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RESUMO
A insuficiéncia hepatica aguda é resultante da perda das fungdes vitais do
figado em consequéncia da disfungdo maciga do tecido hepatico. Em muitos
casos, o transplante de figado é o tratamento definitivo, apesar da capacidade
regenerativa do figado. Os mecanismos da regeneragdo envolvem intricadas
vias de regulagdo, com ativagdo de fatores de crescimento e citocinas. A
terapia celular com células tronco da medula 6ssea tem sido proposta como
alternativa terapéutica, mas seu emprego permanece no campo experimental.
O presente estudo teve por objetivo investigar os efeitos paracrinos da terapia
com células em microcapsulas semipermeaveis, em modelos de insuficiéncia

hepatica aguda.

Em uma primeira etapa animais submetidos a hepatectomia parcial de 90%
foram transplantados com células da medula 6ssea (CMO) encapsuladas ou
capsulas vazias. Os resultados demonstraram um aumento na sobrevida em 10
dias nos animais tratados com CMO encapsuladas. Estudos em tempos iniciais
da regeneracédo (em até 72 horas) demonstraram que as CMO reduziram a
expressao de genes que favorecem a regeneragao hepatica e aumentaram a
expressdo de reguladores negativos da regeneracdo. Como consequéncia,
houve uma diminuicdo da taxa de regeneragcdo nos animais tratados. Este

efeito ocorreu através de mecanismos paracrinos.

Na segunda etapa avaliamos a capacidade de diferenciacdo das células da

fragdo mononuclear da medula 6ssea (CFMMO) encapsuladas in vivo e in vitro.



Vii

Animais submetidos a uma lesdo por Tetracloreto de Carbono (CCls) foram
transplantados com CFMMO encapsuladas. Animais sem lesdo hepatica foram
utilizados como controle. Observou-se que, 48 horas apos o transplante as
CFMMO passaram a expressar genes caracteristicos de hepatécitos. A fim de
estudar melhor os mecanismos envolvidos nesta diferenciagdo, utilizamos
CFMM encapsuladas em um modelo in vitro que replicasse as caracteristicas
do modelo in vivo. Assim empregamos um sistema de co-cultivo, onde as
CFMMO encapsuladas eram mantidas em contato com o meio de hepatdcitos
com ou sem lesao por CCls. Nossos resultados demonstraram que em apenas
6 horas de co-cultivo in vitro as CFMMO encapsuladas expressaram
marcadores hepaticos. Estes resultados sugerem a ocorréncia de diferenciacao

das CFMMO em tempos muito precoces por mecanismos paracrinos.

Em conjunto, os resultados apresentados nos permitem concluir que a
microencapsulacao celular se mostrou uma ferramenta adequada para avaliar
0S processos que ocorrem na lesdo hepatica aguda de maneira bidirecional.
Sendo assim, pudemos observar o efeito que as células da medula 6ssea (total
ou fragdo mononuclear) exercem sobre o tecido hepatico lesado, bem como o

efeito que substéncias secretadas por este tecido tém sobre essas células.
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ABSTRACT

Acute liver failure results from loss of the liver’s vital functions due to
major dysfunction of hepatic tissue. In several cases, liver transplantation is the
definitive treatment, despite the liver's regenerative capacity. Regeneration
mechanisms involve intricate regulatory pathways, with activation of growth
factors and cytokines. Cell therapy with bone marrow stem cells has been
proposed as a therapeutic alternative. However, its use remains in the
experimental field. The objective of this study was to investigate paracrine
effects of cell therapy in models of acute liver failure with the use

semipermeable microcapsules.

First, animals undergoing 90% partial hepatectomy were transplanted
with encapsulated bone marrow cells (BMC) or empty capsules. Results
showed an increase in 10-day survival in treated animals treated with
encapsulated BMC. Studies performed at earlier steps (within 72 hours)
demonstrated that BMC reduced expression of genes that promote liver
regeneration and increased the expression of its negative regulators. As a
consequence, there was a decrease in the rate of liver regeneration in treated

animals, and this effect occurred through paracrine mechanisms.

In the second study we evaluated the differentiation ability of
encapsulated bone marrow mononuclear cells (BMMC) in vivo and in vitro.
Animals submitted to carbon tetrachloride (CCly) induced acute liver injury were
transplanted with encapsulated BMMC. Animals without liver injury were used

as a control group. It was observed that 48 hours after transplantation, BMMC



began to express hepatocyte-specific genes. In order to better understand the
mechanisms involved in this differentiation, we used encapsulated BMMC in an
in vitro model that replicates the characteristics of the in vivo model. So, we
employed a co-culture system, where encapsulated BMMC were kept in contact
with medium from hepatocytes with or without injury by CCls. Our results
showed that in just 6 hours of in vitro co-culture the encapsulated BMMC
expressed hepatic markers. These results suggest the occurrence of BMMC

differentiation at very early steps by paracrine mechanisms.

Taken together, results shown here allow us to conclude that cellular
microencapsulation proved to be a suitable tool to assess the processes that
occur in acute liver injury in a bidirectional manner. Thus, we were able to
observe the effect that bone marrow cells (both total and mononuclear fraction)
exert on the injured liver tissue, as well as the effect that substances secreted

by this tissue have on these cells.
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Figado
O figado é o maior 6rgao sélido do corpo, responsavel pela homeostase

metabdlica, uma vez que atua no metabolismo, sintese, armazenamento e
redistribuicdo de nutrientes. E também o principal érgdo de detoxificacdo do
organismo por conversdo metabdlica e excrecédo biliar. Cerca de 80% do
suprimento sanglineo que recebe vem do intestino, através da veia porta, € 0

restante da artéria hepatica (Taub, 2004).

O figado esta dividido em loébulos, cujo numero varia de acordo com a
espécie, sendo que em humanos sao 4: direito, esquerdo, caudado e
quadrado. Entre as células constituintes do figado, 80% s&o hepatdcitos (ou
células parenquimatosas). Entre as células ndo parenquimatosas estdo as
células endoteliais, células estreladas, células de Kupffer e linfécitos (figura 1).
As células endoteliais proporcionam uma grande area de superficie para a
absorcdo de nutrientes, formando sinusdides fenestrados que permitem o
contato entre hepatocitos e linfocitos. Este contato pode produzir-se por meio
de microvilosidades dos hepatdcitos que se estendem para dentro do lumen ou
por extensdes dos linfécitos que penetram no espago de Disse (Fainboim et
al., 2007) As células estreladas, localizadas no espaco de Disse, tém entre
suas fungdes o armazenamento de vitamina A e a produgdo de matriz
extracelular (Friedman, 2008). As células de Kupffer sdo a maior populagéo de
macrofagos teciduais, localizadas no espacgo vascular sinusoidal do figado, na
area periportal. Esta localizagdo permite a detoxificagdo do sangue,
fagocitando particulas e organismos infecciosos que adentram o 6rgdo pela

circulagao entero-hepatica (Naito et al., 2004).
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Figura 1. Arquitetura do figado: hepatdcitos, sinuséides e células do sistema imunolégico. Células

endoteliais formam uma monocamada no endotélio fenestrado sinusoidal. O espago de Disse contém
células estreladas hepaticas. Células de Kupffer residem dentro do espago vascular sinusoidais do
figado, predominantemente na area de periportal. Linfécitos estdo espalhados por todo o parénquima e
tratos portais (Adaptado de Fainboim et al., 2007)

O hepatdcito € a unidade celular funcional do figado e realiza multiplas
funcbes sintéticas e metabdlicas. Os hepatdcitos sdo células epiteliais
polipldides, altamente diferenciadas, que formam estruturas tipo corddo. A
subunidade funcional do figado € o lébulo hepatico (figura 2), constituido de
uma veia central rodeada por 6 triades portais formadas pelos ductos biliares,
pela artéria hepatica e pela veia porta (Duncan et al., 2009; Islam and S. Lim,

2009).
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Figura 2. Esquema do lobulo hepatico (Adaptado de Mohammed and Rama 2005)

Regeneragao Hepatica

O fato de que o figado tem uma capacidade de regeneragéo
extraordinaria € conhecido ha muitos anos. Como conta a mitologia grega,
Prometeu, punido por Zeus, ficou acorrentado a uma rocha e seu figado era
comido diariamente por uma aguia, porém durante a noite se regenerava
fazendo com que o castigo néo tivesse fim (Theise et al., 2000). E possivel que
a grande variedade de fun¢des desempenhadas pelo figado e sua importancia
para a homeostase do organismo tenham sido salvaguardadas por eventos
evolutivos, que conferem ao figado a capacidade de se regenerar. Este
processo permite a recuperag¢ao da massa hepatica perdida, sem comprometer

a viabilidade do resto do organismo (Fausto, 2005).

In vivo existem trés fontes distintas de células que participam na
regeneragcao hepatica. A primeira sdo os hepatocitos maduros, os quais
respondem rapidamente ao dano hepatico e constituem a primeira linha de
regeneracao (Overturf et al., 1997). A segunda fonte é uma populagdo de

células progenitoras especializada, residente no tecido, chamada de células



ovais (CO) em murinos e pequenos hepatocitos ou células progenitoras
hepaticas em humanos (Roskams et al., 2004). Estas células estdo localizadas
nos canais de Herring, proximas aos ductos biliares e podem se diferenciar
tanto em hepatocitos quanto em colangidcitos (células do epitélio biliar)
(Beltrami et al., 2007). Esta populagcdo € ativada quando ocorre um dano
crénico e extenso, em que os hepatdcitos maduros ndo sdo mais capazes de
responder (Viebahn and Yeoh, 2008). A terceira fonte sdo as células tronco
originadas de fontes extra-hepaticas como, por exemplo, as da medula 6ssea

ou outros tecidos (Banas et al., 2007b).

A caracteristica de regeneracdo a partir de células diferenciadas
(hepatdcitos) € unica do figado. No figado normal os hepatdcitos se encontram
em um estado quiescente em GO, porém, ante uma lesdo tém a habilidade de
proliferar entrando no ciclo celular (Taub, 2004). Na regeneracé&o hepatica o
organismo lesado busca recompor a massa hepatocitaria e a estrutura
funcional lobular necessaria a manutencao da homeostase corporal, cessando

0 processo regenerativo quando isso ocorre (Fausto et al., 2006).

Desde que Higgins and Anderson e colaboradores (1931) descreveram
um método reprodutivel de hepatectomia parcial em ratos, a capacidade
regenerativa do figado tem sido intensamente investigada (Ueno et al., 2006).
Apos hepatectomia parcial ha uma resposta hiperplasica com a replicacdo de
praticamente todas as células maduras nos lobos remanescentes (Taub,
2004). A hepatectomia parcial de até 70% de resseccdo produz intensa
regeneracao e sobrevida de quase 100% em ratos (Tygstrup et al., 1996).
Ressecgdes hepaticas mais extensas (70 a 80%) induzem insuficiéncia, e

estdo associadas a maior mortalidade (Panis et al., 1997).



Grande importancia tem sido dada a patofisiologia e a resposta
inflamatoria do figado lesado e necrético (Rahman and Hodgson, 2000). Os
mecanismos iniciais da regeneragao hepatica envolvem ativacdo das células
de Kupffer em resposta a fatores como os lipopolissacarideos (LPS). Alguns
estudos sugerem que os LPS de origem entérica podem ser agentes
estimulantes da produgédo inicial de citocinas pro-inflamatdrias no processo
regenerativo hepatico (Vaquero et al., 2011a). LPS se ligam a seus receptores
especificos os ,TLR-4 (Toll Like Receptor), que se encontram nas células de
Kupffer regulando a imunidade inata e adaptativa (Fausto and Riehle, 2005;
Campbell et al., 2006;). Uma vez ativados, os TLR-4 ativam a cascata de
sinalizagao de MYD88 (Myeloid Differentiation Factor) envolvendo a ativagao
de NF«x-B (Nuclear Factor Kappa B), TNF-a (Tumor Necrosis Factor Alfa) e IL-6
(Interleukin-6) nas células de Kupffer (Vaquero et al., 2011c) (Figura 3). A
liberagao de IL-6 constitui um passo crucial na regeneracao hepatica, conforme
demonstrado pela diminuicdo da sobrevida pds-hepatectomia parcial nos
modelos deficientes nesta via (Wuestefeld et al., 2003). A IL-6 atua pela
interacdo entre o seu receptor e gp130 (Glycoprotein 130), levando a
fosforilacdo de Stat3 (Signal transducer and activator of transcription 3), que
ativa genes da resposta de fase aguda, mecanismos de reducao da apoptose
de hepatdcitos e induz a regeneragao hepatica (Wuestefeld et al., 2003; Taub,
2004). Apo6s serem “ativados” por IL-6, os hepatdcitos ficam receptivos a HGF
(Hepatocyte Growth Factor), que induz a passagem de GO a G1 iniciando o
ciclo celular (Fausto and Riehle, 2005; Sudo, 2008). Este fator de crescimento
€ secretado como pro-HGF e depende da ativagado por plasminogénio para

producdo da sua forma ativa que ira se ligar ao seu receptor Met



(Shanmukhappa et al., 2009). A acdo concertada da IL-6 produzida pelas
células de Kupffer e do HGF secretado pelas células estreladas desencadeia o
processo inicial de regeneracédo hepatica que ocorre nas primeiras horas apos

a lesédo (Figura 3).

Ha pouco conhecimento sobre os mecanismos envolvidos na finalizagao
do processo de regeneracao hepatica. Possivelmente a restauragdo da fungao
e da massa hepatica seja um dos controladores do processo (Fausto and
Riehle, 2005). A redugdo dos fatores estimulantes que induziram inicialmente a
regeneracao hepatica ocorre via expressdo génica de moléculas como o
SOCS3 (Suppressor of Cytokine Signaling 3) e o TGF- B (Transforming Growth
Factor-beta 1). TGF- 3 1 é produzido pelas células mesenquimais na maioria
dos tecidos e tem agao inibidora da mitose para a maioria das células epiteliais
(Michalopoulos, 1995). No figado, TGF- B é produzido principalmente pelas
células estreladas hepaticas (lkeda et al., 1998). Durante a regeneracao os
hepatdcitos se tornam resistentes aos efeitos inibitérios do TGF- 3 devido a
reducao da expressao de seus receptores (Michalopoulos et al., 1995, 2009),
porém ao final do processo de regeneragao, sua agao € restabelecida e os
hepatdcitos retornam ao seu estado quiescente (Campbell et al., 2001; Taub,
2004). O SOCS3 provavelmente interage com a JAK (Janus kinase), inibindo a
fosforilagcdo de STAT3 e potencialmente encerrando a sinalizacdo de IL-6
(Fausto and Riehle, 2005) (Figura 3). E importante salientar que a duracéo
desse processo de regeneracao € bastante curta, com o figado recuperando
quase a totalidade da massa perdida em uma hepatectomia parcial em apenas

trés dias (Panis et al., 1997).
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Figura 3. Vias de sinalizag&o no processo de regeneragéo hepatica. Modificado de Taub (2004)

Insuficiéncia hepatica aguda

As causas da Insuficiéncia Hepatica Aguda (IHA) incluem hepatite viral,
doencga hepatica induzida por toxina ou drogas, erros inatos do metabolismo,
isquemia, entre outras. No entanto, independentemente da etiologia, a
evolucao clinica de todos os casos com IHA é muito semelhante (Lee et al.,
2008). Nao existe nenhum tratamento médico comprovado para a IHA além do
transplante hepatico. Apesar da grande capacidade de regeneragéo do figado,
mesmo com medidas de suporte, quase 40% dos pacientes falecem por IHA,

na sua maioria por falta de 6rgaos disponiveis (Lee et al., 2008).

A insuficiéncia hepatica aguda (IHA), ou faléncia hepatica fulminante, é

caracterizada por uma perda repentina das fungdes hepaticas em um individuo



previamente saudavel. E uma condicdo rara que muitas vezes leva a
consequéncias devastadoras, sendo uma das mais dificeis emergéncias
gastrointestinais encontradas na pratica clinica. O padrao de sintomas clinicos
e respostas fisiopatologicas estdo associados com a rapida deterioragdo da
funcdo hepatica normal (Sass and Shakil, 2005). A sindrome € definida pelo
aparecimento de repentino de ictericia, coagulopatia, encefalopatia hepatica,
insuficiéncia renal, infecgédo e, em ultima instancia, faléncia de multiplos 6rgaos

(Saliba and Samuel, 2013).

Modelos experimentais

Nos ultimos 40 anos, varios modelos animais foram descritos para
estudar a insuficiéncia hepatica aguda, cada um deles refletindo um aspecto
particular da doenga, mas nenhum capaz de mimetizar o que ocorre nos
pacientes de modo completo (Bélanger and Butterworth, 2005; Martins et al.,
2008). Existem modelos quimicos, cirurgicos e virais. Como este estudo se
orienta em modelos cirurgicos e quimicos, faremos uma maior descrigao

destes.
Modelos Cirtrgicos

Os modelos de IHA cirurgicos podem ser divididos em trés categorias:
hepatectomia (total ou parcial), devascularizagédo (total ou parcial) e modelos
que sao uma combinagao dos anteriores (Martins et al., 2008; Tuidn, 2009). A
maior limitacdo dos modelos cirurgicos € a dependéncia da experiéncia e da
habilidade técnica do cirurgido que pode interferir na sua reprodutibilidade

(Bélanger and Butterworth, 2005; Rahman and Hodgson, 2000).



Hepatectomia parcial (HP) de 90% € o limite maximo para o modelo de
regeneracao hepatica em animais (Makino et al., 2005). Este modelo serve
como arquétipo para estudar os mecanismos que acontecem em hepatectomia
estendida em humanos devido ao tratamento radical de tumores malignos no
figado ou transplante hepatico, assim como na “small for size syndrome”, na
qual um receptor recebe um figado de tamanho menor do que o ideal para o

seu peso corporal (Shinohara et al., 2007; Sowa, 2008)

Nos modelos murinos, o percentual de massa hepatica correspondente
a lobos hepaticos esta demonstrado na figura 4. No modelo de HP 90% séao
retirados os lobos direito, esquerdo e mediano, restando apenas os lobos
caudados, que representa 10% da massa hepatica (Fig. 4). Este modelo esta
mais relacionado a estudos de IHA do que de regeneragédo, que s&o realizados
principalmente nos modelos de HP 70% (Jensen 2001; Oh et al., 2007 Chen
et al., 2012; Fouraschen et al., 2012). Recentemente nosso grupo utilizou este
modelo para avaliar a influéncia do regime anestésico na recuperagao apos
anestesia, a sobrevivéncia, e os niveis de glicose no sangue ap6s uma HP de

90% em ratos (Kieling et al., 2012).

m:::_’o _— , :‘ A Hepatectomia 90%
@ano ; ‘

(40%)
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direito —__
(20%)

Figura 4. Esquema dos lobos ressecados em uma hepatectomia parcial de 90%. Modificado de Kieling (
2012)

10



Modelos Quimicos

O uso de agentes quimicos, tais como o paracetamol (APAP), a D-
galactosamina, o Tetracloreto de Carbono (CCl,) a tioacetamida (TAA) e, mais
recentemente, a concanavalina A e os LPS (Rahman and Hodgson, 2000)
podem reproduzir um numero importante de caracteristicas clinicas da IHA,
tais como hipoglicemia, encefalopatia e aumento dos niveis séricos de enzimas

hepaticas.

Um modelo amplamente utilizado é a lesdo causada por CCls e seu
efeito hepatotoxico € conhecido da década de 1930. O mecanismo de agao
desta droga envolve sua metabolizagdo ao radical triclorometil (CCls) atraves
do citocromo P-450. Este se liga aos acidos graxos das membranas celulares
produzindo radicais alcoxi (R) e peroxi (ROO") e gerando peroxidos lipidicos

altamente reativos (Recknagel et al., 1989).

No Centro de Terapia Génica do Hospital de Clinicas de Porto Alegre
(CTG/HCPA) o paracetamol e o CCly foram empregados em modelos animais
de lesédo hepatica aguda (Belardinelli et al., 2008; Baldo et al., 2010;Rodrigues
et al., 2012). A grande limitagcdo desses modelos téxicos € a imprevisibilidade
da extensao da lesdao hepatica devido a variabilidade metabdlica individual e

toxicidade extra-hepatica (Bélanger and Butterworth, 2005).
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Novas Terapias Para a Insuficiéncia Hepatica Aguda

O transplante de figado de urgéncia € o unico tratamento definitivo para
a maioria dos pacientes em IHA. No entanto, a falta de doadores disponiveis
limitam o uso dessa alternativa terapéutica. Por isso, nos ultimos anos, tem-se
buscado novas opg¢des para o tratamento da IHA, incluindo sistemas de
hemofiltracdo e o uso da terapia celular, seja por transplante de hepatdcitos ou

uso de células tronco.

O transplante de hepatécitos tem sido realizado no tratamento de
pacientes com doencgas cronicas (Strom et al., 1997; Dhawan et al., 2005;
Khan et al., 2008) metabdlicas (Ellor et al., 2008; Khan et al., 2008) e com
insuficiéncia aguda (Habibullah et al., 1994; Bilir et al., 2000; Meyburg et al.,
2008). No entanto, a limitagdo do emprego de hepatdcitos isolados esta
relacionada a incapacidade de isolamento de um numero suficiente de
hepatdcitos, bem como a impossibilidade da sua expansdo em cultura

(Muraca, 2011; Vosough et al., 2011).

Por outro lado, diversos estudos em modelos animais tém demonstrado
o potencial da terapia celular com células derivadas de medula 6ssea (CMO)
como alternativa terapéutica para a IHA. A medula 6ssea é formada por
diferentes tipos celulares, entre eles as células tronco hematopoiéticas e as
células tronco mesenquimais. Estas tém a capacidade de auto-renovagéao e
diferenciacdo em varios tipos celulares, incluindo hepatécitos tanto in vivo
(Lagasse et al., 2000; Liu and Chang, 2006; Quintana-Bustamante et al., 2012)

como in vitro (Lee et al., 2004; Chen et al., 2007; Pournasr et al., 2011; Dong et
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al., 2013). Entre os atrativos do uso das CMO estéo a facilidade de isolamento
e a expansao dessas células in vitro (Banas et al., 2007a). Além disso, a
possibilidade de uso de células autdlogas para a IHA eliminaria a necessidade
de imunossupressao, que € uma das complicagdes do transplante hepatico (P.

A. Lysy et al., 2008).

Varios estudos em animais tém avaliado o efeito do transplante de CMO
na IHA causada por agentes quimicos (Jung et al., 2006; Cho et al., 2009; Jin
et al.,, 2009; Gruttadauria et al., 2013). Na maioria deles os desfechos
avaliados (sobrevida, redugdo da ALT, capacidade de enxertia das células e
marcadores de proliferagcdo como PCNA) s&o positivos nos animais tratados.
Nosso grupo particularmente demonstrou o efeito benéfico do transplante da
fragdo mononuclear de CMO em modelos de CCl, e paracetamol (Belardinelli
et al., 2008; Baldo et al., 2010). Em modelos cirurgicos, o transplante de CMO
também tem mostrado beneficios na sobrevida e no aumento dos pesos dos
lobos remanescentes nos animais tratados (Liu and Chang, 2006; Tokaiet al.,

2009; Zhang et al., 2009)

Embora a utilizacdo da CMO na IHA tenha sido vastamente estudada, o
modo de atuacdo dessas células ainda nao foi totalmente esclarecido. Varios
mecanismos de agao tém sido propostos. Por um lado, sugere-se que haja um
aumento do numero de hepatdcitos, seja por diferenciagéo, fusao celular ou
mecanismos paracrinos, sendo esses mecanismos nao excludentes

(Mukhopadhyay, 2013).

Como ja mencionamos as CMO tem a capacidade de originar

hepatdcitos sem fuséo celular tanto in vitro como in vivo. Dong et al., (2013)
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demonstraram a capacidade das CMO em diferenciar-se em hepatécitos in
vitro utilizando uma combinagado de citocinas e acido valprdéico. Liu et al.,
(2006) evidenciaram que CMO encapsuladas implantadas no peritbnio de
animais submetidos a HP de 90% apresentam marcadores tipicos de
hepatocitos, como albumina (ALB), citoqueratina 8 e 18 CK8,18) e alfa-
fetoproteina (AFP). Da mesma forma, Gibran and Muhammad (2012),
comprovaram que CMO transplantadas em um modelo de IHA por CCly

expressam albumina quatro semanas apos o transplante.

Outro mecanismo para a atuagdo das CMO que ja foi demonstrado in
vitro e in vivo € a fusao celular, no qual duas células se unem para gerar um
heterocarion (Herzog et al., 2003). Em particular, a fusao celular entre CMO e
hepatocitos parece ser um mecanismo importante de acordo com os estudos
de varios pesquisadores (Alvarez-Dolado et al., 2003; Wang et al., 2003;
Quintana-Bustamante et al., 2012;). Alvarez-Dolado et al. (2003) utilizaram um
sistema de recombinacdo Cre/Lox para demonstrar a fusdo de CMO com
hepatdcitos. CMO de animais transgénicos expressando a proteina Cre foram
transplantadas em ratos da linhagem Rosa26 (que expressam o gene repérter
LacZ), nos quais o cassete de expressao se flanqueado por sitios LoxP. Por
conseguinte, a expressao de LacZ € detectavel apenas nas células que
contém a recombinase Cre fornecida pelo doador. Utilizando este sistema, os
autores mostraram a fusao de hepatdcitos (e também de células de Purkinje e

cardiomiécitos) com CMO doadoras.

Contudo é importante reconhecer de que qualquer que nenhum dos
mecanismos acima poderia produzir hepatécitos em numero suficiente para

sustentar os beneficios demonstrados nos modelos de hepatectomia parcial
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(Houlihan and Newsome, 2008). Assim, a ideia de que o transplante de CMO
exerce um efeito benéfico paracrino nas células hepaticas endogenas esta
ganhando forga e € apoiada por observagées em roedores e seres humanos,
embora nestes ultimos os estudos ainda sejam pequenos e ndo controlados
(Almeida-Porada et al., 2010). Sabe-se que as células tronco mesenquimais
secretam diversas moléculas bioativas que atuam sobre a dinamica celular
local, estimulando a regeneracéo das células enddgenas e a recuperagao dos
tecidos (Caplan 2006; Meirelles et al., 2009; Zhang et al., 2009; Lin et al.,

2011).

Em um modelo de lesdo hepatica aguda por D-Galactosamina, o
tratamento com meio condicionado (meio que esteve em contato com células,
fragamentos de tecido ou suplementado com soro) de células tronco
mesenquimais aumentou a sobrevida e reduziu os niveis de IL-6, IL-
1B (Interleukin-1Beta) e TNF-a e aumentou a expressao de IL-10 (/nterleukin-

10) (van Poll et al., 2008).

Em um modelo de HP de 70%, Fouraschen e colaboradores (2012)
demonstraram que o0 meio condicionado derivado de células tronco
mesenquimais aumentou significativamente a regeneragdo hepatica e a
proliferacdo de hepatdcitos. Também demonstraram que o meio condicionado
regula positivamente a expressdo de citocinas e fatores de crescimento
relevantes para a proliferagédo celular, angiogénese e resposta anti-inflamatoria

(Fouraschen et al., 2012).

Por sua parte Zhiyong et al (2013) demonstrou que a infusdo de meio

condicionado derivado de células tronco mesenquimais em um modelo de
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transplante aumenta a sobrevida, reduze significativamente a lesdo e promove
uma rapida regeneracdo de figado remanescente. Além disso, a terapia com
meio condicionado reduz a apoptose de hepatédcitos e células endoteliais,
assim como diminui a expressao de diversas citocinas proé-inflamatoérias e
diminui o infiltrado de neutrdfilos e a ativagao de células de Kupffer (Zhiyong et

al., 2013)

Microencapsulagao

Originalmente, as técnicas de microencapsulagao foram desenvolvidas
para utilizagdo em terapia celular como forma de proteger células
transplantadas da resposta imune do hospedeiro (Orive et al 2004). Essa
estratégia tem sido proposta para situagbes como transplante de ilhotas
(Holdcraft et al., 2012) ou para uso com células geneticamente modificadas
para super-expressar uma proteina com efeito terapéutico (Baldo et al., 2012).
As microcapsulas sdo constituidas por uma membrana polimérica
semipermeavel que circunda as células, permitindo a entrada de nutrientes e a
saida de produtos protéicos terapéuticos, obtendo-se desta maneira uma
distribuicdo sustentada da molécula desejavel. O uso desta tecnologia para
entrega de produtos terapéuticos de uma forma controlada e continua no
hospedeiro por células € um método potencialmente de baixo custo para o
tratamento de uma ampla gama de doencgas (Hernandez et al., 2010; Matte et

al., 2011).

Para a sua producao, as células sdo suspensas em um polimero que é

perfundido através de um sistema encapsulador. Um fluxo de ar aplicado sobre
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a ponta da agulha do perfusor produz microgotas, que ao cairem em uma
solugao polimerizadora (ex.: cloreto de calcio) formam o envoltério capsular
(Zimmermann et al., 2005) (figura 5). No nosso grupo, o alginato de sddio tem
sido utilizado para o isolamento de linhagens celulares geneticamente
modificadas (Baldo et al., 2012; Lagranha et al., 2008; Mayer et al., 2010) para

a terapia celular experimental de doengas genéticas.

Suspensio de
CMO/CFM Alginato de sodio

H N

Capsulas de Alginato

Solugao de
CaCI2 A

Figura 5. Encapsulagéo celular. A: esquema do processo de encapsulagédo. B: microgotografia de uma
microcapsula contendo células derivada da medula 6ssea

No caso da IHA, a microencapsulacdo tem sido utilizada em varios
estudos com modelos quimicos ou cirurgicos. Alguns estudos demonstraram
aumento da sobrevida em animais tratados com hepatdcitos
microencapsulados (Aoki et al., 2005; K. Hamazaki et al., 2002; Mai et al.,
2005; T. Rahman et al., 2005; Sgroi et al., 2011) assim como CMO
encapsuladas (Liu and Chang, 2006; Z. Liu and Chang, 2005; Z. C. Liu and

Chang, 2009)

A microencapsulacdo também pode ser utilizada para estudar os
mecanismos paracrinos da terapia celular, ao permitir o isolamento da CMO ao

mesmo tempo em que permite que essas células recebam os estimulos do
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orgao lesado. Nesse sentido, € um modelo mais completo do que o uso de
meio condicionado, no qual as CMO sido mantidas nas condi¢cdes ideais de
cultivo in vitro. Este modelo, além de permitir a comunicagao bi-direcional entre
o figado lesado e as CMO encapsuladas, também permite que diferentes tipos
celulares sejam encapsulados separadamente, para avaliar a comunicagao
entre as células da CMO e qual o tipo de célula responsavel pela resposta
observada. Finalmente, a utilizacgdo de CMO encapsuladas representaria um
passo adicional na seguranga de uma aplicabilidade clinica desta metodologia,

ao permitir que as células fossem recuperadas em caso de um evento adverso.
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OBJETIVOS
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Objetivo geral:

Estudar os efeitos paracrinos da terapia celular em dois modelos de

insuficiéncia hepatica aguda utilizando microcapsulas semi-permeaveis.

Objetivos especificos:

Avaliar em modelo cirurgico de hepatectomia de 90% o efeito paracrino

das células da medula 6ssea na sobrevida em 10 dias.

Avaliar no modelo acima o efeito paracrino das células da medula 6ssea

Nos processos precoces de regeneragao hepatica (até 72 horas).

Avaliar a diferenciacao in vivo e in vitro das células da fragado monuclear
da medula 6ssea em células tipo hepatécitos em modelo de insuficiéncia

hepatica aguda por Tetracloreto de Carbono.
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ABSTRACT

The use of bone marrow cells has been suggested as an alternative treatment
for acute liver failure (ALF). In this study, we investigate the paracrine effect of
encapsulated whole bone marrow cells (WBM) in a model of ALF. WBM were
encapsulated in sodium alginate and implanted in Wistar rats submitted to 90%
partial hepatectomy (PH). Control group received empty capsules (EC). The
survival rate was assessed during 10 days (n=33). Another group of animals
were euthanized in 6, 12, 24, 48 and 72 hours after PH (n=4-6/group/time
point). Liver regeneration rate and the expression of genes related to liver
regeneration were analyzed. The survival rate was higher for the WBM group
than for EC group (p=0.002). Liver weight increased gradually after surgery and
showed no differences between groups until 72 hours, when WBM group
showed a lower regeneration rate compared to EC group (p=0.003). Gene
expression levels related to the early phase of liver regeneration (Tnf-a, Nfk-B
and /I-6) were decreased in WBM group at 6 hours post 90% PH (p<0.05),
whereas genes related to the progress of liver regeneration (Socs-3, Hgf and
Tgf-B) were increased in the WBM group at 12, 24 and 48 hours compared to
EC group (p<= ou =0.050). In summary, we show that encapsulated WBM cells
increase survival in a model of 90% PH by reducing the expression of genes
involved in liver regeneration and increasing those responsible to end

hepatocyte division.
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INTRODUCTION

Acute liver failure (ALF) is characterized by the sudden loss of liver
function that results in jaundice, coagulopathy and hepatic encephalopathy in a
previously healthy individual. If not treated it can lead to renal and multiple
organ failure, coma, and death (Chung et al., 2012). Orthotropic liver
transplantation is the treatment of choice for ALF although the lack of a suitable
donor in a short period of time can limit the success of this therapy (Canbay et
al., 2011). In addition to that, the lifelong use of immunosuppressant after the
transplant possesses side effects at short and long term (Mahadeb et al., 2009;
Strauss et al., 2009). These observations and the high costs of the procedure
and its complications have led to the search for alternative approaches to ALF

that do not include liver transplant.

The use of bone marrow-derived cells in regenerative medicine has
grown in the past years. Their efficacy has been shown in animal models of
both chronic (Lyra et al., 2010; Ghanem et al., 2012) and acute liver disease
(Belardinelli et al., 2008; Tokai et al., 2009; Baldo et al., 2010). They present
several advantages when compared to hepatocytes as they are readily
available, and can be expanded in vivo or in vitro (Almeida-Porada et al., 2010).
In addition, the use of autologous cells would eliminate the need for
immunosuppressants (Lysy et al., 2008). The mechanisms by which these cells
exert their beneficial effect on liver regeneration are not completely well
understood but may involve an increase in the number of hepatocytes either by
transdifferentiation, fusion, and/or the secretion of paracrine factors that

stimulate cell division, inhibit apoptosis or modulate local and systemic
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inflammatory state (Houlihan and Newsome, 2008; Almeida-Porada et al.,

2010).

Several pro-inflammatory factors are involved in the early phase of liver
regeneration. After partial hepatectomy, the increased amounts of enteric
lipopolysaccharides (LPS) that bind to TLR-4 (Toll Like Receptor 4) on Kupffer
cells activate the MYD88 (Myeloid Differentiation Factor) pathway and trigger
the activation of NFk-B (Nuclear Factor Kappa B), and the release of TNF-a
(Tumor Necrosis Factor-a) and IL-6 (Interleukin-6) (Vaquero et al., 2011c). IL-6
plays a key role in liver regeneration, activating acute phase genes and priming
hepatocytes to growth factors (Wuestefeld et al., 2003; Taub, 2004). HGF
(Hepatocyte Growth Factor) then stimulates hepatocytes to pass from GO to
G1, initiating the cell cycle (Fausto and Riehle, 2005; Sudo et al., 2008). The
increase in molecules such as SOCS3 (Suppressor of Cytokine Signaling 3)
and TGF-B1 (Transforming Growth Factor-beta) contribute to the decrease in
stimulating factors and the halt of liver regeneration (Nelson Fausto and Riehle,

2005; Michalopoulos, 2007).

After partial hepatectomy, there is a complex remodeling of the liver
tissue with a transient disruption of the lobular architecture (Wack et al., 2001).
Agglomerates of poorly vascularized hepatocytes are formed in the periportal
area before invasion of sinusoidal cells (Michalopoulos, 2007; Ninomiya et al.,
2010). Some authors have suggested that at the early stages of liver
regeneration a very fine tuning in the rate of proliferation of parenchymal and
non-parenchymal cells is needed. Ninomiya et al. (2010) showed that a slowed
hepatocyte regeneration rate increased the survival in a model of 90% partial

hepatectomy.
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Our goal was to investigate the paracrine effect of bone marrow cells on
the expression of genes related to liver regeneration and to test if this effect
would have consequences in the regeneration rate and survival of rats after

90% partial hepatectomy.

METHODS

Animals

Two-month-old male Wistar rats, weighing 310.5 + 33 g were housed
under controlled temperature (between 18 and 22°C) in light—dark cycles of 12
h with free access to water and standard chow at Experimental Animal Unit at
Hospital de Clinicas de Porto Alegre (HCPA). Handling, care and processing of
animals were carried out according to regulations approved by our local Ethics

Committee and complied with National Guidelines on Animal Care.

Experimental Design

Rats were randomly divided in two groups. Control group (n=15)
received empty capsules (EC) and treated group received encapsulated whole
bone marrow cells (WBM, n=11). Survival was observed for up to 10 days after
90% partial hepatectomy (PH). An additional set of animals was sacrificed at 6,
12, 24, 48, and 72 hours after 90% PH (n=4-6/group/time point) to evaluate the
early effects of treatments. Another 33 animals without liver injury were used as
donors of bone marrow-derived cells and 5 animals were used as normal

controls (liver without injury).

26



o\
o 00

0
) [
000)( 0o
0 ]

WBM

encapsulated

Oh  6h 12h 24h 48h 72h

10D

HP 90%

v' Euthanized.

v Withdrawal of the remaining lobe
v Liver weight.

v Storage N2L or Formaldehyde

.
i
QQ

empty capsules

Figure 1. Experimental design.

Isolation of Whole Bone Marrow Cells

In a sterile environment, the femurs and tibias were isolated and WBM
from each bone was flushed with 3 mL complete medium: DMEM (Dulbecco's
Modified Eagle Medium. LGC, Brazil) supplemented with 10% fetal bovine
serum (Gibco, USA), 1% penicillin/streptomycin (Gibco, USA). Cell viability was

determined by Trypan’s Blue exclusion.

Cell Encapsulation

Cell encapsulation was performed according to our laboratory protocol,
previously described (Lagranha et al., 2008). Briefly, WBM cell were mixed with
1.5% sodium alginate (Sigma-Aldrich, USA) in complete medium and extruded
through a Encapsulation Unit, type J1 (Nisco, Switzerland), attached to JMS
Syringe Pump. Droplets were sheared off with an air flow of 5 L/min delivered

to the tip of a 27 G needle and the rate of infusion was 40 mL/h. The droplets

~ v" Euthanized.

v Survival
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fell into a bath of 125 mM CaCl, and ionically cross-linked with Ca," to form
solid spherical hydrogel beads containing embedded WBM cells. In each well a
volume of 2 mL of alginate suspension, containing 3x10° WBM cells/animal.
WBM cell encapsulation was carried out under sterile conditions. For control
group, 2 mL of empty capsules were produced using the same approach,
although without cells. The resulting capsules were maintained under normal
cell culture conditions with complete medium at 37°C and 5% CO, for 24h prior

to administration.

Surgical Procedure and Capsules Transplantation

Ninety percent hepatectomy was performed by a single operator as
described by Gaub and Iversen (1984). In brief, the left lateral (30%), left
median (40%), and right superior lobes (20%) were removed, leaving only the
caudate lobes. Hepatectomy was carried out under isoflurane (Forane®, Abbott
SA, Argentina) anesthesia (Kieling et al., 2012). Immediately after 90% PH, and
before complete suture, microcapsules (either empty or containing WBM cells)
were placed into the peritoneal cavity and glucose was supplemented i.p. (5%
of body weight). Postoperatively, animals were given i.p. glucose (5% of body
weight) until day seven and received 20% glucose in their drinking water and

standard chow ad libitum.
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Euthanasia

Euthanasia was performed in CO, chambers at the 6, 12, 24, 48 and 72
h or at 10 days. Immediately after death the liver was removed, weighed and
part was flash frozen in liquid nitrogen and the rest was placed in 10% buffered

formalin.

Histology analysis

Paraffin-embedded liver specimens were cut in 4 ym sections and
stained with hematoxylin and eosin (H-E). Microscopic liver aspect and
presence of necrotic areas and apoptosis were observed by an expert

pathologist.

Liver Regeneration Rate

The liver regeneration rate was calculated as follows: Liver Regeneration
Rate (%) = 100 x [C- (A-B)J/A, where A is the estimated liver weight before
90% PH, B is the excised liver weight at the time of PH and C is the weight of

the regenerated liver at the time of sacrifice (L. Zhang et al., 2012).

Quantitative Real-Time PCR

Total RNA was extracted from 50 mg of liver tissue using TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s instructions. Two micrograms

of RNA were reverse-transcribed using High Capacity cDNA Reverse
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Transcription Kit (Life Technologies, USA). Gene expression was measured
using TagMan® assays (Life Technologies, USA) for genes involved in hepatic
regeneration (table 1). The percentage of a test RNA to that of B-actin was
calculated by subtracting the cycle to reach the threshold (CT) for a gene from
the CT for a separate assay using -actin assay to determine the ACT, and the
formula: percent B-actin = (100) x 2°¢T (Baldo et al., 2011). The percent B-actin
for hepatectomized animals was divided by the percent B-actin in normal
animals to determine the ratio of the gene in both treatments after 90% PH to

normal rats.

Table 1: TagMan® (Life Technologies, USA) ID assays for genes analyzed in
this study.

Gene Symbol Assay ID
Act-b Rn00667869_m1*
Hgf Rn00566673_m1*
-6 Rn01410330_m1*
Myd88 Rn01640049_m1*
NfkB Rn01399583_m1*
Socs3 Rn00585674_m1*
Tgf-b Rn01475963_m1*
Tir-4 Rn00569848_m1*
Tnf-a Rn00562055_m1*




Statistical analysis

Results were expressed as means + SD or medians when required.
Statistical differences were assessed by Student t test and for non-parametric
variables Mann-Whitney was used. The survival rate was analyzed by Kaplan-
Meier curve. The comparison of survival rates in different groups was tested by
the log rank test. P values less than 0.05 were considered statistically

significant.

RESULTS

Survival Rate

Overall survival rate was observed during 10 days after hepatectomy.
The survival rate was higher for the WBM group (63.6%) than for EC group
(6.7%) (p=0.002). Animals in WBM group died predominantly during the first
three days, whereas in the other group deaths occurred over time after surgery
(figure 1). Therefore, the remaining analyses were performed in the first 72 h

post 90% PH.
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Figure 1. Spontaneous survival according to therapeutic regimen in rats after 90%
partial hepatectomy. EC (Empty capsule), WBM (Whole Bone Marrow). Log
rank=0.002.

Histology analysis

Microscopic liver aspect was analyzed by H-E staining at different time
points. At the first 24 hours, no differences were observed between groups
(figure 2). However, at 48 hours livers from the EC group presented a much
higher degree of hydropic degeneration, seen as large vacuoles in the
cytoplasm, than those from WBM group. At 72 hours, both groups were
different, presenting small regular vacuoles that suggested some degree of

microvesicular steatosis.
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Figure 2. Liver sections from EC and WBM groups at different time points (hours) after
90% partial hepatectomy. Arrows show hydropic degeneration at 48h and steatosis at
72h. EC (Empty capsule)), WBM (Whole Bone Marrow). H-E staining, 40X

magnification.
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Liver regeneration rate

Liver weight is usually used to determine the liver regeneration rate in
the remnant lobe. Liver weight increased gradually after surgery, without
differences between groups at 6, 12, 24 or 48 hours. However, as shown in
figure 3, at 72 h WBM group showed a lower regeneration rate compared to EC

group (44% vs. 59%, p=0.003).
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Figure 3 - Liver regeneration rate after 90% partial hepatectomy. WBM = encapsulated
whole bone marrow cells; EC = empty capsules group. Values are expressed as
means * SD. *p=0.003, Student’s t test.

Expression of genes involved liver regeneration

Since treated animals seemed to have a lower regeneration rate at 72
hours, we then assessed the expression levels of genes related to liver

regeneration, especially those related to the IL-6 pathway.

First we assessed the expression levels of genes related to the early

phase of liver regeneration. The expression of Tnf-a (p=0.013) and Nfk-B
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(p=0.011) was markedly decreased in WBM group at 6 hours post 90% HP
(figure 4A and 4B). As a result, the expression of /-6 was also decreased
(p=0.046) in the WBM group compared to EC group (figure 4C). Interestingly,
LPS receptor (TIr-4) and its mediator (Myd88) showed no differences in gene

expression between groups 6 hours after 90%HP (figure 4D and 4E).
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Figure 4. Liver gene expression of Tnf-a (A), Nfk-B (B), II-6 (C), Tir-4 (D) and Myd88
(E) 6 hours post 90% partial hepatectomy. WBM = encapsulated whole bone marrow
cells; EC = empty capsules group. Values are expressed as means + SD. Student-t
test was performance, *p<0.013 and $p=0.046. Graphs shown in log scale.

We then analyzed genes related to the progress of liver regeneration. At
12, 24 and 48 hours after 90% PH other genes were also differently expressed
between WBM and EC groups. Socs-3, which inhibits signaling via IL-6 was
increased in the WBM group at 12 and 24 hours after 90% PH (p<0.05, figure

5A). Hgf was slightly increased in WBM only 24 hours after 90% PH (p=0.046,
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figure 5B), whereas the expression of Tgf-8 was increased in WBM group in

12-48hrs (p<0.028, figure 5C).
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Figure 5. Liver gene expression of Socs3 (A), Hgf (B), and Tgf-8 12, 24 and 48 hours
post 90% partial hepatectomy. WBM = encapsulated whole bone marrow cells; EC =
empty capsules group. Values are expressed as means + SD. Student-t test was
performance, *p<0.05 and p<0.028. Graphs shown in log scale.

DISCUSSION

In the present study we showed that encapsulated WBM cells increase
survival in a model of 90% PH by reducing the synthesis of inflammatory
cytokines in the liver and thus diminishing the pace of liver regeneration

through the secretion of paracrine factors. Our results corroborate the findings
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of Liu & Chang (2005; 2006; 2009), who showed that encapsulated WBM cells
increased survival in rats after 90% PH. They suggest that secretion of growth
factors especially by mesenchymal cells present in WBM would stimulate liver
regeneration (Liu and Chang, 2009). However, unlike these previous reports,
we have not seen an increase in Hgf expression after treatment and liver
regeneration rate was lower in treated animals. Analysis of inflammatory
cytokines in the early phase after 90% PH suggested that in our model liver
regeneration was rather decreased than enhanced by factors secreted by WBM

cells.

A similar observation was made by Ninomiya et al. (2010) who
suggested that the abrupt regenerative response after PH causes a
derangement of the lobular architecture the is damaging to hepatocytes. In their
work, the deceleration of liver regeneration increases survival rate after 90%
PH, as seen in the present study. At 10 days post-surgery, WBM group survival

rate was 63% compared to 6.7% in EC group.

When evaluating the expression of inflammatory cytokines IL-6, TNF-a
and NFk-B that are pivotal for initiating liver regeneration (Garcea and
Maddern, 2009), they were all decreased in WBM group 6 hours after 90% PH.
We then hypothesized that this reduction could be, at least in part, due to a
decreased signaling by Kupffer cells. It is known that after partial hepatectomy
Kupffer cells are overloaded with enteric antigens and that LPS-binding to
TLR4 triggers the regenerative process (Vaquero et al., 2011b). However, no
differences in expression of TLR-4 and its mediator MYD88 were detected
between groups. It is worth noticing that such differences may have occurred at

earlier time points and therefore were not detected by this study.
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Consistent with this decrease in genes related to the promotion of early
regenerative phase, HGF was also not increased in WBM group, except at 24
hours post 90% PH. On the other hand, the expression of TGF-B, a HGF
inhibitor (Arakawa et al., 2009) was markedly increased in WBM group between
12 and 48 hours. In addition to that, the expression of SOCS3, an important
negative regulator of IL-6 that blocks STAT3 phosphorylation (Riehle et al.,
2008;Alison et al., 2009), was also increased in WBM group. Taken together,
these data suggests that encapsulated WBM are increasing survival by

decreasing liver regeneration rate.

One important limitation of this study is that animals were killed at
distinct time points instead of analyzed at the time of their natural deaths. This
means that one cannot determine if a given animal killed at six hours post-
hepatectomy would have survived for the ten-day period or would day in the
next few hours. This may explain the wide distribution in the results we
obtained. However, having someone to collect the livers of animals in a timely

fashion as they decease would be impractical.

It is also important to notice that this study was performed in non-
syngeneic Wistar rats, simulating a real situation in which heterologous WBM
cells could be used in patients with ALF. The immobilization and isolation of
cells within the capsules protect them from the host immune system (Matte et
al., 2011; Orive et al., 2003). This may be a reason why in the works of Liu &
Chang (2005, 2006 and 2009) a beneficial effect was observed only with
encapsulated cells. It may also explain the lack of efficacy reported by Tokai et

al. (2009) in a model of 70% PH.
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In summary the results presented here show that encapsulated WBM
cells reduce the expression of genes involved in liver regeneration, such as
TNF-a, NFk-B, IL-6, and HGF, and increase those responsible to end
hepatocyte division, as TGF-f and SOCS-3. In spite of that, these cells
increase survival in a model of 90% PH in rats, which suggests that a slower
regeneration rate may be beneficial for survival after massive hepatocyte loss.
The mechanisms involved in this complex gene regulation need to be further

studied.
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Abstract

Background: Cell therapy using bone marrow mononuclear cells (BMMC) has
been shown as a potential treatment for liver diseases. BMMC can act by fusion
with the host’s cells, differentiation into hepatocyte-like cells and/or secretion of
paracrine factors. Here, we used encapsulated BMMC in a model of Carbon
Tetrachloride (CCly)-induced acute liver injury to study in vivo and in vitro

differentiation of BMMC.

Methods: Both in vitro and in vivo studies were conducted in Wistar rats
submitted to CCls-induced acute liver injury. BMMC were isolated from Wistar
rats and encapsulated in sodium alginate microcapsules. For in vivo
experiments, animals received encapsulated BMMC 24 hours after CCly
administration and capsules were collected within 6, 24 and 48 hours (tCCly4
group). For in vitro experiments, isolated hepatocytes from animals with CCls-
induced liver injury were co-cultured with encapsulated BMMC for 6 h (cCCl,
group). Control groups were not submitted to CCl; administration (tControl and
cControl groups, respectively). The content of intracellular lipid droplets in
hepatocytes was used to evaluate liver injury. BMMC differentiation was

assessed by RT-PCR for hepatic genes and ability to produce and secrete urea.

Results: Liver damage was confirmed in CCl, treated animals by the presence
of several intracellular lipid droplets in hepatocytes and the characteristic
nutmeg aspect of the liver. Retrieved encapsulated BMMC from tCCls; group
expressed hepatocyte markers, such as Cytokeratin 18 and Albumin 48 hours
after treatment. On the other hand, BMMC from cCCls; group showed Albumin

expression 6 hours after co-culture. Urea production was increased in BMMC
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from cCCls group but not in cControl. BMMC from tControl or cControl groups

did not express hepatocyte markers at any time point.

Conclusions: In this study we show that BMMC differentiate into hepatocyte-
like cells in a short period of time both in vivo and in vitro. This differentiation is

triggered by paracrine factors present only in injured liver.

Keywords: Bone marrow mononuclear cells, cell differentiation, paracrine

effects, hepatocyte-like cells, acute liver failure

Abbreviations

Afp, Alpha-fetoprotein; Alb, Albumin, BMMC, Bone Marrow Mononuclear Cells;
cCCl4, Co-culture of BMMC with hepatocytes from CCl, treated rats; CCly,
Carbon Tetrachloride; cControl, Co-culture of BMMC with hepatocytes from
healthy rats; Ck8, Cytokeratin 8; Ck18, Cytokeratin 18, DMEM, Dulbecco's
Modified Eagle Medium; FBS, Fetal Bovine Serum; Gapdh, Glyceraldehyde 3-
phosphate dehydrogenase; HGF, Hepatocyte Growth Factor; MSC,
Mesenchymal Stem Cells; ORO, Oil Red O; PEG, Polyethylene Glycol; PBS,
Phosphate Buffered Saline; P/S, Penicilin/Streptomicin; RT-PCR, Reverse
transcription-polymerase chain reaction; tCCl,, Transplantation of BMMC in rats
with CCls-induced liver damaged; tControl, Transplantation of BMMC in healthy

rats.
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Introduction

Bone marrow mononuclear cells (BMMC) have emerged as potential candidates
for cell therapy due to their ease of use. In models of acute liver failure,
transplantation of these cells increase the survival rate [1, 2]. Furthermore,
recent clinical trials have demonstrated that transplantation of these cells or
their fractions improves the condition of patients with cirrhosis [3-5], as well as
improve liver function in animal models of cirrhosis [6]. Moreover, BMMC are
characterized by their ability to differentiate into several functional mature cell
types both in vivo and in vitro, including cardiomyocytes [7, 8], endothelial cells
[9], neurons [10, 11] and hepatocytes [12—18]. In addition, many groups have
developed protocols for the in vitro differentiation of bone marrow-derived cells
into hepatocyte-like cells [19-24]. Although bone marrow mononuclear fraction
is used for in vivo transplantation, in vitro protocols usually work with

mesenchymal stem cells (MSC) [19, 23-25].

Microencapsulation provides a vehicle for the discrete control of key parameters
such as the diffusion of growth factors, metabolites, and wastes. It has been
demonstrated that the alginate microenvironment maintains cell viability, is
conducive to embryonic stem cell differentiation into hepatocytes, and maintains
differentiated cellular function [26]. In addition, encapsulated bone marrow cells
showed evidence of glycogen synthesis and expression of typical markers of

hepatocytes, after transplantation in the 90% liver failure model [15, 27].

In the present work we used semi-permeable alginate microcapsules to isolate
BMMC in a model of Carbon Tetrachloride (CCls)-induced acute liver injury.

Alginate microcapsules isolate BMMC and allow the study of in vivo and in
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vitro differentiation through paracrine factors. We also focused on investigating
early reprogramming events that might take place during exposure to injury

microenvironment.

Methods

Experimental design

Both in vitro and in vivo studies were conducted in Wistar rats submitted to
CClg-induced acute liver injury. For in vivo studies, encapsulated BMMC were
transplanted into animals with or without liver injury by CCl4 and kept for 48
hours. For in vitro studies the encapsulated BMMC were co-cultured with
hepatocytes isolated from rats with CCls-induced acute liver injury or without

liver damage for 6 hours (figure 1).

In vivo study
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Figure 1: Experimental design of in vivo and in vitro studies. T Sacrifice of animals and

retrieval of capsules; ® Interruption of co-culture and recovery of encapsulated BMMC.

Animals
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Adult male Wistar rats weighing 200 to 250gr were kept under 24 hour light/dark
cycles and fed standard chow and water ad libitum. Animals were sacrificed in
the CO, chamber either 6, 24 or 48 hours after CCls administration for in vivo
studies (n= 3/time point). For in vitro studies, animals (n=3) were submitted to
hepatocyte isolation 24 hours after CCls administration. Control animals (n=12,
9 and 3 for in vivo and in vitro studies, respectively) were submitted to the same
procedures but receiving vehicle instead of CCls. Bone marrow donors (n=9, 6
and 3 for in vivo and in vitro studies, respectively) were rats not submitted to
any other procedure. This study was approved by the Ethics Research

Committee and national guidelines for animal care were followed.

Acute liver injury model

Acute liver injury was induced by a single CCls (VETEC, Brazil) dose of 1.25
ml/kg diluted in olive oil [2]. A final volume of 1 ml was administered by gavage.

Control animals received only olive oil by gavage.

Isolation of bone marrow mononuclear cells (BMMC)

BMMC were isolated from the femur and tibia of Wistar rats, as previously
reported [1]. Briefly, bone marrow was flushed with Dulbecco's Modified Eagle
Medium (DMEM-LGC, Brazil) supplemented with 10% Fetal Bovine Serum
(FBS-Gibco, USA) and 1% Penicilin/Streptomicin (P/S-Gibco, USA) and BMMC

were separated onto a Ficoll Histopaque (GE-Healthcare, USA) layer.
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BMMC encapsulation

BMMC were encapsulated in sodium alginate microcapsules under sterile
conditions, using the protocol described by our group [28, 29]. BMMC were
mixed with 1.5% sodium alginate (Sigma-Aldrich, USA) in DMEM and extruded
through an encapsulation unit, type J1 (Nisco, Zurich, Switzerland), attached to
a syringe pump (JMS, Singapore). Droplets were sheared off with an air flow of
5 L/min delivered to the tip of a 27-G needle and the rate of infusion was 40
mL/h. The droplets fell into a bath of 125 mM CaCl, and ionically cross-linked
with Ca," to form solid spherical hydrogel beads containing embedded cells. For
in vitro experiment, in each well, beads were produced from a volume of 100 uL
of alginate suspension, containing 1x10° of BMMC. The resulting beads were
maintained under normal tissue culture conditions: DMEM supplemented with
10% FBS and 1% P/S at 37°C and 5% CO, for 24 hours prior to administration.
For in vivo experiment, in each well, beads were produced from a volume of 2

mL of alginate suspension, containing 1x10° BMMC/animal.

Capsules transplantation

For in vivo experiments, 24 hours after CCl; administration animals were
anesthetized with inhaled isoflurane and a small incision was made in the
abdomen. A total of 1x10° encapsulated BMMC suspended in 2 mL saline
buffer was placed in the peritoneal cavity (tCCls group, n=3/time). The same
procedure was performed in animals without liver injury (tControl group,

n=3/time). Sacrifice was performed in CO, chambers 6, 24 or 48 hours after
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capsules transplantation. Capsules were retrieved by washing the peritoneal

cavity with Phosphate Buffered Saline (PBS).

Hepatocyte isolation

For in vitro studies hepatocytes were isolated 24 hours after CCls using the
modified 2-step perfusion method as previously described [30, 31]. Hepatocytes
from animals without liver injury were isolated by the same method. Cells were
cultured in DMEM medium, supplemented with 10% FBS and 1% P/S
(Invitrogen, USA) in tissue culture flasks for 24 hours prior to co-culture

experiments.
In vitro co-culture

Encapsulated BMMC (1x10°) were co-cultured with hepatocytes (3x10°) from
rats with CCls-induced liver injury (cCClsy group, n=3) and controls (cControl
group, n=3). In addition to the capsules, both cell types were separated by a
semipermeable transwell membrane (70 [Um filter; BD, USA) placing the
hepatocytes in the lower chamber and the BMMC in the upper chamber. The
cells were co-cultured in DMEM medium supplemented with 10% FBS and 1%

P/S for 6 h.

Intracellular lipid droplets

To evaluate the liver injury, cultured hepatocytes were stained with Oil Red O
(ORO, MP Biomedicals, USA) to identify intracellular lipid droplets (ILD).

Hepatocytes were fixed with formalin. After washing, 1 mL of 100% PEG



(Ineos, Germany) was added for 2 min, and ORO /PEG (0.5 %) was added for
10 min. After that, cells were rinsed in 60% PEG for 1 min and washed.
Hepatocytes were counter-stained with hematoxilin and observed under light

microscope immediately [32].

Urea quantification

After co-culture, encapsulated BMMC were removed from hepatocyte contact,
washed with PBS and placed in fresh medium for 2 h. The medium was
collected and urea was quantified by QuantiChromTM Urea Assay Kit (DIUR-

500, BioAssay Systems, USA) according to the manufacturer’s instructions.

Reverse transcription-polymerase chain reaction (RT-PCR)

Encapsulated BMMC recovered from in vivo and in vitro experiments were
dissolved using a 100-mM sodium citrate (Labsynth, Brazil) solution prior to
RNA extraction. Total RNA was extracted using the RNeasy RNA isolation kit
(Qiagen, Germany), and reverse transcription (RT) was carried out with 1 pg of
RNA. Complementary DNA (cDNA) was synthesized using Superscript || RNA-
reverse transcriptase (Invitrogen, USA).

For the RT-PCR, 2 yL cDNA-templates were mixed with 5 yL PCR-buffer, 1.5
mM pl MgCl,, 10 mMol dNTPs, 20 pmol of each primer, and 2U Tag DNA
polymerase in a total volume of 50 pL. All reagents were from Invitrogen (USA).
PCR was carried out using primers and conditions showed in Table 1. Samples

were analyzed on 1.5% agarose gels stained with ethidium bromide.
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Table 1 — Primers and amplification conditions used to analyze gene expression

of BMMC.

Primer name Sequence PCR condition | Fragment lenght

For: 55GGTATGAATATGCAAGAAGS’
Alb 48°C 350 bp
Rev: 5CACTCTTCCCAGGTTTCTTG3’

For: 5GGACCTCAGCAAGATCATGGC3’
Ck-18 50°C 518 bp
Rev: 5CCAGGATCTTACGGGTAGTTG3’

For: 5CCCACCCTTCCACTTTCCAGAZ’
Afp 54°C 164 bp
Rev: 5GCTGGAACTGCCTTGTCATAZ

For: 5GAGTTGCTGTTGAAGTCACAGG3
Gapdh 42°C 429 bp
Rev: 5CAGCAATGCATCCTGCACY

Alb, Albumin; Ck-18, Cytokeratin 18; Afp, Alpha-fetoprotein; Gapdh, Glyceraldehyde 3-
phosphate dehydrogenase

Statistical analysis
Statistical comparison of urea levels of the cControl and cCCl4 groups was
carried out using Student’s t test, using the SPSS v.18. The level accepted for

significance was p<0.05.

Results

In vivo experiments

In order to study BMMC differentiation, encapsulated cells were implanted in the
peritoneal cavity of Wistar rats 24 hours after CCl4 or olive oil administration. In
animals from tCCl4 group, liver injury was confirmed at the time of surgery by

the characteristic nutmeg aspect of the liver. Animals from tControl group didn’t
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present this feature throughout the study. Animals were sacrificed in CO;
chamber after 6, 24 or 48 h and capsules were retrieved from the peritoneum.
Capsules were found freely disseminated in the peritoneal cavity and it was not
observed liver tissue from the recipient attached to the capsules after

explantation.

Gene expression pattern was markedly different in BMMC from tCCl4 retrieved
after 48 hours, showing the expression of hepatocyte markers such as Albumin
and Cytokeratin 18, but negative for Alfa-fetoprotein (figure 2). On the other
hand, BMMC retrieved at 6 or 24 hours after injection were negative for all
markers but Gapdh. Interestingly, BMMC from tControl group were also
negative for hepatocyte markers at all time points, except for the internal control

(Gapdh), showing an expression pattern similar to that of naive BMMC.

1 2 3

Gapdh
Alb

Afp

Ck18

Figure 2: BMMC expression of hepatocyte markers 48 hours after implantation in animals
with CCls-induced acute liver injury. RT-PCR analysis of gene expression in encapsulated
BMMC from tControl (lane 1) or tCCl, (lane 3) retrieved 48 hours after implantation. Positive
control (hepatocytes, lane 2).

In vitro experiments
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Since encapsulated BMMC showed the expression of hepatocyte markers 48 h
after implantation in animals with CCls-induced acute liver injury, we tried to
replicate the same model in vitro in order to determine when this
reprogramming takes place.

As a way to assess hepatocyte damage in this model, cells isolated from
animals with or without liver injury were stained with oil red. In CCl, treated
animals, esteatose could be observed with several intracellular lipid droplets,
that were absent in control animals. Furthermore, we observed the
macroscopic aspect of nutmeg liver by the time of hepatocyte isolation.
Encapsulated BMMC that were in co-culture with hepatocytes from CCl,4 treated
animals for only six hours showed Albumin expression, whereas those in
contact with control hepatocytes were negative (figure 3). No expression of

Ck18 or Afp was detected.

Gapdh

Alb

Figure 3: RT-PCR analysis of Alb gene expression in BMMC after 6 hour co-culture.
Hepatocyte (positive control, lane 1). Encapsulated BMMC from cCCl, group (lane 2).
Encapsulated BMMC from cControl group (lane 3). Gapdh: internal control.

In order to determine if this reprogramming also had functional repercussion in

BMMC we tested urea production by these cells. After co-culture with



hepatocytes, encapsulated BMMC were kept for other 2 h in culture, with fresh
medium. Urea production was greatly increased in BMMC from cCCls group
(figure 4) as compared to cControl group. However, it was lower than the

amount produced by hepatocytes in culture (5.85 mg/dL).

Urea production

8-
64
-
2
o 47
= £
2 —la
0l ==z '
cControl cCCl, Hepatocyte

Figure 4: Quantification of urea production in the culture medium from encapsulated
BMMC. Urea production was increased in BMMC from cCCl, group but not in cControl. Medium
from hepatocyte culture was used as reference value. * p = 0.033 compared to cControl group

(Student’s t test).

Discussion

The ability of BMMC to differentiate into hepatocyte-like cells has been shown
both in vivo and in vitro by different groups. In the present study we have
shown that BMMC are able to express hepatocyte-specific genes after 48 hours
of transplantation in CCl, treated animals. In vitro, these cells express Albumin
and produce urea after only 6 hours of co-culture with injured hepatocytes.

Several studies have shown the ability of BMMC to differentiate into
hepatocyte-like in vivo. Most of these studies show the expression of Alb and
Afp [12-15, 17, 33], but also Ck8 and Ck18 [15]. As in the previous studies, this

differentiation occurs only when BMMC are transplanted into injured animals,
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suggesting that liver damage triggers the release of substances that modulate
BMMC gene expression. However, unlike ours, other groups describe
differentiation after 13 [34] and 60 days [12, 13].

There is still debate in the literature if these cells convert into hepatocyte-like by
means of fusion or differentiation [18]. Our results favor the differentiation
hypothesis, in accordance with other study that used microencapsulated cells
[15]. Liu and Chang [15] have shown that BMMC encapsulated with the APA
(Alginate-Polylysine-Alginate) method improve survival in a 90% partial
hepatectomy rat model of acute liver failure. In addition, they found that some
BMMC express ALB, AFP, CK 8, CK 18 and were able to store glycogen, after
2 weeks of transplantation. In our study, we used similar alginate
microcapsules to isolate BMMC and we observed differentiation signs in a
shorter period of time (48 h). It is important to highlight that we assessed
differentiation by gene expression analysis, whereas the previous study by Liu
and Chang used immunocytochemistry. It was not possible to prove the
expression of ALB, AFP nor CK18 by immunocytochemistry due to difficulties in
capsules’ histology. It cannot be ruled out, however, that fusion mechanisms do
exist or play a role in cell-mediated tissue recovery after injury. Yet, in this work
alginate microcapsules prevented any type of fusion between BMMC and
hepatocytes, although allowing for the interchange of soluble compounds
between these two cell types.

In vitro differentiation is usually obtained by the use of growth factors,
especially Hepatocyte Growth Factor (HGF), although quite a number of
differences exist between protocols [19, 23-25]. Some authors have shown

differentiation also with hepatocyte conditioned-medium [21] or serum from
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patients with hepatitis B virus-associated liver cirrhosis [35], co-culture with
hepatocytes [36—38] or liver fragments [39] from healthy or injured animals.
However, unlike the present study, the above mentioned groups use MSC and
not BMMC. Even though MSC have a well known differentiation capacity, their
isolation, culture and expansion are time consuming processes. On the other
hand, BMMC are readily available, and do not need a culture step prior to
administration.

Our results showed that BMMC co-cultured with injured hepatocytes for six
hours showed expression of Albumin and urea production. Changes in gene
expression at early times like this are not reported by studies with MSC that
usually differentiate after 3 to 40 days in culture [22, 36]. In contrast, when
BMMC were co-cultured with hepatocytes isolated from healthy animals, no
Albumin expression or urea production was detected after 6 hours. Other
reports have shown differentiation of MSC even after co-culture with healthy
hepatocytes [36]. These differences may be reconciled by intrinsic
characteristics of the cell types used in this study or by the short period of time
analyzed. It is possible that injured hepatocytes secrete paracrine factors that
lead to BMMC reprogramming sooner than healthy hepatocytes [40, 41].
Interestingly, in vivo differentiation occurred only after 48 hours. It is possible
that in vitro hepatocytes secrete factors at higher concentrations, thus inducing
differentiation in shorter times.

In summary, this work shows that BMMC are able to differentiate into
hepatocyte-like cells in a short period of time both in vivo as in vitro. This

differentiation occurs without fusion and is triggered by factors present only in
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injured liver. The identification of such factors and of the cells in the

mononuclear fraction that respond to them is under further investigation.
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Discussao

O transplante hepatico segue sendo o unico tratamento definitivo para a
IHA (Farmer et al., 2009; Miloh et al., 2010). Além da falta de doadores, que
pode levar a uma mortalidade em lista de espera de até 40% dos pacientes
(Polson and Lee, 2005) o transplante hepatico € um procedimento de risco e
apresenta varias implicagdes para os pacientes pelo resto da vida, como a
necessidade de imunossupressao (P. a Lysy et al., 2008). Neste sentido, é
importante ressaltar que a IHA se caracteriza por uma perda repentina das
fungcdes hepaticas em um individuo previamente saudavel e que o figado
possui uma extrema capacidade de regeneragdo. Dessa forma, uma terapia
capaz de promover essa regeneracao de forma a sustentar as condi¢des vitais
do paciente poderia evitar a necessidade de transplante, permitindo a

recuperagao do seu organismo.

Dessa maneira, a terapia celular tem sido considerada uma alternativa
promissora para o tratamento da IHA, porém antes que a mesma possa ser
adotada na pratica clinica, € preciso um conhecimento mais aprofundado sobre
0s seus mecanismos de acgado. Para isso, estudos in vitro e in vivo sao
necessarios e a maioria deles utiliza CMO, seja diretamente ou apds cultivo,
com ou sem purificagao de suas fracbes. Em certo sentido, a profusao de tipos
celulares e desenhos de estudo torna dificil comparar os dados disponiveis na

literatura a respeito da terapia celular em IHA.

Varios estudos demonstraram o efeito benéfico do transplante das CMO
em modelos animais de IHA (Petersen, 1999; Fuijii et al., 2002; Wang et al.,
2002; Dahlke et al., 2003; Sakaida et al., 2004; Liu and Chang, 2005; Liu and

Chang, 2009). Os estudos de Lui & Chang (2006) sao bastante similares ao
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primeiro artigo apresentado nesse estudo. Esses autores avaliaram o efeito
das CMO isoladas em microcapsulas em modelo murino de hepatectomia
90%. Os autores relataram que o implante de células da medula Ossea
contidas em microcapsulas de alginato de sodio revestidas de poli-L-lisina
eliminou os 6bitos em 14 dias apds a hepatectomia de 90%. Nesse ponto, ha a
primeira discrepancia com os nossos resultados, pois apesar de obtermos um
aumento da sobrevida de 6,7 para 63% em 10 dias, nosso modelo nio foi
capaz de eliminar todos os obitos. Provavelmente, a principal razdo para esta
diferenga seja o numero de animais avaliados em cada estudo (5 no trabalho

de Liu & Chang e 11 no presente estudo).

Além disso, Liu & Chang (2006) avaliaram a expressao génica em
capsulas retiradas dos animais e observam a expressao de ALB, CK8, CK18 e
AFP duas semanas apos transplante. Os autores sugerem que a imobilizagédo
e o isolamento proporcionado pelas microcapsulas protegeriam as células da
reagao imunoldgica e que aconteceria uma estimulagdo da regeneracao
hepatica pelos fatores tréficos secretados pelas CMO e sua diferenciacido em
hepatdcitos. No presente estudo nao foi possivel analisar a expressao génica
das células encapsuladas, pois apdés 10 dias havia formacdo de uma fibrose
pericapsular que impediu extracdo de RNA. Neste caso, é provavel que o tipo
de alginato utilizado neste estudo, sem o revestimento de poli-L-lisina, tenha
contribuido para a impossibilidade de recuperacdo das células encapsuladas

apods 10 dias.

No entanto, observamos outro resultado diferente do relatado por Liu &
Chang (2006), que foi uma redugéo na taxa de regeneragao hepatica no grupo

tratado com CMO em comparagao com o grupo tratado com capsulas vazias.
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Além disso, ao analisar a curva da sobrevida observamos que a maior
mortalidade no grupo tratado corria nas primeiras 72 horas, por isso decidimos
avaliar os eventos precoces da regeneragcdo hepatica, com énfase na
expressdo de alguns genes-chave nesse processo. Por isso, estudamos a
expressao génica de citocinas e fatores de crescimento em grupos de animais

sacrificados as 6, 12, 24, 48 e 72 horas pos-hepatectomia.

Nossos resultados mostraram que a taxa de regeneragao as 72 horas
foi menor (44%) nos animais tratados com CMO encapsuladas do que nos
animais tratados com capsulas vazias (59%). Uma observagao similar foi feita
por outros autores, que sugeriram que uma proliferagcdo hepatocitaria inicial
excessiva poderia ser prejudicial a fungdo hepatica, pois a capacidade
funcional dos hepatdcitos aglomerados estaria reduzida pelo desequilibrio do
aporte vascular (Arakawa et al., 2009; Ninomiya et al., 2010). A proépria
formacdo dos aglomerados poderia determinar compressédo sinusoidal e
reducao do aporte sanguineo (Ross et al., 2001; Wack et al., 2001; Ninomiya
et al.,, 2010). A supressdao da explosdo inicial da resposta proliferativa
hepatocitaria determinaria um processo regenerativo mais equilibrado entre os
hepatdcitos e as células endoteliais, com aumento da capacidade funcional do
tecido hepatico remanescente. Esta resposta regenerativa mais cadenciada
produziria menor formagdo de aglomerados hepatocitarios e resultaria em

maior sobrevida no modelo de hepatectomia de 90% (Ninomiya et al., 2010).

E importante ressaltar que essa comparagdo entre a taxa de
regeneracao foi realizada baseada no peso do figado remanescente, que € um
método bastante utilizado em estudos de regeneragao hepatica (Zhang et al.,

2009). Entretanto, a anadlise histolégica pode sugerir outras explicagdes para
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variagdes no peso do 6rgdo em estagios inicias pds-hepatectomia que ndo sao
diretamente relacionados a regeneragao, entendida como proliferagéo celular.
Nas primeiras 24 horas apds a hepatectomia, a congestdo sinusoidal foi o
achado histolégico hepatico mais significativo e a esteatose hepatocitaria
passou a ser a caracteristica histolégica mais marcante. Um aspecto
interessante observado foi a modificacdo do padrao da esteatose com o tempo
decorrido apds a hepatectomia. Nas primeiras 24 e 48 horas, a esteatose
microgoticular predominava, enquanto que as 72 horas o padrao dominante foi
o de esteatose macrogoticular. Esses achados podem ser a representacao da
dindmica resposta adaptativa do figado a situagdo de insuficiéncia. Tem sido
sugerido que o acumulo de gordura no citoplasma dos hepatdcitos possui uma
regulacdo especifica e que deve ser essencial ao processo regenerativo
(Shteyer et al., 2004). A esteatose microgoticular representaria uma resposta
metabdlica adaptativa do figado em regeneragcédo, como uma forma de reserva
de energia ou de constituintes da membrana celulares prontamente disponiveis
aos novos hepatacitos (Farrell, 2004; Shteyer et al., 2004). Em nosso material,
a analise histologica sugere que a esteatose € mais intensa no grupo que
recebeu as capsulas vazias nas amostras de tecido hepatico obtidas as 48 e
72 horas apés a hepatectomia.

Por esse motivo, a analise de indicadores de proliferagcdo celular é
preferivel. Em nosso caso, ndo houve diferenga entre 0 numero de mitoses em
cada um dos grupos, nem em relagdo ao percentual de células marcadas com
Bromodeoxiuridina (BrdU), (dados n&o apresentados no artigo, ver Anexo 1).
Talvez um dos motivos para esta auséncia de diferenca seja a grande

variabilidade entre os animais. Em parte isso se deve ao uso de animais nao
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isogénicos, mas também pelo fato de que os animais eram sacrificados em
diferentes tempos pds-hepatectomia, independente do seu estado de saude.
Ou seja, um animal sacrificado as 12 horas pds-hepatectomia poderia ser um
animal que teria sobrevivido por 10 dias ou que teria morrido naturalmente 13
horas apds a cirurgia. De qualquer forma, existem poucos estudos que
avaliaram o efeito da terapia com CMO sobre a atividade mitética em modelos
de IHA. Zhang e colaboradores (2009) também n&o identificaram maior indice
de células marcadas por BrdU entre os animais que receberam infusdo venosa
de CMO 24 horas apos a hepatectomia de 70% em ratos pré-tratados com
retrorsina.

Avaliamos também a expressdo de genes importantes para a
regeneracao hepatica, como a IL-6 cuja produgéo € estimulada por TNF-a e
NFk-B nas células de Kupffer (Garcea and Maddern, 2009; Saliba and Samuel,
2013). Quando avaliamos estes genes na fase inicial da regeneragao (6 horas
poOs-hepatectomia) observamos uma diminui¢do no grupo tratado com CMO
encapsuladas quando comparado com o grupo capsula vazia. Se por um lado
a liberagao de IL-6 constitui um passo crucial no processo regenerativo (Taub,
2004;Garcea and Maddern, 2009), sua agcdo também produz a ativagdo de
genes de resposta de fase aguda e pode levar a uma situagdo conhecida como
“tempestade de citocinas”, que é prejudicial para o organismo (Yagi et al.,
2009; Berry et al., 2010). Hipotetizamos que esses resultados poderiam dever-
se, em parte, a diminuicdo da sinalizagdo por parte das células de Kupffer. E
sabido que apos HP90% existe um aumento de lipopolissacarideos (LPS) de
origem intestinal (Garcea and Maddern, 2009; Vaquero et al., 2011c), os quais

se unem aos TLR4 das células de Kupffer desencadeando o processo
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regenerativo por meio da via de MYD 88. Nao obstante ndo encontramos
diferenga entre os grupos na expressao de TLR4 e MYD88, ndo podendo
descartar que o pico de expressao desses genes tivesse ocorrido em tempos

anteriores ao estudado (antes de 6 horas).

Pelos dados obtidos seria possivel que uma diminuicao da expressao de
genes importantes ao inicio do processo de regeneragao (como TNF-a, NFk-B
e IL-6) levasse a uma diminuicdo na velocidade da regeneracgdo. Por isso,
estudamos genes envolvidos diretamente na regulagdo da proliferagao
hepatocitaria como HGF e TGF-3. HGF tem varias fungbes no figado sendo a
principal delas ativar os hepatdcitos para que passem da fase GO a Gf1,
ingressando no ciclo celular (Garcea and Maddern, 2009). Quando avaliamos a
expresséo de HGF entre as 12 e 48 horas observamos um aumento apenas no
grupo tratado com CMO encapsuladas nas 24hs quando comparado com o
grupo com capsulas vazias. Por outro lado, a secrecao de TGF-f3 pelo bago
retarda a regeneragdo hepatica via inibicdo do HGF (Arakawa et al., 2009).
Nés observamos um forte aumento do TGF-a no grupo tratado com CMO
encapsuladas entre as 12 e 48 horas. A diminuicdo da expressido do HGF e o
significativo aumento de TGF-B poderiam evitar que os hepatdcitos, apds os
sinais de lesao, entrem ou completem a divisdo celular. Por fim, o tamanho do
figado é regulado e controlado pelas necessidades funcionais do organismo
(Taub, 2004). SOCS3 ¢é um importante regulador negativo de sinalizagao de
citocina que impede a fosforilagdo de STAT3 terminando assim a sinalizacao
de IL-6 para promover a regeneracao (Alison et al., 2009; Riehle et al., 2011).
No mesmo sentido, nossos dados mostraram que o tratamento com CMO

encapsuladas aumenta a expressdo de SOCS-3.

72



Nossos resultados demonstram que o tratamento com células derivadas
da MOT produze uma redugdo na expressao dos genes que sao fundamentais
para dar inicio ao processo de regeneragao (TNF-a, NFk-B e IL-6 e HGF) e um
aumento dos genes que sao responsaveis por deter este processo (TGF-B e
SOCS-3). Assim, o tratamento com CMO encapsuladas apos HP 90% retarda

0 processo de regeneragao, o que deve influenciar na sobrevida dos animais.

Como ja mencionado, uma importante limitacdo deste estudo € que os
animais foram mortos em momentos distintos, em lugar de serem analisados
no momento de suas mortes naturais. Isto pode explicar a grande dispersao
dos dados obtidos. No entanto, ter alguém para recolher os figados dos
animais em tempo habil apés a sua morte seria impraticavel. Além disso, este
estudo foi realizado em ratos Wistar ndo isogénicos, simulando uma situagao
real em que as CMO heterdlogas poderiam ser usadas em pacientes com IHA.
A imobilizacido e isolamento dessas células dentro das capsulas é capaz de
protegé-las do sistema imunitario do hospedeiro (Matte et al., 2011; Orive et
al., 2003). Esta pode ser uma razao pela qual nos trabalhos de Liu & Chang
(2005, 2006 e 2009), um efeito benéfico foi observado apenas com células
encapsuladas. E também pode explicar a falta de eficacia relatada por Tokai et

al. (2009) em um modelo de hepatectomia de 70%.

Inicialmente, tinhamos por objetivo avaliar também a expressao génica
das CMO encapsuladas nos animais sacrificados em menos tempo apds a
cirurgia. Porém, nesse caso, muitas das capsulas aderiam ao figado
hepatectomizado ou ao peritbnio (figura 6), de forma que o numero de
capsulas recuperadas foi baixo e conseqlientemente o numero de células

obtidas nao foi suficiente para extracdo de RNA. Por esse motivo, optamos por
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utilizar um modelo quimico de IHA para avaliar a diferenciagcdo das células
encapsuladas. Nesse caso utilizamos o modelo de CCls, uma droga
hepatotoxica bastante conhecida e ja utilizada previamente por nosso grupo

(Goldani et al., 2007; Baldo et al., 2010)

Figura 6. Recuperagcao de microcapsulas. Fotografia mostrando as microcapsulas
(seta) aderidas ao figado hepatectomizado.

No segundo trabalho apresentado nesse estudo, observamos o efeito do
tecido lesado sobre células da fragdo mononuclear da medula 6ssea (CFMMO)
encapsuladas, tanto in vivo como in vitro. Varios estudos tém demostrado a
capacidade dessas células nao s6 em aumentar a sobrevida em modelos de
IHA como também sua capacidade de diferenciagdo em células tipo
hepatécitos apoés o transplante. O efeito do transplante das CFMMO foi
avaliado por nosso grupo em dois diferentes modelos animais de lesao
hepatica aguda. A sobrevida em 72 horas no modelo por paracetamol
aumentou de 33,3% para 70,8% nos animais que receberam as células
(Belardinelli et al., 2008a) e no modelo com CCls, a infusdo da mesma
quantidade de CFMMO (1x106 por rato) resultou em elevagdo da taxa de
sobrevida de 48% para 100% dos animais. Além disso, varios autores tem

demostrado que depois de transplantadas as CFMMO expressam marcadores
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hepaticos como ALB e AFP (Lagasse et al., 2000; Theise et al., 2000; Sato et
al., 2005; Choi et al., 2008; Hwang et al., 2012) e em alguns caso CK 8 e 18
também (Liu and Chang, 2006). Inicialmente avaliamos o tempo de
diferenciagcdo das CFMMO in vivo e verificamos que a expressao de
marcadores tipicos de hepatoécitos como ALB e CK18 48 horas apds o
transplante em animais com lesdo hepatica. Quando transplantadas em
animais sem lesdo, a expressao de ALB e CK18 é negativa, indicando que é o
ambiente hepatico lesionado que secreta os fatores necessarios para a
diferenciagdo das CFMMO. Geralmente os estudos in vivo apresentam dados
de diferenciacdo entre 13 (Petersen et al., 1999) e 60 dias (Lagasse et al.,
2000; Theise et al., 2000), tempos bem superiores aos apresentados neste
estudo. Entretanto, cabe destacar que a maioria dos outros estudos avalia
também desfechos de sobrevida e por isso os animais sao analisados em
tempos maiores, enquanto que o presente trabalho avaliou apenas

diferenciacgao.

A fim de estudar melhor os mecanismos envolvidos na diferenciacao
das CFMMO em células tipo hepatdcitos, utilizamos um modelo in vitro que
replicasse as caracteristicas do modelo in vivo. Assim empregamos um
sistema de co-cultivo, onde as CFMMO encapsuladas eram mantidas em
contato com o meio de hepatdécitos com ou sem lesado por CCls. Outros autores
ja demonstraram a capacidade das CFMMO de se diferenciar em células tipo
hepatacitos in vitro (Oh et al., 2000; Jang et al., 2004; Luk et al., 2005; Ong et
al., 2006; Chen et al., 2007; Qihao et al., 2007; Li et al., 2008; Cho et al., 2009 ;
Ayatollahi et al., 2011; Dong et al., 2013). Estes estudos empregam varias

técnicas que vao desde a utilizagcdo de fatores de crescimento, meio
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condicionado derivado de hepatocitos ou de soro de pacientes até o co-cultivo

com hepatdcitos ou fragmentos de figado.

O uso de HGF é o padrao ouro empregado nas técnicas de
diferenciagao in vitro. Entretanto é sabido que a sinalizagdo de HGF contribui
para a oncogéneses e progressdo de tumores em varios canceres humanos e
promove a capacidade de invasdo de células fortemente ligada a metastase
tumoral (Oda et al., 2000; Peruzzi and Bottaro, 2006). Assim é recomendado
evitar a utilizagao de fatores de crescimento como HGF na aplicagéo clinica (Li

et al., 2010).

O co-cultivo tem se mostrado uma ferramenta amplamente utilizada.
Nos sistemas de co-cultivo se colocam no mesmo ambiente dois tipos
celulares (nesse caso CFMMO e hepatdcitos ou fragmentos de figado)
separados por um inserto que permite o intercambio de meio de cultivo, mas
nao de células, entre eles. Assim, todas as substancias secretadas pelos dois
tipos celulares, incluindo citocinas e fatores de crescimento, transitam
livremente entre os dois compartimentos. Para avaliacido da diferenciacao, as
células sao retiradas do sistema de co-cultivo e mantidas por um periodo

isoladas.

Nossos resultados indicam primeiramente que hepatdcitos isolados de
animais que receberam CCls apresentam caracteristicas citologicas distintas
das células normais, como esteatose, mesmo apds 24 horas em cultura. Além
disso, quando as CFMMO sé&o colocadas em co-cultivo com esses hepatdcitos
em apenas 6 horas passam a expressar albumina, um marcador de hepatécito

maduro, sem expressao de AFP ou CK18. Além disso, essas células passam a
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produzir ureia, ainda que em niveis abaixo daqueles apresentados pelos
hepatdcitos. Finalmente, quando co-cultivadas com hepatdcitos de ratos sem
lesdo por CCls a expressdo de albumina pelas CFMMO é negativa e a

expressao de ureia € quase nula.

Quando comparamos nossos resultados com a literatura alguns pontos
de divergéncia merecem ser ressaltados. Em primeiro lugar, a maioria dos
trabalhos demonstra algum grau de diferenciagdo das células da medula 6ssea
mesmo quando em contato com fragmentos de figado ou hepatdcitos de
animais sem les&o (Luk et al., 2005; Qihao et al., 2007). Em nosso trabalho,
utilizamos fragmentos de figado de ratos controle e observamos diferenciagdo
(dados ndo mostrados). No entanto, postulamos que um corte no tecido
hepatico representa, por si s6, uma lesdo e por isso optamos pelo uso de
hepatocitos isolados. Mesmo assim, outros grupos trabalhando com
hepatdcitos isolados também mostraram algum grau de diferenciagédo, ainda
que em menor propor¢cao do que quando comparado com o hepatocitos lesado
(Jang et al.,, 2004; Li et al., 2008). Além disso, a maioria dos estudos
demonstra a expressao de outros marcadores, como AFP, CK8 e CK18, além

de albumina (Cho et al., 2009).

Dois fatores podem contribuir para essas discrepancias. Um deles é o
tipo de célula utilizado, no nosso caso as CFMMO, enquanto a maioria dos
estudos trabalha com as células tronco mesenquimais (Li et al., 2008) ou
células tronco hematopoiéticas (Jang et al., 2004). Por trabalharmos com a
microencapsulacao celular pudemos utilizar as células da fragdo mononuclear
como um todo in vitro. Outro ponto importante é relativo ao tempo de estudo.

Poucos trabalhos demonstraram a expressdo de genes hepaticos por células
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derivadas da medula éssea em um tempo tao curto. Apenas Jang et al. (2004)
avaliaram o efeito de do co-cultivo de células tronco hematopoiéticas com
hepatdcitos lesionados em 6 horas, mas ndo encontraram expressao positiva
de nenhum marcador hepatico. Os marcadores hepaticos como albumina, CK8
e CK18 comecaram a se expressar a partir de 48 horas de co-cultivo. O
restante dos estudos comegam a avaliar o comportamento das células tronco
derivadas da medula éssea a partir de 3 (Qihao et al., 2007) até 40 dias
(BEHSHAD; Pournasr et al., 2011). E possivel que, se estudassemos tempos
maiores de co-cultivo, observariamos também a expresséo de genes hepaticos
em células em contato com hepatécitos saudaveis, mas nao se pode descartar
que as CFMMO tenham uma resposta distinta dos demais tipos celulares

estudados.

Quanto a expressdo de marcadores como albumina, que é tipico de
hepatdcitos maduros, sem a co-expressao de outros marcadores, como AFP e
CK18, novamente nao se pode descartar as diferencas entre os tipos celulares
e, principalmente, o tempo de co-cultivo. E importante ressaltar que o principal
achado deste trabalho é o tempo de co-cultivo necessario para a expressao de
genes hepaticos, de 48 horas in vivo e 6 horas in vitro. Este € um periodo curto
para reprogramagao celular e é possivel que distintos mecanismos estejam

atuando nesse caso.

Recentemente, uma hipdétese postulada por Quesenberry e
colaboradores (Aliotta et al., 2007) sugere que exista um mecanismo de
modulagdo da expressao génica mediada por vesiculas. Este grupo propde
que um tecido lesado libera vesiculas contendo mRNA que poderiam ser

captadas pelas células da medula, as quais utilizariam a sua maquinaria
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celular para traduzir proteinas nao proprias (Aliotta et al., 2007). No nosso
caso, a expressdo de mRNA de albumina que captamos nas CFMMO
encapsuladas seria na verdade um mRNA produzido nos hepatocitos € ndo um
indicio de diferenciacdo das CFMMO. Esta hipdtese é reforcada pelo
conhecimento atual de que tecidos lesados liberam microRNAs em vesiculas
que podem inclusive ser detectadas na circulagdo (Herrera et al., 2010). O
tamanho proposto para tais vesiculas & bastante variavel. Alguns autores
sugerem entre 0,9 e 4 ym (Herrera et al., 2010; Xagorari et al., 2013) enquanto
para os exossomas que transportam microRNAs o tamanho sugerido é de 30 a
100 nm (Valladi et al., 2007). O poro das microcapsulas usadas neste estudo
possui de 1 a 1,5 ym (Lagranha et al., 2008), além disso, estas capsulas
estavam separadas dos hepatdcitos por um inserto que € produzido com um
fitro de 70 ym, dessa forma é possivel que algumas vesiculas tenham
passado. Uma maneira de testar essa hipotese seria um sistema de co-cultivo
com células de diferentes espécies, para deteccdo de mRNA com primers

espécie-especificos.

Ainda que nao possamos descartar a ideia de que mMRNAs (ou mesmo
miRNAs) possam estar passando de um tipo celular para outro, o fato de que a
producao de ureia pelas CFMMO foi detectada 2 horas apds o fim do co-
cultivo sugere que realmente possa haver algum tipo de reprogramacgao
nessas células. Analises mais detalhadas, como por exemplo com o0 uso de
inibidores de remodelamento da cromatina, poderiam auxiliar a esclarecer

esse fato.

De qualquer forma, nosso modelo com células microencapsuladas

contribui para a confirmagdo da importdncia de mecanismos paracrinos de
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acao da terapia celular, embora recentemente, varios estudos tenham
demonstrado que a fusdo celular € o mecanismo principal pelo qual se geram
hepatdcitos a partir de células tronco (Terada et al., 2002; Wang et al., 2003 ;
Alvarez-Dolado et al.,, 2003; Vig et al., 2006; Quintana-Bustamante et al.,

2012).

Assim a microencapsulacdo celular se mostrou uma ferramenta
adequada para avaliar os processos que ocorrem na lesao hepatica aguda de
maneira bidirecional. Pudemos observar o efeito que as células da medula
Ossea (total ou fragdo mononuclear) exercem sobre o tecido hepatico lesado,
bem como o efeito que substancias secretadas por este tecido tém sobre

essas células.
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CONCLUSOES
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Conclusoées:
Pudemos observar o efeito que as células da medula 6ssea (total ou
fragdo mononuclear) exercem sobre o tecido hepatico lesado, bem como o

efeito que substancias secretadas por este tecido tém sobre essas células.

As células da medula 6ssea encapsuladas aumentaram a sobrevida em
10 dias de animais submtidos a hepatectomia de 90% através de mecanismos

paracrinos.

As células da medula 6ssea encapsuladas alteraram a expressédo de
genes envolvidos na regeneragao hepatica, reduzindo a expressao dos que a
favorecem e aumentando a expressao dos reguladores negativos e, como
consequéncia, diminuiram a taxa de regeneracdo através de mecanismos

paracrinos.

As células da fragcdo mononuclear da medula 6ssea se diferenciaram em
células tipo hepatécito tanto in vivo quanto in vitro em um modelo de leséo

hepatica aguda através de mecanismos paracrinos.

Assim a microencapsulacdo celular se mostrou uma ferramenta
adequada para avaliar os processos que ocorrem na lesao hepatica aguda de

maneira bidirecional.
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Abstract

Aim The aim of this research was to evaluate the effects
of bone marrow mononuclear cell (BMC) transplantation
in rats with toxic acute liver damage induced by carbon
tetrachloride (CCly).

Methods Cells from male Wistar rats were obtained using
Ficoll density gradient and 0.2 ml (1 x 10° cells) were
injected into the portal vein of female rats (n = 15) 24 h
after damage. Sham group (n = 15) was performed
injecting only vehicle in CCl,-treated animals. Survival,
liver histology, number of mitosis and apoptosis, and
identification of stained donor cells were observed 72 h
after damage. ALT levels were measured at O h, 24 h,
48 h, and 72 h after injury.

Results Donor cells could be detected in recipient rats’
livers by fluorescence staining and Sry PCR. The treated
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group revealed a significant improvement in survival rate
after 72h (p = 0.003). There was also a significant
increase in the number of mitotic events in treated livers
(p = 0.029). This result was confirmed using an in vitro
cell proliferation assay in isolated hepatocytes treated with
conditioned medium from BMC. ALT was reduced in the
treated group after 72 h (p = 0.034).

Conclusions Results indicate that BMC transplantation
has potential as a new therapeutic option for acute liver
disease and suggest that these cells may contribute to
hepatic recovery through release of mitotic cytokines.
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Introduction

Pronounced hepatic damage may lead to acute liver fail-
ure (ALF), a syndrome characterized by rapid deteriora-
tion of liver function and high mortality [1]. The only
established treatment is orthotopic liver transplantation
(OLT). However, due to organ shortage, a significant
percentage of patients die while waiting for transplant [2].
However, it is important to stress that liver failure is
potentially reversible due to the liver’s regenerative
capacity. Thus, development of alternatives that could
maintain or reestablish liver function after failure may
help patients with ALF.

Cell-based therapies have emerged as an alternative
to OLT [3]. Cell transplantation offers advantages, being
a less-invasive procedure when compared to whole-
organ transplantation and can be performed repeatedly
if necessary. Bone marrow is the main source of cells
used for therapy. Studies using purified hematopoietic
[4] and mesenchymal [5] fractions or mononuclear cells
[6] have been shown to improve liver function after
transplant.

Despite advances in the area of bone marrow cell
transplantation in the last few years, controversies remain
about the efficacy and the mechanisms of organ recovery
mediated by these cells [7]. Processes of cell fusion and
differentiation in the liver following cell transplantation
have been described [8—10]. However, these events occur
at a very low frequency (lower than 0.05%), suggesting
that such mechanisms are not the only ones involved in
liver regeneration induced by cell transplantation [11].

This work evaluates the effects of bone marrow mono-
nuclear cell transplantation in rats with toxic acute liver
damage induced by carbon tetrachloride, and suggests that
these cells may contribute to hepatic recovery through the
release of mitotic cytokines.

Methods
Animals

Fifty-nine female Wistar rats weighing 200-240 g were
used to perform the experiments. Male rats (n = 10) of the
same weight were used as cell donors. All animals were
obtained from the Laboratory of Animal Reproduction and
Experimental Center (CREAL—ICBS/UFRGS). Animals
were kept at the Experimental Animal Unit of Research
Center of Hospital de Clinicas de Porto Alegre (UEA-
HCPA), under controlled temperature (between 18 and
22°C) in light—dark cycles of 12 h. Standard rat chow and
water were given ad libitum.

Experimental Design

Rats were divided into two main groups. Sham group: rats
(n = 15) were given 1.25 ml/kg of CCl, orally [12] and
24 h later received 0.2 ml of PBS solution via portal vein.
BMC group: rats (n = 15) received the same dose of CCly
and 24 h later were injected with 1 x 10° ml of bone
marrow mononuclear cells in phosphate buffer saline
(PBS) suspension. Surviving animals were killed 72 h after
CCl, damage induction. To better evaluate the early effects
of BMC, a subset of four animals in the sham and BMC
groups were killed 48 h after injury.

Two additional groups (lesion control and injection
control) were performed and evaluated at 72 h. In the
injection control group, four rats received just BMC via
portal vein with no hepatic damage to ensure that the cell
injection procedure was safe. The last group of ten animals
(Iesion control group) received only CCl, and no posterior
intervention to evaluate the mortality rate in this animal
model. Finally, one group receiving CCl, and BMC
(survival group, n = 7) was kept for up to 15 days to
discard a transient effect of BMC on survival.

Induction of Acute Liver Injury

Female Wistar rats were weighed just before the CCly
administration. The 1.25 ml/kg dose of CCl; was then
diluted in olive oil to a final volume of 1 ml. The solu-
tion was administered through gavage as a single dos-
age [12].

Isolation of BMC

Male Wistar rats weighing 200-240 g were used as cell
donors in a proportion of one donor to four recipients. In a
sterile environment, the femurs and tibias were isolated
and whole bone marrow from each bone was flushed with
3 ml DMEM (Gibco, USA) into a 15-ml tube. The cells
were then placed onto a Ficoll Histopaque (GE-Health-
care, USA) layer and centrifuged at 800 x g for 30 min.
The interface was separated using a pipette, and cells were
rinsed with 10 ml PBS three times. Cells were counted
using the Neubauer chamber and Trypan Blue exclusion
test to verify cell viability. DAPI [4', 6-diamidino-2-phe-
nylindole 2.7 mg/ml (Roche, Germany)] fluorescent
staining was performed according to manufacturer’s pro-
tocol. Again, cells were rinsed with PBS, counted using
the Trypan Blue exclusion test in a Neubauer chamber,
and adjusted to a final concentration of 5 x 10° cells/ml.
The entire procedure took 2 h from isolation to trans-
plantation, in the meanwhile, cells were kept at room
temperature [6].
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Cell Characterization

Three independent Ficoll isolation procedures were ana-
lyzed by simple size/scatter flow cytometry, aiming to
characterize and count the mononuclear cell fraction
(lymphocytes, monocytes, granulocytes), as well as detect
any contamination of red blood cells and platelets. Results
are expressed as percentage of each cell type from total
cells.

In addition, three other isolation procedures were
characterized regarding the presence of precursor cells by
FACS using 2 x 10° mononuclear cells. Briefly, BMC
were resuspended in 200 pl of PBS and incubated for
20 min at 4°C with FITC-anti-CD45 (CALTAG lab.
CA,USA) and PE-anti-CD34 (Santa Cruz Biotechnology,
Santa Cruz, CA) for characterization of hematopoietic
stem cells through the ISHAGE protocol [13]. Anti-KDR
(Abcam, Inc, CA, USA) and PE-anti-CD34 (Santa Cruz
Biotechnology, Santa Cruz, CA) were used to quantify
endothelial precursors cells [14]. The mesenchymal stem
cell population was characterized by triple staining for
FITC-anti-CD44 (Abcam Inc, CA, USA), PE-anti-CD71
(AbD Serotec, Munich, Germany) and PECy5-anti-CD29
(BioLegend, San Diego, CA) [15]. All assays were con-
ducted using antibody concentrations as recommended by
the manufactures. Phycoerythrin-PE and FITC mouse
anti-rat IgG1, IgG2a and IgM were used as isotype con-
trols. After antibody incubation, erythrocytes lysis solu-
tion (1 ml) was added for 15 min; then 1 ml of PBS was
added for another 15 min to stop the hemolytic treat-
ment. Cells were collected and washed with PBS by
centrifugation and 500 pl of PBS was added to the cell
suspension.

Analysis was carried out using the BD FACS-Calibur
flow cytometry system with a one-laser system capable of
detecting three fluorochromes excited by the 488-nm laser
in a multiparameter manner. The samples were read with
Cell Quest and PAINT-A-GATE software.

Cell Transplantation

Animals were anesthetized with 100 mg/kg of Ketamine
(Eurofarma Lab, Brazil) 10% and 10 mg/kg of Xylazine
(Sespo, Brazil) 2% intraperitoneally just before surgery.
A 3-cm longitudinal incision was performed in the abdo-
men, the portal vein was exposed, and 0.2 ml of the cell
suspension was injected in bolus. To avoid bleeding, a
porcine collagen matrix (Mascia Brunelli, Italy) was placed
over the vein. Animals were sutured in layers with
polyglactin 4-0 (Ethicon, Brazil) and monofilament 4-0
(Ethicon, Brazil) and allowed to recover in the cage. The
sham group was submitted to the same surgical procedure,
although receiving 0.2 ml of vehicle with no cells [6].
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Biochemistry

Blood was collected at time points 0, 24, 48, and 72 h after
CCl; administration, through retrorbital puncture under
anesthesia. Alanine aminotransferase (ALT) was measured
using the enzyme kinetics method [16]. All animals had
ALT levels at least threefold the normal reference values
24 h after CCl, administration.

Histological Evaluation

Rats that survived up to 72 or 48 h after CCl, adminis-
tration were euthanized in CO, chambers. At the time of
death, three lobes from the liver, whole lung, and spleen
were collected and placed in a 10% buffered formalin
solution for 24 h, and submitted to routine histology
processing. Hematoxylin and eosin (H&E) stained sec-
tions were analyzed under optic microscopy by a trained
pathologist, blind to the treatment groups. Necrosis was
evaluated by counting the rows of necrotic hepatocytes
from the perivenular zone (acinar zone 3). Bridging
necrosis and hydropic degeneration were noted when
present. Steatosis was graded as absent, mild, moderate,
or severe. The mitotic and apoptotic indexes were counted
in ten high-power fields (400x magnification). The
inflammatory infiltrate was classified as either present or
absent.

Donor Cell Tracking

To analyze the presence of DAPI-positive (fluorescent)
cells, six unstained sections per organ were visualized
under a fluorescence microscope (Olympus BH Series)
using the appropriate filter set. Sections from both the lungs
and spleen were also analyzed by H&E staining and for the
presence of fluorescent cells.

In addition to the observation of DAPI-stained cells
under fluorescent microscopy, recipient female liver
samples were screened for the presence of the Y-chro-
mosome gene Sry by PCR. Total DNA was extracted
using TRIzol reagent (Invitrogen). DNA was quantified
using Nanodrop (Thermo Scientific, USA) and 100 ng
were used as template. The Sry gene was amplified using
20 pmol of each primer (SRY forward 5'- AAGCGCCCC
ATGAATGCATT-3' and SRY reverse 5'- CAGCTGCTT
GCTGATCTCTG-3'), 5 wl of buffer (75 mM Tris—HCl—
pH 9.0; 2mM MgCI2; 50 mM KCl, 20 mM, 107
(NH4)2504; 0.001% BSA); 0.2 mM dNTP; 1.5 mM of
MgCl, and 3 U of Taq polymerase. Annealing tempera-
ture was 62°C, and amplification was performed using 32
PCR cycles. A PCR product of 102 bp was visualized in
1.6% agarose gel.
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Hepatocyte Isolation

Male Wistar rats (n = 2) 10 weeks old served as hepato-
cyte donors. Primary rat hepatocytes were isolated by the
classical two-step collagenase perfusion technique accord-
ing to standard procedure [17]. Determination of cell via-
bility was performed by the Trypan Blue exclusion test
using a Neubauer chamber. Cells were then resuspended in
DMEM supplemented with 10% FBS and plated at a
density of 1 x 10* cells in 96-well plates.

Cell Proliferation Test

Isolated hepatocytes were treated 24 h after being plated.
Three groups (n = 12 wells/group) were tested: in the first
group, medium was changed by fresh DMEM supple-
mented with 10% FBS. In a second group, hepatocytes
were treated with conditioned medium from bone marrow
mononuclear cells. The third group was treated with con-
ditioned medium obtained from skin fibroblasts.

BMC-conditioned medium was obtained as follows:
bone marrow cells were isolated by Ficoll gradient density
and plated at 1 x 10° cells in six-well plates. Forty-eight
hours afterwards, the medium was collected, centrifuged,
and filtered using 0.22-pm filters to produce a conditioned
medium. This medium was then added to hepatocytes in a
proportion of 1:2 with normal medium supplemented with
10% FBS. The third group was treated exactly in the same
way as the second group, but conditioned medium was
obtained from human skin fibroblasts, as an additional
control to verify if any effects observed would be specifi-
cally due to the bone marrow cells. Cell proliferation assay
was performed by MTT tetrazolium [3-(4,5-dimethylthia-
zol-2-y1)-2,5 phenyltetrazolium bromide; Sigma Chemical,
USA] test, as described previously [18] in hepatocytes 48 h
after treatment. The color intensity observed in each well
was correlated with the number of viable cells, considering
that the control group had a 100% cell viability.

Data Analysis

Statistical analysis was performed using the SPSS (Statis-
tical Package for the Social Sciences). Comparison between
the sham and BMC groups for mitotic index was performed
by the two-tailed Student’s ¢ test for independent samples.
The results were expressed as mean + standard deviation
(SD). ALT levels and apoptotic index were evaluated by the
Mann—-Whitney U test and presented as median and inter-
quartil range (IQR 25 and IQR 75). Survival rate was
evaluated using the logrank (Mantel-Cox) test. Cell pro-
liferation was analyzed by using ANOVA and Tukey’s
multiple comparison tests. A p value < 0.05 was considered
statistically significant.

Ethics and Hazard Issues

This study was approved by the local ethics committee and
all participants received adequate training concerning
hazardous issues and animal handling.

Results
Cell Characterization

BMC cells were initially characterized by simple size/
scatter flow cytometry. BMC population was mainly
composed by lymphocytes (78.5 £ 4.2%) while mono-
cytes presented 10.4 + 0.6% of obtained cells. There was
also a small percentage of granulocytes in BMC prepara-
tions (11.1 £ 3.7%). Red blood cells and platelets pre-
sented very low values (0.65 £ 0.57% and 0.45 & 0.62,
respectively).

To characterize the precursor cells in these preparations,
we quantified endothelial precursor cells (KDR/CD34™),
mesenchymal stem cells (CD44%/CD717/CD29") and
hematopoietic stem cells (using ISHAGE protocol). Endo-
thelial precursor cells corresponded to 1.39% =+ 0.87 of the
total cells injected, while mesenchymal and hematopoietic
fractions corresponded to 0.48% =4 0.09 and 0.48% +
0.37, respectively.

Animal Model

Carbon tetrachloride induced rapid histological changes in
rat liver, including bridging necrosis, steatosis, and
hydropic degeneration as soon as 24 h after damage,
coinciding with ALT peak. Two days later, histology and
ALT levels were almost normal (data not shown), indi-
cating that the liver was already in its regenerative process.
These results are in accordance with other animal models
of acute liver injury described in the literature [6, 19, 20].
The mortality rate in animals that received only CCl, and
no posterior intervention (lesion group) was 30%.

Survival Analysis

At the time of killing, the sham group presented a mortality
rate of 47%. None of the bone-marrow-treated rats died
during the experiment (100% survival), showing a marked
increase in the survival rate (Fig. 1) when compared to the
sham group (p = 0.003). Rats that received only cells and
no CCl, damage also had a 100% survival, indicating that
portal application of these cells was a safe procedure.

To verify if the observed effect was not only transient,
we performed cell transplantation in an additional group of
seven rats 24 h after CCl, administration. Again, survival
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Fig. 1 Kaplan—-Meier curve showing the survival rate from sham-
and bone-marrow-treated animals 72 h after CCl, administration. The
survival in the bone-marrow-treated group was statistically different
when compared to the sham (p = 0.003) group using Chi-square test

was 100% after 15 days and liver histology showed a
complete regeneration of the organ (data not shown).

Biochemistry

ALT levels reached mean values about 5-8 times higher
than normal 24 h after injury in both groups, and dimin-
ished with time (Table 1). ALT levels were statistically
reduced in the BMC group (p = 0.034), reaching normal
values after 72 h. The group that received only bone
marrow cells and no CCl,; demonstrated no changes in
ALT levels, indicating that the bone marrow cell injection
per se did not cause any significant damage to the liver
(data not shown).

Histological Evaluation

Since both groups appeared to be completing the liver
regenerative process, differences in animals that survived
for 72 h could not be observed (Fig. 2a, b). However, ani-
mals from the sham group that died before 72 h had an
intense and bridging necrosis, presenting micro and macr-
ovesicular steatosis and hydropic degeneration (Fig. 2c).
Animals from both groups that survived for 72 h revealed
the presence of an inflammatory infiltrate and macrophages
reabsorbing the necrotic cells. Necrosis was reduced to

almost null levels, but mild levels of steatosis and hydropic
degeneration were still present (Fig. 2a, b).

Mitotic and Apoptotic Indexes

Mitotic and apoptotic indexes were calculated considering
ten random high-power fields (400x magnification). The
number of mitotic events (Fig. 3a, b) in the bone-marrow-
treated group was approximately twice as high as in the
sham group (p = 0.029). When analyzed in the fluores-
cence microscope, cells seen in mitosis were not stained
blue with the fluorescent dye DAPI. This suggests that they
were not donor-derived cells, but receptor’s hepatocytes in
proliferation. The apoptotic index was the same between
the groups [median of 2.0 (0.0-3.0) for sham and 2.0 (1.0—
3.0) for BMC]. Based on these results we killed four sham-
and four BMC-treated rats 48 h after injury. None of the
sham rats presented mitotic cells in the ten high-power
fields, while BMC rats presented a mean value of 4.5 £+ 3.5
mitotic cells in ten high-power fields.

Donor Cell Tracking

Fluorescent cells could be visualized in recipient livers
from the BMC group. Cells were detected mostly as single
cells placed around both portal and centrilobular tracts.
Very rare aggregates of few cells were visualized. A visual
analysis revealed that most fluorescent cells were near or
within sinusoids, thus not consistent with features of
hepatocytes (Fig. 4a). A few cells, however, adopted a
hepatocyte-like phenotype (Fig. 4b), displaying a large
rounded nucleus in the parenchyma. These results indicate
rapid engraftment of these cells in the recipient liver. No
fluorescent cells were visualized in the lungs or spleens.
In addition, we performed a PCR for the Sry gene.
Results confirmed the presence of donor-derived (Sry
positive) cells within the livers from treated rats (Fig. 4c).

Cell Proliferation Assay
To confirm data from mitotic index studies, the growth of

isolated hepatocytes in contact with normal medium or
conditioned medium from BMC was compared using the

Table 1 ALT levels (U/ml) after liver damage induced by CCl, in sham and bone marrow cells (BMC) groups

0Oh 24 h 48 h 72 h

BMC 42.0 (32.0-49.0) 195.0 (143.0-1098.0) 115.0 (90.0-232.0) 52.0 (48.0-70.0)*
n=15 n=15 n=15 n=15

Sham 36.5 (31.3-42.0) 347.0 (131.5-520.3) 177.5 (81.3-586.3) 91 (56.3-146.3)
n=15 n=14 n=23_8 n=23y8

Results are expressed as median and interquartil range (IQR 25 and IQR 75).* p = 0.034 compared to sham group, Mann—Whitney U test
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Fig. 2 H&E staining from liver sections. a BMC group, 72 h after injury. b Sham group, 72 h after injury. ¢ Sham rat dead 48 h after injury,

showing intense bridging necrosis. d Normal liver. Magnification 200x

MTT test. The number of hepatocytes in the group treated
with BMC conditioned medium was significantly increased
(p < 0.05) when compared to both the fibroblasts condi-
tioned medium and control group (Fig. 5). This finding
strengthens the hypothesis that some cytokines released
from these cells could stimulate hepatocytes proliferation.

Discussion

In this study we verified the effects of BMC transplantation
in rats with CCl-induced acute liver damage. A marked
increase in the survival rate of BMC-treated animals was
demonstrated, which could in the near future have impor-
tant clinical applications. Other groups have also demon-
strated a survival improvement of animals with ALF using
other types of cell therapies, such as blood cord stem cells
[21] and even hepatocytes derived from stem cell differ-
entiation processes [9].

The benefits of using BMC as a source of cells for
treating ALF are based mostly on their availability and
feasibility of an autotransplantation. The use of mononu-
clear bone marrow cells as proposed in this study may offer
other advantages when compared to stem cell purified
populations. BMC contains both hematopoietic and mes-
enchymal stem cells, which are able to differentiate into
hepatocytes [4, 22]. Recently the ability of monocytes [23]

and other cell types [24] to differentiate into hepatocytes
was also demonstrated, overcoming epigenetic mechanisms
of gene expression control. Analyzing this context, mono-
nuclear bone marrow cells seem to be a more adequate
source of stem cells for acute liver damage. The main
advantages of these cells are the possibility of an auto-
transplant and the rapid process involved in cell obtention.
The last aspect is critical in the case of acute liver damage,
since liver failure after an initial injury may occur within
days, requiring a rapid intervention. Cell replacement must
be done as fast as possible and cell differentiation protocols
usually take at least 2-3 weeks. Evidence of the feasibility
for using bone marrow cells in ALF was demonstrated in
the work of Gasbarrini et al. [25]. In this first clinical use of
bone marrow mononuclear cells for transplantation, the
patient showed a rapid improvement in liver function but
died 50 days after the procedure due to a bacterial infection.

Even though bone marrow stem cells are already being
used in clinical trials for many diseases, the actual mech-
anisms through which they improve organ regeneration are
not completely understood. Processes of fusion with
hepatocytes and differentiation had been described, but in
most cases the frequency of these processes was lower than
1% [11], being insufficient to promote a full recovery of
the organ and indicating that these are probably not the
only mechanisms of regeneration mediated by cell trans-
plantation. In this study, the increase in mitotic index
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Fig. 3 Mitotic activity in sham- and bone-marrow-treated rats 72 h
after CCl, administration. a Mitotic index counted in ten high-power
fields, expressed as mean £+ SD * p = 0.029 compared to the sham
group (Student’s ¢ test). b H&E staining of a representative liver
section of the bone-marrow-treated animal. Arrows indicates mitotic
cells (magnification 400X)

observed in the BMC group may provide a mechanism for
BMC-based organ regeneration. The hypothesis is that the
transplanted cells engraft into the liver (which could be
observed by DAPI staining) and secrete mitotic cytokines
in response to a specific damage. Cell proliferation was
increased in isolated hepatocytes in vitro after treat-
ment with conditioned medium from BMC cells, which
strengthen our hypothesis. Other groups have recently
proposed a similar paracrine effect from either whole
mononuclear bone marrow cells in the reconstitution of
injured myocardium [26], or purified mesenchymal stem
cells in chronic liver damage [5]. However, neither group
established a correlation with cell proliferation but directly
with the regenerative process. Further experiments are
needed to identify the possible cytokines responsible for
this effect and to verify the hypothesis proposed by this
study. Note that in undamaged animals injected with BMC,
there was no indication of hepatocyte proliferation, sug-
gesting that in vivo, this mechanism is injury-dependent.
Microarray analysis of gene expression, after stem cell
therapy for acute liver injury, showed an up-regulation of

@ Springer

Fig. 4 Unstained liver sections of bone-marrow-treated animals
analyzed under fluorescence microscopy revealing fluorescent
engrafted cells with a undefined phenotype and b hepatocyte-like
phenotype (arrows). Magnification 2,000x. ¢ Sry PCR confirming
presence of donor cells in recipients’ livers. Lanes: 1—100-bp ladder,
2—Blanc, 3—Positive control (male DNA) 4 and 5—BMC-treated
rats

genes involved in cell proliferation [27]. The increase in
the mitotic rate of hepatocytes observed in the present
study could be a cellular response to a stem-cell-mediated
up-regulation. It may also explain the differences in ALT
levels observed at 72 h, reflecting a faster recovery of liver
function.
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Fig. 5 In vitro cell proliferation MTT assay showing increased
hepatocyte proliferation after treatment with conditioned medium
from bone marrow mononuclear cells (BMC group), as described in
“Methods” section. * p < 0.05 compared to other groups, ANOVA
and Tukey test

It is important to emphasize that these findings do not
exclude other mechanisms for liver repair induced by stem
cells. Controversial studies demonstrated that differentiation
is the main process underlying stem cell ability of regener-
ating tissues [10], however fusion, direct and indirect
transdifferentiation have also been proposed [28]. We can-
not precisely confirm whether the differentiation of stem
cells into hepatocytes occurs in this animal model. However,
we were able to visualize fluorescent cells with a hepatocyte
phenotype, suggesting that differentiation or fusion pro-
cesses may occur. It is likely that those listed mechanisms
may occur simultaneously during the regenerative process.

The findings of this study indicate that bone marrow
mononuclear cell transplantation may represent a good
therapeutic alternative for treatment of ALF in drug-
induced poisoning. However, adequate trials should be
performed in other animal models prior to humans in order
to verify the effects of transplantation of these cells. Bone-
marrow-derived stem cells have yet to be clinically
implemented for acute liver damage conditions, but BMC
are relatively accessible, which makes them an appealing
alternative.
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Abstract

Background and Aim: Transplantation of bone marrow cells (BMC) was shown to improve liver function
in animal models of cirrhosis. In this work we evaluated the effects of mononuclear BMC transplantation in rats
submitted to bile duct ligation (BDL), a model of cholestatic liver disease.

Methods: BDL was performed on Wistar rats, and two weeks later animals underwent a liver biopsy. At the
same time, BMC group was injected with 1x10® mononuclear BMC and compared to untreated (BDL) and a
fake-surgery (Sham) group. Animals were sacrificed two weeks later. Alkaline Phosphatase (ALP) and collagen
deposition quantified by Sirius red staining were analyzed at both time points. MMP-9 expression assessed by
immunohistochemistry and liver oxidative stress parameters (TBARS, SOD and catalase activity) was performed at
four weeks. The effect of BMC-conditioned medium upon activated hepatic stellate cells was tested in vitro by MTT
using GRX cells.

Results: Treated animals showed a 25% decrease in ALP levels at four weeks. Collagen deposition in untreated
group at 4 weeks had values 2-fold higher, compared to those found in the biopsy. In contrast, BMC-treated rats
barely increased collagen deposition after treatment (p< 0.01). No difference was observed in MMP-9 expression
nor in oxidative stress parameters. BMC-conditioned medium was able to induce cell death on GRX cells in vitro.

Conclusions:A decrease in collagen deposition and a reduction in ALP levels suggest a better outcome in the
treated group. The effect of BMC conditioned medium in vitro suggests a possible mechanism for the reduction of
fibrosis observed in vivo.

worldwide health care problem and may be caused by genetic disorders
[2], viruses [3], toxins [4], auto-immune [5,6], and cholestatic diseases
[7]. Liver transplantation is a highly successful treatment for end-stage
cirrhosis, with a 5-year survival rate of around 70%. However, limited
availability of organs and comorbid factors are still major problems [8].

Keywords: Cholestasis; Liver fibrosis; Cell

transplantation; Conditioned medium

therapy; Cell

Abbreviations: HCPA: Hospital de Clinicas de Porto Alegre; UFRGS:
Universidade Federal de Rio Grande do Sul; UFCSPA: Universidade
Federal de Ciéncias da Satide de Porto Alegre; BMC: Bone Marrow Cell;
BDL: Bile Duct Ligation; ALP: Alkaline Phosphatase; MMP-9: Matrix
Metalloproteinase 9; TBARS: Thiobarbituric Acid Reactive Substances;
SOD: Superoxide dismutase; MTT: 3-(4,5 dimethylthiazolyl)-
2,5-diphenyl-2H-tetrazolium; CREAL: Centro de Reprodugio e
Experimentagao de Animais em Laboratério; ICBS: Instituto de Ciéncias
Basicas da Saude; UEA: Unidade de Experimentacdo Animal; PBS:
Phosphate Buffered Saline; DMEM: Dulbecco’s Modified Eagle Media;
DAPIL:  4,6-diamidino-2-phenylindole; DNA: Deoxyribose Nucleic
Acid; PCR: Polymerase Chain Reaction; Sry: Sex-determining region Y;
Gapdh: Glyceraldehyde-3-Phosphate Dehydrogenase; H,O,: Hydrogen
peroxide; FCS: Fetal Calf Serum; CM: Conditioned Medium; SPSS:
Statistical Package for Social Sciences; ANOVA: Analysis of Variance;
MMP-13: Matrix Metalloproteinase 13

Animal models of chronic liver injury showed that transplantation
of bone marrow cells (BMC) can improve liver function, as well as
the survival rate, although through mechanisms not fully understood
[9,10]. Both cell fusion and transdifferentiation into hepatocytes have
been reported [11,12]. Although these events seem to be very rare (less
than 0.5%), suggesting that other mechanisms are involved in liver
regeneration mediated by BMC [13]. However, data on this issue were
obtained in animal models of liver disease induced by toxins (as CClI,
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in extracellular matrix synthesis and degradation. This process is
mediated mainly by activated hepatic stellate cells (HSC) undergoing
a phenotypic switch from a quiescent vitamin A storing phenotype to
a proliferative myofibroblast-like cell [1]. Cirrhosis represents a serious

Ligation. J Cell Sci Ther 2:112. doi:10.4172/2157-7013.1000112

Copyright: © 2011 Baldo G, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Cell Sci Ther
ISSN: 2157-7013 JCEST, an open access journal

Volume 2 + Issue 4 + 1000112


http://dx.doi.org/10.4172/2157-7013.1000112

Citation: Baldo G, Kretzmann NA, Tieppo J, Filho GP, Cruz CU, et al. (2011) Bone Marrow Cells Reduce Collagen Deposition in the Rat Model of
Common Bile Duct Ligation. J Cell Sci Ther 2:112. doi:10.4172/2157-7013.1000112

Page 2 of 6

or acetaminophen), whose mechanisms differ from those of cholestatic
liver diseases, one of the main causes of liver failure in children [14].

Taking that into account, in this work we evaluated the effects of
mononuclear bone marrow cell transplantation in rats submitted to
common bile duct ligation (BDL), a model of cholestatic liver disease.
We also searched for possible mechanisms which could contribute to
the amelioration of liver fibrosis produced by these cells.

Methods
Animals

We used 16 female Wistar rats weighing 200-240g to perform the
experiments. Male rats of the same weight were used as cell donors. All
animals were obtained from the Laboratory of Animal Reproduction
and Experimental Center (CREAL - ICBS /UFRGS). Rats were kept
at the Experimental Animal Unit of Research Center of Hospital de
Clinicas de Porto Alegre (UEA-HCPA), under controlled temperature
(between 18 and 22°C) in light-dark cycles of 12 hours. Standard rat
chow and water were given ad libitum. The study was approved by
our local ethics committee and complied with National Guidelines on
Animal Care.

Experimental design

In order to access all the experimental conditions, female Wistar
rats were divided into three groups. Bone marrow cells (BMC) group:
rats (n=6) were submitted to a common bile duct ligation surgery and
two weeks later were injected with 1x10° BMC in 0.2 mL of phosphate
buffer saline (PBS) suspension. BDL group: rats (n=5) were submitted
to the same surgical procedure of BMC group, but received only 0.2
mL of PBS with no cells. Sham group: rats (n=5) were submitted to
the same surgical procedure of the two first groups, but bile duct was
not ligated or transected and there was no posterior intervention. All
animals were sacrificed four weeks after the first surgical procedure.

Animal surgery

Rats underwent BDL at 12 weeks of age, four weeks before sacrifice.
They were anesthetized with an intraperitoneal injection of Ketamine
100mg/kg (Eurofarma Lab-Brazil) 10% and 10mg/kg of Xylazine
(Sespo) 2%. After performing a 3 cm incision in the abdomen, the
common bile duct was ligated two times with 4-0 silk and transected on
both ends [15]. Sham operation was performed similarly except that the
bile duct was not ligated or transected.

Isolation and staining of BMC

Cell isolation and staining was performed as described elsewhere
[16]. Briefly, male Wistar rats were sacrificed in CO, chambers,
the femurs and tibias were isolated and whole bone marrow was
flushed with DMEM (Gibco, USA). Cells were then placed onto a
Ficoll Histopaque (GE-Healthcare, USA) layer and centrifuged at
800 x g for 30 minutes. Cell viability was determined by trypan blue
exclusion test. DAPI [4)6-diamidino-2-phenylindole 2,7 mg/mL
(Roche, Germany)] fluorescent staining was performed according to
manufacturer’s protocol. Cells were then counted again and adjusted
to a final concentration of 5x10°¢ cells/mL in PBS. Three independent
Ficoll isolation procedures were analyzed by simple size/ scatter flow
cytometry, aiming to characterize and count the mononuclear cell
fraction, and results were described elsewhere [17].

Cell transplantation

Two weeks after BDL, animals from BMC group, were anesthetized
with Ketamine and Xylazine just before transplant. A 3 cm longitudinal
incision was performed, the mesenteric vein was exposed and 0.2
mL of the cell suspension (1x10° cells) was injected in bolus. To avoid
bleeding, porcine collagen matrix was placed over the vein. Animals
were sutured in layers and allowed to recover in the cage. BDL group
was submitted to the same surgical procedure, although receiving 0.2
mL of PBS with no cells. A small liver biopsy (0.2x1.0 cm) was collected
just before cell or PBS injection and fixed in 10% formalin solution for
24h before embedment in paraffin wax for histological analysis.

Histological analysis

Hematoxylin-Eosin as well as Sirius red staining were performed
on the liver biopsies specimens obtained at the time of BDL surgery and
at the sacrifice, 2 and 4 weeks later. Inmunohistochemical staining for
matrix metalloproteinase 9 (MMP-9) was performed in paraffin sections
using the antibody from Santa Cruz Biotechnology (SC 6840). MMP-9
expression was graded as null, moderate or intense. Liver histological
analysis was performed by a pathologist blind to the treatment groups.
Presence of DAPI-stained transplanted cells was evaluated in unstained
liver sections under fluorescent microscopy in high power fields.

To assess the extent of collagen deposition we used a computerized
image analysis system, carrying out a technique adapted from Masseroli,
et al. [18] Adobe Photoshop CS3 was used to calculate the percent area
of positively-stained tissue for Sirius Red, evaluating 10 high-power
fields (400X) from each liver section of each animal. The positive red
staining was assessed as an amount of pixels, which was divided by
the total amount of pixels from each image. Results were expressed as
percentage of red stained area.

Y chromosome detection

DNA extraction was performed on liver samples collected at
sacrifice. PCR for Sry gene was performed using Gapdh as internal
control, as described by Baldo, et al. [17].

Liver test of cholestasis (alkaline phosphatase)

On two and four weeks after BDL, blood was collected into a
heparinized glass capillary from the retro-ocular sinus for the analysis
of alkaline phosphatase (ALP), which was measured using commercial
kits (Boehringer Mannheim) [19].

Lipid peroxidation assay

Frozen liver specimens were used to determine oxidative stress
parameters. Liver lipid peroxidation was determined by measuring
the concentration of thiobarbituric acid reactive substances (TBARS).
The amount of aldehydic products generated by lipid peroxidation was
quantified using 3 mg of protein per sample. The samples were incubated
at 90°C for 30 min after adding 500 pL of 0.67% thiobarbituric acid
in 10% trichloroacetic acid, then centrifuged at 4°C at 2000 x g for
15 minutes. Spectrophotometric absorbance was determined in the
supernatant at 535nm [20].

Antioxidant enzymes activity

Livers were homogenized in ice-cold phosphate buffer (KCl 140
mM, phosphate 20 mM, pH 7.4) and centrifuged at 14,000 x g for 10
min. Catalase (EC 1.11.1.6) activity was determined by measuring the

J Cell Sci Ther
ISSN: 2157-7013 JCEST, an open access journal

Volume 2 + Issue 4 + 1000112


http://dx.doi.org/10.4172/2157-7013.1000112

Citation: Baldo G, Kretzmann NA, Tieppo J, Filho GP, Cruz CU, et al. (2011) Bone Marrow Cells Reduce Collagen Deposition in the Rat Model of
Common Bile Duct Ligation. J Cell Sci Ther 2:112. doi:10.4172/2157-7013.1000112

Page 3 of 6

exponential disappearance of H,O, at 240 nm and was expressed as
U/ g protein [21]. Cytosolic superoxide dismutase (SOD; EC 1.15.1.1)
was assayed according to Misra and Fridovich (1972) at 30°C [22]. The
rate of auto-oxidation of epinephrine, which is progressively inhibited
by increasing amounts of SOD in the homogenate, was monitored
spectrophotometrically at 560 nm. The amount of enzyme that inhibits
epinephrine auto-oxidation at 50% of the maximum inhibition was
defined as 1 U of SOD activity.

In vitro effects of BMC upon activated hepatic stellate cells

Bone marrow cells were isolated as described previously and plated
at 1 x10° cell/cm? in 6-well plate and cultured in DMEM medium
supplied with 10% of FCS and 1% Penicillin/Streptomycin (normal
medium). Forty-eight hours after that, the medium was collected,
centrifuged and filtered using 0.22 pm filters. This conditioned medium
(CM) was then added in a proportion of 1:2 with normal medium
to GRX cells (CRO001, obtained from the Rio de Janeiro Cell Bank,
Rio de Janeiro, Brazil), plated at 2x10° cells/cm? in 96-well plates. A
control group received normal medium. Five days after treatment,
cell viability was assessed to verify the effects of CM using MTT [3-
(4,5 dimethylthiazolyl)-2,5-diphenyl-2H-tetrazolium], as described by
Balestrin et al. [23]. Results were shown as percentage, considering the
control group as 100% of living cells.

Statistical analysis

Statistical analysis was performed using SPSS (Statistical Package
for Social Sciences) version 14.0. ANOVA for repeated measures and
Duncan’s test were performed to detect changes among the groups
when parameters were analyzed at 2 and 4 weeks. One way ANOVA
and Duncan’s test were used to compare biochemical oxidative stress
parameters at 4 weeks. Student t-test was performed for MTT analysis.
A value of p<0.05 was considered statistically significant.

Results
Animal model

Rats who underwent BDL presented features of jaundice, such as
yellow ears and tail. Portal hypertension was evidenced by dilatation of
the splenic veins observed at the time of cell injection and at sacrifice.
Sham rats presented none of these features throughout the study.

Liver test of cholestasis (alkaline phosphatase)

In the Sham group we found normal ALP levels both at two
(64.2£16.5 U/L) and four weeks (57.4+12.4 U/L). In the BDL group
ALP presented a 4-fold increase, with mean values of 261.5+30.9 U/L
(two weeks) and 241.8+40.1 U/L (four weeks). A similar increase was
observed in BMC group at two weeks (239.0+41.0 U/L), while a 25%
decrease in four weeks (179.1+51.6 U/L) was observed compared with
BDL group (p< 0.05).

Histological analysis and cell tracking

Two weeks after BDL, rats presented moderate levels of bile
duct proliferation, with mild fibrosis associated to injury areas and
inflammatory infiltrate. Histological appearance was similar in BDL
and BMC rats, and strikingly different from the sham group. Four
weeks after BDL, an additional increase in bile duct proliferation could
be observed in both groups (BDL and BMC). Sham group presented
normal histological aspects and no inflammatory activity could be
observed (Figure 1).

Prior to injection, isolated BMC were stained with DAPI. Two
weeks after, DAPI-positive cells could still be visualized in livers from
treated animals. Cells were located on liver parenchyma mostly as
isolated cells, and some of them assumed a hepatocyte-like phenotype
(Figure 2A). An increased number of stained cells could be visualized
near areas of bile duct proliferation areas (Figure 2B). Positive results
for the Sry PCR confirmed the presence of male-derived cells in the
liver (Figure 2C). Fluorescent cells in livers from BDL and Sham groups
were not observed, and PCR for Sry was also negative (data not shown).

Assessment of the extent of collagen deposition

Collagen deposition quantified by Sirius red staining was evaluated
in livers from Sham, BDL, and BMC groups after two and four weeks
after BDL. We did not observe differences at two weeks between BMC
and LDB rats (data not shown). At four weeks, collagen levels in BDL
group presented values almost twice as high as they did at two weeks
(Figure 3D). On the other hand, BMC-treated rats presented levels
barely increased, compared with 2 weeks (p< 0.01). Sham animals
always had the lowest collagen levels, as expected. Figure 3A-C shows a
slide representative of each group at 4 weeks.

MMP-9 expression

MMP-9 expression was evaluated by immunohistochemistry
(Figure 4). MMP-9 was undetectable in the sham group; however it
increased to moderate levels on both BDL and BMC groups, without
difference between them using the semi-quantitative score.

Oxidative stress parameters

Lipid peroxidation, SOD and catalase activities were assessed in rat
livers (Table 1). We were able to show that BDL induced a significant

Sham

BDL

BOL+BMC

Figure 1: H&E staining. Liver sections from sham, BDL and BMC groups after
two and four weeks of bile duct ligation, showing bile duct proliferation (arrow
heads) and inflammatory infiltrate (arrows). Magnification 200X. BDL: Bile duct
ligation. BMC: Bone Marrow Cell.
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increase in TBARS levels and a reduction in SOD activity, compared
with sham animals (p<0.05). However, cell therapy was not able to
reduce lipid peroxidation or increase SOD activity in BMC group.
Catalase activity was not different among groups.

Sham BDL BMC
Liver TBARS (nmol/ mg prot) |0.23 + 0.07 0.67 £ 0.02* 0.87 £ 0.49*
Liver SOD (U/mg) 302.71 +173.31 |137.82 £ 63.94* 57.55 + 12.10*
Liver CAT (nmol/ mg prot) 0.65+0.45 1.07 £ 1.16 0.88 +0.72

Results are expressed as mean * s.d for 3-6 animals/group.* p< 0.05 compared to
sham group, Oneway ANOVA and Duncan'’s test post hoc.

Table 1: Oxidative stress parameters in rats four weeks after common bile duct
ligation.

A

C

429 bp GAPDH
102 bp SRY

Figure 2: DAPI stained fluorescent nuclei in livers cells from bone marrow treated
rats. A) Cells in liver parenchyma with hepatocyte-like phenotype. B) Cells placed
around an area of ductular proliferation area. Magnification 200X. C) Visualization
of PCR products for Sry (102 bp) gene in rat livers. Lane 1: Negative Control
(blank); lane 2: Positive Control (male DNA); lane 3: BDL group; lane 4: BMC
group; Gapdh (429bp) was used as internal control. BDL: Bile duct ligation. BMC:
Bone Marrow Cell.
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Figure 3: Extent of collagen deposition in Sham, BDL and BMC groups 4 weeks
of BDL. A) Sirius Red staining from liver section from a Sham rat. B) LDB rat C)
BMC-treated rat. Magnification 200X. D) Percentage of collagen area quantified
as the red-stained area, measured in pixels at 2 and 4 weeks. (*P<0.05 compared
with BDL and BMC, **P<0.05 compared with BDL). BDL: Bile duct ligation. BMC:
Bone Marrow Cell.

Figure 4: MMP-9 staining (brown staining) from liver sections from sham (A);
BDL (B), and BMC (C) groups after four weeks of bile duct ligation. Magnification
200X. BDL: Bile duct ligation. BMC: Bone Marrow Cell.
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Figure 5: Cell viability analyzed by MTT test in GRX cells treated for 5 days
with normal medium (Control) and conditioned-medium from bone marrow cells
(BMC-CM). p< 0.05 compared with the control group. Student T test. BDL: Bile
duct ligation. BMC: Bone Marrow Cell.

In vitro effects of BMC upon activated hepatic stellate cells

To verify if the BMC secrete cytokines that can act upon stellate
hepatic cells, we analyzed the effects of adding conditioned medium
(CM) from BMC on the activated hepatic stellate cell lineage GRX.
MTT test revealed that CM increased cell mortality compared with
controls (p<0.05) (Figure 5).

Discussion

The use of bone marrow cells [24] or its fractions [25] has been
proposed as a new therapeutic approach in chronic liver failure. Bone
marrow cells are readily available, becoming an appealing alternative to
liver transplantation. In this work we tested the effects of bone marrow
mononuclear cell transplantation in a rat model of chronic liver disease
induced by common bile duct ligation. We were able to demonstrate an
apparent arrest in the progression of collagen deposition in the treated
animals, but not a reversal of bile duct proliferation.

Histological alterations and an increase in ALP levels confirmed the
damage produced by the bile duct ligation in rats. Additionally, a small
biopsy taken at 2 weeks after surgery confirmed that the BDL and BMC
groups were identical regarding the extent of liver damage at the time
of cell transplantation. This observation, not usual in similar studies, is
important since it reduced any bias of model variability.

The presence of bone marrow cells in livers from treated animals
was accessed by fluorescent DAPI staining and confirmed by PCR for
detection of male derived cells. Fluorescent analysis revealed that most
cells were placed in areas of bile duct proliferation. Whether these
cells are attracted to the areas of increased tissue damage and/or are
transdifferentiating into cholangiocytes we could not determine. Other
groups did not verify significant stem cell transdifferentiation into
cholangyocytes in alpha-naphtylisothiocyanate-induced cholestasis
[26]. Thus, injected cells may be responding to cytokine release and
therefore concentrating in areas of tissue damage.
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A decrease in collagen deposition and a reduction in ALP levels
in the BMC group suggest a better outcome in the treated groups. The
anti-fibrogenic capacity of bone marrow cells was shown a few years
ago [27], but the mechanisms by which these cells can ameliorate
liver function still remain obscure. For example, Higashiyama et al.
demonstrated that macrophages may have a key role in reducing
liver fibrosis after BMC transplantation by secreting matrix
metalloproteinases, mainly MMP-9 and MMP-13 [28]. However, our
results do not fully support this hypothesis, since MMP-9 expression,
as visualized by immunohistochemistry in treated rats was not different
from BDL group. Unfortunately, it was not possible for us to analyze
other MMPs, so that the overexpression of other collagenases cannot
be completely discarded.

Other studies [29,30] suggested that both mesenchymal stem cells
and bone marrow mononuclear cells can ameliorate tissue damage by
reducing oxidative stress in the recipient animals. Therefore, we accessed
the levels of lipid peroxidation and of two antioxidant enzymes aiming
to verify if changes in oxidative stress represented an active mechanism
in our model. Lipid peroxidation was increased after BDL. However,
cell therapy was not able to decrease TBARS levels, and no differences
were found on both SOD and catalase activities after treatment. These
findings suggest that transplanted cells are not reducing oxidative
stress in this case, although antioxidant substances have been shown to
decrease oxidative stress levels in BDL rats and improve liver function
[15].

On the other hand, several studies have recently suggested that the
main mechanism of action for stem cells is through the secretion of
paracrine factors [17,31] that can have an effect on injured tissues. To
test this hypothesis we performed an in vitro study using a myofibroblast
cell line (GRX). Activated myofibroblasts are the main cells responsible
for collagen deposition during liver fibrotic process [32]. Conditioned
medium from BMC was able to induce cell death on GRX cells,
suggesting that this could be a possible mechanism for the reduction
of fibrosis observed in vivo. This toxic effect seems to be specific for
this cell type, since it was not observed on primary hepatocytes [17].
Further experiments will be performed using a transwell approach
aiming to strengthen these results and identify possible molecules
responsible for this effect.

In summary, these results suggest that bone marrow cells may be
a potential alternative for the treatment of liver fibrosis. The animal
model used here has some peculiar features, since the bile duct is ligated
and transected during surgery. It means that this is not a reversible
model and a complete restoration of the liver architecture cannot be
expected as tissue damage remains constant. Second, and maybe more
important, bone marrow cells are transplanted into this environment
of constant tissue damage. Our in vitro studies suggest that a possible
mechanism for the reduction of fibrosis observed in vivo is the induction
of death in collagen-producing cells, thus reducing the progression of
collagen deposition. This induction could be performed by secretion of
paracrine factors, which still need to be identified in order to ensure the
safety and efficacy of this therapeutic approach.

A decrease in collagen deposition and a reduction in ALP levels
suggest a better outcome in the treated group. This may suggest that
bone marrow cells comprise a potential alternative for the treatment of

liver fibrosis. The effect of BMC conditioned medium in vitro suggests
a possible mechanism for the reduction of fibrosis observed in vivo.
Further studies regarding the mechanisms by which these cells operate
in liver are needed to ensure the safety of such a therapeutic approach.
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ACETAMINOPHEN-INDUCED
HEPATOTOXICITY MODEL IN RATS
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The Study Group on Experimental Hepatology

ABSTRACT - Context - Hepatocyte transplantation is an attractive therapeutic modality for liver disease as an alternative for orthotopic

liver transplantation. Objective - The aim of the current study was to investigate the feasibility of freshly isolated rat hepatocyte

transplantation in acetaminophen-induced hepatotoxicity model. Methods - Hepatocytes were isolated from male Wistar rats and

transplanted 24 hours after acetaminophen administration in female recipients. Female rats received either 1x107 hepatocytes or

phosphate buffered saline through the portal vein or into the spleen and were sacrificed after 48 hours. Results - Alanine amino-

transferase levels measured within the experiment did not differ between groups at any time point. Molecular analysis and histology

showed presence of hepatocytes in liver of transplanted animals injected either through portal vein or spleen. Conclusion - These

data demonstrate the feasibility and efficacy of hepatocyte transplantation in the liver or spleen in a mild acetaminophen-induced

hepatotoxicity model.

HEADINGS - Hepatocytes, transplantation. Acetaminophen. Drug-induced liver injury. Rats.

INTRODUCTION

Orthotopic liver transplantation (OLT) has
emerged as an effective treatment for acute liver failure
(ALF) and end-stage liver disease. However, wider
application of this therapy is limited primarily by
lack of donors. Therefore other liver support systems,
such as extracorporeal systems and cellular therapy
are under evaluations: 1929,

Hepatocyte transplantation has been used as a
treatment for liver-based metabolic diseases such as Cri-
gler-Najjar syndrome type [, glycogen storage disease
type 1a®, urea cycle defects® ¥ and congenital defi-
ciency of coagulation factor VII®. For ALF, hepato-
cyte transplantation can be used to bridge patients to
whole-organ transplantation, decreasing mortality and
avoiding the risks of undertaking a major surgery® '".
Up to a maximum of 5% of normal liver mass can be
transplanted into the splenic artery or the portal vein,
leading to a reduction in ammonia, bilirubin levels and
improvement in hepatic encephalopathy”.

Acetaminophen (APAP) toxicity is the leading
cause of ALF in the United States and United King-
dom, accounting for 46% and 70% of cases, respec-

tively!!> Y. The mechanism of liver toxicity is well
established. The saturation of the normal metabolic
pathway to cytochrome P450 metabolism leads to
the excessive formation of highly reactive interme-
diate N-acetyl-p-benzoquinone imine (NAPQI). At
therapeutic doses, NAPQI is efficiently detoxified
by gluthatione (GSH). In overdose, conjugation of
NAPQI with GSH leads to GSH depletion, and
NAPQI covalently binds to cysteine residue in pro-
teins to form APAP adducts. These protein adducts
are formed from highly reactive species of superoxide
and nitric oxide and that increases the permeability of
mitochondrial membrane with release of superoxide
of the mitochondria, a lethal event for the cell!-2D.

In the present study, the feasibility of freshly iso-
lated rat hepatocyte transplantation in APAP-induced
hepatotoxicity model either injected through the por-
tal vein or into the spleen was investigated.

METHODS
Animals

Male and female Wistar rats at least 8-week-old
were kept at Experimental Animal Unit of Research

The present study was performed at Experimental Hepatology and Gastroenterology Laboratory and Gene Therapy Center, Hospital de Clinicas, Porto Alegre, RS, Brazil.
"Experimental Hepatology and Gastroenterology Laboratory, Hospital de Clinicas de Porto Alegre;? Post Graduation Program: Sciences in Gastroenterology, Faculdade
de Medicina, Universidade Federal do Rio Grande do Sul (UFRGS); ® Post Graduation Program in Adolescent and Child Health, UFRGS;* Post Graduation Program in
Genetics and Molecular Biology, UFRGS; ® Gene Therapy Center, Hospital de Clinicas de Porto Alegre, RS, Brazil.
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Center of Hospital de Clinicas de Porto Alegre (UEA-HC-
PA), Porto Alegre, RS, Brazil, under controlled temperature
(between 18°C and 22°C) in 12-h light-dark cycle. Rats were
given standard laboratory rodent chow and water ad libitum.
Male rats were used as hepatocyte donors and female rats
were used as recipients.

This study was approved by Research and Ethics Com-
mittee of HCPA and all procedures were in accordance
with Brazilian Law 11794 and Act 6899 of July 15, 2009,
that encompasses Brazilian regulation regarding the use of
animals for scientific research.

APAP-induced hepatotoxicity model

The APAP-induced hepatotoxicity model was adapted
from Salam et al.®”. An oral solution of APAP at 200 mg/mL
concentration (Medley, Brazil) was administered in a single
dose of 1 g/kg via intraperitoneal injection in female rats
weighing 200-350 g. Four days before the intraperitoneal
injection, animals received phenobarbital (Fenocrisis 4%,
Brazil) at 350 mg/L in drinking water to induce cytochrome
P-450 enzymes to potentiate subsequent APAP-toxicity®. Phe-
nobarbital was offered until the last day of the study (day 3).
Animals were euthanized at day 3 after APAP administration.

Hepatocyte isolation

Hepatocytes were isolated from male rats weighing 350-
500 g by perfusion of liver with modified two-step collagenase
technique®. In the first step, portal vein was cannulated and
inferior vena cava was opened to remove blood with HBSS
medium without calcium, magnesium and phenol red (LGC
Biotecnologia, Brazil) and EDTA (Nuclear, Brazil) with a
700 mL/h flow controlled by pump infusion. In the second
step, superior vena cava was cannulated and inferior vena
cava was clamped for perfusion with HBSS medium, 1 M
calcium chloride (Vetec, Brazil) and type II collagenase 2%
(Gibco, Invitrogen Corporation, USA). Penicillin/strepto-
mycin 1% (Gibco, Invitrogen, USA) was added to all of the
above solutions.

Liver fragments obtained were kept in HBSS medium
and 10% antibiotics and taken to a laminar flow hood. The
fragments were transferred to vials with HBSS medium and
decreasing 5% to 2% antibiotics solution. Liver sections
were minced and the cell suspension was passed through a
gauze mesh, centrifuged 3 times at 800 rpm for 5 minutes
and washed in HBSS medium 3 times. In the last washing,
hepatocytes were resuspended in phosphate buffered saline
(PBS), (Laborclin, Brazil) and cell viability was determined
by trypan’s blue exclusion.

In a subgroup of 11 randomly chosen animals, cells
were stained prior to injection with DAPI (4°, 6-diamidi-
no-2-phenylindole, Roche Mannheim, Germany) 2.7 mg/mL
to assess the migration pattern of donor hepatocytes according
to the different sites of injection (portal vein or spleen)®.

Hepatocyte transplantation

Hepatocytes (1x107) were administered 24 hours after
APAP-induced hepatotoxicity in female rats. Animals
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were anesthetized with 50 mg/kg of ketamine (Dopalen,
Vetbrands, Brazil) and 20 mg/kg of xilazine (Virbaxyl 2%,
Virbac, Brazil) intraperitoneally.

Forty-four female rats were separated in four groups:
group PV-H received hepatocyte transplantation through
the portal vein (n = 8), group PV-PBS received PBS through
the portal vein (n = 15), group SPL-H received hepatocyte
transplantation into the spleen (n = 12), and group SPL-PBS
received PBS into the spleen (n = 9). In animals that received
the injection into the portal vein, a longitudinal 3 cm abdom-
inal incision was performed, and a volume of 1 mL of PBS
(containing or not 1x10” hepatocytes) was slowly injected into
the portal vein. Gelfoam (Cuntanplast, Mascia Brunelli Spa,
Milano, Italy) was applied to the site of injection in order
to avoid bleeding. In animals that received injection into the
spleen, a vertical 2 cm abdominal incision below left costal
edge was performed and the spleen was exposed. A volume
of 1 mL of PBS (containing or not-hepatocytes) was slowly
injected into the spleen pulp. Rats were sutured in layers with
polyglactine 4-0 (Vycril Ethicon, Sdo Paulo, Brazil) and in
the skin with mononylon 4-0 (Monocryl Ethicon, Sdo Paulo,
Brazil). Animals recovered in the cage.

Biochemistry

Blood was collected at time point 0 (before APAP
administration), and at days 1 and 3 after APAP administra-
tion through retrorbital punction under anesthesia. Samples
for alanine aminotransferase (ALT) were centrifuged at 4000
rpm for 5 minutes, and stored at -20°C. ALT was measured
using ultraviolet enzyme method at Roche/Hitachi ACN
685E equipment.

Histology

Animals that survived until day 3 were sacrificed in CO,
chamber. Liver and spleen samples were collected and placed
in 10% buffered formalin solution for 24 hours. Unstained
paraffin embedded sections were observed under fluorescent
microscopy and the number of DAPI-positive cells was
counted in 100 high power fields. In addition, spleen slides
were stained with H-E to visualize injected hepatocytes.

Molecular analysis

To detect the presence of donor cells, DNA was extracted
with Trizol (Invitrogen, USA) from liver and spleen samples
and PCR for Sry gene was performed using the following
primers at 50°C (for 5> AAGCGCCCCATGAATGCATT 3’,
rev 5 CAGCTGCTTGCTGATCTCTG 3’°). PCR products
were visualized in 1.5% agarose gels stained with ethidium
bromide®.

In a subgroup of eight animals from group SPL-H spleen
samples were snap-frozen in liquid nitrogen and stored at
-80°C to perform reverse-transcriptase polymerase chain
reaction (RT-PCR) for albumin expression. Total RNA was
extracted using a commercial kit (Easy RNA, Qiagen, Ger-
many) following the manufacturer’s instructions. Conversion
to cDNA was performed using Superscript I (Invitrogen,
USA) from 3 g of RNA. RT-PCR was performed using the
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following primers at 42°C for 40 cycles (for 5° TTGTAT-
GAATATGCAAGAAG 3, rev 5 CACTCTTCCCAG-
GTTTCTTG 3’). PCR products were visualized in 1.5%
agarose gel stained with ethidium bromide. RNA extracted
from liver samples was used as positive control.

Gapdh was used as positive internal control both for
RT-PCR and PCR reactions. Primers for Gapdh were: for 5’
CAGCAATGCATCCTGCAC 3, rev 5 GAGTTGCTGTT-
GAAGTCACAGG 3).

Statistics

Statistics was performed using SPSS 12.0 (Statistical
Package for Social Science). ALT levels were expressed as the
median * quartiles. Differences in ALT levels were assessed
using Friedman’s test.

RESULTS

APAP-induced hepatotoxicity model

Atday 1, ALT levels increased with statistical significance
in all 44 animals by Friedman’s test (P<0.0001). At day 3,
ALT levels returned to basal values in all groups, without
difference among the groups (Table 1).

TABLE 1. Median and range of ALT levels in rats submitted to APAP-
induced hepatotoxicity

Group Time (days)
(n) 0 1% 3
PV-H 42.0 (37.0-54.0)  267.0 (140-543.8)  43.5 (34.0-62.0)
PVPBS 36.0 (32.0-43.0) 130.0 (103.0-215.0) 39.0 (27.0-51.0)
SPL-H 57.5 (49.8-61.0) 197.5(102.8-403.8) 38.5 (34.0-61.8)
SPL-PBS 43.5(35.3-47.0) 158.0(84.03-02.0) 31.0 (28.0-34.0)

*Values at day 1 are statistically different from days 0 and 3 for all groups (Friedman’s test,

P<0.0001) but not among groups at any time point

Hepatocyte transplantation and survival analysis
Hepatocytes were isolated from male Wistar rats’ livers
weighing from 15 g to 20 g. The number of isolated he-
patocytes ranged between 2.54x107 cells/mL and 2.22x103
cells/mL. Viability of hepatocytes was >90% by trypan’s
blue exclusion test, and 1x107 hepatocytes were transplanted.
Survival analyses showed that 39 animals survived until
the end of experiment (day 3). All animals that received he-
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FIGURE 1. DAPI-positive
cells (arrows) in spleen (A)
and liver (B) of animals
injected into the spleen or
into the portal vein (C). In-
sets: DAPI negative images

e (e i 2 TS Y

FIGURE 2. H-E staining of the spleen, showing scattered hepatocytes
(arrows), magnification 40X

patocytes (groups PV and SPL) survived until day 3, however
five rats that received PBS through the portal vein died, three
on day | and two on day 2.

Histology

The presence of transplanted cells was determined by
DAPI-staining prior to injection. The number of DAPI-pos-
itive hepatocytes in the liver of animals injected through the
portal vein ranged from 12 to 130, with a mean of 61.2 £
44.6 stained cells per animal. In animals injected through
the spleen, the number of DAPI-positive hepatocytes in
the liver ranged from 0 to 81, with a mean of 50.0 + 31.8
stained cells per animal. In these animals, the number of
DAPI-positive hepatocytes in the spleen ranged from 75 to
414, with a mean of 166.2 £ 127.3 stained cells per animal.
The presence of hepatocytes in spleen was also visualized on
H-E slides (Figures 1 and 2).

Molecular analysis

The engraftment of hepatocytes at day 3 in liver and
spleen by PCR analysis for Y-chromosome gene (Sry) in
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female recipient organs was investigated. Sry was positive
in livers or spleens from animals injected through the portal
vein or into the spleen.

In order to determine if spleen transplanted hepatocytes
remained functional albumin expression was analyzed in the
spleen of eight animals from group SPL-H. Albumin expres-
sion by RT-PCR was not detected in any animal, although
all of them were positive for Gapdh and liver samples used
for positive control were also positive.

DISCUSSION

Hepatocyte transplantation presents many advantages
over OLT. For instance, cells from a single liver donor can
be used by many recipients®. In our experience, a male
donor rat could provide fresh hepatocytes for at least 10
female recipients. Freshly isolated hepatocytes have been
shown to perform better than cryopreserved cells in many
studies* 19, and hepatocytes are known to be very sensitive
to freezing damage, decreasing their attachment efficiency
and engraftment®. Therefore, this study aimed to test fresh
hepatocyte transplantation in a rat model of APAP-induced
hepatotoxicity.

In APAP-induced hepatotoxicity in humans, ALT le-
vels start to increase from day 1, peak at day 3 and start
to decrease at day 42, In our study, animals had the ALT
levels peak at day 1, started to decrease at day 2 and had
returned to basal values at day 3. Lee et al.!?, analyzing
1,147 cases of APAP-induced ALF in humans demonstrated
that ALT levels are very high (2,138 to 6,731). However, in
APAP-induced hepatotoxicity in rats ALT levels are lower
in comparison with humans, around of 256.5  11.2?%, That
finding is similar to our results, 188.5 (116.7-330.7) at day 1,
using a single dose of APAP lg/kg i.p.. Even though, high
mortality rates were not observed and no signs of extensive
liver damage were seen by ALT or histology on day 3.

Hepatocytes can be transplanted directly into the liver or
through the portal vein and in the spleen pulp. Although the
optimal site for hepatocyte infusion and settlement has not
yet been determined, the liver seems to be the natural home of
transplanted hepatocytes!?. The spleen is currently the most
widely used recipient site for hepatocyte infusion because of
its accessibility. Although separated from the portal blood
flow, donor hepatocytes transplanted into the spleen have
been shown to migrate to other organs, particularly to the
host liver®. Whether the number of engrafted cells in the
spleen and their metabolic capacity will be sufficient remains
an open question!?.

In this study, the engraftment of hepatocytes in liver and
spleen was investigated by PCR analysis for Y-chromosome
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gene (Sry) in female recipient organs and staining the trans-
planted cells with DAPI. In all hepatocyte transplantation
groups, Sry was positive in liver tissue. This shows that he-
patocytes transplanted into the spleen have migrated to the
host liver, a finding that is also supported by DAPI-positive
hepatocytes in the liver from six animals transplanted into
the spleen.

No differences were found in the number of DAPI-posi-
tive hepatocytes in the liver of animals injected into the
portal vein or into the spleen. This lack of difference in the
number of DAPI-positive cells is not easily explained. One
would assume that the liver of rats injected through the portal
vein would present a greater number of hepatocytes, how-
ever some studies suggest that a space for cell engraftment
is necessary in the recipient®®. In this study partial hepatec-
tomy or hepatic irradiation were not performed, and maybe
the number of dead cells at the time of injection was not
sufficient to create a permissive environment for hepatocyte
engraftment. Nevertheless, these animals had some degree
of lesion, as hepatocytes did remain in the spleen, and it has
been suggested that this is required for the establishment of
transplanted hepatocytes in rat spleens®.

A second point to be considered for spleen hepatocyte
injection is whether they remain functioning in the spleen.
Shibata et al.?® showed signals of Y-chromosome detectable
in the spleen and spleen-resident hepatocytes expressing al-
bumin 12 weeks after intrasplenic transplantation of freshly
isolated hepatocytes in rats. In the data presented here, even
though Sry was positive in spleen, albumin expression was
not detected in a subgroup of eight animals injected into
the spleen. One possible explanation for this finding is that,
as fresh hepatocytes have a scattered pattern of distribution
within the spleen®®, when spleen samples were collected for
RT-PCR for albumin expression, hepatocytes could have
been lost. On the other hand, the hypothesis that hepatocytes
in the spleen underwent a dedifferentiation process caused
by the loss of intercellular contact with neighbouring host
cells, decreasing specific hepatocyte genes transcription®,
cannot be ruled out.

In conclusion, data presented here shows the feasibility
and efficacy of hepatocyte transplantation in the liver or
spleen in a mild APAP-induced hepatotoxicity model.
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RESUMO - Contexto - O transplante de hepatodcitos ¢ uma modalidade terapéutica atrativa para doengas hepaticas como alternativa ao transplante

hepatico ortotopico. Objetivo - Investigar a factibilidade do uso de hepatocitos frescos isolados de ratos em um modelo de hepatotoxicidade induzida

por paracetamol. Métodos - Hepatocitos foram isolados de ratos Wistar machos e transplantados 24 horas apos a administra¢iao de paracetamol

em receptores fémeas. As ratas receberam 1x107 hepatocitos ou tampao salina fosfato pela veia porta ou no bago e foram sacrificadas apds 48 horas.

Resultados - Os niveis de alanina aminotransferase medidos durante o experimento nao diferiram entre os grupos em nenhum momento. Analises

moleculares e histolégicas demonstraram a presenga de hepatdcitos no figado dos animais transplantados pelo bago ou pela veia porta. Conclusdo

- Os dados indicam a factibilidade e eficacia do transplante de hepatécitos no figado ou bago em um modelo de hepatotoxicidade leve induzida por

paracetamol.

DESCRITORES - Hepatocitos, transplante. Acetaminofeno. Doenga hepatica induzida por drogas. Ratos.
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In this study we investigate whether Amphotericin B (AmB), a widely used antifungal agent, could
decrease the proliferation of a myofibroblast cell line — GRX, a model of activated hepatic stellate cells
(HSC). Three different hepatic cell lines (GRX, Hep G2 and ARL-6) were treated with two concentrations
of AmB (1.25 pg/mL or 2.50 pg/mL). Cytotoxicity was assessed by MTT assay. The effects of AmB on GRX
migration was evaluated by Wound-healing Assay. Cell cycle arrest was investigated by flow cytometry.

iey Wlfrds" in B Apoptosis and autophagy were analyzed by Caspase 3 and LC3 immunostaining, respectively. Treatment
Anz)p tgzglcm with AmB 1.25 or 2.50 pg/mL showed a decrease in viability of GRX cells. This decrease was not observed
Gﬁxpce“ s for Hep G2 or ARL-6 in any of the two AmB concentrations tested. GRX cells treated with 1.25 pg/mL AmB

were unable to close the wound after 96 h. Cell cycle analysis showed an increase in sub-G1 population
and a decrease in G2/M population in AmB-treated cells. In addition, AmB-treated GRX cells showed
increased expression of LC-3 and Caspase-3 by immunohistochemistry, suggesting an increase in both
autophagy and apoptosis. Here we show that AmB is cytotoxic for GRX cells, a model of activated HSC,

Hepatic stellate cells

but not for hepatic lineages HepG2 and ARLS6.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Continuous liver injury can lead to changes in the extracellular
matrix (ECM) resulting in a pathological state known as fibrosis.
Hepatic fibrosis is characterized by an accumulation of type I
collagen secreted by Hepatic Stellate Cells (HSC) (Friedman,
2008) and is mediated by a number of factors including viral infec-
tion, genetic disease and/or xenobiotic-induced damage. In the
normal liver, HSC reside in a quiescent state, store vitamin A,
modulate the microcirculation and regulate ECM production.
Following injury, HSC transdifferentiate into activated myofibro-
blast-like cells characterized by loss of vitamin A droplets,

Abbreviations: AmB, Amphotericin B; DAPI, 4',6-diamidino-2-phenylindole;
DMEM, Dulbecco’s Modified Eagle’s Medium; ECM, extracellular matrix; HSC,
Hepatic Stellate Cells; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltet-raz-
oliumbromide; PBS, Phosphate Buffered Saline; a-SMA, alpha smooth muscle actin.
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increased alpha smooth muscle actin expression («-SMA) and de-
creased sinusoidal blood flow. Continued HSC transdifferentiation
leads to collagen deposition, persistent activation, increased prolif-
eration and diminished responsiveness to apoptotic stimuli (Novo
et al., 2006).

Reversal of hepatic fibrosis has been reported and is dependent,
at least in part, on the induction of HSC apoptosis (Elsharkawy et
al., 2005). Thus HSC seems to be an excellent therapeutic target
for reduction of fibrosis in liver injury.

Amphotericin B (AmB) is a polyene macrolide antibiotic widely
used for treating systemic fungal infections, visceral leishmaniasis
(Chattopadhyay and Jafurulla, 2011) and to avoid fungal contami-
nation in tissue culture (Mathieson et al., 2011). AmB interacts
with sterols and, specifically in mammalian cell membrane, with
cholesterol, forming trans-membrane channels that disturb the
membrane barrier function resulting in the efflux of electrolytes
from the cytosol. The disruption of membrane pumps and
membrane potential induces apoptosis (Dentinger et al., 2001).
At high doses, essential cytoplasmic components, especially pro-
teins, are released to the extracellular milieu, which leads to fur-
ther apoptotic destruction of the cell. Cell shrinkage and
reduction of intracellular electrolytes, particularly potassium ions,
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are accompanied by DNA fragmentation and caspase 3-like activ-
ity (Chen et al,, 2013).

AmB is also used in cell culture to treat or prevent fungal infec-
tions (Mathieson et al., 2011). An empiric observation made at our
laboratory suggested that GRX cells were affected by AmB treat-
ment. The purpose of this study was to further investigate the
anti-proliferative effect of AmB on GRX cells, a cell line of
activated HSC.

2. Materials and methods
2.1. Cell culture

GRX cell line (clone 123) was obtained from the Rio de Janeiro
Cell Bank (Bio-Rio, Rio de Janeiro, Brazil). The cell line GRX are
HSC derived from a granuloma of Schistosoma mansoni infected
mice and are considered a model of activated myofibroblasts
(Souza et al., 2008). The culture was maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, LGC Biotecnologia, Brazil)
supplemented with 5% fetal calf serum (GIBCO, USA) and 1% peni-
cillin/streptomycin (GIBCO, USA), herein referred to as “culture
medium”, at 37 °C in the presence of 5% CO,.

Hepatocarcinoma cell lines from human (HepG2, Bio-Rio, Rio de
Janeiro, Brazil) and mice (ARL6, ATCC, USA) were used as controls
to determine the effect of AmB on hepatocyte cell lines. Both cells
were kept at the same conditions as described above, except for
10% fetal calf serum.

2.2. Cytotoxicity

Cells were seeded in 96-well culture plates at a concentration of
1 x 10%/well in culture medium 24 h prior to treatment. This con-
centration was chosen to maintain the same cellular density used
in all other experiments. In the treated group, the culture medium
was removed and GRX, HepG2 and ARL-6 were treated with cul-
ture medium supplemented with AmB (GIBCO, UK) at 1.25 pg/mL
or 2.50 pg/mL for additional 24 h. AmB was dissolved directly in
the culture medium. The control group was maintained on med-
ium without AmB. Four experimental replicates were made per
group with 16 wells per treatment. Cytotoxycity was assessed by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT, USB, USA), as described by (Fraga et al., 2008). Briefly, the
culture medium was removed and MTT (0.5 mg/mL in DMEM)
was added to each well and incubated for 4 h at 37 °C. After lysing
cells with 100 pL DMSO, cytotoxicity was assessed by measuring
absorbance at 570 nm using a microplate reader (Anthos2010, An-
thos Labtec, Austria). The calculation of the cell viability was per-
formed considering the control group as 100%.

2.3. Wound-healing assay

The GRX cells were seeded in 6-well culture plates at a concen-
tration 1 x 10°/well and grown to 80% confluence in culture med-
ium for 24 h prior to treatment. Four experimental replicates were
made per group with 6 wells per treatment. The culture medium
was removed and the monolayer was wounded by scratching the
plate with a sterile 10 pL micropipette tip, washed with sterile
PBS (Phosphate Buffered Saline) and then treated with culture
medium supplemented with 1.25 pg/mL AmB. The control group
was maintained on medium without AmB. Cells were photo-
graphed under 10 x objective lens every 24 h for 96 h.

2.4. Cell cycle

For analysis of cell cycle phase distribution, 1 x 10° cells were
plated onto a 6 well plate and after 24 h the medium was changed
for medium supplemented with 1.25 pg/mL AmB for another 24 h.
Four experimental replicates were made per group with 6 wells per
treatment. The control group was maintained on medium without
AmB. Afterwards, the cells were trypsinized, collected, and fixed
with 70% ethanol for 30 min. The fixed cells were washed with cold
PBS, resuspended in 1 mL of PBS containing 1 pg/mL RNase A
(R4642, Sigma, USA) and 50 pg/mL propidium iodide (P4864, Sig-
ma, USA), and then incubated in the dark for 30 min at room tem-
perature. Finally, the cells were analyzed by flow cytometry
(Attune, Life Technologies, USA). The percentage of cells in G1, S,
and G2/M phase of cell cycle and the percentage of cells in sub-
G1 (apoptosis) peak were calculated by eliminating the debris ef-
fect using Attune software (Life Technologies, USA).

2.5. LC-3 and Caspase 3 stain

In order to better understand the mechanism of action of AmB
we investigated the expression of LC-3 (as autophagy marker)
and Caspase 3 (to investigate apoptosis). For that, 1 x 10> cells
were plated onto a 6 well plate and after 24 h the medium was
changed for culture medium supplemented with 1.25 pg/mL
AmB. The control group was maintained on medium without
AmB. Twenty-four hours after treatment, the cells were fixed with
4% paraformaldehyde and permeabilized with methanol in ice for
15 min. After incubation for 1 h with primary antibodies (1:300)
for LC3 and Caspase 3 (H-50 and H-277 respectively, Santa Cruz
Biotechnology, USA) and washing with PBS, cells were incubated
for 1h with FITC-conjugated (1:400) or TexRed-conjugated
(1:300) secondary antibody (F-0382, Sigma, USA), washed with
PBS and mounted. Nuclei were stained by 4’,6-diamidino-2-phen-
ylindole (DAPI) (1.5 pg/mL) included in the mounting medium
(F6057, Sigma, USA and J2909 Santa Cruz Biotechnology, USA;
respectively). Fluorescent labeling was studied under epifluores-
cence microscope (Olympus-BX 51, Tokyo, Japan) equipped with
a digital camera using a plan-neofluar (Olympus-DP 71, Tokyo, Ja-
pan) objective (40x for overview images). Four experimental rep-
licates were made per group with 6 wells per treatment.

2.6. Statistical analysis

Data were analyzed using SPSS (Statistical Package for Social
Sciences, New York, USA) version 14.0. Comparison among groups
was performed using ANOVA and Tukey as post hoc test for cell
viability. For cell cycle analysis Student’s t test was used. A
p<0.05 was considered statistically significant. The project was
approved by our local ethics committee.

3. Results
3.1. Cytotoxicity

Treatment with AmB (1.25 pg/mL and 2.50 png/mL) for 24 h
showed a significant toxicity for GRX cells (Fig. 1) in a concentra-
tion-dependent manner, with viability levels decreasing to 67.2%
and 30.8% (p < 0.001), compared to control. Interestingly, although
HepG2 viability decreased to around 80% compared to control
(p > 0.05), there was no difference in toxicity between the two con-
centrations of AmB. ARL6, on the other hand, seemed to be almost
unaffected by AmB treatment.
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Fig. 1. MTT assay showing viability of GRX, HepG2 and ARL6 cells after treatment
with AmB (1.25 pg/mL and 2.50 pg/mL) for 24 h. GRX cells decrease in cell viability
significantly more than HepG2 or ARL6 cells compared to control (a=p <0.01
compared to control, and b = p <0.01 compared to 1.25 pug/mL). Bars correspond to
standard deviations. ANOVA and Tukey test post hoc (n = 4/group).

3.2. Wound-healing assay

Based on the results from MTT assay, all subsequent studies
were performed only with GRX cells and AmB 1.25 pg/mL. At this
concentration, AmB showed a suppressive effect on wound-healing
of GRX cells (Fig. 2). After 96 h, control GRX cells were able to vis-
ibly reduce the wound width. AmB treated cells, however, despite
some migration and/or proliferation were unable to close the
wound.

3.3. Cell cycle

The effect of 1.25 pg/mL AmB on GRX cells was also assessed by
flow cytometry. Cell cycle analysis showed an increase in sub-G1
population (12% versus 2.8%, p < 0.009), and a decrease in G2/M
population (18.5% versus 14%, p < 0.03) in AmB-treated cells when
compared with control (Fig. 3).

3.4. LC-3 and Caspase 3 stain

Twenty-four hours after treatment with 1.25 pg/mL AmB, GRX
cells showed increased expression of LC-3 and Caspase-3 by immu-
nohistochemistry when compared with control GRX cells (Fig. 4).

24h

Control

AmB

100,0 4 mG2/M
90,0 1 ms
«» 80,0 1 oGl
% W SUB-G1
8 70,0 -
-
© 60,0 |
S
& 5001
S 40,0 -
o
O 30,0 1
a
20,0 -
10,0 - -
0,0 4

Control AmB

Fig. 3. Cell-cycle analysis on GRX cells treated with 1.25 pg/mL AmB for 24 h
compared to control cells. Values show the percentage of total culture into distinct
cell-cycle phases (n=4/group). Statistically significant differences were found
between sub-G1 (12% versus 2.8%, p < 0.009) and G2/M (18.5% versus 14%, p < 0.03)
populations.

4. Discussion

HSC activation is the main step that leads to hepatic fibrosis.
This activation involves changes in the liver cells, described as pro-
liferation, contractility, chemotaxis, matrix degradation, and cyto-
kine release (Friedman, 2008). The GRX cell line, when maintained
under standard culture conditions, presents a myofibroblast-like
phenotype, similar to activated HSC, (Guimaraes et al., 2006; Guma
et al., 2001). Thus it can be used as a tool for studying therapies tar-
geting activated HSC.

In this study we observed the effect of AmB on GRX cell viabil-
ity. AmB is widely used in tissue culture as antifungal agent at
2.50 pg/mL (Mathieson et al., 2011). However, at this concentra-
tion, AmB resulted in high mortality of GRX cells, with only
30.8% viability, making it difficult to use this concentration for sub-
sequent assays. When the concentration of AmB was reduced to
half (1.25 pg/mL), cell viability was increased to 67.2%. It is inter-
esting to note that AmB was cytotoxic only for GRX cells but not
for HepG2 or ARL6, two hepatic cell lines. This contrast may be
due to differences in the composition of cell membranes, which
is important to the formation of AmB/cholesterol complexes. It
has been suggested that the distribution of cholesterol and lipid
composition in certain regions of the plasma membrane facilitate

48h 96h

Fig. 2. Effect of 1.25 pg/mL AmB on GRX cell wound-healing assay. Cells were assessed at 24, 48 and 96 h after treatment (10x magnification), (n = 4/group).
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Fig. 4. Inmunofluorescence for LC-3 and Caspase-3. GRX treated with 1.25 pg/mL exhibit increased expression of LC-3 (B) and Caspase 3 (D) when compared to control cells
(A and C). LC-3 (FITC, Green), 20x. Caspase-3 (TexRed, red), 40 x GRX cells nuclei (DAPI, Blue), (n = 4/group). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

the insertion of AmB molecules in ordered saturated membrane
domains (Czub and Baginski, 2006).

Other studies have also demonstrated that some mammal cells
are more susceptible than others to this drug (Andersson et al.,
2006; Romero et al., 2009). Binet and Bolard (1988) showed that
AmB strongly increases hepatocytes’ plasma membrane perme-
ability to monovalent cations, with the major part of the intracel-
lular potassium leaking from the intracellular space within in a
few seconds. The loss of K" is only partially compensated by the en-
try of Na* ions. At the same time, no modification of internal free
Ca™, as well as total Calcium content, is detected in the hepato-
cytes. These results suggest that the permeabilization of the hepa-
tic plasma membrane by AmB is specific for the monovalent
cations, and especially for Potassium. This event is generally pre-
ceded by an increase in cytosolic Ca*™ which stimulates intracellu-
lar proteases. Another mechanism of action is mediated by the
formation of two types of ionic channels: nonaqueous channels
and aqueous pores, differing in permeability properties (Romero
et al., 2009).

We then investigated the effects of AmB in cell migration using
wound healing assay. Hepatic stellate cells are activated in re-
sponse to liver injury promoting tissue repair. This response in-
volves cell mobilization and migration towards the lesion (da
Silva et al., 2003). Our data show that AmB decreased migration
of GRX cells, as even after 96 h treated cells were not able to fully
close the wound. This result is interesting because inhibition of
HSC migration could indicate a decrease in the activation of these
cells.

Together with the results of the wound healing, the evaluation
of cell cycle, apoptosis and autophagy confirmed that Amb has an
effect on GRX cell line. Thus our results also showed that AmB in-
duced changes in cell cycle through an increase in the sub-G1
phase and diminution in the G2 / M phase compared whit control.
As cells in sub-G1 were regarded as apoptotic, the ability of AmB to
modulate apoptosis was studied by the expression of Caspase 3.
After treatment, AmB induced an increase in the number of GRX

expressing Caspase 3indicating stimulation of apoptosis. Autoph-
agy was also induced by AmB as seen by the increased expression
LC3 (autophagy).

In brief, this study showed that, in vitro, AmB is able to selec-
tively induce cytotoxicity of GRX cells, a model of HSC, without
toxicity to liver parenchymal cells. The specific mechanism in-
volved in this selectivity must be elucidated in further studies, as
well as whether this effect can be replicated in vivo despite the
known toxic effects of AmB.
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