieu in pre-clinical
models of cirrhosis, encouraging its clinical evaluation in the treatment of chronic

liver disease.
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Introduction

Glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-1RA) are a new class of
anti-diabetic medications that mimic the effects of incretin hormones 1. As an
incretin hormone, which is synthesized in response to food intake, GLP-1 can
stimulate insulin release by pancreatic B-cells in a glucose-dependent manner
and suppress glucagon secretion from a-cells 2. The favourable actions of GLP-
1 on glucose homeostasis are mediated through GLP-1 receptors. However,
native GLP-1 is rapidly degraded in circulation 3. Liraglutide, a synthetic GLP-
1RA that shares 97% homology with the structure of human GLP-1, possesses a
much longer circulating half-life, thereby making it a novel anti-diabetic drug
suitable for once-daily injection 1. Apart from the pancreatic islets, GLP-1
receptors are present in many other tissues and, although its expression within
the liver is not clear 4,5, recent studies demonstrated efficacy of GLP-1RA in liver
diseases, such as NAFLD 6,7. In this regard, studies showed other beneficial
properties for this type of drugs, including anti-inflammatory and antioxidant 8,9,
which are also important for the resolution of chronic liver disease (CLD).

Cirrhosis is the end stage of CLD that starts with deregulations in the phenotype
of all hepatic cells leading to parenchymal and sinusoidal dysfunction 10. In CLD,
both architectural alterations of the liver parenchyma and sinusoidal
microvascular dysfunction contribute to the development of portal hypertension
11. Architectural distortion of the cirrhotic liver is mainly due to excessive
synthesis and deposition of extracellular matrix performed by deregulated
fibrogenic cells mainly hepatic stellate cells (HSC) 12. Indeed, in response to liver
injury, HSC gradually transdifferentiate to an activated a-SMA-positive phenotype
with extensive proliferation, and high vasoconstrictive and proinflammatory
properties 13,14. It is widely accepted that activation of HSC is a key factor in the
pathogenesis of liver fibrosis, CLD and portal hypertension 15. Moreover, an
intimate crosstalk between HSC and other sinusoidal cells further contribute to

the development and aggravation of CLD 16.
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CLD may improve in response to injury cessation, blockade of pro-fibrogenic
mediators or drug-induced HSC inactivation 17. Unfortunately, current treatment
options for CLD and its main complication portal hypertension are limited, and
importantly there is no effective therapy available to efficiently ameliorate the
hepatic microcirculation of CLD 18. Therefore, novel therapeutic strategies based
on EMA/FDA approved drugs with no systemic adverse effects are required to
improve treatments for patients with CLD. The primary purpose of the present
study was to evaluate the effects of liraglutide on HSC phenotype, liver

microvascular function and underlying mechanisms in pre-clinical models of CLD.

Results
Liraglutide improves the phenotype of Hepatic Stellate Cells

Effects of liraglutide on HSC phenotype were assessed in diverse pre-clinical
models of CLD. After preliminary dose- and time-response experiments
(Supplementary Fig. 1), we characterized liraglutide’s effects promoting the
deactivation of cirrhotic primary hHSC and in the prevention of activation of control
primary hHSC undergoing 7-day plastic activation. Both conditions showed a
marked down-regulation in the activation markers collagen | and a-SMA at a
concentration of 50uM and after 72h of treatment (Fig. 1A left and middle panels).
The anti-fibrotic effects of liraglutide were further validated in human precision-cut
liver slices (PCLS) (Fig 1A right). In addition, the amelioration in hHHSC phenotype
in response to liraglutide was validated using a functional assay. As shown in
Figure 1B, liraglutide significantly prevented the contraction of primary hHSC. The
effects of liraglutide on activated HSC were further analyzed in LX-2, a widely-
accepted human cell line mimicking activated HSC. These experiments indeed
showed de-activation of LX-2 cells in response to liraglutide (Fig 2A), which was
associated with significant reductions in the pro-inflammatory and pro-fibrogenic
markers TNF-a and TGF-BR1 (Fig 2A). Interestingly, LX-2 cells treated with

liraglutide showed no significant changes in
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viability when compared to controls, as observed with the double staining with
AO-PI (Fig 2B). Contrarily, using two different analysis of cell proliferation, the
trypan blue exclusion assay and the expression of the proliferative marker
PDGFR@, we herein show the anti-proliferative effects of liraglutide in HSC (Fig
2C), which were accompanied with a marked reduction in their contraction ability
(Fig 2D). Altogether, validating the global improvement in HSC phenotype in
response to liraglutide. Similar beneficial effects of liraglutide were observed in
rat primary HSC (Supplementary Fig 2).

Liraglutide improves HSC phenotype and portal hypertension in CLD-rats.

The potential beneficial effects of liraglutide as a new therapeutic strategy to
improve CLD and portal hypertension were also analyzed in vivo. After 15 days
of treatment, CLD-rats treated with liraglutide displayed lower expression of a-
SMA and PDGFRp (Fig 3A), accompanied by reductions in extracellular matrix
synthesis and deposition as demonstrated by diminished collagen expression and
hepatic fibrosis (Fig 3B). No significant differences in TIMPs and MMPs were
observed, thus suggesting that the peak of fibrinolysis already occurred
(Supplementary Fig 3). No effects on HSC viability (desmin expression) were
observed, thus supporting the results obtained in vitro. Additional analysis of HSC
phenotype in cells freshly isolated from CLD-rats treated with liraglutide, or
vehicle, confirmed the marked beneficial effects of the drug promoting HSC
deactivation (Fig 3C).

Possible beneficial effects of liraglutide on hepatic and systemic hemodynamic in
CLD-rats were also analyzed. Table 1 shows the morphometric and
hemodynamic data from these animals. As expected, CLD-rats treated with
liraglutide exhibited a slight but significant reduction in body weight, which is in
agreement with previous studies 19. Importantly, liraglutide-treated animals
showed significantly lower portal pressure than vehicle-treated animals (11.6+0.8
vs. 9.3x1.0mmHg; -20%; p=0.03) without changes in portal blood flow, thus

suggesting an improvement in the hepatic vascular resistance (9.5+1.8 vs.
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5.7+1.3mmHg-mL-min-1-g-1; -23%; p=0.1). No effects of liraglutide on systemic

hemodynamic or biochemical tests were observed.

Intrahepatic microcirculatory amelioration in response to liraglutide was further
confirmed analyzing the hepatic microvascular phenotype. Indeed, LSEC from
animals receiving liraglutide showed a significant reversal in their capillarization,
as suggested by marked increments in fenestrae frequency and porosity (Fig 4A),
and a trend to higher nitric oxide bioavailability (Fig 4B). In addition,
characterization of the hepatic microvascular function ex vivo confirmed the global
sinusoidal improvement, as demonstrated by reduction in HVR (Table 1) and

improved liver vascular response to incremental doses of acetylcholine (Fig 4C).

Liraglutide has a complementary effect with simvastatin improving HSC

Treatment of LX-2 cells with liraglutide did not modify the expression of the
simvastatin-inducible transcription factor KLF2 (Supplementary Fig 4 left).
However, LX-2 treated with liraglutide or simvastatin showed reduced levels of a-
SMA in the same magnitude. Interestingly, when both drugs were combined
further reduced a-SMA (Supplementary Fig 4 right), altogether suggesting that
liraglutide has a complementary effect to simvastatin improving the phenotype of
activated HSC.

Liraglutide improves HSC phenotype and liver microcirculation probably

through a GLP1-R independent mechanism

Analysis of GLP1-R expression in rat and human liver tissues and HSC showed
no detectable mRNA expression (Supplementary Fig 5A), while a band
corresponding to 53kDa (predicted GLP-1R molecular weight) was only detected
in LX-2 and barely present in cirrhotic and NASH human livers, but not in control
human or rat livers (either control or cirrhotic) (Supplementary Fig 5B).
Accordingly, analysis of the GLP-1R secondary messenger PKA in rHSC and LX-
2 treated with liraglutide did not show differences in its phosphorylation in

34



comparison to cells treated with vehicle (Supplementary Fig 5C), and incubation
of LX-2 with the GLP-1R antagonist Exendin 9-39 did not affect the deactivation
effects of liraglutide (Supplementary Fig 5D). Oppositely, liraglutide did repress
the NF-kB molecular pathway (Supplementary Fig 6).
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Discussion

The major findings of the current study are that liraglutide promotes a marked
amelioration in the phenotype of activated HSC, which in a pre-clinical model of

chronic liver disease leads to significant improvement in portal hypertension and
liver fibrosis. Importantly, the de-activating effects of liraglutide are herein
demonstrated in human primary HSC and human liver tissue. Liraglutide was
developed as an anti-diabetic drug predictably acting on GLP-1R in pancreatic 3-
cells. Interestingly, different studies have demonstrated that these receptors may
not be only limited to pancreatic B-cells. Considering the beneficial anti-
inflammatory effects of GLP-1R agonists on cardiac fibrosis and NASH 20-22,
we aimed the present study at analyzing the effects of liraglutide in chronic liver
disease (CLD).

Liver cirrhosis is the end stage situation of CLD being the main triggering factor a
complex multicellular response of all hepatic cells. Indeed, in front of a chronic
injury both parenchymal and non-parenchymal cells undergo profound changes
in their phenotype, becoming highly de-regulated and ultimately leading to fibrosis
and microvascular dysfunction 16. The most relevant clinical consequence of
sinusoidal cells de-regulation is the development of portal hypertension, which
derives both from pathological increases in intrahepatic vascular resistance and
in portal blood flow. Considering the importance of HSC in CLD progression and
aggravation, many studies focused on liver-specific drugs capable of inactivating
the HSC, however few studies have advanced to the clinical stage 23.

Our study is the first showing that liraglutide is able to improve the phenotype of
HSC. Indeed, we performed dose- and time-dependent experiments indicating
that liraglutide de-activates HSC as demonstrated by reduced expression of a-
SMA and collagen. Similarly, we observed prevention of HSC activation in
response to liraglutide, therefore suggesting possible beneficial effects of the drug
when administered at early stages of CLD. Importantly, we planned this study as
a bed to bench-side one, and not vice versa, therefore firstly evaluating the effects
of liraglutide in human primary HSC, to latterly use different preclinical models of

CLD to further study the molecular mechanisms of such ameliorations.
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Hepatic stellate cells are activated in response to different liver injuries, or due to
paracrine factors, promoting tissue repair. Their response includes cell
mobilization, proliferation, migration towards the lesion, and production of
extracellular matrix components. When continuous liver injury occurs, HSC
become chronically activated, acquire high expression of pro-inflammatory,
profibrogenic and proliferative markers like TNF-a, TGF and PDGFR, ultimately
representing the main cell-type responsible for fibrosis deposition 24,25. In the
present study, we show that improvement in HSC phenotype in response to
liraglutide was accompanied by marked reductions in the expression of these
cytokines and proliferation markers, without affecting cell viability. Altogether
suggesting that liraglutide promotes the de-activation of HSC, reduces their
proliferation but does not induce cell apoptosis. Such anti-inflammatory effects,
which are potentially optimal for the resolution of liver fibrosis in vivo, are quite
different from previous studies showing concomitant de-activation and
apoptosis/necrosis of HSC in response to certain therapeutic strategies 26—28.
Importantly, analysis of HSC was not limited to molecular markers, but also
included the cell contraction functional assay, which further confirmed the global
improvement of HSC phenotype in response to liraglutide.

Additionally, we tested the possible beneficial effects of liraglutide when
administered to human liver tissue. Taking advantage of the precision cut liver
slices technique, considered an excellent tool to analyze the effects of drugs
within the liver 29, we observed marked reductions in the expression of a-SMA
and collagen in response to liraglutide therefore corroborating the anti-fibrotic
effects of the drug. Once the phenotype of HSC was characterized in vitro, we
studied the effects of a physiological-relevant dose of liraglutide administered in
vivo. Liraglutide treatment markedly improved both HSC and LSEC phenotypes.
In fact, HSC activation markers collagen |, a-SMA and PDGFR[ were reduced in
CLD rats receiving liraglutide, which was accompanied by amelioration in LSEC
fenestrae and NO bioavailability. Although we herein demonstrate direct action of
liraglutide on HSC, we do not rule out possible paracrine interactions between

both sinusoidal cell types in response to the drug 16,30. Importantly, global
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improvement in the sinusoidal phenotype led to regression of liver fibrosis, and to
significant amelioration in the hepatic microvascular dysfunction. Indeed,
liraglutide was able to reduce the PP in rats with CLD and portal hypertension.
Such improvement in hepatic hemodynamics was mostly due to a significant
improvement in the intrahepatic microvascular dysfunction, as demonstrated by
the estimations of the in vivo and ex vivo HVR, and the analysis of the ex vivo
vasodilatory capacity in response to incremental doses of acetylcholine.
Importantly, liraglutide did not affect systemic hemodynamics. We next
ascertained which could be the molecular pathway underlying liraglutide effects
on HSC, and consequently on liver microcirculation and fibrosis. First, and
considering that liraglutide was formulated to act on GLP-1 receptor, we analyzed
the expression of this receptor both in HSC isolated from rat and humans, and
also in liver tissues. Surprisingly, GLP-1R mRNA was not detected in whole liver
homogenates, primary HSC or LX-2 cells using two different Tagman probes with
PCR reactions going up to 60 cycles. At the protein level, western blot of hepatic
samples using an antibody against GLP-1R showed signal in LX-2 lysates at the
predicted GLP-1R molecular weight, but this signal was barely present in cirrhotic
and NASH human tissue, while it was not detected in control human livers or rat
liver tissue (either control or cirrhotic). These observations suggest that the
beneficial effects of liraglutide in rat HSC and its effects in vivo would not be
dependent on GLP-1R. Previous reports already showed contradictory results in
terms of GLP-1R expression within the liver 4,5, and we are not totally convinced
that the band detected by the antibody in human samples really corresponds to
GLP-1R (as it is contradictory to the two specific mMRNA TagMan probes). In
agreement, additional experiments showed lack of protein kinase A
phosphorylation (marker of GLP-1R activation) 31,32 in response to liraglutide,
and no differences in liraglutide-mediated HSC de-activation and proliferation
when an antagonist of liraglutide on HSC were quite similar to those previously
observed using statins 26,33—-35. These experiments showed no up-regulation in
response to the drug, moreover a synergistic effect of liraglutide and simvastatin

de-activating HSC was observed, thus suggesting that they act by different
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pathways and could be used in combination at the bedside. Lastly, we evaluated
the NF-kB molecular pathway, which plays a major role in liver fibrosis 36 and is
inhibited by liraglutide in the endothelium 37. Interestingly, liraglutide down-
regulated the expression of NF-kB, and also of its target gene Sox9. With these
results we cannot delineate the exact molecular mechanism driving liraglutide’s
beneficial effects, and represents a limitation of the study. Nevertheless,
considering the main role of NF-kB and Sox9 modulating HSC phenotype 38,39,
and the findings described above, we herein suggest that in the specific scenario
of CLD liraglutide may improve HSC phenotype and liver microcirculation through
a GLP-1R independent mechanism, being the NF-kB-Sox9 pathway a solid
candidate to mediate, at least in part, these effects. Desirable future experiments,
out of the scope of the present study, will clarify the specific receptor and the
molecular mechanisms that mediate the beneficial effects of this drug in chronic
liver disease.

In conclusion, the present study describes the anti-fibrotic effects of liraglutide
both in rodent and, importantly, human pre-clinical models of chronic liver
disease, therefore encouraging its application at the bedside as new therapeutic
tool to improve cirrhosis and portal hypertension. Moreover, the potential results
of the LEAN trial opens the possibility to use liraglutide not only to improve mild
GLP-1R was used. Secondly, we analyzed the expression of the transcription
factor Kruppel-like factor 2 (KLF2) in response to liraglutide since the effects of
NASH 7, but promote regression of advanced chronic liver disease. Desirable

future trials will clarify this promising therapeutic alternative.

Materials and Methods

Animal models of chronic liver disease (CLD)

The study was carried out in male Wistar rats (Charles River Laboratories,
Barcelona, Spain). Animals were kept in environmentally controlled animal
facilities. All procedures were approved by the Laboratory Animal Care and Use

Committee of the University of Barcelona and were conducted in accordance with
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the European Community guidelines for the protection of animals used for
experimental and other scientific purposes (EEC Directive 86/609). The personnel
who prepared and administered treatments and those that performed the
experimental studies were different. Treatment's codes were not open for

interpretation of the results until the inclusion of all animals.

Induction of CLD by thioacetamide (TAA)

TAA (Sigma Chemical Co) was dissolved in 0.9% normal saline approximately one
hour before injection. Treatment groups received 200mg/kg of TAA twice per week
for a total of 12 weeks while control groups received the same volume of 0.9% normal

saline 1s.

Induction of CLD by Carbon Tetrachloride (CCla4)
Rats underwent inhalation exposure to CCls4 (Sigma) and received
phenobarbital (0.3g/L) in the drinking water. When rats developed ascites,

toxicants administration was stopped 4o.

HSC isolation, culture and treatments

Isolation and culture of HSC

HSC were isolated from human (hHSC: control or cirrhotic) and rat (rHSC: control,
TAA-CLD or CCIl4-CLD) livers as described 26 with minor modifications. Briefly, liver
tissues were perfused with collagenase A, pronase and DNase (all Roche) in Gey's
Balanced Salt Solution (GBSS; Sigma), and dispersed cells were fractionated by
density gradient centrifugation using 11.5% Optiprep (Sigma). HSC were cultured in
Iscove's Madified Dulbecco's Media (IMDM, Invitrogen, Gibco) supplemented with
fetal bovine serum, glutamine, antibiotics and amphotericin B. Results using primary
HSC derived from at least 3 independent isolations and 3 replicates.

Immortalized human-activated HSC LX-2 were cultured as described 11. Results

using LX-2 derived from at least three replicates per experimental condition.
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HSC treatments

HSC were incubated with liraglutide (Novo Nordisk), or its vehicle PBS, at different
concentrations (1M, 10uM, 50uM and 100uM) and for different periods of time (24h,
48h and 72h). In vitro dosing of liraglutide was based on previous literature 41.
Considering that liraglutide exerted beneficial effects at 50uM and after 72h of
treatment, all subsequent experiments were performed using these experimental
conditions. Simvastatin was used in 10uM dose alone and in combination with
liraglutide. Exendin fragment 9-39 (Sigma-Aldrich; 10nM - 1uM) was used as a GLP-
1R antagonist 41.

Cell viability & proliferation

Equal number of LX-2 were seeded and after 72h of liraglutide or vehicle, floating
and adhered cells were collected and counted using a hemocytometer with trypan
blue dye exclusion (FLUKA).

Cell apoptosis

Cells were incubated with fresh medium containing 800ng/mL Acridine Orange (AO)
and 5ug/mL Propidium lodide (PI) for 10min at 37°C and then washed with PBS.
Fresh medium was added and cell death was examined using a fluorescence
microscope (Olympus BX51, Tokyo, Japan) equipped with a digital camera
(Olympus, DP72). AO is a metachromatic dye that stains both viable and apoptotic
cells by intercalating into DNA and emits green fluorescence upon excitation at 480-
490nm. Nevertheless, nuclear condensation that occurs during apoptosis glares a
more intense fluorescence. Pl is excluded by viable cells but can penetrate cell
membranes of dying or dead cells due to necrosis, emitting red fluorescence. Positive
controls (in vitro ischemia and reperfusion), and negative controls (without dye) were
included 26.

Cell contraction

Contraction of HSC was performed as previously described with some modifications
42. Briefly, culture plates were incubated with 1% BSA-PBS and afterwards filled with
a mix of collagen (2mg/mL) and human HSC (1-2x105 cells/mL). Once the gels were

solidified, serum free IMDM with 50uM liraglutide or vehicle was added. After 24h,
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contraction was induced by adding 10% FBS for 24h. Finally, the contraction area
was digitalized and measured with ImageJ software. The results are expressed as %

of contraction relative to the initial area of the gel.

Characterization of CLD-rats treated with liraglutide

Liraglutide administration

TAA-CLD-rats received by subcutaneous injections, twice a day, either liraglutide
(0.5mg/kg/day; n=11) or vehicle (0.9% NaCl; n=11) during 15 days. The dose was
selected based on a conversion calculation starting from the dose used in humans
and agreed with previous publications 19,43,44. Administration of liraglutide to CLD-

rats started one week after stopping the administration of TAA.

In vivo hemodynamics

Rats (n=8 per group) were anesthetized with ketamine hydrochloride (100mg/Kg;
Merial Laboratories) plus midazolam (5mg/kg; Laboratorios Reig Jofré)
intraperitoneally. A tracheotomy was performed and a polyethylene tube PE-240 was
inserted into the trachea to ensure a patent airway. PE-50 catheters were introduced
into the femoral artery to measure mean arterial pressure (MAP; mmHg) and into
ileocolic vein to measure portal pressure (PP; mmHg). A perivascular ultrasonic flow
probe (Transonic System) was placed around the portal vein, as close as possible to
the liver to avoid portal-collateral blood flow, in order to measure portal blood flow
(PBF; mL-min-1). Hepatic vascular resistance (mmHg-min-mL-1.g-1) was calculated
as: PP/PBF. Blood pressures and flows were registered on a multichannel computer
based recorder (Power Lab; AD Instruments). Temperature of the animals was
maintained at 37 + 0.5°C and hemodynamic data were collected after 20min
stabilization 40,45. Blood serum and plasma samples were stored for biochemical

analysis.

Liver microvascular function
Immediately after recording in vivo hemodynamics, rat livers were isolated and
perfused with Krebs buffer as previously described (n=5 per group) 45,46. The

perfused rat liver preparation was allowed to stabilize for 20min before vasoactive
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substances were added. Intrahepatic microcirculation was preconstricted by adding
the al-adrenergic agonist methoxamine (Mtx; 10-4M; Sigma) to the reservoir, and
liver microvascular function was assessed as concentration—response curves to
cumulative doses of acetylcholine (Ach; 10-7 - 10-5M; Sigma). Liver tissue was snap-

frozen for subsequent molecular analysis.

Evaluation of hepatic fibrosis

CLD-rat livers were fixed in 10% formalin, embedded in paraffin, sectioned, and
stained with 0.1% Sirius Red, photographed, and analyzed using a microscope
equipped with a digital camera. The red-stained area was measured using Axiovision

software 26. Values are expressed as the mean of 8 fields per sample.

Sinusoidal characterization using Scanning Electron Microscope

In a sub-group of animals (n=3 per group), after obtaining in vivo hemodynamics,
livers were perfused through portal vein with a solution containing 2.5%
glutaraldehyde and 2% paraformaldehyde and fixed overnight at 4°C. Samples were
washed 3 times with 0.1M cacodylate buffer. Liver sections were fixed with 1%
osmium in cacodylate buffer, dehydrated in ethanol, and dried with
hexamethyldisilazane. Six randomly selected blocks from each animal were mounted
onto stubs, and sputter coated with gold. 10 images per animal were acquired at a
resolution of 15,000x using a Jeol 6380 Scanning Electron Microscope (JEOL Ltd,
Tokyo, Japan). Liver sinusoidal fenestrations were quantified using ImageJ Software
(NIH) 47.

Nitric Oxide bioavailability

Levels of cGMP, a marker of NO bioavailability, were analyzed in liver homogenates
using an enzyme immunoassay (Cayman Chemical Co., Ann Arbor, MI) as previously
described 48.

RNA isolation and quantitave PCR
RNA from cells and tissue were extracted using RNeasy mini kit (Qiagen) and Trizol
(Life Technologies), respectively. RNA quantification was performed using a

NanoDrop spectrophotometer. cDNA was obtained using QuantiTect reverse
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transcription kit (Qiagen). Real-Time PCR were performed in an ABlI PRISM 7900HT
Fast Real-Time PCR System, using TaqgMan predesigned probes for Coll1Al
(Hs00164004_m1, Rn01463848_m1), a-SMA (Hs00426835_g1, Rn01759928_g1),
PDGFRB (Hs01019589 ml1, Rn01491838 m1l), GLP1-R (Hs00157705 m1,
Hs01006326_m1), Sox9 (Hs00165814_m1, Rn01751070_m1) and GAPDH or 18S
as endogenous controls. Results, expressed as 2-AACt, represent the x-fold increase

of gene expression compared with the corresponding control group.

Western blot analysis

Cells were rinsed twice with PBS and lysed with Triton lysis buffer. Livers were
homogenized in triton-lysis buffer for whole protein extraction. Aliquots from each
sample containing equal amounts of protein were run on a sodium dodecylsulphate
polyacrylamide gel, and transferred to a nitrocellulose membrane. After the transfer,
blots were blocked with Tris buffered saline containing 0.05% Tween-20 and 5% non-
fat dry milk or 3% albumin and subsequently incubated overnight at 4°C with primary
antibodies against collagen | (ABT123, Millipore), a-SMA (A2547, Sigma), TNF-a (sc-
1351, Santa Cruz Biotechnology), TGFBR (sc-398, Santa Cruz Biotechnology),
GAPDH (sc-32233, Santa Cruz Biotechnology), p-PKA (4781, Cell Signaling), NF-kB
(6956, Cell Signaling) and IkB (4812, Cell Signaling), all at 1:1000 dilution. Then
membranes were incubated with the appropriate horseradish peroxidase conjugated
secondary antibody at room temperature. Protein expression was determined by
densitometric analysis using the LAS4000 (GE Healthcare) and Image Studio Lite
software (LI-COR). Quantitative densitometric values of all proteins were normalized
to GAPDH.

Precision-cut liver slices of human livers (PCLS)

Fresh human liver biopsies were used to obtain 250um slices using a Vibratome
VT1000S (Leica Microsystems, Wetzlar, Germany). Samples were washed in PBS,
soaked in 4% agarose solution (Ultrapure LMP Agarose, Invitrogen, Carlsbad,
California, USA) for 20min, and then orientated, mounted and immobilized using
cyanoacrylate glue. Tissue slices were placed on organotypic tissue culture plate
inserts (Millicell®-CM; Millipore). Tissues were maintained at 37°C in a 5% CO2

humidified incubator using 1.1mL of Williams’ Medium E supplemented with 1%
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inactivated fetal bovine serum, 2mM LGlutamine, 50U/mL penicillin and 50ug/mL
streptomycin. Tissue slices were incubated with 50uM liraglutide for 24h. Sections
were then transferred to a 1.5mL tube and lysed for RNA isolation and qPCR 29.

Ethics information

Quiescent hHSC (for prevention of in vitro activation) and PCLS were obtained from
remnants from partial hepatectomy. Livers were considered control, but exhibited
fibrosis staging between F1 and F2. In all cases surgery was recommended to excise
tumor metastasis from colon carcinoma. Cirrhotic hHSC (for in vitro de-activation)
were isolated from remnant cirrhotic livers (all alcoholic aetiology) obtained after
transplantation. The Ethics Committee of the Hospital Clinic de Barcelona approved
the experimental protocol, samples manipulation and isolation procedures were
carried out following good laboratory practices; in all cases patients signed the

informed consent.

Statistical analysis

Statistical analysis was performed with the SPSS V.23.0 for Windows statistical
package (IBM, Armonk, New York, USA). Results are expressed as mean + s.e.m.
Normality of samples was assessed using the Kolmogorov Smirnov test. For samples
following a normal distribution, comparisons between groups were performed with
the Student t test or analysis of variance, followed by a Bonferroni Post Hoc test when
adequate. Otherwise, comparisons were assessed with the non-parametric Mann-
Whitney U or Kruskal Wallis test when adequate. Differences were considered
significant at a p value <0.05.
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Figure legends

Figure 1. Amelioration of human primary HSC in response to liraglutide. (a)
Expression of depicted proteins/genes after in vitro treatment with 50 pM liraglutide
or vehicle in: 1-HSC isolated from cirrhotic human livers (left), 2- quiescent human
HSC undergoing in vitro activation (middle), and 3-human precision-cut liver slices
(PCLS) (right). (b) Effects of liraglutide, or its vehicle, on the contraction of primary
human HSC. n=3 per experimental condition. *p<0.05 vs. vehicle.

Figure 2. Underlying effects of HSC deactivation due to liraglutide. After 72h of
treatment with 50 uM liraglutide, LX-2 cells were assessed for markers of HSC
activation (a), cell viability by double staining with acridine orange (green dense
nuclei: apoptosis, indicated by arrowheads) and propidium iodide (red cells: necrosis)
(b), HSC proliferation assessed by cell counting and expression of the proliferative
marker PDGFRB (c), and cell contraction (d). n=3 per experimental condition.
*p<0.05 vs. vehicle.

Figure 3. Analysis of HSC phenotype and liver fibrosis in CLD-rats treated with
liraglutide. (a) Expression of HSC activation markers (a-SMA and PDGFRf) and
Desmin in livers from TAA-CLD-rats treated for 15 days with liraglutide or vehicle. (b)
Analysis of hepatic fibrosis in rats described in A (collagen | expression and Sirius
Red staining). (c) Analysis of the phenotype of HSC freshly isolated from rats
described in a. *p<0.05 vs. vehicle. n=8 (a & b) and n=3 (c) per group. Results are

indicated as mean + s.e.m.

Figure 4. Effects of liraglutide on hepatic endothelial phenotype and
microvascular function. (a) Liver sinusoidal fenestrae analysis by means of
frequency (no. fenestrae/cell area) and porosity (fenestrae area/cell area) in TAA-
CLD-rats treated with liraglutide or vehicle. (b) Hepatic nitric oxide (NO) bioavailability
in rats described in A. (c) Hepatic microvascular function, calculated as the decrease
in portal pressure in response to increasing doses of the endothelium-dependent
vasodilator acetylcholine after vasoconstriction with methoxamine. *p<0.05 vs.

vehicle. n=3 (a), n=8 (b) and n=5 (c) per group.
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Supplementary figure 1. Analysis of LX-2 de-activation in terms of a-SMA
expression in response to liraglutide administered at different doses and times. n=3
per experimental condition. *p<0.05 vs. vehicle.

Supplementary figure 2. Effects of 72h-liraglutide on the in vitro activation of primary
quiescent HSC isolated from healthy rats (a), and in the amelioration of activated
HSC isolated from TAA-CLD (b) and CCI4-CLD (c) rats. n=3 per group. *p<0.05 vs.
vehicle.

Supplementary figure 3. Expression of TIMPs and MMPs in livers from

TAACLD- rats treated for 15 days with liraglutide, or vehicle. n=8 per group.

Supplementary figure 4. (a) Expression of the transcription factor KLF2 in LX-2 cells
treated with 50 uM liraglutide, or vehicle. (b) Expression of a-SMA in LX-2 cells
treated with 50 pM liraglutide, or vehicle, in combination with 10uM simvastatin, or its

vehicle. n=3 per experimental condition. *p<0.05 vs. vehicle.

Supplementary figure 5. (a) 60-cycle amplification charts of GLP-1R mRNA
expression analyzed in human liver & cells samples using the human cell line SH-
SY5Y as positive control. (b) Western blot of different hepatic samples using a GLP-
1R antibody (Abcam ab189397). From left to right, brain tissue as positive control,
LX-2 cells, human liver tissue (control, cirrhotic, NASH) and rat liver tissue (control,
cirrhotic). (c) p-PKA protein expression in primary cirrhotic HSC from TAA-CLD (left),
CCl4-CLD (middle) and in LX-2 cells (right) in response to 50uM liraglutide. (d)
Effects of the GLP-1R antagonist exendin 9-39 on a-SMA mRNA expression (left)
and proliferation (right) in LX-2 cells. n=3 per experimental condition. *p<0.05 vs.

vehicle.
Supplementary figure 6. (a) Protein expression of NF-kB and its inhibitor IkB and

(b) MRNA expression of Sox9 in livers from TAA-CLD-rats treated with liraglutide, or

vehicle. n=8 per group.
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Table 1

Vehicle | Liraglutide
n=11 n=11 p value
PP (mmHg) 11.6+0.8] 9.3+1.0 0.03
MAP (mmHg) 99.5+7.2| 89.9+7.1 0.4
PBF (mL/min) 119+1.0| 11.5+2.3 0.5
HVR (mmHg-min-mL*-g?) 95+1.8 | 57+1.3 0.1
ex vivo HVR (mmHg-min-mL*.g?) | 1.6 £0.3 | 0.9 +0.04 0.07
Body weight pre-treatment (g) 289 +£12 2887 0.5
Body weight post-treatment (g) 3109 2749 0.03
Liver weight (g) 84+0.7| 6704 0.1
AST (U/L) 105+ 14 | 126 +14 0.3
ALT (U/L) 61 + 10 67 + 4 0.5
Albumin (g/L) 153+1.3| 16.3+05 | 05
Cholesterol (mg/dL) 540+83( 44658 0.4
TG (mg/dL) 31.2+56| 26.8+3.4 0.5
FFA (umol/L) 506 + 66 | 477 £55 0.7

Effects of Liraglutide on hepatic and systemic hemodynamic, and biochemical

parameters in rats with chronic liver disease.

PP, portal pressure; MAP, mean arterial pressure; PBF, portal blood flow; HVR,
hepatic vascular resistance; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; TG, triglycerides; FFA, free fatty acids.
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Supplementary figure 1.
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Supplementary figure 2.
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Supplementary figure 3.
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Supplementary figure 4.
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Supplementary figure 5.
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Supplementary figure 6.
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CAPITULO III

CONSIDERACOES FINAIS
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5. Consideracoes finais

A cirrose hepatica é hoje um dos problemas mais graves de satde publica e
ocupa a oitava posicdo no ranking de mortalidade no Brasil, além do segundo lugar
em casos de transplantes, perdendo somente para transplante renal, de acordo com
o Registro Brasileiro de Transplantes de 2016. A busca por novos medicamentos
que sejam capazes de tratar ou até mesmo reduzir a progressdo da doenga com
efeitos colaterais reduzidos é de grande importancia para o meio cientifico. Para
isso, decidimos avaliar a agdo da liraglutida como antifibrético, ja que este é um
farmaco aprovado por EMA/FDA/ANVISA com comprovada seguranca terapéutica e
que possui efeitos anti-inflamatérios e antioxidantes. Estes efeitos sdo pontos chaves
na inibicao da progressao das doencas crénicas do figado.

O primeiro objetivo deste trabalho foi realizar experimentos in vitro para
avaliar se a liraglutida poderia ter alguma ac¢do sob as células hepaticas estreladas,
as quais estdo diretamente envolvidas com o processo de iniciacao e perpetuacdo da
fibrose hepatica. Iniciamos a pesquisa buscando concentragdes ndo citotoxicas de
liraglutida, através de uma curva de concentragdo nas células GRX (HSC murinas).
Na figura 1 podemos ver que a liraglutida nas concentrag¢des de 12,5, 25 e 50uM
diminuiu significantemente a proliferacdo das células GRX. As concentragdes
escolhidas para os experimentos seguintes foram 12,5uM e 25uM, ja que estas foram

as mais baixas com acao efetiva.
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Figura 1 - Efeito daliraglutida sob as células GRX. Viabilidade celular por contagem através do método
do Trypan Blue (A) e pelo método de Cristal Violeta (B). Dados apresentados pela média = SD (n=3).
*p<0,05 comparado ao controle.
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Sabendo que as HSC quando ativadas perdem sua capacidade de acumular
vitamina A, o préximo passo do trabalho foi analisar essas mudancgas fenotipicas nas
células GRX tratadas com liraglutida. Realizamos entao, o experimento do 0Oil Red O
(56) e obtivemos resultados consistentes que demonstravam o aparecimento de
goticulas de gordura (figura 24, B, C), com um importante aumento na quantidade
de lipidios das células tratadas com liraglutida (figura 2D), associado a redugdo da
proliferacao celular, jA mencionada anteriormente (figura 1). Estes resultados sdo
fortes evidéncias da reversao do fenétipo ativado das HSC (caracteristico das GRX),

ao fenoétipo de células quiescentes.
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Figura 2 - Método do Oil Red-O (ORO) em células GRX sem tratamento (A) e tratadas com liraglutida
12.5uM (B) e 25uM (C). Avaliacdo do conteudo lipidico em células GRX. Dados foram expressos
espectrofotometricamente como a razio dos valores obtidos por ORO e Coomassie brilliant blue (D).
Resultados expressos pela média == SD. *p<0,05 comparado ao controle.

Seguimos buscando por mecanismos que fossem capazes de explicar e
desvendar por quais rotas celulares a liraglutida estava promovendo os efeitos

benéficos nessas células. Entdo, realizamos o experimento do DPPH (57) e
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comprovamos por este método que a liraglutida ndo é uma molécula antioxidante
(figura 3). Mesmo que alguns artigos mostrem diminuicdo de EROs em modelos
experimentais tratados com liraglutida, com este dado, eliminamos a hip6tese de que

esses efeitos benéficos poderiam ser causados por uma ac¢ao antioxidante direta.

0.8+
0.6+

0.4+

DPPH Abs (515 nm)

Liraglutide (uM)

Figura 3 - Avaliacdo do potencial antioxidante através do método do DPPH. Resultados expressos pela
média = SD. *p<0,05 comparado ao controle.

O préximo passo seria a avaliacdo de mecanismos celulares envolvidos em
rotas de proliferacgao celular e que seriam realizados durante o periodo de doutorado
sanduiche na Espanha. Porém, a necessidade de outros tipos celulares de HSC que
comprovassem os efeitos obtidos nas GRX, fez com que buscassemos por mais
pesquisadores que trabalhassem com células hepaticas, permitindo assim um estudo
mais completo e com comprovacao efetiva dos efeitos antifibroticos da liraglutida. A
colaboragdo com o laboratério na Espanha nos permitiu seguir o trabalho com um
perfil mais clinico. E assim foi possivel testar os efeitos da liraglutida em HSC isoladas
de humanos e de ratos, além de experimentos com tecido fresco de figado humano e
estudos in vivo com ratos.

HSC quando se diferenciam em células ativadas apresentam elevados niveis de
a-SMA e este marcador esta diretamente relacionado com o desenvolvimento da

fibrogenese experimental hepatica, além da producdo exarcebada de colageno.
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Entdo, para confirmar os efeitos de mudanca de fenotipo das HSC tratadas com
liraglutida avaliamos o-SMA e colageno em oito modelos diferentes, incluindo
tratamentos in vitro e in vivo. O tratamento com liraglutida foi capaz de reverter estes

marcadores em todos os modelos, variando somente em intensidade:

Tratamento in vitro:

¢ Linhagem celular de HSC ativadas humanas (LX-2)
¢ HSC humanas ‘» Pacientes com cirrose (hHSC ativadas)
Pacientes saudaveis com ativagdo in vitro das células
e HSC de ratos Y Animais cirréticos (rHSC ativadas)
Animais saudaveis com ativacdo in vitro das células
¢ PCLS - Cortes precisos de figado humano cirrético posteriormente tratados
com liraglutida
Tratamento in vivo:
¢ Tecido hepatico de ratos que receberam liraglutida via subcutanea

¢ HSC ativadas isoladas de animais que receberam liraglutida via subcutanea

A analise de a-SMA em todas estas condi¢des é de grande importancia pois
confirma que este efeito benéfico é independente do modelo experimental e ndo
somente em um tipo celular.

A liraglutida também foi capaz de reduzir a proliferacdo das HSC ativadas, por
consequéncia da reducdo de PDGF[R, sem ativar mecanismos de apoptose e/ou
necrose. Além disso, reduziu a capacidade de contracao celular das HSC, o que
contribui para a melhoria do fenétipo das HSC. Estas células também apresentaram
reducdo de marcadores fibréticos, como TGF[ e inflamatérios, como TNF-a. Estes
dados corroboram com os primeiros resultados encontrados nas GRX ja que a
reversdao do fenotipo dessas células, implica na reducdo da proliferacao e de
processos inflamatorios.

Seguimos com experimentos in vivo e tratamos os animais cirroticos com

liraglutida ou solucdo fisiologica. Analisamos primeiramente a hemodindmica
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hepatica, comecando pela hipertensao portal que é uma grave consequéncia de
pacientes cirroticos. Os animais apresentaram reduc¢do da pressdo portal (PP) com
manutengao do fluxo sanguineo portal (PBF). Baseado na lei de Ohm, a diferenca de
pressdao (AP) no sistema portal como em qualquer outro sistema vascular, é o
resultado da interagdo entre o fluxo sanguineo (Q) e a resisténcia vascular (R) que
se opde a esse fluxo e é representada matematicamente por AP= Q x R. Assim,
sugerimos que a liraglutida pode ser capaz de reduzir a resisténcia hepatica, em
consequéncia da reducdo da pressao portal.

Nés também avaliamos a variacdo da pressao portal em resposta a diferentes
doses de acetilcolina e é possivel perceber que animais que receberam liraglutida
possuem uma melhor capacidade vasodilatadora do que os animais tratados
somente com o veiculo do farmaco. Fizemos analise histolégica do figado que
apresentou reduzida marcacdo de coldgeno, porém sem diferenca estatistica nas
metaloproteinases, inibidores das metaloproteinases e em desmina (marcador de
HSC de ratos).

Observamos também uma redugdo significativa no peso destes animais, dado
ja descrito por muitos pesquisadores e que levou a industria farmacéutica a
desenvolver uma nova formulacdo, com mesmo principio ativo, para controle da
obesidade. Marcadores bioquimicos como, AST, ALT, albumina, colesterol,
triglicerideos e acidos graxos livres ndo apresentaram diferenca estatistica entre os
animais tratados com liraglutida ou veiculo.

O crosstalk celular entre HSC e LSEC tem sido recentemente descrito e é
importante para manutencdo das fungdes hepaticas normais e para que as células
hepaticas sobrevivam. Na presenca de lesao hepatica, as LSEC tornam-se
rapidamente desreguladas e iniciam a diferencia¢do para um fenétipo capilarizado.
Sabendo disso, n6s avaliamos a capilarizagdo endotelial e percebemos que os
animais tratados com liraglutida apresentam melhora dessa condi¢ao, pois possuem
aumento na porosidade e na frequéncia das fenestras, além do aumento da
biodisponibilidade de 6xido nitrico (NO). Estudos sugerem que na cirrose ocorre
diminuicdo intra-hepatica de NO e que esse seria o principal fator responsavel pelo

aumento da resisténcia vascular intra-hepatica.
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Por fim, decidimos estudar por qual mecanismo a liraglutida possui estes
efeitos benéficos. Como a liraglutida é um analogo do receptor do GLP-1,
primeiramente tentamos inibir o receptor através da administragdo de Exendin9-39,
um fragmento que se liga ao receptor e por mecanismo de competicao impede a
ligacdo da liraglutida. Porém, mesmo com doses altas de Exendin9-39 e
administrando 10 minutos antes de liraglutida, ndo conseguimos impedir os efeitos
da liraglutida.

A presenca do receptor de GLP-1 no figado ainda é uma informacdo
controversa. A maioria dos artigos relatam sua auséncia, porém em 2010 Gupta e
colaboradores descrevem a presenca do receptor em hepatécitos. Sabendo disso,
decidimos avaliar a expressao do GLP1R nas nossas amostras e ndo encontramos
este receptor em nenhuma amostra hepatica, incluindo tecido hepatico humano,
mesmo utilizando duas sondas diferentes para real-time e estendendo a reagdo até
60 ciclos. Além disso quando a rota de GLP-1R é ativada, ocorre aumento de PKA
(proteina quinase A, também chamada de proteina quinase dependente do AMP
ciclico). Este aumento ndo foi observado nas amostras tratadas com liraglutida,
portanto nds sugerimos que a liraglutida ndo atua através do receptor de GLP-1.

Ap6és este resultado, buscamos outros possiveis mecanismos para esta acdo da
liraglutida. Gaspari e colaboradores em 2011 (58) descrevem que a liraglutida pode
atuar via NFxB e portanto, decidimos analisar esta rota. De fato, a liraglutida
aumenta a expressao de IkB e reduz NFkB e seu gene alvo Sox9, sugerindo que a
liraglutida possa estar atuando por esta via. Para confirmar este resultado, tentamos
avaliar a translocacdo do NFxB para o nucleo, porém por problemas técnicos nao
obtivemos éxito e decidimos nao colocar este resultado no artigo cientifico. Ainda
assim, sugerimos que no cenario especifico de CLD a liraglutida melhora o fenoétipo
das HSC e a microcirculagao hepatica através de um mecanismo independente de
GLP-1R e a via NF-kB-Sox9 é um forte candidato para mediar, pelo menos em parte,
estes efeitos.

Apés o término deste artigo e sabendo da acao antinflamatdria em modelos de
doencas neurodegenerativas, resolvemos avaliar o seu efeito no controle da

apoptose e formacdo dos NETs de neutréfilos e na imunomodulagao de células
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mononucleares. Novos farmacos com poder de modular a resposta excessiva do
hospedeiro estao sendo vistas como estratégias para mudar e melhorar os
resultados dos tratamentos de doencas inflamatoérias. Porém, nossos resultados
demonstraram que a liraglutida ndo interfere no efeito do LPS em neutrofilos (figura
4) e s0 foi capaz de reduzir a proliferacdo dos linfocitos (figura 5) induzidos por PHA,
em concentragdes tdxicas. Portanto, concluimos que a liraglutida nao impede a
apoptose neutrofilica causada pelo LPS, nem possui efeito imunomodulador nos

linfécitos. Por esta razdo, ndo prosseguimos com esta linha de investigacao.
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neutrdfilos. Resultados expressos pela média + SD. *p<0,05 comparado ao controle.
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Com este trabalho concluimos que a liraglutida possui acdo efetiva na reducdo
da fibrose hepatica, pela desativacdao das HSC, e que ndo possui acdo direta como
imunomodulador, nem impede a apoptose neutrofilica induzida por LPS. Na figura 6

mostramos o racional dos principais resultados obtidos.
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desativa as HSC, o que leva a reducio da fibrose, pressido portal e resisténcia hepatica. Estes efeitos

parecem ser através da reducdo de NFK 3 e independentes do receptor de GLP-1. A Liraglutida nao

demonstrou efeitos diretos como antioxidante, imunomodulador ou com capaci
apoptose neutrofilica.
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7. Anexo

Artigo original realizado durante o doutorado-sanduiche em
Barcelona/Espanha em parceria com o laboratério de Hemodinamica Hepatica,
IDIBAPS - Hospital Clinic - CIBEREHD. Publicado em janeiro de 2017, no periddico
Journal of Hepatology com fator de impacto 10,590.
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Background & Aims: The transcription factor Krijppel-like factor
2 (KLF2), inducible by simvastatin, confers endothelial vasopro-
tection. Considering recent data suggesting activation of
autophagy by statins, we aimed to: 1) characterize the relation-
ship between autophagy and KLF2 in the endothelium, 2) assess
this relationship in acute liver injury [cold schemia/reperfusion)
and 3) study the effects of modulating KLF2-autophagy in vitro
and in vivo.

Methods: Autophagic flux, the vasoprotective KLF2 pathway, cell
viability and microvascular function were assessed in endothelial
cells and in vanous pre-clinical models of acute liver imjury (cold
storage and warm reperfusion).

Results: Positive feedback between autophagy and ELF2 was
observed in the endothelium: KLF2 inducers, pharmacological
(statins, resveratrol, GGTI-298), biomechanical (shear stress) or
genetic (adenovirus containing KLF2). caused endothelial KLF2
overexpression  through a  Racl-rab7-autophagy dependent
mechanism, both in the specialized liver sinusoidal endothelial
cells [LSEC) and in human umbilical vein endothelial cells. In
turn, KLF2 induction promoted further activation of autophagy.

Cold ischemia blunted autophagic flux. Upon reperfusion, LSEC
stored in University of Wisconsin solution did not reactivate
autophagy, which resulted in autophagosome accumulation
probably due to impairment in autophagosome-lysosome fusion,
ultimately leading to increased cell death and microvascular
dysfunction.

Simvastatin pretreatment maintained autophagy (through the

upregulation of rab7), resulting in increased KLE2, improved cell
viability, and ameliorated hepatic damage and microvascular
function.
Conclusions: We herein describe for the first time the complex
autophagy-KLF2 relationship, modulating the phenotype and sur-
vival of the endothelium. These results help understanding the
mechanisms of protection conferred by KLF2-inducers, such as
simvastatin, in hepatic vasoular disorders.
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Lay summary: Autophagy and the transcription factor KLF2 share
a common activation pathway in the endothelium, being able to
regulate each other.

Statins maintain microvascular function through the inhibition
of Racl, which consequently liberates Rab7, activates autophagy
and increments the expression of KLF2.

& 2016 European Association for the Study of the Liver. Published
by Elsevier BV. All rights reserved.

Introduction

Autophagy is a constitutive process that maintains cellular
homeaostasis in a wide variety of cell types through the encapsu-
lation of damaged proteins or organelles in double-membrane
vesicles called autophagosomes, which fusing with lysosomes
allow degradation of the cargo. As a result, cells obtain amino-
acids, lipids and other components that will serve as a source
of energy and new building blocks for synthesis. Regulation of
autophagy is complex since it shares molecular signaling with
cell proliferation and apoptosis [1.2]. Cells activate autophagy
as a mechanism of cellular recycling and survival in response to
cellular stresses like low nutrients, low ATP or hypoxia [34]

Autophagy plays a role in the pathophysiology of diverse liver
diseases, including non-alcoholic steatohepatitis, viral hepatitis,
fibrosis, and hepatocellular carcinoma [5-7]. However, there is
no consensus about the role of autophagy in ischemia and reper-
fusion injury, where autophagy may be differentially regulated,
and have opposite effects, depending on type of ischemia (warm
or cold) or the preservation solution used [7-11]. Moreover, the
possible role of autophagy in the maintenance of liver sinusoidal
endothelial cells (LSEC) phenotype is completely unknown.

The vasoprotective transcription factor Kriippel-like factor 2
(KLF2) is expressed in the liver endothelium in response to blood
flow-derived shear stress and plays a key role in the pathophys-
idogy of hepatic ischemia and reperfusion imjury [12.13]. In fact,
when the liver is ischemic due to cold preservation or to surgical
procedures, the endothelium rapidly loses its KLF2 expression
leading to the dysregulation of its specialized phenotype (capil-
larization), development of hepatic microvascular dysfunction,
and ultimately hepatic injury.
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Pharmacologically, KLF2 can be efficiently induced by statins.
Although these FDAJEMA approved drugs were designed to
reduce cholesterol synthesis, several reports demonstrated that
statins are potent KLF2 activators independently of their lipid
lowering effects but dependent on the geranylgeranyl-
pyrophasphate (GGPP) pathway [14,15]. In the field of acute liver
injury, previous studies demonstrated that simwvastatin protects
healthy and steatotic rat livers through the maintenance of LSEC
vasoprotective phenotype [13.16.17].

Considering this backeround and recent studies suggesting
that KLF2 activators such as simvastatin and resveratrol might
be able to increase autophagic flux in the endothelium [18-20),
and that autophagy is required for the endothelium to respond
to shear stress [21], the present study aimed at: 1) characterizing
the possible cross-link between autophagy and KLF2 in the
endothelium; 2) defining endothelial autophagy in the context
of liver ischemiafreperfusion; and 3) modulating  hepatic
autophagy in vitro and ex vivo to revert the negative effects of
ischemiafreperfusion.

Materials and methods
Animals

Male Wistar rats (Charles River] weighting 300-1350 g were kept in snvircamen-
tally controlled facilities at the IDIBAPS. All experiments were appraved by the
Laboratory Animal Care and Use Committee of the University of Barcelona and
were conductsd in accordance with the Europ i ity guideli for
the protection af animals used for experimental and other scientific purposes
(European Economic Community (EEC) Directive SGJ609)L

Liver simusoidal endotfeiiol ceils {[56C) salatian

Rat LSEC were isolated 2= described in Supplementary methods. LSEC used in the
present shudy showed average wiability of 96X [ by trypan blue exclesion] and 82X
parity (by acetylated=low density lipoprotein [Ac-LDL) incorp pon and Keca-1
staiming) [22,23].

In vitro cold ischemia and warm reperfusion ([fR)

Freshly isolated LSEC were washed twice with warm phosphate balanced saline
{PES) and cultured at 4 *C in cold Celsior or University of Wisconsin (UWS) solu-
tions. Using an axygen microsensor {Unisense OX-MP), O; availability was mea-
sured demonsirating that cold storage solutions have a 35% reduction in Ox
saturation in comparison to standard culture conditions., therefare ensuring an
appropriate hypoxic environment

After ischemia time, cells were washed twice with cold PES and in vitro reper=
Tusion was mimicked incubating LSEC in complete media during 2 h at 37 %C in
normioxss humid atmasphere.

Endathelial cells treatments

Primary rat LSEC or human umbilical vein endothelial cells (HUVEC) [ Lonza) were
treated with 5pM stmvastatin [Calbdochem), 5 pM mevastatin {Calbiochem),
10 pM CGPP [Sigmal), 5 pM GGTI=298 (Sigma], 20 pM chloroguine [ Sigmal,
2pM rapamycin (Samta Cruz), 1pM resveratrol (Sigma), 50 pM RSCZITEG
(Sigma) ar 50 nM bafilomycin (Bal: Sigma) when appropriate. Drugs concentra-
tions derive from previously published reports [14,19.23 24] or from preliminary
studies performed by our team.

For each experiment, culture medium was aliquabted and complemented with
the cormespanding drag or vehicle and added to the cormespanding wells. Resules
from endothelial cells derive from at least nw 3 independent experiments (| differ-
ent isolations For LSEC; diff cial batches for HUVEC always below
passage §) with nw= 2=1 replicates for each experimental conditian
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Adenoviral overexpression of KLF2

Cells were seeded at a 60% confl in pl diverm. Al the time of mfec-
tian, plakes were washed bwice with PBS and were incubated with 10 MOl of ade-
nowinus containing KLF2 [ADKLF2) or adenovirnues contaning green fluorescent
protein [AJGFF) (kndly provided by Praf Garcia=Cardena) for 2 h in culture med=
fum containing XX FB3. After infection, the medium containing the adenovins
was removed and cells were incubated for 24 h |25

Endothelial shear stress

HUVEC were seaded in gelatinscoated pSlide Bow chambers [IBID]) at a conflu=
ence afl 100000 cellsfchamber and maintained ak the incubator for 12 b, After-
wards, culture media [Madiom 199 with 10X FES, 2mM L-glutamine, 1%
penicillinstreptomycin, 0.1 mg/ml hepanin, 005 mgiml endothelial mitogen
and 2% dextran) was added and cells wene cultured far 24 b in static or dynamic
conditions {12 dynfen®) [23].

Endothefio vinbility

Cell death was analyzed by double staining with acridine orange and propidium
vodide (AQ=P1} and by trypan blue exclusion assay, 2 previously described [25].
Briefly, for AD-Pl staining, endothelial cells were incubated with 300 ngjml acri-
dine orange and 5 pg/ml propidiem iodide for 10 min. Plates were washed twice
with PBES and complete Roswell Park Memarial Institute [(EPMI) without phenol
red media was added. Cells were ohserved with a fluorescence microscape [ Olyme=
pus BX51 witha U=LH100HG light source ). Four Gelds were randomly selecied per
well and pictures of visible light, green light (488 nm emission} and red kight
[555 nm emission ) wene taken 2t 200x magnification. bmages were merged using
Image| saftware (MIH). Cells stained in plain green were counted as vishle, cells
with bright and green dotted nuclei were counted as apoptotic, and cells stained
in red were counted a5 necrotic.

The trypan blue exclusion assay was performed an plate. Trypan Blue (Fluka)
weas added to the i at a final ion af 0.04 mgfml. Cells were incu-
babed at 37 *C for 10 min and piciures were taken for further analysis.

T independent researchers (SG=M and FM) performed the analysis of all
pictures blindly.

Immunofluorescence

Endothefial cells were seeded onte 12 mm confocal coverglasses {Electron Micro=
scopy Sciences). A the end of treatments, cells were fixed with 4% paraformalde-
biyde for 10 min rinsed with PBES and permeabilized with 0L1¥ triton X-100
[Sigmia) for 5 min. Cells were blocked Far 30 min with 1% BSA in PBS and subses
guently incubated with primary antibodies against LCIB [1:200, cell signaling)
and Lamp2 [1:50, Sanka Cruz) overnight at 4 *C Incubation with sscondary anti=-
bodies conjugated with Alexa Fluor 488555 (1:300, Invitrogen) was performed at
room temperature for 1 h aleng with DAPI (3 ngfml, Invitrogen) Preparations
were them mounted wsing Fluoremount=C [Bionovacientifica) and dried aver-
might. Six images per preparation and channel {visible; green, 488 nm; red,
553 nm) were obtained with a spectral confocal microscope (Leica TCS-5PS)
Images were then analyzed with the Image] software (NIH).

Ex vivo model of ischemig/reperfusion

Male Wistar rats [250=-300g; nw8 per expenimental condition) were pre-
treated with the sutophagy inhibitor CQf (60 mglkg, i.p. tm=24h and =2 h)
[26], or s wehicle, Rollowed by the KLF2 inducer simvastatin (1 mglkg, iv.,
tw=1h} or wehicle. Afterwards, rats were anesthetived with Eetamine
(&0 mgkg ip; Merial Laboratories, Barcelona, Spain) + midazolam (5 mgflg L
p: laboratorios Reig Jofré, Barcelona, Spain) Livers were exsanguinated with
Erehs buffer, flushed through the portal vein with 10 ml of ice-cold WS and
explanted. Grafts were kept submerged in this solution for 16 b and reperfused
for *h with warm Krebs buffer |1316]. Then, Bver microvascular fanction was
evaluated analyzing endotheli ndent vasorelaxation 1o incremental
duses of acetylchaling [10-7=10~ M) after pre-constriction with methaxamine
(10 M) [27].

Samples of perfusion buffer and Ever bssue were stored for molecular
analyses.
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mRNA ond profein analysis

Please see Supplementary methods for detailed information regarding ENA
extraction, qPCR and Western blotting.

L3 turmover aisay

A ic fux was as the atian of after

afl Tysosomes fusion with CQ or Baf for 2 h. Autopha-
gic fuxw 3= [0 or Baf)iglyceraldehyde 3-phasphate  dehydrogenase
[GAPDH] = LC3-II (vehicle )JCAPDE for each experimental condition.

Transmission electron mcroscopy

Livers were perfused through portal wein with a fixation solution containing 2.55
glutaraldehyde and 27X paraformaldehyde and fixed overnight at 4 *C. Samples
were washed 3 times with 0.1 M cacodylate buffer. Liver sections were fixed with
1% osmium in cacodylate buffer and, after dehydration in acetone gradients,
embedded in Spurr resin Ultrathin ssctions (50 nm) were counterstained with
uranyl acetate and kead citrate |28]. Samples were analyzed using a JECGL J1010
micrascope and an ORIUS camera {Catan, Inc; Roper Technobogies, Inc.)
Ulerastructural analysis devived fram n= 3 rats per group, with 3 diferent dssee
areas from each liver and at least 10 pictures of each one.

Seatistical analysis

Statistics were performed using the SPSS ¥.19.0 software for Windows (1BM,
Armank, Mew Yark, USA). All results are expressed as mean 2 SEM. Comparisons
between groups were performed a5 follows: normality was assessed using the
Kolmogarov-Smirmnav test. For experimental data following a narmal distribution
we performesd the ane-way ANOVA test followed by least significant difference
[LSD) and Bonferrond post hoo tests. Otherwise, non-parametric Knaskal-Wallis
test followed by Mann="Whitney U test were pedformed when groups did not fal=
low mormality. Differences were considered significant at a p value =005,

Results
KLF2 upregulation induces autophagy in endothelial cells

Effects of KLF2 upregulation on the autophagy axis were analyzed
using pharmacological, adenoviral and biomechanical strategies.
Treatment of primary LSEC with the KLF2 activators simvastatin
and resveratrol did not modify the protein expression of the
autophagosome-formation mediator Atg7, or the ubiguitin-
binding autophagic adaptor p62, but significantly upregulated
autophagic flux as demonstrated by the LC3 turnover assay and
autophagosome-lysosome colocalization (Fiz 1A, B and Supple-
mentary Fig. 1). Rapamycin was used as positive control, showing
comparable activation of autophagy. Simvastatin effects on
autophagic flux were validated using a different statin formula-
tion, mevastatin {Supplementary Fig. 2).

Modulation of the KLF2 protective pathway by inhibiting ger-
anylgeranylation with GGTI-298 (activator of KLF2) mimicked the
effects of simvastatin on autophagy (Fig. 1C left), while addition
of the KLF2 inhibitor GGPP abrogated simvastatin effects
[Fig. 1C right)

In addition, specific KLF2 overexpression using adenoviral
constructs codifying for this transcription factor (AdKLF2)
(Fiz. 1D) or biomechanical stimulation by shear stress (Fig. 1E)
markedly increased autophagic flux, altogether demonstrating
that KLF2 per se activates autophagy in the endothelium.

Effects of /R on endothelial viability and autophagy

LSEC cultured under cold ischemia conditions, without reperfu-
sion, did not exhibit significant changes in viability when com-
pared to controls. However, cells that after cold preservation
were subsequently warm reperfused displayed increased cell
death, as observed with double staining with AD-PI and by trypan
blue exclusion assay, and its magnitude was dependent on time
of ischemia (Fig. 24, B).

Analysis of autophagic flux in LSEC undergoing IjR revealed
profound inhibition of autophagy in response to cold ischemia
(both at 6 h, 12 h or 24 h of cold storage) using either Celsior or
UW solutions. Upon reperfusion, LSEC stored in Celsior reacti-
vated autophagy in an ischemia time-dependent manner. How-
ever, those cells kept in UWS failed to reactivate autophagic
flux. In fact, they displayed marked accumulation of autophago-
somes, suggesting that fusion of autophagosomes with lysosomes
was impaired under these conditions (Fiz. 2C). In vitre culture of
LSEC did not modify autophagy as demonstrated analyzing cells
cultured in standard conditions during the same periods of time.

Simvastatin stimulates the KLF2-outophagy axis and improves cell
viahility in endotheliol cells undergoing [/R

LSEC pretreated with simvastatin 1 h before undergoing UWS
cold ischemia showed proper upregulation of KLF2, activation
of autophagy, and consequently preservation of cell wviability
(Fig. 3A-C). The beneficial effects of simvastatin were not
observed when the simvastatin-KLF2 pathway was blocked with
GGPP, or when autophagy was blocked with C), suggesting that
simvastatin requires autophagy to induce KLF2 and confer vaso-
protection. To note, endothelial cells preserved in Celsior solution
did not show activation of autophagy in response to simvastatin
(Fig. 3D), and was associated with no changes in cell viability
(data not shown).

Simvastatin reactivates autophagic flux through Rab? upregulation

Endothelial cells that underwent cold storage in UWS displayed
lower levels of the autolysosome-formation mediating protein
Rab7 in companson to those cells stored in Celsior. Such decrease
in Rab7 was prevented administering statins prior to cold ische-
mia (Fig. 4A and Supplementary Fig. 2}

Similarly, HUVEC and LSEC cultured under standard condi-
tions and treated for 24 h with simvastatin exhibited significantly
increased protein levels of Rab7 in comparison to wehicle-treared
cells (Fig. 4B). This effect, together with activation of KLF2, was at
least in part dependent on the small GTPase Racl. Indeed, treat-
ment of LSEC and HUVEC with the Racl inhibitor NSC23766 sig-
nificantly upregulated Rab7, the KLF2 protective pathway
(measured as KLF2 and its target gene eNOS), and autophagic flux
(Fig. 5 and Supplementary Fig. 3}

A more detailed analysis of Rab7 upregulation in response to
simvastatin revealed that statins do not promote Rab? transerip-
tion, measured as mRNA expression, nor inhibit its protein degra-
dation, since Rab7 protein levels still increased in the presence of
protease inhibitors (Supplementary Fig. 4). These data suggest
that statins modulate Rab7 availability at its translational level
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Fig. 1. KLFZ upregulates autophagy in the endothelium. (A) Protein expression of autophagy markers Atg7, p62 and LC3=1l in primary liver sinusnidal endathelial cells
(LSEC) treated with different vasoprotective drugs. The LC3 turnover is represented in the graph below [00: chloroquine, Bal: bafilomycin). [B) Representative images af
sutophagasomes (LC3, green) with lysosomes [Lamp2, red ) colocalization in LSEC. Quantification of colocalization (R value representing autophagy ) derives from no= 60-80
«cells per condition from n = 3 independent experiments. (C) Autophagic flux in respanse to KLF2 modulators. Left, GOTI-298 as KLF2 inducer. Right, GGPP as KLF2 repressor.
(D) Auvtophagic flux in response to genetic upregulation of KLF2 {mELF2: transfected mouse KUF2) in LSEC and HUVEL. (E) Autophagic fux in HUVEC cultured under static
eonditions or bivmechanical shear stress stimulation. “p <005 vi its correspanding control; 'p <005 vs. AdGFE.

Autophagy mediotes the protective effects of simvastatin in livers Discussion
undergaoing I/R

Different studies have recently reported that autophagy is induci-
Fig. 6 shows that livers undergoing UWS cold storage and warm ble by simvastatin or resveratrol | 18-20]. These drugs, in addition,
reperfusion displayed marked accumulation of autophagosomes, are known to strongly activate KLF2 [14.29], a vasoprotective
both in the endothelium and in hepatocytes, that was accompa- transcription factor determinant in the state and phenotype of
nied by the development of acute microcirculatory dysfunction the endothelium. Considering this background, we herein aimed
(Fig. 7). These detrimental effects of I[JR were not observed in rats to determine the possible link between KLF2 and autophagy in
that received simvastatin prior to cold ischemia, which in fact the unique liver sinusoidal endothelium. Interestingly, treatment
exhibited increased autophagosome clearance and improved of LSEC with pharmacological activators of KLF2 increased
microcirculatory relaxation in response to acetylcholine. Impor- autophagic Mux, demonstrated via two well-accepted techniques,
tantly, pharmacological inhibition of hepatic autophagy using which are the LC3 turnover assay using two different autophagy
) completely abrogated the beneficial effects of simvastatin, inhibitors (CQ and Baf) and the colocalization of autophagosomes
To denote, CQ had no effect in vehicle-treated animals, there- with lysosomes using confocal microscopy. Moreover, precise
fore suggesting that CQ specifically affected autophagy (which upregulation of KLF2 using an adenovirus coding for KLF2 or
was indeed downregulated due to cold storage and warm reper- due to biomechanical shear stress stimulation resulted in mark-
fusion) and did not impair micrecirculation independently of edly increased autophagic flux not enly in LSEC, but also in not
simvastatin action. Please find additional transmission electron s0 specialized endothelial cells (HUVEC), altogether demonstrat-
microscopy (TEM) images at different magnifications in Supple- ing for the first time that KLF2 is able to activate autophagy. This
mentary Fig. 5. finding is consistent with other results indicating that targets of
Journal of Hepatology 2007 vol. 66 | 86-94 89
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Fig. 2. Characterization of cell death and autophagy in in vitro acute liver injury. (A) Evaluation of cefl death by double staining with acridine orange & propidium iodide
in liver sinusoidal endothelial cells (LSEC) freshly isolated (control cefls; CT basal), cultured in standard conditions for 24 h (CT final), cold stored for 24 h (Isch), or cold
stored for 6 h, 12 h and 24 h and afterwards warm reperfused (Rep). Plain and tenuous green cells where counted as viable, cells with bright green nucleus (arrow heads)
were considered apoptotic, and red cells, as necrotic. (B) Cell viability of cells described in A assessed by lrypm blue exclusion assay. y <005 vs CT. (C) LC3 protein

nptmlon in LSEC described in A using C:lmr o University of Wisconsin (UWS), as cold storage soluti A d as white bars. Autophagic flux,
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autophagy inhibiter CQ, or their ing vehicles. (D) ic flux in LSEC cold stared in Celsior solution and warm rep p <l105 123 ing vehicle;
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KLF2 like HO-1 are associated with autophagy activation and liver decreased upon reperfusion depending on ischemia time, and
protection [26]. independent of using Celsior or Wisconsin solutions. Upon reper-
Considering that autophagy is a general survival process that fusion, cells that were stored in Celsior solution reactivated
is involved in various types of liver injury and may confer oppo- autophagy in an ischemia time-dependent manner. However,
site properties (i.e., protective or harmful) |720], we specifically cells stored under UWS exhibited basal acc lation of
characterized the viability status and the possible role of autophagosomes and were unable to properly reactivate
autophagy in endothelial cells suffering acute injury by means autoghagic flux, suggesting impairment of clearance of
of cold ischemia and warm reperfusion. To properly evaluate cell autophagosomes. It is intriguing how UWS may inhibit the fusion
viability, we performed a commonly used and well-described of autophagosomes and lysosomes, especially since its composi-
technique as is trypan blue exclusion assay, and a more specific tion does not reveal known inhibitors of autophagy. However, it
fluorescent staining that allows to differentiate between apopto- is important to denote that beyond its composition, previous
sis and necrosis (AO-PI) [25,31]. As expected, ischemia per se did studies reported significantly better maintenance of energy sta-
not affect LSEC viability. However, LSEC survival dramatically tus (ATP levels) in cells preserved in UWS than in Celsior [32],
90 Journal of Hepatology 2017 vol. 66 | 86-94
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which may itsell impair autophagic flux. Altogether suggests that
UWS protective capability may be further potentiated through
the exogenous addition of autophagy activators,

In order to better understand the underlying mechanism for
this inhibited formation of autolysosomes, we analyzed the
expression of Rab7, a small GTPase responsible for fusion of cel-
lular vesicles that has been reported to mediate the fusion of
autophagosomes with lysosomes [33). These experiments
revealed that endothelial cells stored in UWS displayed lower
protein levels of Rab7 in companison to Celsior stored cells.

Considering the above-described inter-relation between KLF2
and autophagy, we next evaluated the possible protective effects
of simvastatin in the specific scenario of liver endothelial IR
injury. As expected, simvastatin significantly increased the
expression of KLF2 in endothelial cells, which prevented cell
damage. It is important to note that the maintenance of cell
viability achieved with simvastatin was not observed when LSEC
were pretreated with the KLF2 inhibitor GGPP, therefore confirm-
ing KLF2-mediated protection. However, when autophagosome-
lysosome fusion was blocked using OQ, KLF2 levels and cell
viability fell to a threshold level regardless of simvastatin
pretreatment, suggesting that autophagy would be upstream of
KLF2 in this case. As shear stress is the natural inducer of KLF2,
our findings are in agreement with a recent report demonstrating
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Fig 5. Inhibition of Racl activates the RabT-autophagy-KLF2 pathway. Protein
expression, and relative quantification, of astophagic Mux, eNOS (a5 major KLF2
target gene) and Rab7 in primary LSEC treated for 24 h with the Racl inhibitor
MSC23766, or its vehicle. "p <0105 vi wehicle.

that autophagy is required to transduce shear stress signaling to
nitric oxide production [21].

In addition, regarding the underlying molecular mechanism
on how KLF2 activators promote cell survival, we herein demon-
strate for the first time that simvastatin activates autophagic flux
in the cold stored sinusoidal endothelium, ultimately conferring
vasoprotection. It is worth noting that this KLF2 activator did
not increase autophagosomes, demonstrated by unchanged levels
of Atg7 and basal LC3-1I, but promoted their fusion with lyso-
somes probably through upregulation of Rab7. 1t is intriguing that
P62 levels remain stable in response to simvastatin or rapamycin,
however our results are in line with previous data demenstrating
that pB62 protein expression does not always correlate with
autophagic flux, as it can be transcriptionally regulated during
autophagy and also be degraded through the proteasomal path-
way [33]. Accordingly, despite protein levels of p62 being invari-
ant, autophagy activators increased transcription of p&2,
altogether suggesting enhanced p62 turnover and thus increased
autophagic flux.

Importantly, the novel mechanism of protection of simvas-
tatin was also confirmed in HUVEC and LSEC cultured under stan-
dard conditions, moreover validated using mevastatin, thus
proposing a new pan-endothelial mechanism by which KLF2 acti-
vators may exert their vasoprotection.
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Fig. 6. Si > of &

after YR in rat livers. Representative TEM images of the endothelium (left panels, 12,000x

mag\lﬁulm)andparmdlynu(rm panels, G000x maynﬁmn)ofhm from sham animals, and animals pretreated with simvastatin, or vehicle, and afterwards cold

stored and warm

(1/R). Autoph are indicated with

To ascertain the molecular link between autophagy activation
and KLF2 upregulation, we focused on the GTPase Racl. In fact, it
has been shown that: 1) Racl represses autophagy [19], 2) its
activityis dul ‘by, yig lation |34), therefore rep-

it 1 of KLF2 exp 1, and 3) Racl
regulates R&? protein availability [35]. Consndenng these data,
we assessed whether Racl inhibition could have a crudal role
in endothelial h ingly, we herein show that
specific Racl inhibition usmg NSC23766 was associated with a
significant activation of the Rab7-autophagy-KLF2 axis, both in
LSEC and HUVEC. Although our results are consistent, it should
be noted that previous studies showed opposed effects of statins
on autophagy due to the inhibition of Rab11 [36], and that Rab

heads and amplified on the right side of each image.

mcreasc in autopha@somzs after I[R in UWS is caused by a
ream i of hagy also ex vivo. This is the
reason why we mvesugated whether the microdrculatory pro-
tective effects of statins in the setting of hepatic IR, previously
shown by our group and others [ 13,16,39), may derive from the
reactivation of autophagy. The results of these studies revealed
that pretreatment of animals with simvastatin shortly before cold
storage activated hepatic autophagic flux (demonstrated by ame-
liorated autophagosome clearance), leading to improvement of
liver microvascular function upon reperfusion (measured as
ex vivo vasodilatation in response to increasing concentrations
of acetylcholine) in comparison to animals receiving vehicle.
Momover. the beneficial effects of si in were di d

GTPases may also be post-translationally modified by geranylg
anylation |37, so further desirable studies would clarify Rab7
activity and location under these circumstances. Nevenheless
our manuscript adds a significant piece of led;

hagy, as they were not observed when aulophagy was
d’fectnvely blocked in the liver by administering CQ before statin.
Aside from the protective effects of autophagy activation by sim-

the intermediaries involved in the molecular pathway actwaled
by statins and ultimately leading to KLF2 expression. From the
current studies it is clear that Racl should be now cmsldered

of

in the hepatic microcirculation, we didn't observe any
other endothelial protective effects in vivo, such as improvement
in endothelial cell phenotype (in terms of éNOS and vWF analy-
sis; data not shown), suggesting that reactivation of endothelial

as the protein responsible for GGPP-mediated
KLF2 expression, either direct or indirectly, and therefore
deserves further investigation.

The relevance of these results was also validated in in vivo and
ex vivo models: Firstly, we confirmed the abrogation of autopha-
gic flux in UWS cold stored livers. Indeed, transmission electron
microscopy images revealed that rat livers cold stored using
UWS showed marked accumulation of double-membraned struc-
tures, both in the sinusoidal endothelium and the parenchyma,
compared to control rat livers. An increase in the number of
autophagosomes after hepatic I/R in UWS was previously
reported by others [8.38), but it was associated with an increase
in hagy. F . in the p study, the use of dynamic
techniques to monitor autophagic flux in vitro suggests that this

phagy by statins may also have KLF2-independent effects
in the hepatic microcirculation, p.e. increased sinusoidal para-
crine cross-talk due to rab7-mediated secretion of endothelial
autophagic bodies [40-42]. It is also important to note that the
ex vivo perfusion model used to mimic reperfusion injury repro-
duces only in part the detrimental effects of this pmoess Indeed,
it lacks blood comp such as poly fear neu-
trophils and platelets, which may also contribute to LSEC dys-
function and respond to statins.

Finally, and considering previous studies demonstrating
simvastatin-mediated KLF2 upregulation in LSEC physiologically
stimulated with shear stress [23], we hemn propose that activa-
tion of hagy th h a si in-KLF2-mediated mecha-
nism may also cnnfer protection in ischemia-independent
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function of rat livers. (A) LC3-1l Western blot and quantification in livers from
rats p d with the phagy inhibe hioroquine (CQ), or vehicle,
followed by simvastatin, or its vehicle, cold stored for 16 h and warm reperfused.

(B) Hepatic of livers described in A as
laxation in resp o & ing doses of acetylcholine (Ach) after pre-
iction with ine. *p <005 vs. all.

situations, such as chronic liver disease or other types of acute
liver injury.

In conclusion, we herein report for the first time the intimate
cross-talk between autophagy and the transcription factor KLF2
in the endothelium. KLF2 per se is able to activate autophagy,
but in an acute liver injury situation as is /R, simvastatin would
maintain proper autophagic flux through a Rac1-Rab7 pathway,
which in turn would maintain KLF2 levels, ultimately conferring
endothelial, microvascular and parenchymal protection. Our
results help understanding the molecular mechanisms of statin-
mediated tion and developing new therapeutic strate-
gies for the treatment of hepatic and extrahepatic vascular
diseases.
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