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RESUMO

O objetivo do nosso estudo foi avaliar o potencial terapéutico das células
mesenquimais do estroma de medula 6ssea (MSC) em um modelo de lesao
hepatica crénica. Quatorze ratos fémea da cepa Wistar foram alimentadas
exclusivamente com uma dieta alcodlica liquida e receberam inje¢des intraperitoniais
de tetracloreto de carbono em dias alternados durante 15 semanas. Apos esse
periodo, 8 animais (grupo tratado) tiveram 1x10” células injetadas pela veia porta,
enquanto 6 animais (grupo placebo) receberam veiculo. Foi realizada bioquimica do
sangue para avaliar os niveis de alanina aminotransferase (ALT), aspartato
aminotransferase (AST) e albumina antes e 1 e 2 meses apos a infusao das células.
A presenca de fibrose foi avaliada antes e 1 més apds a injegado das células por
meio de bidpsias hepaticas. Dois meses apds a terapia, os animais foram
sacrificados para analise histolégica dos tecidos. A fibrose foi quantificada por
histomorfometria. Bidpsias obtidas previamente a infusdo das células mostraram
intensa deposicao de colageno e a presencga de septos interconectando nédulos de
regeneragdo. Um més apos a injecao das células, esse resultado manteve-se
inalterado e nao havia diferencas significativas entre os grupos placebo e tratado na
quantificacdo de fibrose. ALT e AST retornaram a valores normais 2 semanas apo6s
a infusdo das células, sem diferengas significativas entre os grupos experimentais.
Dois meses apds a terapia, a albumina também retornou a valores normais,
enquanto os resultados da histologia mantiveram-se inalterados, novamente sem
diferengca entre os grupos tratado e placebo. Portanto, em nossas condi¢des
experimentais, as MSC ndo foram capazes de reduzir fibrose ou melhorar fungdo em

um modelo animal de lesédo hepatica cronica.



ABSTRACT

The objective of our study was to evaluate the therapeutic potential of bone
marrow mesenchymal stromal cells (MSC) in a rat model of severe chronic liver
injury. Fourteen Wistar female rats were fed exclusively an alcoholic liquid diet and
received intraperitonial injections of carbon tetrachloride every other day during 15
weeks. After this period, 8 animals (MSC group) had 1x10” cells injected into the
portal vein while 6 animals (placebo group) received vehicle. Blood analysis was
performed to evaluate alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and albumin before and 1 and 2 months after cell or placebo infusion. Fibrosis
was evaluated before and 1 month after cell or placebo injection by liver biopsies.
Two months after cell delivery, animals were sacrificed and histological analysis of
the livers was performed. Fibrosis was quantified by histomorphometry. Biopsies
obtained before cell infusion showed intense collagen deposition and septa
interconnecting regenerative nodules. One month after cell injection, this result was
unaltered and differences in fibrosis quantification were not found between MSC and
placebo groups. ALT and AST returned to normal values 2 weeks after cell or
placebo infusion, without significant differences between experimental groups. Two
months after cell or placebo injection, albumin had also returned to normal values
and histological results were maintained, again without differences between MSC
and placebo groups. Therefore, under our experimental conditions, MSC were
unable to reduce fibrosis or improve liver function in a rat model of severe chronic

liver injury.
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1. INTRODUCAO

1.1. O Figado

1.11. Anatomia

O figado é o maior 6rgao sélido do corpo humano, chegando a constituir 2 a
5% do peso corporal de um adulto (Figura 1) [1]. Localiza-se no quadrante superior
direito do abdome, logo abaixo do diafragma, e é protegido pelo gradil costal [2].
Possui uma fina camada fibro-conjuntiva que o recobre, chamada de capsula de
Glisson [2]. Ele é dividido em oito segmentos, numerados em algarismos romanos,
que possuem vascularizagao e drenagem biliar independentes (Figuras 2 e 3) [1, 2].

A chegada do sangue ao figado se da por dois vasos diferentes: a veia porta
hepatica, que leva cerca de 70% do suprimento sanguineo, e a artéria hepatica, que
€ um ramo da aorta, mais especificamente do tronco celiaco, e leva 30% do
suprimento [2].

Por definicdo, a veia é um vaso que retorna o sangue ao coragdo. Quando
encontramos um vaso de grande calibre que se interpde entre duas redes capilares
ele é chamado de porta. Esse tipo de circulacdo s6 ocorre em dois locais no
organismo: no figado e na glandula hipéfise [2].

No caso do figado, apds a saida do sangue dos leitos capilares no intestino,
ele é drenado pelas veias mesentéricas que, em vez de seguirem para o coragao, se
juntam com a veia esplénica para dar origem a veia porta hepatica (Figura 4) [2].
Ela, por sua vez, chega ao figado e se capilariza novamente, originando os

sinusoides hepaticos.



Diafragma

Lobo Esquerdo

Ligamento Falciforme

Lobo Direito

Vesicula Biliar

Figura 1. Esquema representativo da visao anterior do figado humano (adaptado de Netter [3]).
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Vesicula Biliar

Figura 2. Esquema representativo da divisdo dos segmentos hepaticos, indicados em algarismos
romanos. O segmento | ndo é visivel nesta figura pois se encontra na porgao posterior do 6rgédo (adaptado
de Netter [3]).
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Por fim, os sinusdides se juntam e formam as veias hepaticas, que drenam para a
veia cava inferior (Figura 3) [2].

As vias biliares representam uma outra estrutura marcante do figado. Como ja
mencionado, cada segmento possui uma drenagem independente. Os segmentos |,
I, 1ll, e IV se juntam e formam o ducto hepatico esquerdo e os segmentos V, VI, VI
e VIII formam o ducto hepatico direito [2]. A juncdo dessas duas estruturas forma o
ducto hepatico comum que, por sua vez, ira se juntar ao ducto cistico para formar o
ducto colédoco (Figura 5) [2]. O ducto cistico € proveniente da vesicula biliar, érgéo
localizado na face inferior direita do figado e responsavel pelo armazenamento da
bile (Figura 5) [2].

Por fim, o ducto colédoco se junta ao ducto pancreatico formando a Ampola

de Vater, que desagua na segunda porgao do duodeno (Figura 5) [2].

1.1.2. Histologia

Histologicamente, o figado €& formado também por estruturas muito
particulares. O espacgo porta € a regido representada pela unido entre um ramo da
veia porta, um ramo da artéria hepatica e um ductulo biliar, por onde ocorrera a
chegada de sangue aos hepatdcitos e a coleta da bile (Figura 6) [1, 4]. A partir de
cada espaco porta, surgem corddes de hepatécitos, por vezes com a espessura de
uma unica célula, entremeadas pelos capilares sinusodides (Figura 6) [1, 4]. Esses
corddes estao dispostos radialmente e seguem em diregdo a outro vaso: a veia
centrolobular (Figuras 6 e 7) [1, 4]. Essa veia é responsavel pela drenagem do

sangue que sai dos capilares sinusoides para as veias hepaticas [1, 4].
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Veias Hepaticas Veia Cava Inferior

Artéria Hepatica

Ducto Hepatico
Comum
Veia Porta

Figura 3. Esquema representativo da vascularizagdo hepatica e das vias biliares, mostrando a drenagem
independente dos segmentos hepaticos (adaptado de Netter [3]).
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Veia Esplénica

Veia Porta
Estdbmago

Baco

Veia Mesentérica
Inferior

Veia Mesentérica
Superior

Colon Descendente
Célon Ascendente

Intestino Delgado

Figura 4. Esquema representativo da formagao da circulagdo porta hepatica a partir da juncéo das veias
mesentéricas superior, inferior e esplénica (adaptado de Netter [3]).
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Ducto Hepatico

Ducto Hepatico Esquerdo

Direito

Ducto Cistico
Ducto Hepatico
Comum

\

Ducto Colédoco

Vesicula Biliar

Ducto Pancreatico

Duodeno

Ampola de Vater

Figura 5. Esquema representativo mostrando a anatomia das vias biliares (adaptado de Netter [3]).



19

A estrutura hexagonal formada pela juncio de 6 espacos porta ao redor de uma veia
centrolobular da-se o nome de Iébulo hepatico (Figura 7) [1, 4].

Existem dois conceitos predominantes em relagcdo a unidade estrutural e
funcional do figado: o I6bulo hepatico, ja mencionado, e o acino hepatico. Essa
estrutura é formada pela juncao entre dois Iébulos hepaticos adjacentes com duas
veias centrolobulares em suas extremidades e um espacgo porta no centro (Figura 7)
[1, 4]. Sua organizagdo baseia-se na intensidade de perfusdo sanguinea dos
hepatdcitos em cada regido do acino, o que é determinado pela distancia em relagao
a vascularizacao aferente, composta pelos vasos do espacgo porta. Ela se divide em
3 zonas com o formato de uma elipse (Figura 7). A zona acinar 1 € a mais proxima
ao espaco porta e, portanto, a mais bem perfundida. A zona 3 é a mais afastada,
apresentando suprimento sanguineo mais dificil, e a zona 2 estd na regiao
intermediaria (Figura 7) [1, 4].

Por fim, uma ultima caracteristica importante do figado € a presenca de uma
separacao entre os cordoes de hepatdcitos e os sinusdides hepaticos: o Espacgo de
Disse (Figura 8A) [1]. Sua presenca permite uma troca mais prolongada e eficaz
entre os hepatdcitos e 0 sangue, o que ¢é indispensavel para que o figado exerca
adequadamente suas funcdes. Além disso, ele contém diversos componentes da
matriz extracelular (ECM — do inglés extracellular matrix), como os colagenos do tipo

[, I, IV e VI, fibronectina, laminina e proteoglicanos, entre outros [1].

1.1.3. Tipos Celulares e suas Fungoes

O figado é responsavel por multiplas fungées no organismo. A primeira delas

€ revelada por suas caracteristicas anatémicas. Ele esta interposto entre o intestino
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Espaco porta

AL
r )

Ramo da artéria hepatica

Ramo da veia porta

Ductulo biliar

Célula de Kupffer

Sinuséide
Hepatdcito

Canal biliar

Porcao da veia
centrolobular

Figura 6. Esquema representativo mostrando o parénquima hepatico. O sangue chega pelos vasos
do espaco porta e passa para os capilares sinuséides em direcdo a veia centrolobular. Pequenas
estruturas de cor verde entre a membrana dos hepatdcitos representam os canaliculos biliares, que
drenam para os canais biliares em dire¢do ao ductulo biliar (adaptado de 3B Scientific [5]).
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Trato Portal

Lobulo Hepatico

Acino
Hepatico

D\

~
Zona Acinar 3

Zona Acinar 2

Zona Acinar 1

Veia Centrolobular Sinusodides

Figura 7. Esquema representativo mostrando as unidades funcionais do figado. O |6bulo hepatico
(bordas azuis) é formado pela unido de 6 espagos porta ao redor de uma veia centrolobular. A zona
acinar 1 (bordas amarelas), zona acinar 2 (bordas laranjas) e zona acinar 3 (bordas vermelhas)

formam o acino hepatico (adaptado de 3B Scientific [5]).
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e o restante do corpo, funcionando como um filtro de tudo o que é absorvido. Isso
explica seu duplo suprimento sanguineo. A artéria hepatica tem a funcéo de levar
oxigénio e nutrientes; a veia porta faz o transporte das substancias absorvidas que
serao processadas pelo figado [1].

Desse modo, ele é responsavel pela captacdo, conversdo metabdlica e
armazenamento de aminoacidos, carboidratos e lipideos, além de sua posterior
secrecado para O sangue e para bile. Também realiza biotransformagdo de
substancias hidrofobicas em derivados soluveis que possam ser excretados na bile
ou na urina. Outra fungao importante é a metabolizacdo de substancias toxicas. Por
fim, o figado participa da resposta imune a patdégenos [1].

O tipo celular de maior destaque presente no figado € o hepatdcito (Figura
8A). Essa célula é a responsavel pela maioria das fungdes exercidas pelo figado.
Para tanto, ela apresenta trés dominios em sua membrana celular [1, 6]. O primeiro
€ o dominio sinusoidal que permite o contato do hepatécito com o Espaco de Disse
e, indiretamente, com a corrente sanguinea. Ele apresenta microvilosidades que
aumentam a superficie de troca com o sangue (Figura 8A). Através desse dominio, o
figado exerce suas fungdes enddcrinas secretando para o sangue albumina, fatores
da coagulacédo e do sistema complemento, globulinas, enzimas e lipoproteinas [1].
Participa também do metabolismo energético e do controle da glicemia por efetuar a
sintese, armazenamento e degradagao do glicogénio, além da gliconeogénese [7]. O
segundo € o dominio intercelular, que representa a area de comunicagao entre os
proprios hepatocitos, e o terceiro € o dominio dos canaliculos biliares ou o pélo
apical [6]. Este ultimo é o local onde a bile sera secretada e, portanto, representa a

porcao exodcrina do hepatdcito.
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Um segundo tipo celular de grande importancia no figado sdo as células
endoteliais sinusoidais (Figura 8A). Essas células apresentam como principais
caracteristicas estruturais a presenca de fenestras, de aproximadamente 240 a 280
nm, e a auséncia de uma lamina basal abaixo do endotélio, o que permite a troca
entre o sangue e o Espaco de Disse [8]. O tamanho dessa fenestra pode ser
influenciado por hormdnios, neurotransmissores e xenobidticos, como o alcool e
outras drogas, aparentemente através de contragdes no citoesqueleto [8].

As células de Kupffer (KC — do inglés Kupffer cells) sao conhecidas como
macrofagos hepaticos e ficam aderidas as células sinusoidais (Figura 8A). Elas sao
responsaveis pela remogado de endotoxinas, complexos imunes, componentes
bacterianos e hemacias senescentes do sangue. Participam ativamente da resposta
imune e, quando ativadas, liberam muitos produtos com efeitos bioldgicos potentes,
incluindo proteases e citocinas inflamatérias que fardo recrutamento de outras
células do sistema imunolégico, além de exercerem influéncia sobre as outras
células presentes no figado [9].

As células de Pit séo linfocitos presentes no figado com atividade natural
killer. Como as células de Kupffer, elas também se localizam no interior dos
capilares sinusoides e tém a funcao de defesa contra infecbes virais e metastases
tumorais [8].

Outro tipo celular hepatico sao as células estreladas (HSC — do inglés hepatic
stellate cells). Elas se localizam no Espago de Disse e representam o principal local
de armazenamento de retindides do organismo (Figura 8A). Além disso, atuam na
manutencdo da ECM através da sintese e secregcao de seus componentes [10]. Na

verdade, essa populacido passou a ser alvo de muita atengdo nao por suas funcoes
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no figado normal, mas por seu profundo envolvimento na fisiopatologia da fibrose
hepatica, o que sera abordado na proxima segao.

Por fim, as células epiteliais dos ductos biliares, embora representem uma
minoria das células do figado, de 3 a 5%, sdo dotadas de importantes funcdes
fisiologicas. Elas modificam a composicdo da bile produzida pelos hepatdcitos
através da secregdo de agua, proteinas e bicarbonato e pela reabsorg¢ao de glicose
e glutamato [1]. Entretanto, o aspecto mais intrigante dessa populagdo é que ela
parece conter as células tronco residentes do figado: as chamadas células ovais.
Existem evidéncias de que essas células, normalmente encontradas nos canaliculos
biliares, tém a capacidade de proliferar e se diferenciar em diferentes linhagens,
como hepatdcitos, células epiteliais dos ductos biliares e células acinares

pancreaticas [1].

1.2. Fisiopatologia da Fibrose Hepatica

1.2.1. Definicoes

A fibrose hepatica € um processo dindmico caracterizado pelo depdsito
excessivo associado a uma reducdo da degradagdo dos componentes da matriz
extracelular em decorréncia de uma agressao cronica ao figado [11]. Ela envolve
diversos tipos celulares, citocinas e fatores de crescimento, e resulta de uma
desregulagdo dos mecanismos homeostaticos que regulam o microambiente
hepatico [11]. Histologicamente, se apresenta como uma desorganizagdo da
arquitetura hepatica com cicatrizes fibrosas formadas em resposta a lesdo e a perda

de hepatécitos (Figura 9A) [13].
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para a presencga de microvilosidades nos hepatdcitos e de depdsitos de retindides no citoplasma da
célula estrelada (em amarelo). (B) Mudangas na arquitetura hepatica provocadas pela fibrose
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da matriz extracelular. Também ocorre a perda das fenestras da célula sinusoidal (adaptado de
Bataller e Brenner [12]).
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A cirrose hepatica, por sua vez, € a denominagdo de um processo de fibrose
avancgado caracterizado pela formacao de nédulos parenquimatosos, de tamanhos
variaveis, em funcdo do processo regenerativo e cicatricial do 6rgdo: sdo os

chamados nédulos de regeneragao (Figura 9B) [13].

1.2.2. A Cascata Fibrogénica

Por motivos didaticos, o processo fibrogénico € dividido em seis etapas
basicas: (a) ativacdo das HSCs, (b) migracao e proliferacdo das HSCs, (c) sintese e
deposi¢ao de componentes da ECM, (d) remodelamento tecidual, (e) contracao da
cicatriz, e (f) apoptose das HSCs [11]. Entretanto, esse processo &€ complexo e
muitos tipos celulares estdo envolvidos.

A ativacdo das HSCs e KCs ocorre em resposta a agressdo do figado.
Multiplos agentes quimicos e biolégicos podem induzir fibrose hepatica. Embora
esses agentes apresentem mecanismos diferentes para a indugéo de lesao celular,
todos irdo convergir para 0 mesmo processo de ativagao dessas células [11].

No caso das HSCs, esse processo é dividido em dois passos basicos: o
primeiro € a iniciacdo, no qual estimulos paracrinos enviados pelas células vizinhas
que sofreram lesdo, como hepatdcitos [14], células endoteliais sinusoidais [16] e
KCs [17], s&o os responsaveis por iniciar em manter a ativacao das HSCs. Entre os
estimulos paracrinos mais conhecidos estao o fator de crescimento transformante
(TGF-B — do inglés transforming growth factor B), o fator de crescimento epitelial
(EGF — do inglés epidermal growth factor) e o fator de crescimento derivado de
plaquetas (PDGF — do inglés platelet-derived growth factor) [10]. O segundo passo é

a perpetuagao, no qual, depois de ativadas, as HSCs sofrem uma série de
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Figura 9. (A) Fibrose hepatica (B) Cirrose hepatica. Observar a diferenga no grau de deposigao dos
componentes da matriz extracelular. Na fibrose, ocorrem depositos de fibras colagenas
principalmente ao redor dos vasos e sob a forma de traves finas entremeando o parénquima. Na
cirrose ocorre deposigéo difusa de colageno, com septos espessos que se conectam dando origem
a nodulos de regeneragao (adaptado de Iredale [15]).
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modificagdes assumindo um fendtipo semelhante ao de um miofibroblasto. Elas
entdo perdem os depositos de retindides, sao atraidas para os locais de lesédo por
quimiotaxia, passam a proliferar, adquirem propriedades contrateis, promovem a
fibrogénese e a liberagao de citocinas inflamatdrias [10].

ApoOs a ativacdo, sera iniciada a sintese e deposicdo de componentes da
ECM. A principal citocina envolvida nesse processo € o TGF-3. Por estimulo desse
fator ocorre aumento da sintese de componentes da ECM pelas HSCs, diminuigao
da expressdo de metaloproteinases (MMPs), que sdo enzimas responsaveis pela
degradacgao de fibras colagenas, e aumento da sintese de inibidores teciduais de
metaloproteinases (TIMPs) [18]. Isso resultara no desequilibrio entre a sintese e a

degradacgéao de colageno, ocasionando sua deposi¢cao no figado.

1.2.3. Remodelamento Tecidual e Disfuncédo Hepatica

Segundo o Aurélio [19], remodelar significa: refazer com modificacdes
profundas. Embora em termos médicos o remodelamento frequentemente indique
um processo degenerativo decorrente de uma lesdo, o figado difere dos outros
tecidos em sua resposta a agressdo. Quando o estimulo lesivo € unico e de grande
intensidade, como a remogado de uma parte significativa do parénquima hepatico,
ocorre regeneragao e a restauragado completa de sua estrutura e fungéo. Entretanto,
quando o estimulo é repetitivo, de baixa intensidade e, portanto, insuficiente para
iniciar uma resposta regenerativa, ocorre a formagao de cicatriz [11]. Em ambas as
respostas ha aumento da sintese e deposi¢cdao de colageno, mas ha diferencas
marcantes no tipo e local de deposi¢cao das fibras. No primeiro caso, o colageno

produzido servira para a formagdo de novos sinusdides e para restaurar o
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microambiente hepatico. Na fibrose, predomina o colageno do tipo 1 que é
responsavel pela formagao da cicatriz. Ele se deposita ao redor dos vasos, forma
septos no parénquima e também passa a ocupar o espacgo de Disse, dando origem a
uma membrana basal continua (Figura 8B) [12]. Além disso, a agressao crdnica
também provoca perda das microvilosidades dos hepatdcitos e das fenestras dos
sinusdides, ativagcdo das KCs e o recrutamento de células inflamatérias (Figura 8B)
[12].

Em condi¢cbes normais, o figado apresenta apenas pequenas quantidades de
tecido conjuntivo e ndo possui membrana basal, proporcionando um ambiente de
troca adequado entre os hepatécitos e o sangue. Com a perda das fenestras,
formacado da membrana basal e perda das microvilosidades em decorréncia da lesao
hepatica crénica, havera piora importante dos mecanismos de troca, impedindo que
0 6rgao exercga apropriadamente suas fungdes [11].

Além disso, por assumirem um fendtipo de miofibroblasto, as HSCs adquirem
propriedades contrateis e, por estarem aderidas as células endoteliais, podem
reduzir o lumen dos sinusodides. Isso resultara tanto no aumento da pressdo na
circulagao porta hepatica, o que tem uma série de consequéncias deletérias para o
organismo, como na isquemia dos hepatdcitos, que ja tinham seu processo de troca
com o0s sinusoides piorado pelo remodelamento tecidual. Em decorréncia da
isquemia, havera morte progressiva dessas células e se instalara o quadro de
insuficiéncia hepatica, caracterizada por ictericia, ascite, disturbios da coagulagao,

encefalopatia e circulacao hiperdinamica, entre outras [20].
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1.2.4. Resolucado Espontanea da Fibrose Hepatica

Embora a fibrose avancada e a cirrose geralmente sejam consideradas
processos irreversiveis até mesmo apds a remogao do agente agressor, existem
evidéncias de que uma resolugdo espontédnea é possivel [21, 22, 23]. Esse
fendbmeno ja foi observado em pacientes com hepatites B e C crénicas apos a
introducédo da terapia anti-viral e em uma variedade de outras doengas em que a
remocao da agressao promove melhora dramatica da arquitetura hepatica [24]. Além
disso, a analise de pecgas retiradas apds a realizacdo de transplante hepatico
também mostra evidéncias de que a degradagdao da fibrose ocorre mesmo na
doenca hepatica avancada [25].

A ocorréncia dessa resolucao espontanea foi confirmada em modelos animais
[15, 26, 27]. Entretanto, foi descoberto que a reversado da fibrose é apenas parcial,
motivo pelo qual, embora exista melhora da arquitetura com a interrupgéo da
agressao, a fibrose ndo se resolve completamente. A resolugcdo é limitada pela
formagdo de cross-links de colageno mediados por uma enzima chamada
transglutaminase tecidual do tipo-2. Essa enzima € capaz de estabilizar as
moléculas de colageno, dando origem aos cross-links, o que torna o colageno

resistente a degradacgao pelas MMPs [27].

1.3. Aspectos Epidemiolégicos das Hepatopatias

Cronicas

Como dito anteriormente, a cirrose hepatica € definida como um processo

cicatricial em resposta a uma agressdo cronica que resulta na deposicédo de
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componentes da ECM com a formacgao de nédulos de regeneragao. Existem muitas
causas possiveis para esse quadro, como hepatite auto-imune, abuso de alcool,
doencas metabdlicas, desordens biliares e hepatites virais [28]. Embora, os eventos
desencadeantes da lesdo hepatica sejam diversos, todas essas doengas evoluem
de forma semelhante para a cirrose.

As hepatopatias crbénicas sdo consideradas graves problemas de saude
publica, ja que atingem uma grande parcela da populagdo mundial e causam a
morte de mais de 1,5 milhdes de pessoas por ano, segundo dados da Organizagao
Mundial da Saude (OMS) [29]. Dentre as doengas hepaticas crbénicas, a infecgao
pelos virus da hepatite B e C e o consumo excessivo de alcool sdo as de maior
relevancia.

Em relacdo as hepatites virais, estima-se que de dois bilhdes de pessoas
infectadas pelo virus da hepatite B, mais de 350 milhdes poderdo desenvolver
hepatite cronica com alto risco de evolugao para cirrose hepatica e cancer de figado
[30]. A infeccdo pelo virus da hepatite C tem menor incidéncia mundial (170
milhdes), porém entre 70% a 80% dos pacientes infectados desenvolvem
hepatopatias cronicas, e destes, cerca de 10% a 20% podem evoluir para a cirrose
[31]. Além disso, estima-se que cerca de 32% dos casos de cirrose hepatica tenham
relagdo com o consumo excessivo de alcool [32].

No panorama brasileiro, segundo dados do Sistema Unico de Saude
(DATASUS) [33] nos ultimos 5 anos, houve mais de 1,25 milhdes de internagdes em
decorréncia das doengas do figado, ocasionando um gasto de mais de 799 milhdes
de reais. Além disso, quase 60 mil pessoas morreram nesse periodo devido a essas
doencgas. Portanto, esses dados demonstram a grande relevancia das patologias

hepaticas como causas de mortalidade e de despesas com saude publica.
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O progndstico dos pacientes acometidos por hepatopatias crénicas nao é
favoravel. De fato, quando o paciente acometido por alguma hepatopatia crénica
evolui para cirrose hepatica, o unico tratamento curativo € o transplante do érgao.
Embora tenham ocorrido avangos no sistema de captagcdo de 6rgdos, na
conscientizagdo da populagdo sobre a importancia da doacdo e nas técnicas
cirurgicas que permitem o transplante de figado intervivos, o numero de 6rgaos
doados nao supre a demanda e muitos pacientes morrem durante a espera por um
transplante. A taxa de mortalidade na fila de espera na cidade de Sao Paulo pode
chegar até a 75% [34]. Por esse motivo, € necessario que novas modalidades de
tratamento sejam desenvolvidas. Nesse contexto, o surgimento da pesquisa em
terapias celulares abriu uma nova possibilidade no tratamento das hepatopatias

cronicas.

1.4. Terapia Celular

14.1. Plasticidade das Células de Medula Ossea

A medula 6ssea € o 6rgao responsavel pela produgcdo de todas as células
sanguineas (Figura 10). Essas células, por sua vez, tém a fungdo de carrear
oxigénio e oferecer protegao imunoldgica, entre outras, para todas as outras células
do organismo. Por terem uma vida relativamente curta, € necessario que elas sejam
constantemente renovadas. Para tanto, a medula 0ssea chega a produzir 100
bilhdes de novas células sanguineas por dia [35].

Essa nogdo da capacidade de renovacgao das células do sangue n&o € nova.
De fato, médicos e pesquisadores ja a conhecem ha mais de 50 anos. A primeira

evidéncia surgiu em 1945, apos o langamento das bombas de Hiroshima e
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Nagazaki, quando se iniciaram os estudos com pessoas expostas a doses letais de
radiacdo. A partir de entdo, cientistas descobriram que podiam resgatar
camundongos irradiados da morte com o uso de transplantes de medula. Na década
de 60, pesquisadores passaram a analisar a medula para descobrir qual
componente seria responsavel pela regeneragao do sangue. Foram descritas, entao,
as células tronco hematopoiéticas (HemSC — do inglés hematopoietic stem cells) e
suas caracteristicas: capacidade de auto-renovagao e de dar origem a todos os tipos
diferentes de células sanguineas [35].

Entretanto, apenas recentemente passou-se a considerar que essas células
tronco poderiam ter maior plasticidade. Esse termo se refere a capacidade de gerar
células especializadas de outros tecidos diferentes daquele em que a célula tronco
reside — sejam eles da mesma ou de diferentes origens embrionarias (endoderma,
mesoderma e ectoderma) [35]. A demonstracédo desta maior plasticidade das células
tronco de medula éssea surgiu no contexto da utilizagdo dessas células no
tratamento de doengas. Em 1998, foi publicado um trabalho mostrando que células
de medula 6ssea transplantadas em camundongos eram capazes de migrar e se
diferenciar em midécitos, contribuindo para a regeneragdo de lesbes no musculo
esquelético [36].

A partir desse ponto, inumeros artigos foram publicados demonstrando que
essas células poderiam dar origem a cardiomiécitos [37, 38], neurdnios [39, 40],
hepatécitos [41, 42], células do pulmao, rim, pele e intestino [43], e do pancreas [44];
gerando uma enorme expectativa pela possibilidade de utiliza-las no tratamento de
doencgas degenerativas.

Além das células tronco hematopoiéticas, que dao origem a todas as células

do sangue, a medula éssea contém pelo menos mais um tipo de célula que
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apresenta plasticidade: a célula mesenquimal estromal (MSC - do inglés
mesenchymal stromal cell) (Figura 10). Essa célula é responsavel pela formagéo do
tecido de sustentacdo da medula e como caracteristicas principais apresenta:
capacidade de formar ossos, cartilagens, musculos, tecido adiposo, tenddes e
ligamentos [45]; facil obtengdo e manejo; e alto potencial de expanséo in vitro [46];
todas caracteristicas atraentes para o uso clinico.

Além disso, ja foi amplamente demonstrado que essas células podem se
diferenciar em diversos tipos celulares, como cardiomidcitos [47, 48], neurbnios [49]

e hepatécitos [50, 51, 52, 53].

1.4.2. Terapia Celular em Modelos Animais de Hepatopatia

Ja existem alguns trabalhos publicados que utilizaram células da medula
0ssea em modelos animais de hepatopatias [54, 55, 56, 57, 58]. Diversas
populacdes de células derivadas da medula, como as mononucleares,
hematopoiéticas e mesenquimais, foram testadas em modelos experimentais
também bastante diversos. Por esse motivo, os resultados da terapia ainda sao
controversos, bem como sua real importdncia no tratamento das hepatopatias

cronicas.
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2.OBJETIVOS

Através de um modelo experimental de cirrose hepatica em ratos Wistar ja
estabelecido por nosso grupo [59], a pesquisa enfocara o estudo do potencial
terapéutico das MSC na recuperagao da cirrose. O modelo de cirrose experimental
se baseia na associacdo entre o tetracloreto de carbono (CCls), um agente
hepatotoxico conhecido [60], e o alcool, administrado como componente de uma
dieta liquida balanceada. A associagao entre alcool e CCl; ja foi descrita como
sendo sinérgica na inducdo de lesdo hepatica, além de proporcionar uma menor
mortalidade dos animais durante a indug&o da cirrose [61].

A injecao das células sera pela veia porta hepatica e a analise dos resultados
sera feita através de parédmetros de bioquimica do sangue, histologia e
imunohistoquimica, o que nos permitira avaliar os aspectos funcionais e
morfolégicos do tratamento com MSC. Todos esses parametros serdo avaliados ao
final da indugéo da cirrose, bem como 1 e 2 meses apos a inje¢cédo das células.

O objetivo geral do trabalho é:

e Avaliar o impacto da administracdo de células mesenquimais estromais da
medula 6ssea na presenga de disfungédo hepatica decorrente da agresséo
cronica.

Mais especificamente, temos como objetivos:

e Analisar e quantificar o grau de fibrose no figado cirrético antes e apods a
infusdo das células mesenquimais estromais da medula éssea.

e Caracterizar o fendtipo das células mesenquimais estromais da medula

ossea por citometria de fluxo.
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Verificar o aporte das células mesenquimais estromais da medula 6ssea
ao figado apds a injegao através de cintilografia com Tecnécio-99m.
Investigar a permanéncia das células mesenquimais estromais da medula

ossea no tecido hepatico.
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3. MATERIAIS E METODOS

3.1. Animais

Todo o experimento foi executado de acordo com as normas do Guia de
Cuidado e Uso de Animais de Laboratério (DHHS Publicagcdo No. (NIH) 85-23,
revisado em 1996, Office of Science and Health Reports, Bethesda, MD 20892).

Foram utilizados ratas da cepa Wistar obtidas no Instituto de Biofisica Carlos
Chagas Filho (IBCCF). Elas foram mantidos em biotério com temperatura controlada

(23°C) e exposigao diaria a um ciclo claro-escuro de 12 em 12 horas.

3.2. Modelo Experimental de Hepatopatia Crénica

3.2.1. Inducéo por Tetracloreto de Carbono e Alcool

A cirrose hepatica foi induzida em 50 animais com peso entre 200 — 220g
através de injegdes intraperitoniais de uma solugdo a 20% de tetracloreto de
carbono (CCl,) (VETEC, Lote 0505638, Rio de Janeiro, RJ, Brasil) diluido em azeite
(0,05mL/kg) associado a uma dieta alcodlica liquida de acordo com as orientagdes
do Instituto Americano de Nutricdo (AIN-93) [62]. Essa dieta era administrada de
forma exclusiva, de modo que os animais nao recebiam qualquer tipo de alimento ou
agua durante o periodo de indugdo. Previamente a administracdo do CCls, 0s
animais eram submetidos a uma fase de adaptacdo com uma dieta n&o-alcodlica
(dieta controle) administrada por uma semana seguida de uma segunda semana de

adaptacdo a dieta liquida alcodlica. Apds essas duas semanas, era iniciada a
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injecao intraperitonial de CCl; 3 vezes por semana, mantida ao longo 15 semanas
(Figura 11).

A dieta controle tinha composicdo idéntica a da dieta alcodlica, exceto pelo
alcool que era substituido pelo mesmo volume de agua. Os animais tinham acesso

ad libitum as dietas liquidas.

3.2.2. Selecao dos animais apos a inducao

Apos 15 semanas de agressao, todos os ratos foram submetidos a exames
de sangue para avaliar o grau de lesao e funcao hepaticas. Amostras obtidas de 10
animais normais, chamados de controle, foram usadas para definir a faixa normal de
valores para cada um dos parametros analisados. Esse calculo foi feito utilizando a
média + 2 desvios-padrao para cada um dos testes. Especificamente, a faixa de
valores utilizados foi: alanina aminotransferase (ALT) 34,02 — 44,34 U/L, aspartato
aminotransferase (AST) 80,50 — 95,90 U/L, and albumina 3,075 — 3,306 g/dL.

Apenas aqueles animais que apresentassem valores fora da faixa de valores
normais pré-definidos nos trés parametros bioquimicos analisados foram incluidos
no estudo. Esses animais foram divididos em dois grupos: tratado e placebo. O
grupo tratado recebeu a injecdo de 1x10” MSC diluidas em 0,5mL de solucéo salina
balanceada (BSS) pela veia porta. O grupo placebo foi submetido ao mesmo

protocolo, porém recebeu injecdo somente de BSS.
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41

3.3.  Analise Bioquimica

3.3.1. Coleta e Processamento das Amostras de Sangue

Os animais foram anestesiados com éter por via inalatéria e a coleta de
sangue foi realizada através de punc¢ao da artéria da cauda. A quantidade de sangue
retirada era de 1 mL aproximadamente. As amostras de sangue eram centrifugadas
a 3584 x g por 10 minutos, o soro era coletado e mantido a 4°C. As amostras eram

levadas para a realizagao dos testes no mesmo dia da coleta.

3.3.2. Testes Laboratoriais Utilizados

Os parametros bioquimicos analisados foram AST (método UV-IFCC), ALT
(método UV-IFCC) e albumina (método Verde de Bromocresol). As amostras foram
analisadas com o aparelho Bio 200F (BioPlus, S&o Paulo, SP, Brasil). A coleta foi
realizada apds o término das 15 semanas de inducéo e 15 dias, 1 e 2 meses apos a

inje¢cdo das MSC.

3.4. Isolamento e Cultivo das Células Mesenquimais

do Estroma da Medula Ossea

3.4.1. Isolamento das Células Mononucleares de Medula

Ossea

As células de medula 6ssea foram obtidas a partir do fémur e tibia de ratos

Wistar isogénicos. Com o auxilio de uma pinga e uma tesoura estéreis a pele e os
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musculos adjacentes ao fémur e a tibia foram retirados, sempre evitando o
rompimento de vasos sangulineos presentes na regido. As epifises dsseas foram
cortadas e a cavidade medular lavada com meio de cultura Dulbecco’s Modified
Eagle Medium (DMEM, Gibco - Invitrogen, Carlsbad, CA, USA) utilizando uma
seringa com agulha colocada sobre um tubo estéril de poliestireno cénico de 15 mL.
As células foram homogeneizadas com auxilio de pipeta Pasteur e centrifugadas a
200 x g durante 10 minutos a temperatura ambiente. O sedimento de células foi
ressuspendido em DMEM sem soro, e em seguida adicionado cuidadosamente
sobre o Ficoll (Histopaque 1083, 1:1, Sigma-Aldrich, St Louis, MO, USA). A seguir,
as células foram centrifugadas a 400 x g durante 30 minutos a temperatura
ambiente. O anel de células, formado na interface Ficoll — meio de cultura, foi
coletado e colocado em um tubo de poliestireno conico de 15 ml. Este anel de
células contém células mononucleares de medula 6ssea (CMMO). As células foram
ressuspendidas em BSS e centrifugadas a 200 x g durante 10 minutos a
temperatura ambiente. Em seguida, o sobrenadante foi desprezado e este processo
repetido mais duas vezes para retirar o Ficoll que pudesse ter sido coletado junto
com o anel de células. A seguir as células foram contadas e a sua viabilidade

analisada com azul de Trypan.

3.4.2. Obtencao das células Mesenquimais do Estroma da

Medula Ossea

As MSC foram obtidas através do plaqueamento das células mononucleares
separadas pelo processo descrito acima. O plagueamento foi feito na densidade de

1 x 108 células em frascos de poliestireno de 75 cm? contendo DMEM acrescido de
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20% de soro fetal bovino (HyClone, Logan, UT, USA), suplementado com 2 mM de
L-glutamina (Sigma-Aldrich) e antibiéticos (penicilina 100 IU/mL e estreptomicina 100
mg/mL — Gibco). As células foram mantidas a 37°C em estufa com atmosfera umida
em presencga de 5% de CO,. Apds 4 dias, o meio de cultura era trocado e todas as
células ndo aderentes eram descartadas. Quando as MSC alcangavam 80% de
confluéncia, elas eram removidas dos frascos de poliestireno através da adicdo de
tripsina-EDTA 0,25% (Sigma-Aldrich). As células eram centrifugadas a 200 x g
durante 10 minutos a temperatura ambiente e o sedimento de células era mais uma
vez plaqueado em duas garrafas diferentes. Esse procedimento foi repetido até a

sétima passagem para a expansao da populagéo de células.

3.5. Citometria de Fluxo

Uma amostra das MSC obtida pelos procedimentos de cultura descritos acima
foi utilizada para analisar o fenétipo das células por citometria de fluxo. A marcacgao
foi feita em 3x10° células a 4°C durante 20 minutos ao abrigo da luz. Os anticorpos
utilizados para marcacgao foram: anti-CD34-phycoerythrin (PE) (ICO 115, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-CD45-fluorescein isothiocyanate (FITC),
anti-CD11b-FITC (ambos do Caltag Laboratories — Invitrogen, Carlsbad, CA, USA),
anti-CD90-PE e anti-CD29-FITC (ambos da BD Biosciences, San Jose, CA, USA).
Apds marcacao as células foram lavadas duas vezes com salina antes da realizagao
da citometria de fluxo (BD FACSAria, BD Biosciences, San Jose, CA, USA). Todos

os anticorpos foram utilizados na diluigcdo de 1:100.
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3.6. Marcacéo das Células com Tecnécio-99m (**"Tc)

Dez milhdes (1x107) de células foram marcadas com **"Tc e injetadas em um
grupo separado de animais ndo incluidos nos grupos experimentais [63]. Quinhentos
microlitros de uma solugéo de cloreto estanhoso (SnCl,) foram adicionados a uma
suspensao de soro fisiolégico contendo as células. Essa mistura foi incubada em
temperatura ambiente por 10 minutos. Em seguida, 45 mCi de *™Tc foram
adicionados e mantidos por mais 10 minutos. A mistura foi entdo centrifugada a 500
X g por 5 minutos, o sobrenadante foi descartado e as células foram novamente
lavadas com solucgdo salina. A viabilidade foi avaliada, a seguir, através do teste com
azul de Trypan. A eficiéncia da marcagao foi calculada pela radioatividade no pellet
de células dividida pela soma da radioatividade no pellet mais a radioatividade do
sobrenadante. Seis horas apos a injecéo, imagens de corpo inteiro foram capturadas
para a analise qualitativa da distribuicdo utilizando uma gama camera (GE Integra,
General Electronics, Fairfield, CT, USA) equipada com um colimador de alta
resolucao. Utilizamos uma janela de energia de 20% centrada no pico de foto de

144keV do *™Tc.

3.7. Marcacao, Injecdo das Ceélulas e Obtencéao das

Bidpsias

ApoOs a sétima passagem, as células foram removidas dos frascos de cultura
e incubadas com Hoescht 33342 (Sigma-Aldrich) durante 20 minutos com o objetivo

de marca-las para verificar sua incorporagao ao figado apds a inje¢édo. Em seguida,



45

foram realizadas duas lavagens com BSS para remover o Hoescht 33342 que néao
tinha se ligado as células. Por fim, 1x10” células foram diluidas em 0.5 mL de BSS e
injetadas na veia porta de cada rato.

Os animais foram anestesiados com 50uL/100g de quetamina e 100uL/100g
de xilazina por via intraperitonial, foi feita uma incisdo vertical mediana de 3 cm no
abdome e a cavidade foi exposta. O figado foi pingado e um fragmento de figado de
5mm?> foi cortado com uma tesoura. O pingamento foi mantido por mais alguns
segundos e, a seguir, o local foi comprimido com gaze até que o sangramento
parasse. Entdo, a veia porta foi isolada das estruturas adjacentes e as MSC
injetadas diretamente na circulagdo. Apds a injecdo, o vaso também foi comprimido
com gaze até que o sangramento parasse. Em seguida, 1mL de soro fisiolégico era
administrado na cavidade abdominal para reposi¢ao volémica. A parede abdominal
era suturada em duas camadas com pontos continuos. Todos os procedimentos

foram realizados em condicdes estéreis.

3.8. Histologia

A analise histologica foi realizada 15 semanas apos a indugao da cirrose e 1 e
2 meses apos a injecao das células, avaliando as diferengas entre os controles que

receberam apenas veiculo e animais tratados com MSC.

3.8.1. Emblocamento em Parafina

Os fragmentos de figado obtidos na bidpsia ou a partir do 6rgdo de cada

animal sacrificado foram lavados em salina tamponada com fosfato (PBS — do inglés
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phosphate buffered saline) até que o excesso de sangue e coagulos fosse removido.
Em seguida, foram fixados por 5h em solugdo de Gendre. Logo apéds, os fragmentos
foram fixados por 24h em solugdo tamponada de formaldeido a 10%.

Apos a etapa de fixagdo, as amostras foram desidratadas em concentracdes
crescentes de etanol (70% e 2 vezes em 100%) por 30 minutos em cada banho.
Logo em seguida, foram colocadas em dois banhos de xilol puro por 15 minutos. A
infiltragcdo foi feita em trés banhos de parafina a 60°C por 30 minutos.
Posteriormente, os blocos das amostras foram seccionados em micrétomo

histolégico, obtendo-se cortes de 5um de espessura.

3.8.2. Coloragao por Hematoxilina e Eosina (HE)

Para promover a desparafinizacdo dos cortes, as laminas foram incubadas
em estufa a 60°C por 20 minutos. Em seguida, foram feitos trés banhos sucessivos
de xilol PA por 3 minutos. Os cortes foram hidratados em banhos de concentragdes
decrescentes de alcool (alcool 100%, 95%, e 90%) por 3 minutos e, a seguir, foram
lavados em agua destilada por 3 minutos. As Iaminas foram incubadas em solugao
de Hematoxilina de Harris por 10 minutos e lavados em agua corrente também por
10 minutos. Entdo, as laminas foram incubadas em solugdo de Eosina por 10
minutos e, logo apds, foram lavadas rapidamente em agua corrente. Os cortes foram
desidratados em solugdes crescentes de alcool (alcool 95%, 95%, 100% e100%) por
3 minutos em cada solucdo e a clarificagao foi feita em 3 banhos de xilol de 5

minutos cada. As laminas foram montadas com Entellan.
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3.8.3. Coloracgao por Picrosirius

As laminas emblocadas em parafina foram colocadas na estufa a 60°C
durante 40 minutos para facilitar a retirada da parafina. Os cortes histolégicos foram
submetidos a trés banhos de xilol PA por 5 minutos. O material foi hidratado através
de banhos de 5 minutos em solugbes decrescentes de alcool (100%, 95%, 90% e
70%) e depois lavados em agua destilada por 10 minutos. As laminas foram
incubadas em solugao de acido fosfomolibdico 0,2% por 1 minuto e, em seguida, em
solugao de picrosirius por 90 minutos. Apos a incubacéao, as laminas foram lavadas
em acido cloridrico 0,01N por 2 minutos e em alcool 70% durante 45 segundos. O
material foi desidratado com duas lavagens sucessivas de 5 minutos em alcool 95%
e 100%. Os cortes foram clarificados através de duas lavagens com xilol por 5

minutos. As laminas foram montadas com Entellan.

3.9. Imunohistoquimica

Amostras de tecido foram obtidas apds 15 semanas de inducéo e 1 e 2 meses
apos a injegao das células. Essas amostras foram submetidas a um gradiente de
sacarose, primeiro a 10%, depois a 30%, embebidas no composto criopreservador
Tissue-Tek OCT (Sakura Finetek, Zoeterwoude, Holanda) e conservadas em —70°C.
Cortes de 8 um de espessura foram obtidos no criostato (Leica CM1850, Leica
Microsystems, Wetzlar, Alemanha) a -20°C e fixados em acetona a 4°C. Foi
utilizada a técnica de imunohistoquimica indireta para revelar o colageno tipo | (1:30,
Chemicon — Millipore, Billerica, MA, USA). O anticorpo secundario foi FITC anti-

coelho IgG (H+L) conjugado (1:50, Zymed — Invitrogen, Carlsbad, CA, USA).
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3.10. Histomorfometria do Colageno

A histomorfometria do colageno foi realizada utilizando um sistema de
imagem composto por uma camera digital Q-color® (Olympus, Jap&o) acoplado a
um microscopio de epifluorescéncia Axiovert 100 (Carl Zeiss, Thornwood, NY, USA).
Foram fotografados campos aleatorios dos cortes de cada animal usando uma lente
objetiva com aumento de 4X. Em todos os casos, toda a area de tecido disponivel
no corte era analisada, porém a quantidade de campos utilizados era variavel. Caso
a amostra fosse proveniente de uma biopsia, a analise era feita em 2 a 3 campos
por animal aproximadamente. Apds o sacrificio dos animais, a disponibilidade de
tecido era maior, permitindo a avaliagao de 5 a 6 campos por animal. A quantificagao
do colageno foi estimada pelo percentual da area marcada em vermelho em relagéao
a area total dos campos examinados utilizando o software Image-Pro Plus 5.0

(Media Cybernetics, Bethesda, MD, USA).

3.11. Analise Estatistica

Os dados foram analisados usando o teste one-way ANOVA com pos-teste de
Tukey e o teste-t ndo-pareado. P<0,05 foi considerado estatisticamente significativo.

Os dados estédo apresentados como média + SE.
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4. RESULTADOS

4.1. Perfil Bioguimico da Hepatopatia Crénica

Ocorreram 3 ébitos ao longo das 15 semanas de indugao de lesdo hepatica
cronica. Os 47 animais restantes tiveram amostras de sangue colhidas ao final da
indugado para dosagem de ALT, AST e albumina. Ja é amplamente conhecido o fato
de que os modelos experimentais de fibrose hepatica ttm um grande problema: o
grau de fibrose em cada animal é altamente heterogéneo [15, 26, 27]. Enquanto
alguns animais mostram intensa deposicdo de componentes da ECM, e
comprometimento da funcdo hepatica, outros sdo apenas levemente acometidos.
Por esse motivo, apenas aqueles animais que apresentaram valores fora da faixa de
valores normais pré-definidos nos trés parametros bioquimicos analisados foram
incluidos no estudo.

A AST e a ALT sao enzimas que existem normalmente no interior dos
hepatocitos. Mediante agresséo e destruigdo celular, essas enzimas sao liberadas
para a corrente sanguinea, de modo que seu valor devera estar aumentado no
sangue dos animais submetidos a inducdo de lesdo hepatica. A albumina € uma
proteina produzida exclusivamente pelo figado, de modo que a destruigdo do
parénquima e o prejuizo da fungédo hepatica ocasionardo queda nos valores séricos
dessa proteina.

Quatorze animais apresentaram resultados alterados nesses trés parametros
e foram selecionados para a terapia celular. A figura 12 mostra a comparagao entre
esses animais e ratos controles de mesma idade na época da coleta dos exames.
Na tabela 1 é mostrada a distribuicdo dos 33 animais restantes em relacdo a

quantidade de parametros bioquimicos alterados encontrados.
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4.2.  Perfil Histologico da Hepatopatia Crénica

O figado normal apresenta camadas de hepatécitos radialmente dispostos
alinhados com os sinusodides e convergindo em diregdo as veias centrolobulares
(Figura 13A). Além disso, a deposigdo de colageno ocorre apenas ao redor dos
vasos (Figura 13H).

As biopsias obtidas durante a cirurgia para injecdo das MSC ou de placebo
mostraram caracteristicas semelhantes em todos os 14 animais: perda da
arquitetura hepatica normal e um infiltrado linfocitico crénico moderado a intenso
predominantemente localizado nos espacos porta e nos septos fibrosos (Figura 13B
e E). A coloragdo com picrosirius mostrou a formagao de nédulos de regeneracao
conectados por septos de colageno espessos (Figura 131 e L). Embora o grau de
desorganizagao histolégica fosse diferente, todos os animais desenvolveram fibrose
avancada.

Um més apods a terapia celular, novas biopsias foram obtidas. A coloragao
com HE mostrou redugdo marcante do infiltrado inflamatério nos grupos placebo
(Figura 13C) e tratado (Figura 13F). A deposicao de colageno era comparavel a
encontrada no momento da injecdo de placebo (Figura 13J) ou das células (Figura
13M).

Dois meses apos a terapia, todos os animais foram sacrificados. O infiltrado
inflamatdrio foi raramente encontrado (Figura 13D e G), porém a deposicdo de
colageno ainda estava presente, embora em quantidade aparentemente menor nos

dois grupos experimentais (Figura 13K e N).



51

4.3. Depositos Anormais de Colageno estao

Presentes no Tecido Hepatico Lesado

Utilizamos a imunofluorescéncia indireta para confirmar a presenca de
depdsitos de colageno do tipo | no figado. Essa proteina é produzida em grandes
quantidades pelas células estreladas ativadas. Nos animais controles, o colageno | é
encontrado apenas ao redor dos vasos e como pequenas fibrilas no parénquima
(Figura 14A). Apdés a indugdo de lesdo hepatica crbnica, ocorre deposi¢cao de
colageno do tipo | com formacé&o de nodulos de regeneracédo (Figura 14B). As
figuras 14C e 14D mostram, respectivamente, a deposigdo de colageno do tipo | um

e dois meses apos a infusdo das células.

4.4. Caracterizacao Fenotipica das MSC

De acordo com a Sociedade Internacional para Terapia Celular (SITC), os
critérios para definigdo das MSC sao aderéncia ao plastico, expressao de antigenos
de superficie especificos e multipotencialidade [64].

Nossas células, purificadas pela aderéncia aos frascos plasticos utilizados na
cultura, apresentavam uma morfologia semelhante a fibroblastos (Figura 15A).
Noventa e sete porcento dessas células eram positivas para CD90, 92%
expressavam CD29, enquanto que a expressao de CD34, CD45 e CD11b era
negativa (Figura 15). Esses achados estdo de acordo com os critérios estabelecidos

pela SITC [64].
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Figura 12. Marcadores bioquimicos de hepatopatia crénica. ALT e AST encontram-se
significativamente elevadas em comparagdo aos animais controle apés 15 semanas de inducao
(ALT Controle 39,18 + 2,48; Baseline 126,4 + 32,48; **P=0,0019; AST Controle 88,20 + 3,40;
Baseline 319,5 + 60,28; **P=0,0017). A albumina encontra-se significativamente diminuida em
relacdo aos controles apdés 15 semanas de indugao (Controle 3,190 + 0,055; Baseline 2,469 +
0,109; ***P<0,0001) (Controle n=10; Baseline n=14).

Tabela 1 — Distribuicdo dos animais de acordo com o numero de parametros
bioquimicos alterados apos 15 semanas de agressao ao figado

Numero de

parametros 0 1 2 3
alterados

Percentual 11 23 34 32
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Apoés 15 semanas
Controle de indugao 1 més pos-terapia 2 meses pos-terapia
et X B C D B o AR

Picrosirius

Figura 13. Imagens representativas mostrando os achados microscopicos da hepatopatia cronica.
(A) Figado normal: hepatdcitos dispostos radialmente alinhados com os sinusdides. (B e E)
Infiltrado linfocitico crénico localizado principalmente nos septos fibrosos. Ocorre redugéo
importante do infiltrado inflamatério 1 (C, F) e 2 meses (D, G) apds a infusédo das células (Coloragéo
HE; Magnificagdo 100X; Barra de calibragdo 100 um). (H) Figado normal: ocorre deposi¢cao de
colageno apenas em volta dos vasos sanguineos (setas). (I, L) Figado cirrético mostrando
deposicao intensa de colageno com septos espessos conectando os nédulos de regeneragdo. Um
(J, M) e dois meses (K, N) apds a terapia esse resultado se mantém embora os septos paregam
mais finos (Coloragao Picrosirius; Magnificagdo 40X; Barra de calibragdo 250 pym).
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Controle Apos 15 semanas de inducao

Figura 14. Imagens representativas mostrando imunofluorescéncia indireta para colageno do tipo I.
(A) Figado normal mostrando deposicdo de colageno somente ao redor dos vasos sanguineos
(seta) e como pequenas fibrilas no parénquima. (B, C e D) Imagens mostram deposi¢cdo de
colageno | no figado agredido cronicamente e 1 € 2 meses apos a infusdo das MSC (Magnificagéo

100X; Barra de calibragdo 100 um).
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4.5. Distribuicéo Sistémica das MSC Marcadas com

MTc ap6s Injecdo pela Veia Porta

Com o objetivo de analisar a distribuicdo das MSC apds a injegao pela veia
porta, as células foram marcadas com **"Tc. A viabilidade das células, verificada
com o azul de Trypan apds a marcagdo com o 9MTe era de 93%. Nossos resultados
mostram que seis horas apds a injegdo das células marcadas pela veia porta,

aproximadamente 90% da radioatividade se encontrava no figado (Figura 16).

4.6. As MSC néo contribuem para a melhora funcional

na hepatopatia cronica

ApoOs a selecao dos animais para a terapia celular, eles foram divididos em
dois grupos: 8 receberam MSC e 6 receberam placebo. Duas semanas apoés a
cirurgia para injecao das células, novas amostras de sangue foram colhidas. A ALT
e AST haviam retornado para os valores normais sem diferencas entre os grupos
tratado e placebo. Esse resultado se manteve 1 e 2 meses apods a infusdo das
células (Figura 17).

Por outro lado, a albumina ainda se encontrava diminuida 15 dias apds a
injecdo das MSC, mas novamente nado foram encontradas diferengas entre os
grupos tratado e placebo. Esse resultado se manteve até 1 més apds a infusado das

células. Entretanto, 2 meses ap0és a injegcao, a albumina também retornou
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Figura 15. Caracterizagao das MSC. (A): Apds 7 passagens, as células se apresentavam com uma
morfologia semelhante a de um fibroblasto. Elas foram incubadas com anticorpos e analisadas por
citometria de fluxo. A expresséo de (B): CD29 e (C): CD90 era superior a 90%. A expresséo de (D):
CD45, (E): CD34 e (F): CD11b era inferior a 1,2%.
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Figura 16. Distribuicdo sistémica das células marcadas com 9MTc. Seis horas apds a infusdo, a
radioatividade estava predominantemente localizada no figado, indicando que a injegao intraportal
foi eficiente e que as MSC chegaram ao figado de maneira adequada. No quadrante superior direito
encontra-se uma representacao esquematica da posi¢do do rato no momento do exame.
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para valores normais sem diferencas entre os grupos tratado em placebo (Figura
17). E importante destacar que ndo havia diferenca estatistica entre os parametros
bioquimicos dos grupos placebo e tratado previamente a infusdo das MSC (Figura

18).

4.7. As MSC nao contribuem para areducao da

fibrose

A histomorfometria foi utilizada para estimar a quantidade de fibrose presente
no tecido hepatico. As areas coradas em vermelho pelo picrosirius foram medidas e
calculadas como um percentual da area total do tecido. Os animais controles
apresentavam 0,708 £ 0,108 % de colageno no figado, correspondente as fibras
encontradas ao redor dos vasos. Apds 15 semanas de agressao, o conteudo de
colageno era de 8,198 + 1,108 % (P=0,001 — Figura 19). Portanto, houve um
aumento importante da fibrose em comparacado aos animais normais.

As bidpsias obtidas um més apods a injegao das células mostraram uma area
de colageno de 5,314 £ 1,103 % no grupo tratado comparado a 7,585 + 1,549 % no
grupo placebo. Esses resultados nao apresentaram diferengas significativas
(P=0,2419 - Figura 19).

Quando os animais foram sacrificados, dois meses apds a infusao das
células, a area de colageno no grupo tratado era de 4,794 + 0,640 %, enquanto no
grupo placebo era de 5,441 + 1,121 %. Mais uma vez, n&do havia diferenca
significativa entre os grupos (P=0,6045 — Figura 19).

Com o objetivo de verificar a presenga de alguma diferengca na evolugdo da

area de fibrose nos grupos experimentais, utilizamos o teste ndo-paramétrico de
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Mann-Whitney. Também nao foram encontradas diferengas significativas entre os
grupos placebo e tratado comparando-se as variagées da area de fibrose (i.e. delta

de fibrose) ao longo do tempo.

4.8. As MSC nao ficam retidas no figado

Com o objetivo de buscar as células no tecido hepatico apds a injecao, elas
foram marcadas com Hoescht 33342 previamente a infusdo pela veia porta. Nao
foram encontradas células marcadas com Hoescht um e dois meses apos a infusao

em mais de 20 campos analisados pertencentes aos animais do grupo tratado.
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Figura 17. Marcadores bioquimicos de lesdo e fungdo hepaticas apds a infusdo de células ou
placebo. Controle: representa animais normais. Baseline: representa os animais que receberam
CCly4 e alcool durante 15 semanas. ALT e AST retornaram a valores normais 15 dias apés a injegao
de MSC ou placebo e esses valores mantiveram-se inalterados apos 1 e 2 meses. Nao ha diferenca
significativa entre placebo e MSC. (**P<0,05). A albumina ainda se encontrava reduzida 15 dias e 1
més apods a inje¢do das células ou placebo; ***P<0,001 comparado a todos os grupos. Entretanto,
apos dois meses a albumina também retornou a valores normais, novamente sem diferenca
significativa entre placebo e MSC (Controle n=10, Baseline n=14, Placebo n=6, MSC n=8).
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Figura 18. Marcadores bioquimicos de lesdo e fungéo hepaticas previamente a infusdo das MSC
ou de placebo. Nao havia diferengas significativas nos parametros bioquimicos dos grupos
experimentais antes da terapia celular (Placebo n=6, MSC n=8).
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Figura 19. Quantificacédo da fibrose realizada em campos aleatdrios corados com picrosirius (area
de colageno / area total). Controle: representa animais normais. Baseline: representa os animais
que receberam CCl, e alcool durante 15 semanas. A comparagdo entre esses grupos mostra
fibrose intensa nos animais agredidos (grafico da esquerda; **P=0,001). Nao foram encontradas
diferengas significativas entre os grupos MSC e placebo 1 e 2 meses apods a infusdo das células
(P=0,2419 and P=0,6045 respectivamente; Controle n=10, Baseline n=14, Placebo n=6, MSC n=8).




62

5.DISCUSSAO

As células da medula 6ssea (CMO) tém sido intensamente estudadas nos
ultimos anos como uma nova opgao terapéutica para diversas doencas, inclusive
aquelas que acometem o figado. Embora ndo se tenha chegado a um consenso
sobre o potencial de diferenciagcdo e as aplicacdes clinicas dessas células, varios
trabalhos publicados recentemente criaram expectativas sobre esse tipo de
abordagem terapéutica.

Diversos estudos ja demonstraram a capacidade de as CMO se diferenciarem
em hepatdcitos, embora os mecanismos exatos desse processo ainda ndo tenham
sido elucidados. Zhan e colaboradores demonstraram que células tronco
hematopoiéticas (HemSC) transplantadas em ratos tratados com CCls durante 6
semanas expressavam albumina mas nao expressavam a-actina de musculo liso,
um marcador de células estreladas (HSC) ativadas [65]. Entretanto, essas células
eram encontradas no tecido hepatico apenas esporadicamente. Em um outro
trabalho, Lagasse e colaboradores utilizaram um modelo fatal de tirosinemia do tipo
1 através de camundongos deficientes na enzima fumaril-acetoacetato hidrolase
(FAH) e verificaram que, ap0s irradiagdo e reconstituicdo da medula com células de
um animal transgénico ROSA26, 4 de 9 animais sobreviveram até 7 meses [41].
Trinta a 50% do figado desses animais sobreviventes apresentavam expressao de
B-galactosidade, indicando a presencga de células derivadas do doador. Além disso,
todos apresentavam melhora significativa de parametros bioquimicos do sangue. A
seguir, as HemSC de camundongos ROSA26 foram separadas por citometria de
fluxo e transplantadas nos animais FAH-deficientes irradiados, sendo demonstrado

que a melhora obtida era proporcionada por essa populacdo de células da medula
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ossea [41]. Entretanto, o mesmo grupo relatou em outro trabalho que a substituigao
de hepatécitos pelas HemSC era um evento lento e raro [66].

Por outro lado, existe um crescente questionamento na literatura sobre a real
capacidade de as HemSC originarem linhagens de origem nao-hematopoiética.
Wagers et al utilizaram um modelo de irradiagdo letal em camundongos com
reconstituicdo da medula éssea realizada mediante a injecdo de HemSC positivas
para proteina fluorescente verde (GFP — do inglés green fluorescent protein) [67].
Apesar de existir uma reconstituicao robusta dos leucécitos de sangue periférico
com células GFP positivas, ndo foram encontradas células em tecidos como cérebro,
rim, intestinos, figado e musculo. Os autores concluiram, portanto, que a
transdiferenciagdo das HemSC circulantes era um evento extremamente raro [67].
Recentemente, Thorgeirsson e Grisham revisaram os trabalhos que colocam as
HemSC como fonte de hepatdcitos [68]. Apds analisarem 77 artigos, eles concluiram
que a transdiferenciagcao das HemSC em hepatdcitos € um evento infrequente e que
essa nao € uma via efetiva na maioria das condigcdes experimentais apresentadas
[68]. Por fim, a capacidade de transdiferenciacdo das HemSC também ja foi
questionada em outros 6rgaos, como o coragao [69].

Por tudo isso, uma outra populagdo de CMO vem ganhando atengdo nos
ultimos anos: as células mesenquimais estromais (MSC). Como ja foi mencionado,
essas células apresentam uma marcante plasticidade, podendo dar origem a
diversos tecidos de origem mesenquimal como ossos, cartilagens, musculo, tecido
adiposo, tenddes e ligamentos [45]. Adicionalmente, sdo de facil obtencdo e manejo
e apresentam alto potencial de expansao in vitro [46], o que as torna uma populacao

atraente para o uso clinico.
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Além disso, ja foi demonstrado que as MSC podem se diferenciar in vitro em
tecidos de origem nao-mesenquimal, inclusive em hepatécitos. Sai-Nan Shu e
colaboradores mostraram que MSC cultivadas com dexametasona, insulina, EGF,
fator de crescimento de fibroblastos (FGF — do inglés fibroblast growth factor) acido e
basico, e fator de crescimento de hepatdcitos (HGF — do inglés hepatocyte growth
factor) expressavam albumina e citoqueratina-18 [50]. Lange e colaboradores
demonstraram que MSC em cocultura com hepatécitos e na presenca de
dexametasona, HGF, FGF tipo 4, EGF e do fator de células tronco (SCF — do inglés
stem cell factor) passavam a expressar albumina, a-feto proteina e citoqueratinas 18
e19 [52]. Além disso, Luk et al relataram que MSC cultivadas na presenca de
hepatécitos sem a adigao de fatores de crescimento também passavam a expressar
albumina e a-feto proteina [53].

Embora o potencial de diferenciacdo das CMO em hepatdcitos tenha sido
demonstrado in vitro, ainda é controverso se essas células sao capazes de
recuperar a fungao e reduzir o remodelamento tecidual hepaticos. Ja existem alguns
estudos publicados mostrando o efeito do transplante de diferentes populacdes de
CMO em modelos experimentais de hepatopatias. Sakaida e colaboradores
utilizaram um modelo em que camundongos eram submetidos a agressédo hepatica
durante 4 semanas com CCl4, recebiam o transplante de células mononucleares de
medula 6ssea (CMMO) e a agressao era mantida por periodos variaveis de 1 a 4
semanas apos a injecao das células [54]. Eles observaram que houve uma redugéao
significativa no conteudo de fibrose e de hidroxiprolina nos animais que continuavam
a ser agredidos por 4 semanas apos o transplante celular em relagdo aos animais
que eram agredidos somente por 1 semana. Além disso, os animais transplantados

apresentavam um aumento na expressao de MMPs e uma redugdo na expressao
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das TIMPs, bem como aumento dos niveis séricos de albumina e da taxa de
sobrevivéncia [54]. Na tentativa de identificar a populagcdo responsavel por esse
efeito, foram utilizadas células Liv8-positivas e Liv8-negativas. As células Liv8-
positivas sao de origem hematopoiética, uma vez que a maioria das células
expressa c-kit, CD45, CD90 e B220, um marcador de linfécitos B. Apenas a fragao
de células Liv8-negativas foi capaz de promover redugdo no conteudo de
hidroxiprolina, indicando que a populagdo nao-hematopoiética era a responsavel
pela melhora observada [54]. Em um segundo artigo, esse mesmo grupo
demonstrou que o transplante conjunto das CMMO com o FGF do tipo 2 tinha um
efeito sinérgico na promog¢ao de melhora em um mesmo modelo experimental [55].

Oyagi e colaboradores mostraram que MSC mantidas em cultura com HGF e
dexametasona por 2 semanas eram capazes de reduzir fibrose e aumentar os niveis
de albumina em ratos que receberam CCls [56]. A injegdo das células foi feita
imediatamente apos a primeira dose de CCls e a agressdo foi mantida pelas 4
semanas seguintes. Merece destaque o fato de que esse efeito ndo era observado
com o uso de células ndo tratadas com HGF. Entretanto, esses autores mostram um
percentual de fibrose de apenas 0,9% nos animais tratados com CCls por 4
semanas, o que, no caso do nosso estudo, € o valor de fibrose obtido para animais
completamente normais, correspondendo as fibras presentes ao redor dos vasos.
Além disso, a reducao de fibrose promovida pelas MSC tratadas com HGF foi de 0,9
para 0,7% [56].

Em outro trabalho, Fang e colaboradores demonstraram que a infusao de
MSC FIk1 positivas era capaz de reduzir a fibrose e o conteudo de hidroxiprolina
ap6s 5 semanas de agressdo com CCl, [57]. E importante observar que esse efeito

era visto somente quando as células eram injetadas imediatamente apos a primeira
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dose de CCly. Caso a injecdo das MSC fosse feita uma semana apds o inicio da
agressao, ao final de 4 semanas nao havia qualquer sinal de melhora. Também foi
vista uma reducdo dos niveis de ALT nesse mesmo grupo, porém nao havia
diferenca nos valores de bilirrubina [57].

Embora varios grupos ja tenham demonstrado beneficio da injecdo de CMO
em modelos animais, algumas consideragdes precisam ser feitas. A primeira € o
curto tempo de agresséo utilizado nesses modelos: entre 4 e 8 semanas. A grande
questdo € que a clinica da cirrose hepatica em humanos se caracteriza por longos
periodos de evolugdo, podendo chegar a 20 anos. Portanto, os resultados obtidos
por esses grupos sao pouco reprodutiveis na clinica por se utilizarem de uma
agressao mais aguda. Uma outra questdao € o momento da inje¢ao das células. Em
todos os trabalhos mostrados, o CCls; era mantido por um periodo minimo de 4
semanas apos a infusdao das MSC e, em dois deles, essa infusdo era feita
imediatamente apds a primeira dose de CCl,. De fato, isso também néo reflete uma
situacao clinica real, uma vez que a maioria dos pacientes s6 procura auxilio médico
com a doenga ja instalada e sintomatica.

Por outro lado, Popp e colaboradores demonstraram que MSC transplantadas
em um modelo de agressdo muito leve, apenas com o objetivo de fornecer um
estimulo regenerativo, ndo eram capazes de permanecer no figado [58]. As células
eram infundidas no dia zero, os animais recebiam 2 doses de CCl4 nos dias 14 e 28,
e eram sacrificados apds 60 dias da infusdo das MSC. Nao foi possivel encontrar
qualquer célula apds esse periodo, ao passo que com o transplante de hepatdcitos
no mesmo modelo experimental ocorria ndo s6 a permanéncia das células como

também proliferacao [58].
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Em funcgao desses resultados, especula-se que o beneficio descrito das CMO
em modelos animais de hepatopatias possa ter uma explicacao diferente. Ja foi
amplamente demonstrado que a resposta imune tem um papel de destaque na
fibrogénese. Duffield et al mostraram que camundongos depletados de macréfagos
previamente a inducao de lesdo hepatica, tanto os circulantes no sangue quanto as
células de Kupffer, apresentavam uma redugdo do acumulo de ECM no figado,
confirmando a participagcado dessas células na inducao de fibrose [70]. Ha também
outras evidéncias demonstrando a participagcao de linfocitos T na fibrogénese. Shi e
colaboradores mostraram que duas cepas de camundongo, BALB/c e C57BI/6,
apresentam uma resposta diferente ao mesmo protocolo de agressado cronica ao
figado [71]. Os BALB/c desenvolvem fibrose mais grave. Entretanto, ao comparar
animais com imunodeficiéncia combinada grave (SCID — do inglés severe combined
immunodeficiency), que nao apresentam linfécitos T ou B, com background em
ambas as cepas, os autores verificaram que o padrdo de fibrose tornava-se
semelhante e concluiram que os linfocitos T e B tém uma importante participagao na
fibrogénese [71]. Safadi et al demonstraram que camundongos transgénicos super-
expressando interleucina-10 (IL-10) e agredidos cronicamente apresentavam menos
fibrose do que animais selvagens [72]. Esse efeito foi atribuido as a¢des da IL-10
sobre a populagédo de linfocitos T CD8+ que encontrava-se significativamente
reduzida nos transgénicos em relagdo aos animais selvagens apds a indugédo de
fibrose. Além disso, os autores demonstraram que a transferéncia de linfécitos T
CD8+ para camundongos SCID apés a indugéo de lesao hepatica crénica provocava
o aparecimento de fibrose nos animais receptores [72].

Nessa perspectiva, ja se sabe também que as MSC apresentam receptores

toll-like que sao capazes de responder a sinais de perigo e sdo responsaveis por
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guiar a migragao e as respostas imunomodulatorias dessas ceélulas [73]. Portanto, &
possivel que as propriedades imunomodulatérias amplamente conhecidas das MSC
[74, 75, 76] atuem regulando a resposta imune nos animais agredidos inibindo a
resposta fibrogénica dos macréfagos, linfécitos T CD4+ e CD8+, e linfocitos B.
Assim, a injegdo das células logo apds o inicio da agressao poderia prevenir a
formagao da fibrose, o que ndo ocorreria mais com a injecdo das MSC mediante
fibrose ja instalada.

Com o objetivo de testar essa hipdtese, nosso grupo realizou um trabalho
recentemente aceito para publicacao [77 — Anexo 8.2]. Nesse trabalho foi utilizado o
mesmo modelo experimental de 15 semanas de administracdo de alcool e CCly,
porém a injecao de células mononucleares da medula 6ssea era realizada a cada 15
dias a partir do primeiro més de agressado hepatica até o final das 15 semanas,
quando os animais eram sacrificados. Nao observamos qualquer melhora da fungcao
hepatica ou reducdao da fibrose nos animais tratados, excluindo, portanto, a
necessidade de infusdo das células durante a agressao para garantir a melhora.
Entretanto, ainda permanece a questdo da influéncia do tempo durante o qual a
agressao hepatica é mantida.

O objetivo deste trabalho foi avaliar o potencial terapéutico das MSC em um
modelo de lesdo hepatica crbnica e grave, com um periodo de agressao duas vezes
mais longo do que os previamente publicados na literatura. Nesse sentido, tentamos
recriar em nosso modelo a apresentacgao clinica que € mais comumente encontrada
em pacientes com doenga hepatica cronica: longos periodos de evolugdo com inicio
do tratamento apds a instalagao da doencga. A capacidade das MSC de melhorar a

funcéo e reduzir a fibrose hepatica foi avaliada sob essas condicoes.
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Em nosso estudo, a ALT e AST retornaram a valores normais 15 dias apods a
interrupgcao da agressao ao figado nos grupos placebo e tratado (Figura 17). Isso
indica que os marcadores de lesdo tendem a se normalizar precocemente com a
suspensdo da lesdo, o que é esperado uma vez que ocorre uma redugcao da morte
hepatocitaria resultando em uma menor liberagao dessas enzimas para a circulagao.
Aparentemente, em um periodo de duas semanas, as MSC nao foram capazes de
reduzir a lesdo dos hepatdcitos visto que ndo foram encontradas diferengas entre os
grupos experimentais tratados com células ou placebo. Todavia, ndo é possivel
descartar que as MSC possam ter contribuido para a normalizacdo da ALT e AST
em um periodo inferior a duas semanas apos sua infusao.

Por outro lado, a recuperacéao funcional, representada pelos niveis séricos de
albumina, levou mais tempo do que a dos marcadores de les&o. Apenas dois meses
apos a interrupgcédo da agresséo a albumina retornou para valores normais (Figura
17). Mais uma vez, a terapia com as MSC nao contribuiu para acelerar a
recuperacao haja vista que os grupos tratado e placebo apresentaram elevagdes
semelhantes dos niveis de albumina ao longo do tempo.

Em concordancia com os nossos resultados bioquimicos, as MSC também
nao foram capazes de reduzir a fibrose hepatica (Figura 19). Embora tenha ocorrido
uma reducdo do percentual de fibrose com o tempo, o que caracteriza um fenédmeno
de remodelamento tecidual esperado e ja descrito no figado lesado [15, 26, 27], ndo
foram encontradas diferengas entre os grupos tratado e placebo, indicando que as
MSC nao participaram desse processo. Esses resultados foram corroborados pela
imunofluorescéncia indireta que demonstrou a presenga do colageno do tipo 1

(Figura 14).
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Portanto, nossos achados constituem evidéncia de que uma Unica injecao de
MSC nao melhora o potencial regenerativo do figado em um modelo de leséo
hepatica crbnica e grave em ratos. Uma possivel explicagdo é a falha da
incorporagao das células ao 6rgéao, ja que nés nao encontramos células marcadas
no figado um ou dois meses apods a infusdo, o que esta de acordo com os resultados
de Popp et al [58]. Além disso, € possivel que as MSC nao sejam capazes de se
transdiferenciar em hepatécitos, uma vez que essa capacidade ja foi questionada no
caso das HemSC e das CMMO [78, 79, 80]. Por fim, & possivel que essa
transdiferenciagao ocorra apenas em frequéncias baixissimas. Sato e colaboradores
relatam que MSC humanas mantidas em cultura sem a adicdo de fatores de
crescimento e transplantadas em ratos imunossuprimidos submetidos a leséo
hepatica apenas raramente se diferenciam em hepatdcitos [81]. Aurich et al também
relatam que esse € um evento raro mesmo quando as MSC humanas sdo mantidas
em cultura com insulina, dexametasona, acido ascérbico, PDGF e EGF, e
transplantadas em camundongos imunodeficientes [82]. A hipdtese levantada por
esse grupo € a de que as MSC necessitariam de uma vantagem de crescimento
sobre os hepatdcitos do hospedeiro. Assim, seria necessaria uma alta pressao
seletiva para que essas células proliferassem, diferenciassem e fossem
incorporadas ao figado receptor [82]. Essa pode ser uma possivel explicagao para a
validagao do potencial terapéutico das CMO nos modelos animais em que a

agressao € mantida apos o transplante celular.
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6. CONCLUSOES

Diante dos resultados obtidos em nosso estudo, podemos concluir que:

Ocorre aumento importante no conteudo de colageno hepatico apos 15
semanas de administracido de tetracloreto de carbono e alcool, indicando a
inducao de fibrose hepatica avancada.

As células mesenquimais estromais de medula 6ssea usadas em nosso
estudo preenchem os critérios definidos pela Sociedade Internacional para
Terapia Celular.

Ocorre aporte adequado das células mesenquimais estromais da medula
Ossea ao figado apds 6 horas da injecdo pela veia porta, como mostrado
pela cintilografia com Tecnécio-99m.

Nao foi possivel detectar a presencga das células mesenquimais estromais
da medula éssea no figado 1 e 2 meses apds a injegdo, indicando que
essas células ndo permanecem no figado.

A administracdo de células mesenquimais estromais da medula 6ssea na
presenca de disfungao hepatica decorrente da agressao crbénica grave nao

€ capaz de melhorar a fungao ou de reduzir a fibrose nos animais tratados.
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Abstract

The objective of our study was to evaluate the therapeutic potential of bone marrow
mesenchymal stromal cells (MSC) in a rat model of severe chronic liver injury.
Fourteen Wistar female rats were fed exclusively an alcoholic liquid diet and received
intraperitonial injections of carbon tetrachloride every other day during 15 weeks.
After this period, 8 animals (MSC group) had 1x107 cells injected into the portal vein
while 6 animals (placebo group) received vehicle. Blood analysis was performed to
evaluate alanine aminotransferase (ALT), aspartate aminotransferase (AST) and
albumin before and 1 and 2 months after cell or placebo infusion. Fibrosis was
evaluated before and 1 month after cell or placebo injection by liver biopsies. Two
months after cell delivery, animals were sacrificed and histological analysis of the
livers was performed. Fibrosis was quantified by histomorphometry. Biopsies
obtained before cell infusion showed intense collagen deposition and septa
interconnecting regenerative nodules. One month after cell injection, this result was
unaltered and differences in fibrosis quantification were not found between MSC and
placebo groups. ALT and AST returned to normal values 2 weeks after cell or
placebo infusion, without significant differences between experimental groups. Two
months after cell or placebo injection, albumin had also returned to normal values
and histological results were maintained, again without differences between MSC
and placebo groups. Therefore, under our experimental conditions, MSC were
unable to reduce fibrosis or improve liver function in a rat model of severe chronic

liver injury.
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Introduction

The liver is the largest solid organ in the human body and is responsible for
multiple and essential functions [1]. Among them are toxic substances metabolic
conversion, uptake and storage of amino acids, lipids, carbohydrates and vitamins,
biotransformation of hydrophobic substances into water-soluble derivatives and
defense against foreign macromolecules and particles such as bacteria [1].

In addition to its many functions, another important characteristic of the liver is
its great regenerative capacity in response to injury. However, despite this ability,
diseases that cause chronic injury to the liver are capable of disturbing this
regenerative process, leading to the development of a common pathology: liver
cirrhosis. This disease has many etiologies such as autoimmune hepatitis, alcohol
abuse, metabolic and biliary disorders, and viral hepatitis [2]. All of them cause an
unbalance between collagen synthesis and degradation [3], resulting in deposition of
this protein in liver parenchyma and in a progressive loss of organ function, which
culminates with the development of liver failure. At this stage, the only therapeutic
option is organ transplantation.

According to the World Health Organization (WHO), the three most prevalent
etiologies of chronic liver disease are alcohol consumption and infection by hepatitis
B and C viruses [4]. More than 450 million people will develop cirrhosis as a
consequence of these diseases [4], which demonstrates the great relevance of liver
pathologies as causes of mortality and public health expenses.

Hence, considering the inexistence of therapeutic alternatives other than liver
transplantation, the lack of organ availability and the magnitude of chronic liver

diseases, it is urgent that new therapeutic approaches are developed. In this context,
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the emergence of stem cell research opened new possibilities for the treatment of
chronic liver diseases.

Bone marrow cells (BMC) seem to be a promising population since they are
easily obtained and manipulated, rejection can be avoided by autologous
transplantation and there are no ethical and religious issues concerning their use.
Many marrow-derived cell types and experimental models have been used to test the
efficacy of cell therapies in liver diseases, leading to divergent results on the actual
role of BMC as a new treatment alternative [5, 6, 7, 8, 9, 10].

Therefore, the purpose of our study was to evaluate whether bone marrow
multipotent mesenchymal stromal cells (MSC) are capable of reducing liver fibrosis

and improving hepatic function in a rat model of severe chronic liver injury.
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Material and Methods

Animals

All procedures were performed in accordance with the Guide for Care and Use
of Laboratory Animals (DHHS Publication No. (NIH) 85-23, revised 1996, Office of
Science and Health Reports, Bethesda, MD 20892) as attested by competent
institutional board.

Female Wistar rats were obtained from Instituto de Biofisica Carlos Chagas
Filho (IBCCF - Rio de Janeiro/Brazil). Animals were housed at controlled

temperature (23°C) with daily exposure to a 12:12 light-dark cycle.

Experimental Model

Chronic liver injury was induced in 50 female Wistar rats, weighting 200 -
220g, with low-dose injections of a 20% solution (1:5 in olive oil - dose of 0.05mL/kg)
of carbon tetrachloride (CCls) (VETEC, Lot 0505638, Rio de Janeiro, RJ, Brazil)
associated to an alcoholic liquid diet in accordance to AIN-93 guidelines [11]. Prior to
CCls administration, an adaptation phase was performed with a non-alcoholic liquid
diet (control diet) administered for one week followed by a second week of alcoholic
diet, that was continued until the 15™ week. CCl; injections were performed
intraperitonially (i.p.), 3 times a week every other day over 15 weeks.

Control diet ingredients were identical to those used in the alcoholic diet
except for alcohol, which was replaced by water in the same volume. Rats were

given ad libitum access to liquid diets.
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After 15 weeks of injury, all rats were submitted to blood tests for the
evaluation of liver injury and function. Samples obtained from 10 normal rats, referred
to as control, were used to define the normal range for each blood parameter
analyzed. This range was calculated by using the mean * 2 standard deviations for
each test. The specific values were: Alanine Aminotransferase (ALT) 34.02 — 44.34
U/L, Aspartate Aminotransferase (AST) 80.50 — 95.90 U/L, and Albumin 3.075 —
3.306 g/dL.

Only those animals presenting blood values different from the predefined
range in all three parameters were used in the study (n=14). These animals were
divided in two groups: 8 animals (cell-treated group) were injected into the portal vein
with 1x10” rat bone marrow MSC diluted in 0.5 mL of Balanced Salt Solution (BSS)
and 6 animals (placebo group) were submitted to the same protocol as the cell-

treated group, however they received only BSS injections.

Blood Analysis

Rats were anesthetized and 1 mL of blood was drawn from the tail vein.
Samples were centrifuged at 3584 x g for 10 minutes and serum was collected. The
following parameters were evaluated: ALT (UV-IFCC method), AST (UV-IFCC
method) and Albumin (Bromocresol Green method). Samples were analyzed by Bio
200F (BioPlus, Sao Paulo, SP, Brazil). Blood analyses were performed before cell

injection (referred to as baseline) and 15 days, 1 and 2 months after cell infusion.

Cell Isolation and Culture Procedures
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Bone marrow cells obtained from femurs of isogenic donor Wistar rats were
used in cell therapy. Femurs were harvested and thoroughly cleaned of all muscle
tissue. Bone marrow was flushed using Dulbecco’s Modified Eagle Medium (DMEM,
Gibco — Invitrogen, Carlsbad, CA, USA) and the cell suspension centrifuged in Ficoll
gradient at 400 x g for 30 minutes (Histopaque 1083, 1:1, Sigma-Aldrich, St Louis,
MO, USA). Mononuclear cells were collected from histopaque medium interface.
Cells were washed in BSS twice, counted in hemocytometer and checked for viability
using trypan blue.

Cells were then plated in 75 cm? flasks and maintained at 37°C in a 5% CO-
incubator for 1 week, during which medium was changed at least twice, washing
away all floating hematopoietic cells. Culture medium used was DMEM
supplemented with 20% fetal bovine serum (HyClone, Logan, UT, USA), 2mM L-
glutamine (Sigma-Aldrich), and antibiotics (100U/ml penicillin G and 100ug/mi
streptomycin, Gibco). At approximately 80 — 90% confluence, cells were detached
from the culture flasks with 0.25% trypsin-EDTA (Sigma-Aldrich) and replated. After
the seventh replating, cells were again detached and counted. Subsequently they
were labeled with Hoescht 33342 (Sigma-Aldrich) for 20 minutes and washed twice
in BSS to remove the unbound Hoescht 33342. This procedure was very efficient,
ensuring approximately 100% labeling of cell nuclei. Then, 1x10” cells were diluted in

0.5mL of BSS and injected into the portal vein of each rat.

MSC differentiation protocols

A fraction of these cells were seeded in six-well plates to induce differentiation

into osteoblasts and adipocytes. In the osteogenic protocol, MSC were plated at a



87

density of 10° per well and treated for 21 days with the previously described culture
medium with the addition of: 1uM dexamethasone (Sigma-Aldrich), 0.5uM ascorbic
acid (Henrifarma, Sao Paulo, SP, Brazil) and 10mM B-glycerol-phosphate (Sigma-
Aldrich). Osteogenic differentiation was assessed by Alizarin red staining.

Adipogenic differentiation protocol was the same; however, culture medium
was only added with 1uM dexamethasone and 10ug/mL insulin (Sigma-Aldrich).

MSC differentiation into adipocytes was confirmed by oil red O staining.

Flow Cytometry

A sample of cultured cells was used to analyze the cell phenotype by flow
cytometry. Briefly, 3x10° cells were labeled at 4°C for 20 minutes in the dark with the
following antibodies: anti-CD34-phycoerythrin (PE) (ICO 115, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-CD45-fluorescein isothiocyanate (FITC),
anti-CD11b-FITC (both from Caltag Laboratories — Invitrogen, Carlsbad, CA, USA),
anti-CD90-PE and anti-CD29-FITC (both from BD Biosciences, San Jose, CA, USA).
Cells were washed twice in PBS before flow cytometry (BD FACSAria, BD
Biosciences, San Jose, CA, USA). Isotype controls used were: mouse IgG1-PE with
anti-CD34 (Santa Cruz Biotechnology), mouse IgG1-FITC with anti-CD45 and mouse
IgG2a-FITC with anti-CD11b (both from Caltag Laboratories), mouse IgG1-PE with
anti-CD90 and hamster IgM-FITC with anti-CD29 (both from BD Biosciences). All

antibody dilutions were 1:100.

Cell Labeling with Technetium-99m (**"Tc)
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In order to analyze biodistribution after injection into the portal vein, 1x10’
BMCs were labeled with **™Tc and injected into a separate group of animals (n=3)
not included in the experimental groups [12]. In short, 500 pl of stannous chloride
solution (SnCl,) were added to the cell suspension in 0.9% NaCl and the mixture
incubated at room temperature for 10 minutes. Then, 45 mCi **"Tc were added and
the incubation continued for another 10 minutes. After centrifugation (500 x g for 5
minutes), the supernatant was removed and cells were washed again in saline
solution. The pellet was resuspended in PBS. Cell viability was assessed by trypan
blue exclusion test. Labeling efficiency (%) was calculated by the activity in pellet
divided by the sum of radioactivity in pellet plus supernatant. Six hours after injection,
total body images were captured for qualitative biodistribution analyses using a
gamma camera (GE Integra, General Electronics, Fairfield, CT, USA) equipped with
a high resolution collimator. A 20% energy window centered on the 144 keV photo

peak of ®"Tc was used.

Surgery

Animals were anesthetized, a 3cm midline vertical abdominal incision was
made and the abdominal cavity exposed. A 0.5cm liver biopsy was obtained. Portal
vein was isolated from other abdominal structures and MSC were injected directly
into the circulation. After injection, the vessel was pressured until bleeding stopped.
Subsequently, 1TmL of normal sterile saline was administered into the abdomen as
fluid replacement. The abdominal wall was closed in two layers in a running fashion.

All the procedures were performed under sterile conditions.
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Histology

Liver tissue biopsies were obtained just before MSC or placebo injection and 1
month after the procedure. Animals were sacrificed 2 months after cell infusion, when
the organ was excised for histology. Liver tissue slices were fixed for 5 hours in
Gendre’s solution followed by overnight 10% buffered formalin solution (pH 7.2) and
embedded in paraffin. Liver samples were sectioned (5 um) and stained with

Hematoxilin & Eosin (H&E) and Sirius red according to standard protocols [13].

Immunofluorescence

Samples were obtained just before and one and two months after cell infusion.
Liver tissue was embedded in Tissue-Tek OCT compound (Sakura Finetek,
Zoeterwoude, Netherlands) and preserved at —70°C. Eight ym liver slices were
sectioned in cryostat (Leica CM1850, Leica Microsystems, Wetzlar, Germany) at —
20°C and fixed in acetone at 4°C. Indirect immunofluorescence technique was used
to reveal collagen type | (1:30, Chemicon — Millipore, Billerica, MA, USA). Secondary
antibody used was FITC goat anti-rabbit IgG (H+L) conjugate (1:50, Zymed -

Invitrogen, Carlsbad, CA, USA).

Histomorphometry

Histomorphometry was performed using an imaging system constituted by a

digital Q-color 5®° camera (Olympus, Japan) coupled to an epifluorescence Axiovert

100 microscope (Carl Zeiss, Thornwood, NY, USA). Randomly picked fields of Sirius
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red sections were captured from each animal, using a magnification 4X objective
lens. Quantification was estimated by the percentage of stained area in comparison
to the total area of fields examined, using Image-Pro Plus 5.0 (Media Cybernetics,

Bethesda, MD, USA) image analysis software.

Statistics

Data were analyzed using one-way ANOVA with Tukey’s post-test for multiple

comparisons and unpaired t-test (two-tailed). P<0.05 was considered statistically

significant. Data are presented as mean + SE.
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Results

MSC phenotypic characterization

According to the International Society for Cellular Therapy (ISCT), criteria for
defining MSC are adherence to plastic, specific surface antigen expression and
multipotent differentiation potential [14].

Our cells, purified by adherence to plastic culture flasks, had a spindle-shaped
fibroblastic morphology (Figure 1A). Ninety seven percent of our cells were CD90
positive, 92% were positive for CD29, while CD34, CD45 and CD11b expression was
negative (Figure 1). Additionally, our cells were capable of differentiating into
osteoblasts and adipocytes (data not shown). These findings are in accordance to

the ISCT established criteria [14].
Systemic distribution of *™Tc labeled cells after intraportal injection

Viability of the labeled cells determined by trypan blue exclusion after *™Tc
labeling was greater than 93%. Our results show that, six hours after labeled cell
injection through the portal vein, approximately 90 percent of the radioactivity was
concentrated in liver parenchyma (Figure 2).

No evidence of MSC contribution to liver function improvement

Control values for ALT, AST and albumin were determined in animals age

matched to our experimental group at the time of cell injection (see Methods). It is
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widely recognized that experimental models of liver fibrosis have one major problem:
the degree of fibrosis in each animal is highly heterogeneous [15, 16, 17]. While
some animals show intense extracellular matrix components deposition, others are
only mildly affected. For this reason, only animals that were found to have all three
blood parameters altered after 15 weeks of liver injury induction were selected for
cell therapy.

Fourteen animals were submitted to surgery: eight received MSC and six
received placebo. Two weeks after surgery new blood samples were obtained. ALT
and AST were no longer different from control values in both groups, additionally,
there were no differences between cell-treated and placebo groups. This result
remained unaltered one and two months after cell infusion (Figure 3).

On the other hand, albumin was still decreased 15 days after surgery but
again no differences were found between cell-treated and placebo groups. This
result was unaltered one month after cell infusion. However, 2 months after cell
injection, albumin had also returned to normal values with no difference between

placebo and cell-treated groups (Figure 3).

Histologic findings of severe chronic liver injury

Normal liver tissue shows hepatocytes radially arranged in plates aligned to
sinusoids and converging to centrolobular veins (Figure 4A). Additionally, collagen
deposition occurs mostly around vessels (Figure 4E).

Liver biopsies obtained during surgery performed to inject MSC or placebo
showed similar characteristics in all 14 animals: global loss of normal parenchymal

architecture and a moderate to intense chronic lymphocytic infiltrate located mostly
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around portal spaces and within the fibrous septa (Figure 4B). Moreover, Sirius red
staining showed formation of regenerative nodules separated by collagen septa
(Figure 4F). Even though there were different degrees of histologic derangement, all
animals developed severe fibrosis.

After one month, new biopsies were obtained. H&E staining showed marked
reduction of inflammatory infiltrate both in placebo and cell-treated groups (Figure
4C). Collagen deposition was comparable to the observed at the moment of cell or
placebo injection (Figure 4G).

Two months after surgery, animals were sacrificed. Inflammatory infiltrate was

rarely found (Figure 4D), although collagen deposition was still present (Figure 4H).

Abnormal collagen deposits are present in injured liver

To confirm type | collagen presence in liver tissue, immunofluorescence was
performed. In control animals, collagen | is present in portal spaces and as tiny fibrils
in liver lobules (Figure 4l1). In animals submitted to 15 weeks of chronic liver injury,
collagen | deposition and formation of regenerative nodules occurred (Figure 4J).
Figure 4K and L show, respectively, collagen | deposition one and two months after

cell infusion.

MSC do not contribute to fibrosis reduction

In order to quantify the amount of fibrosis over time comparing placebo and

cell-treated groups, histomorphometry was performed.
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Sirius red stained areas, representing collagen deposition, were measured
and expressed as a percentage of total tissue area. Control animals had 0.708 +
0.108 % of collagen in liver tissue, most of it corresponding to fibers around vessels
throughout the organ. Collagen content found in the animals submitted to chronic
liver injury during 15 weeks was 8.198 + 1.108 %. Thus, there was an important
increase in fibrosis compared to control animals (P=0.001 — Figure 5).

Biopsies obtained one month after MSC were injected revealed a collagen
area of 5.314 + 1.103 % in the cell-treated group compared to 7.585 + 1.549 % in the
placebo group. These results are not significantly different (P=0.2419 — Figure 5).

When animals were sacrificed, 2 months after cell infusion, collagen area in
the cell-treated group was 4.794 * 0.640 %, while in the placebo group it
corresponded to 5.441 + 1.121 %. Once more, no significant difference was found

among groups (P=0.6045 — Figure 5).

No evidence of bone marrow mesenchymal stromal cell retention

In order to track the cells after injection, they were labeled with Hoescht 33342
prior to infusion into the portal vein. No Hoescht labeled cells were found one or two
months after cell infusion in more than 20 low power microscope sections examined

from all the MSC group animals.
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Discussion

Bone marrow derived cells (BMC) have been intensively studied in the past
years as an alternative therapy for many diseases, including those that affect the
liver. Although no agreement has been reached yet on their differentiation potential
or clinical applications, some reports have generated expectations for this kind of
therapeutic approach.

Several studies have addressed the differentiating capability of BMC into
hepatocytes, although the exact mechanisms leading to this process remain to be
unraveled. Zhan and co-workers [18] and Grompe’s group [19, 20] have reported that
hematopoietic stem cells (HSC) can differentiate into hepatocytes in vivo. Some
postulate that the mechanism involved is transdifferentiation [21], while others
propose that cell fusion to resident hepatocytes is implicated [22, 23, 24, 25].
Moreover, there is still ongoing controversy about whether HSC are really capable of
giving rise to lineages of non-hematopoietic origin [26, 27, 28].

For this reason, a different population of BMC gained attention in the past
years: mesenchymal stromal cells (MSC). These cells are characterized by a
significant plasticity [29, 30, 31], easy accessibility and a marked expansion potential
in vitro, which are all attractive features for clinical use.

Hepatocyte differentiation from MSC has been described in vitro. Sai-Nan Shu
and co-workers [32] induced MSC differentiation into hepatocytes using hepatocyte
growth factor (HGF) plus acid and basic fibroblast growth factor (FGF). Furthermore,
Lange and co-workers have described hepatocytic gene expression in MSC cultured
alone [33] or in co-culture with hepatocytes [34], both of which required the presence

of HGF, FGF-4 and epidermal growth factor (EGF). On the other hand, Luk and
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colleagues [35] described MSC differentiation into hepatocytes when co-cultured with
these cells without the addition of growth factors to culture medium, using either
normal or injured hepatocytes in the co-culture system.

Even though BMC differentiation potential into hepatocytes in vitro has been
demonstrated, it is still controversial whether BMC transplantation can recover liver
function and reduce tissue scarring in vivo. Sakaida and colleagues [5] demonstrated
significant fibrosis reduction and albumin increase by transplanting bone marrow
mononuclear cells (BMMC) in mice. This effect was attributed to anti-Liv8 negative
cells, described as of non-hematopoietic origin. In another study [6], the same group
showed that the association of BMMC with fibroblast growth factor 2 (FGF-2) was
more efficient in reducing fibrosis in a similar animal model. Oyagi and co-workers [7]
showed that MSC cultured with hepatocyte growth factor (HGF) are capable of
improving albumin and reducing fibrosis in rats, an effect that was not observed in
MSC cultured without HGF. Moreover, Fang et al [8] demonstrated reduction in
fibrosis, ALT and bilirubin levels when FIk" MSC were transplanted into injured mice
livers.

However, in all these studies the liver aggression period was short (between 2
and 8 weeks) and maintained for a variable number of weeks after cells were
transplanted. For instance, in Oyagi’s and Fang’s papers, aggression was only
initiated after cells were delivered. Therefore, it is possible that the period of
aggression and the moment in which cell injection is performed influences the result
of cell therapy. However, data by our group [36] have shown that injection of BMMC
during the course of injury is also ineffective in improving function or reducing fibrosis

compared to placebo when a 15 week period of aggression is used.
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In another study, Popp and co-workers [9] demonstrated that transplanted
MSC could not engraft into the liver of rats subject to a very mild aggression (2 CCl,
injections in a 2 month period), which had the purpose of providing a regeneration
stimulus, but was not able to induce chronic liver injury.

Abdel Aziz and colleagues [10] described fibrosis and ALT reduction with
albumin improvement in rats by transplanting MSC. Once more, the injury period was
short, although this group demonstrated that cell transplantation could be beneficial
after aggression was interrupted.

In this perspective, the beneficial effect of MSC therapy described in these
previous studies could have a different explanation. It has already been
demonstrated that the immune response might play a major role in fibrosis
establishment since macrophages and lymphocytes participate in the fibrogenic
process [37, 38, 39]. In addition, MSCs possess toll-like receptors that respond to
danger signals and drive their migration and immunomodulatory responses [40].
Thus, it is possible that the immunomodulatory properties of MSCs [41, 42, 43] act
regulating the immune response when injury is promoted concurrently with cell
transplantation in the liver.

Our study focused on the therapeutic potential of MSC in a model of severe
and chronic liver injury, with an aggression period twice as long as all other
previously published studies. Furthermore, cell infusion was only carried out after
aggression was established and interrupted, so that cells would encounter more of a
fibrosis environment and less of an inflammatory process. Thus, we tried to recreate
in our model the clinical setting that will be most commonly seen in chronic liver

disease patients: long periods of injury and a scarred rather than an inflammatory
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tissue. In our study, MSC capability of improving liver function and reducing fibrosis
was addressed under these conditions.

We found that ALT and AST returned to normal levels 15 days after
interrupting liver injury in both cell-treated and placebo groups. This indicates that
soon after aggression is interrupted, damage markers tend to normalize, which is
expected since fewer cells will die and these enzymes will no longer be released in
the circulation. Apparently, in a two week period, MSC could not contribute to the
reduction of hepatocyte damage since differences were not found between
experimental groups; although we cannot discard that cell injection might have
accelerated the return to normal enzyme levels within the two week period after cell
infusion.

On the other hand, functional recovery, as determined by albumin values, took
longer than damage markers. Only two months after aggression was interrupted, did
albumin levels return to normal values. Once again, MSC therapy did not contribute
to accelerate recovery since cell-treated and placebo animals showed similar
increase in albumin levels with time.

In agreement with the biochemical results, we found that MSC did not reduce
liver fibrosis. Although there was a reduction in fibrosis over time, which is an
expected and already described phenomenon of tissue remodeling in the injured liver
[15, 16, 17]; no difference was found between placebo and cell-treated groups,
indicating that MSC did not participate in this process. These results were
corroborated by indirect immunofluorescence of liver type | collagen content.

Our results provide evidence that a single MSC injection does not improve
liver regeneration potential in a rat model of severe chronic liver injury. Possible

explanations are that cells failed to engraft and/or died, since we could not find
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labeled cells either at one or two months after injection, in agreement with Popp’s
findings [8]. In addition, it is possible that MSC are not capable of transdifferentiating
into hepatocytes, given that this capability has already been challenged in the case
of HSC and BMMC [44, 45, 46], or that this occurs at a very low frequency, as has
been previously reported [47,48,49]. Sato and co-workers [47] describe that human
MSC cultured without growth factors differentiate into hepatocytes only rarely when
transplanted into immunosuppressed rats. Aurich and colleagues [48] also reported
that this was a rare event, even when MSC were cultured with HGF and EGF.
Moreover, they hypothesized that stem cells need a growth advantage over host
hepatocytes; therefore, a high selective pressure would be required for cells to
engraft and differentiate [48]. This is another possible explanation for the fact that
several studies that maintain continuous injury to hepatocytes after transplantation

validate BMC’s therapeutic potential [5, 6, 7, 8].
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Legends

Figure 1. MSC characterization. (A): Cultured MSC, after seven passages, exhibiting
a spindle-shaped fibroblastic morphology (Magnification 100X — Scale bar: 100 um).
Cells were incubated with the following antibodies and analyzed by flow cytometry.
(B): CD29 and (C): CD90 expression was over 90%. Upper left panels show
histograms with isotype controls represented in gray and antibodies in black. (D):
CD11b, (E): CD34 and (F): CD45 expression was less than 1.2%. Upper right panels

show histograms with isotype controls in gray and antibodies in black.

Figure 2. Systemic distribution of **™Tc labeled cells. Six hours after cell infusion,
radioactivity was mainly located in the liver, indicating that portal vein injection was
efficient and that MSC were adequately delivered and retained. Upper right panel

shows a schematic image representing rat’s position during the exam.

Figure 3. Biochemical markers of liver injury and function over time. ALT and AST
returned to control values 2 weeks after cell infusion. These findings were unaltered
one and two months after MSC injection (**P<0.05). Albumin values were still
reduced 2 weeks and 1 month after cell or placebo injection; ***P<0.001 compared to
all groups. However after 2 months, albumin returned to control values in both
experimental groups; ***P<0.001 comparing baseline to all groups. In none of the
parameters examined differences were observed between placebo and MSC groups

(Control n=10, Baseline n=14, Placebo n=6, MSC n=8).
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Figure 4. Representative figures showing structural findings in chronic liver injury. (A)
Normal liver: hepatocytes are radially arranged in plates aligned to sinusoids and
converging to centrolobular veins. (B): After 15 weeks of injury, a chronic lymphocytic
infiltrate is present. (C and D): One and two months after cell or placebo infusion
there is marked reduction of the inflammatory infiltrate (H&E; Magnification 100X —
Scale bar: 100 pm). (E): Normal liver tissue shows collagen deposition mostly around
vessels (arrows). Collagen fibers are stained in red. In F, G and H histology shows
intense collagen deposition with septa interconnecting regenerative nodules after 15
weeks of injury and 1 and 2 months after cell therapy, respectively (Sirius red;
Magnification 40X — Scale bar: 250 ym). (1): Indirect immunofluorescence revealing
type | collagen. Normal liver shows collagen in portal spaces and as tiny fibrils in liver
lobules (arrow). J, K and L confirm the presence of collagen | in the regenerative

nodules (Magnification 100X — Scale bar: 100 um).

Figure 5. Fibrosis quantification in Sirius red stained fields (collagen/total area).
Comparison between the amount of collagen in control liver and after 15 weeks of
liver injury induction (baseline) shows intense fibrosis (**P=0.001). No differences
were found between placebo and MSC 1 and 2 months after cell infusion — P=0.2419

and P=0.6045 respectively (Control n=5, Baseline n=14, Placebo n=6, MSC n=8).
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Abstract

Background / Aims: We tested the effect of bone marrow cell (BMC) transplantation
in either preventing or reversing cirrhosis on an experimental model of chronic liver
disease. Methods: Female Wistar rats were fed a liquid alcohol diet and received
intraperitoneal injections of carbon tetrachloride (CCls) over 15 weeks. Ten animals
(cell-treated group) received five injections of BMCs during the cirrhosis induction
protocol (on the 4™, 6™, 8" 10™ and 12" weeks) and four animals received the cells
after liver injury was established through tail vein. Nine animals (non-treated group)
were submitted to the previously described protocols however, they received vehicle
injections. Analyses were performed to verify whether the infusion of cells was
effective in preventing the development of cirrhosis in our model of induction, and if
the cells could reverse cirrhosis once it was established. Hepatic architecture and
fibrotic septa were analyzed in liver slices stained with hematoxilin & eosin and Sirius
red, respectively. Fibrosis quantification was measured by Sirius red
histomorphometry. Indirect immunofluorescence was performed to detect the amount
of tissue transglutaminase 2. Blood analyses were performed to assess liver injury
and function by the assessment of alanine aminotransferase and albumin.
Ultrasound was performed to analyze the portal vein caliber and presence of ascitis.
Results: Cirrhosis features (regenerative nodules and fibrous septa) were observed
in histopathology after 15 weeks of continuous hepatic injury in non-treated and cell-
treated groups. Collagen content, immunofluorescence analysis, biochemical and
ultrasound parameters were similar in non-treated and cell-treated groups; however
both groups showed significant differences compared to a normal control group.

Conclusion: Cell infusions with bone marrow derived cells seem to be ineffective in
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improving morpho-functional parameters of the liver when applied to chronic cases

either during or after establishment of the hepatic lesion.

Keywords: Cirrhosis; bone marrow cell; biochemistry; histology; ultrasound.



114

Introduction

Liver cirrhosis is a worldwide prevalent disease which has serious impacts on
public health issues. It derives from chronic injury to the liver that is commonly

caused by viral hepatitis and alcoholism (1,47,48).

Despite great regenerative capacity of the liver, successive injuries result in a
significant loss of hepatocytes and excessive deposition of extracellular matrix
components, leading to irreversible impairment of organ function (12). In such case,
the only effective treatment is liver transplantation which, unfortunately, still depends
on an extremely short supply of viable organs (48). Therefore, the study of alternative

therapies, such as stem cell transplantation becomes of utmost importance.

Most studies performed with cell therapies in liver diseases have been
restricted to the therapeutic potential of these cells after a single cell infusion in
animals with an already damaged liver (13,39,51). Nonetheless, liver diseases
usually have a chronic course, developing over many years before cirrhosis is
discovered. Frequently, this evolution cannot be easily arrested since there is still no
cure available for diseases such as chronic and autoimmune hepatitis, primary biliary
cirrhosis, sclerosing cholangitis and nonalcoholic steatohepatitis, among others. It is
clear that an early intervention on cirrhosis development would be more effective
than treating the already established disease. Hence, our working hypothesis is the
early use of stem cell infusions in hepatic diseases could prevent or delay the
progression to cirrhosis, reflecting a greater survival rate as well as improved quality

of life for patients.
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Among the different stem cell sources, those found in bone marrow are the
most studied because they present many advantages, such as capacity to
differentiate into a variety of cell lineages in vitro and in vivo, including hepatocytes
(5,7,17,18,19,29,30,34,40,46), the possibility of autologous transplantation and easy
access and manipulation. Thus, our goal was to investigate the capacity of these
cells to either delay or prevent the installation and progression of liver cirrhosis using
a novel model of repeated cell infusions during the course of a chronic liver injury
model. To exclude the possibility that injected cells were damaged by the continuous
aggression to the liver, we also studied the impact of transplanting bone marrow

stem cells after aggression was interrupted.
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Material and Methods

Animals

All procedures were performed in accordance with the Guide for Care and Use
of Laboratory Animals [DHHS Publication No. (NIH) 85-23, revised 1996, Office of
Science and Health Reports, Bethesda, MD 20892] as attested by the competent

institutional board.

Female Wistar rats (200-220g) were obtained from the Instituto de Biofisica
Carlos Chagas Filho animal facility (IBCCF — Rio de Janeiro / Brazil). Animals were
housed at controlled temperature (23°C) with daily exposure to a 12:12 light dark

cycle.

Experimental Model — Preventive cell infusions

Cirrhosis was induced in 15 female Wistar rats (weighing 200 - 220g) with low-
dose injections of a 20% solution (1:5 in olive oil - dose of 50 pL per animal) of
carbon tetrachloride (CCls) (VETEC, Lot 0505638, Rio de Janeiro, RJ, Brazil)
combined with an alcoholic liquid diet in accordance with AIN-93 guidelines (36).
Prior to CCls administration, an adaptation phase was performed with a non-alcoholic
liquid diet (control diet) administered for one week followed by a second week of
alcoholic diet. Injections of CCly; were performed intraperitonially (i.p.), 3 times a week

every other day over 15 weeks.

Control diet ingredients were identical to those used in the alcoholic diet
except that alcohol was replaced by water in equal volume. Rats were given ad

libitum access to liquid diets.
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Rats subjected to alcoholic diet and CCly injections were divided into two
groups: ten animals (cell-treated group) received injections of 3x10° bone marrow
cells (BMCs) diluted in 300 pL of Phosphate Buffered Saline (PBS) every 2 weeks
starting on the fourth week of cirrhosis induction, totaling five injections. Five animals
(non-treated group) were subjected to the same protocol as the cell-treated group
however, they only received PBS injections with the same frequency. Injections were

performed through the tail vein.

Biochemical, ultrasound and histological analyses were performed on day 0
and on the 15" week of induction. Normal animals — not submitted to the protocol —
were used as controls to compare biochemical, ultrasound and histological findings,

thus being designated the control group.
Experimental model — Post injury cell infusion

Cirrhosis was induced in 8 rats and methods were identical to the preventive

cell infusions group, except that BMCs were not administrated during induction.

After 15 weeks, all rats were submitted to blood tests in order to assess both
liver injury and function. These animals were divided into two groups: 4 animals (cell-
treated group) received an injection into the tail vein with 3x10” BMCs diluted in 300
ML of PBS; whereas the other 4 animals (placebo group) were submitted to the same

protocol as the cell-treated group, however they only received PBS injections.

Both biochemical and histological analyses were performed at 15 weeks of

cirrhosis induction and 2 months after cell infusion.

Cell Isolation



118

BMCs obtained from femurs of isogenic donor Wistar rats were used in
transplantation. Femurs were harvested and thoroughly cleaned of all muscle tissue.
Bone marrow was flushed using Dulbecco’s Modified Eagle Medium (DMEM,;
Gibco™, Lot No 1355192, Grand lIsland, NY, USA) and the cell suspension
centrifuged in Ficoll gradient at 400 x g for 30 minutes (Histopaque 1083, 1:1; Sigma-
Aldrich, Lot 016K6112, Steinheim, Germany). Mononuclear cells were collected from
the histopaque medium interface. Cells were washed in PBS twice, counted
(hemocytometer) and checked for viability using Trypan blue. Cells were then diluted

in 0.3 ml of PBS and injected into the tail vein.
Cell labeling with Technetium-99m

In order to analyze biodistribution after injection through the tail vein, 1x10°
BMCs were labeled with **™Tc and injected into a separate group of animals (n=3)
not included in the experimental groups (10). In short, 500 pl of stannous chloride
solution (SnCl,) were added to the cell suspension in 0.9% NaCl and the mixture
incubated at room temperature for 10 minutes. Then, 45 mCi of *®*"Tc were added
and the incubation continued for another 10 minutes. After centrifugation (500 x g for
5 minutes), the supernatant was removed and the cells washed again in saline
solution. The pellet was resuspended in PBS. Viability of the cells was assessed by
Trypan blue exclusion test. Labeling efficiency (%) was calculated by the activity in
pellet divided by the sum of radioactivity in pellet plus supernatant. Three hours after
injection, images were captured for qualitative biodistribution analyses. Whole body
images were obtained using a GE Integra gamma camera equipped with a high
resolution collimator. A 20% energy window centered on the 144 keV photo peak of

9¥MTe was used.
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Blood analysis

Rats were anesthetized and 1 mL of blood was drawn from the tail vein.
Samples were centrifuged at 3584 x g for 10 minutes and sera collected. The
following blood parameters evaluated: Alanine Aminotransferase (ALT) (UV-IFCC
method) and albumin (Bromocresol Green method). Samples were analyzed by Bio

200F° (BioPlus, Brazil).
Ultrasound assessment

Animals were anesthetized and placed in supine position breathing
spontaneously. Thricotomy was performed and Caris Plus® ultrasound equipment
(Esaote, Italy) was used to analyze the portal vein caliber, liver echogenicity and the

presence of ascitis.
Histology

Liver tissue slices were fixed for 5 hours in Gendre’s solution followed by
overnight 10% buffered formalin solution (pH 7.2) and embedded in paraffin. Liver
samples were sectioned (5mm) and stained with H&E and Sirius red according to

standard protocols (4).
Immunofluorescence

Liver tissue was embedded in Tissue-Tek® OCT compound (Sakura, Japan)
and preserved at -70°C. Six um sections were obtained in a cryostat at -20°C and
fixed in acetone at 4°C. Indirect immunofluorescence technique was used to reveal
tissue transglutaminase (tTG), using an antibody transglutaminase Il Ab-2 (Lab

Vision Co., USA) diluted at 1:40 in PBS containing 3% albumin. Sections were



120

incubated for 12 hours at 4°C and then washed three times in PBS/albumin before
being exposed to a fluorescein isothiocyanate (FITC) secondary antibody goat anti-
mouse IgG (H+L) conjugate (ZYMED, USA) diluted at 1:50 for two hours at room

temperature.
Histomorphometry

Histomorphometry was performed using an imaging analysis system and a
digital Q-color 5° camera (Olympus, Japan) coupled to an epifluorescence
microscope Axiovert 100 (Zeiss, Germany). At least ten randomly picked fields of
Sirius red and anti-tTG stained sections were captured from each animal, using a
magnification 10X objective lens. Quantification was estimated by the percentage of
stained area in the total area of the histological fields examined using the Image Pro

Plus 5.0 (Media Cybernetics, Silver Spring, USA).
Statistical analysis

Data were analyzed using ANOVA with Tukey’'s post-test for multiple
comparisons or paired t-test. P<0.05 was considered statistically significant. Data are

presented as mean * SE.
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Results

Experimental Model

No deaths occurred during cirrhosis induction. The animal’s weight slightly
varied in both groups (cell-treated and non-treated). In a previous study, our group
has shown that after four weeks of induction the first signs of liver injury emerge.
Animals show both steatosis and an initial formation of fibrous septa while albumin
values are still normal (data not shown). Therefore, we sought to employ preventive
BMCs injections at this point, given that structural abnormalities were found whereas
function was not yet impaired. Alternatively, we injected cells after concluding the
induction protocol (15 weeks of liver aggression) to test the capacity of the cells to
reverse an established cirrhosis (with structural and functional impairment) and also
to verify the healing potential of cells not exposed to the toxic agents used to induce

the model.

Systemic biodistribution of Technetium-99m labeled cells

Viability of the labeled cells determined by Trypan blue exclusion after Tc
labeling was greater than 93%. Our results showed that three hours after labeled cell
injection through the tail vein, approximately seventy percent of the radioactivity was

concentrated in liver parenchyma (Figure 1).

Blood analysis

Biochemical analyses were performed to verify both the extent of liver injury

and the impairment of organ function.
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As for the preventive cell infusions, there was no statistically significant
difference between cell-treated and non-treated groups in every parameter analyzed
on the 15" week, although both differed from the control group (Figure 2). Hepatic
injury was evaluated through ALT analysis (control group 39.6 + 2.1; non-treated
group 107 = 25.8; cell-treated group 97 + 12.3 U/L; p<0.001 vs. control group).
Hepatic function was evaluated through albumin analysis (control group 3.21 £ 0.56;
non-treated group 2.45 + 0.10; cell-treated group 2.36 + 0.13 g/dL; p<0,001 vs.

control group).

The post injury cell infusion group showed that although significantly altered
after 15 weeks of induction (as shown in Figure 3), two months after cell
transplantation or saline infusion, ALT (non-treated group 87.5 + 14.9; cell-treated
group 99.2 + 11.0 U/L; p>0.05) (Figure 3A) and albumin (non-treated group 3.12 +
0.19; cell-treated group 3.32 + 0.19 g/dL; p>0.05) (Figure 3B) had returned to control

values with no differences between cell-treated and non-treated groups.
Ultrasound Assessment

Ultrasound analysis showed an increase in liver echogenicity in all animals
(data not shown) and ascitis was observed in thirty percent of cell-treated animals
and in forty percent of non-treated animals (p>0.05 Chi-square) (Figure 4). Moreover,
there was an increase in portal vein caliber (PVC) in cell-treated (0.232 + 0.012cm)
and non-treated (0.242 = 0.012cm) groups compared to normal values (0.194 +

0.004cm) (p<0.001) as shown in Figure 5.

Histology
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In the preventive cell infusions group, there was clear evidence of
macronodular cirrhosis on the 15" week of induction in both cell-treated and non-
treated groups. Liver surface was extremely irregular with multiple nodules and a
rigid consistency (Figure 6A). Histological analysis showed liver cirrhosis,
characterized by global loss of normal parenchyma architecture and formation of
nodules separated by continuous or discontinuous collagen septa associated with an
inflammatory infiltrate and macrophages containing pigment (Figure 6B and C).
Collagen deposition was intense, forming thick septa interconnecting regenerative
nodules (Figure 6D and E). Seventy percent of the animals in the cell-treated group
and eighty percent in the non-treated group presented histological features of
cirrhosis. The remaining animals in both groups presented features of advanced

fibrosis.

Histological findings in the post injury cell infusion group were very similar to
those in the preventive cell infusions group in both cell-treated and non-treated

groups (data not shown).

Measure of Collagen Content

To measure fibrosis index we quantified collagen deposition into liver tissue. In
the preventive cell infusions group, morphometric analysis showed that there was an
increase in liver collagen content in both cell-treated (18.2 + 1.5 %) and non-treated
(23.0 £ 2.2 %) groups when compared to the control group (2.6 £ 0.6 %, p< 0.001).
However, there was no significant difference between the cell treated and non-

treated groups (Figure 7A).
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In the post injury cell infusion group, the amount of collagen found after 15
weeks of chronic liver injury induction was not significantly different from the content
in the preventive cell infusions group (data not shown). Moreover, there was no
difference between cell-treated (14.25 + 0.45 %) and non-treated (12.59 + 0.91%)

groups two months after cell transplantation or saline infusion (Figure 7B).

Correlation of functional and histological parameters

In order to correlate liver function with histology, a linear regression of ALT
and albumin levels in blood versus collagen content was performed. As expected, a
direct relation between alterations in blood levels of these two parameters and
histopathology findings was verified. The higher the degree of liver damage (ALT:
r=0.77 and p=0.0009) and the decrease in function (albumin: r=0.75 and p=0.0021),

the larger the fibrosis area found in each animal (Figure 8).

Immunofluorescence

We performed immunofluorescence assays to detect the tTG enzyme. This
enzyme catalyzes cross-linking of collagen rendering matrix resistance to
degradation (8,14). Normal liver reveals tTG only in perivascular regions (Figure 9A).
Cell-treated and non-treated groups presented intense deposition of the enzyme,

suggesting a strong collagen binding in the fibrous septa (Figure 9B and 9C).

Similarly to histomorphometric results, quantification of tTG showed that there
was an increase in covalent cross-linking of collagen in cell-treated (2.25 £ 0.50 %)
and non-treated (2.37 £ 0.28 %) groups when compared to normal rats (0.54 + 0.04
%) (p<0.05). However, there was no significant difference between the cell-treated

and non-treated groups (Figure 9D).
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Discussion

The use of BMC transplantation as an alternative therapy for hepatic diseases
has been widely studied (31,38,44). Recently two studies have used BMC injection to
prevent liver damage induction and described parenchyma remodeling after a single

injection of BMCs (39,51).

Considering these observations, our main goal was to verify whether repeated
BMC injections would be more effective than a single injection of BMC as a
preventive cell-based therapy for chronic hepatic disease. In this regard, the present
study is the first to report use of repeated preventive cell infusions with BMC in

chronic liver disease.

To date specific mechanisms on how BMC contributes to tissue regeneration
have not been elucidated, but recent reports have shown that BMCs can contribute
to tissue remodeling by expressing and releasing matrix metalloproteases (11,13,38).

This observation is important because it bears relevance to cirrhosis resolution.

Although some groups have used alternative routes for BMC infusion
(2,24,35), most of them use systemic transplantation through tail vein (13,39,44). An
important question is how effective is the tail vein route in delivering cells to the liver.
We examined this using Technetium-99m labeled BMCs. Our results show that these
cells predominantly migrate to the liver thus validating the tail vein route for liver cell
therapy in rats. It is noteworthy that tail injection of the same cell fraction in a rat
model of myocardial infarction results in detection of very low levels of radioactivity in
the heart and other organs highly irrigated (unpublished results). Radioisotope
labeling, however, cannot reveal engraftment of the injected cells since technetium

has a short half-life. Our data, however, are in accord with other studies which
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demonstrate homing and retention of bone marrow derived cells into the liver after

transplant (13,26,39).

Cellular therapy in liver diseases remains a controversial subject. While some
articles demonstrate a good potential of bone marrow derived cell therapy in liver
diseases (11,26,31,39,50,51), others show no efficacy for this type of therapy
(2,3,15,22,35). Furthermore, there are controversies regarding the type of bone
marrow cell sub-population, which is more effective for cellular therapy. Lagasse and
co-workers (2000) and Zhan and co-workers (2006) reported that hematopoietic stem
cells (HSCs) differentiate into hepatocytes in vivo (19,50). In 2004, Sai-Nan Shu and
co-workers reported hepatic differentiation capability of mesenchymal stem cells
(MSCs) and HSCs (41). Recent studies have suggested that MSCs are more
relevant to hepatic plasticity and regeneration (20,21,24), although this has not been
reproduced by other studies (23,27). Recently, Nakamura et al have evaluated
endothelial progenitor cells obtaining good results not only with single but with
repeated cell injections in a liver fibrosis rat model (26). In addition, there are
successful studies using hepatocyte transplantation in models of liver diseases
(28,32,43). Yet, the use of hepatocytes for transplantation bears the same problem
as whole organ transplantation; i.e. donor shortage. Given the controversy about the
ideal marrow cell type, the rather inexpensive processing of mononuclear cells
anticipating a clinical use, and given that most clinical trials performed to date use the
bone marrow mononuclear fraction as a source of stem cells in cell transplantation

(25,33,45) we have opted to use this fraction in the present study.

Our results show that repeated infusions of BMCs during the course of

cirrhosis induction is not able to protect the liver from the damaging agents. These



127

results are in contrast to those reported by Sakaida et al. (39) and Zhao et al. (51),
who used cell therapy models similar to the one used here. Possible explanations for
the opposite results concern the cell type and duration of the exposure to the
insulting agent (Sakaida et al. used only CCl, and for a total time of 8 weeks) as well

as the cell type used (Zhao et al. used MSCs).

During cirrhosis development there is a malfunction of the collagen
synthesis/degradation system, and synthesis of extracellular matrix profibrotic
elements is extremely exacerbated (9,12,14). Based on our findings in a model of
cardiac Chagas disease (42), where BMCs were able to reduce inflammation and
fibrosis of the infected hearts we expected to see a similar reduction of fibrosis in the
liver. Unfortunately, that was not the case. Additionally, the injured hepatic tissue
showed augmentation of collagen cross-linking by tTG action (8,14,49). We verified
that tTG were not reduced at the end of the injury period in the cell treated group,
thus indicating that BMC did not contribute to reduction of collagen cross-linking that
could provide acceleration of fibrolysis after the injury period. This is also true given
that liver fibrosis has been associated with bone marrow derived cells in at least

three independent reports (6,16,37).

One could argue that BMCs were unable to contribute to liver disease
resolution because the transplanted cells had been functionally impaired by being
exposed to the same toxic environment as the hepatic cells. In order to test this
hypothesis, we performed experiments with delivery of cells after injury was
established and when insulting agents had been discontinued. Once again, BMCs

were unable to alter chronic liver disease normal progression.
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Our results show that repeated cell infusions with BMCs does not generate
benefits during continuous liver aggression in a rat model. In addition, after cirrhosis
has been established mononuclear cell therapy does not improve liver function or
structure more than spontaneous recovery. The clinical implication is, if an efficacious
cell therapy is to be found for chronic liver disease, specific stem cell types present in
the bone marrow should be tested and action mechanisms should be elucidated. We
are currently investigating the potential of mesenchymal stem cells from the bone

marrow in liver regeneration.
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Legends

Figure 1: Representative image of a ®™Tc-labeled BMC scan three hours after
administration. **"TC-BMC uptake in liver, kidneys and bladder is shown by the
white areas as indicated by the arrows. Color code indicating intensity of measured

radiation is shown to the right.

Figure 2: Measurement of ALT and albumin in control and age matched rats after 15
weeks of cirrhosis induction. ALT (A) and albumin (B) levels were not statistically
different between cell-treated and non-treated groups; however both groups differed
from normal values. (ANOVA, followed by Turkey’'s post test, ***p<0.001 when

compared to control group).

Figure 3: Biochemical data in the post injury cell infusion group. Measurement of
ALT (A) and albumin (B) in post injury cell infusion group did not show any
differences between cell-treated and non-treated groups (ANOVA, followed by
Turkey’s post test, ***a p<0.001 when compared to normal group; ***b p<0.001 and

**b p<0.01 when compared to values found after 15 weeks of chronic liver injury).

Figure 4: Presence of ascitis in both groups (cell-treated and non-treated) (A). The
syringe shows ascitis fluid (B). Ultrasound image illustrates a small cirrhotic liver with
a great amount of ascites (C). Quantification of ascitis occurrence in both groups

(cell-treated and non-treated) (D).

Figure 5: Quantification of portal vein caliber by ultrasound (A). The cell-treated and

non-treated groups demonstrated larger portal vein caliber when compared to the
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age matched control group, but there was no significant difference between them
(ANOVA, followed by Turkey’s post-test, ***p<0,001). Ultrasound image illustrates a

dilated and tortuous portal vein (arrow) (B).

Figure 6: Histological alterations observed after 15 weeks of cirrhosis induction. In
both groups (cell treated and non-treated) animals had clear evidence of
macronodular cirrhosis after 15 weeks of induction. Liver surface was extremely
irregular with multiple nodules (white arrow) and had a rigid consistency (A). H&E
histological analysis (magnification 10X) shows liver cirrhosis, characterized by global
loss of normal parenchyma architecture and formation of nodules separated by
collagen septa containing some portal inflammatory infiltrate (black arrows) and
lipofucsin resulting from Kupffer cells activity (black head arrows) (B and C). The
same histopathological findings were seen in cell-treated and non-treated groups.
Sirius red staining (magnification 10X) shows intense collagen deposition forming
thick septa interconnecting regenerative nodules (D and E) after 15 weeks of

cirrhosis induction. Scale bar: 100 um.

Figure 7: Collagen quantification (collagen / total area) using the Image-Pro
software. There was no statistical difference between cell-treated and non-treated
groups, but both differed from control group in preventive cell infusions (A) and post
injury cell infusion groups (B) (ANOVA, followed by Turkey’'s post test, *** p<0.001

and ** p<0.01 when compared to normal group).

Figure 8: A direct relation between blood parameters and histopathology findings

was verified. The level of liver damage, represented by ALT, and the loss of liver
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function, represented by albumin, had a linear relation to the area of fibrosis (ALT n

=15; r=0.77 and p=0.0009); (Albumin n=14; r= 0.75; p=0.0021).

Figure 9: Immunoassay (magnification 10X) showing collagen cross-linking. (A) —
Normal group shows presence of collagen cross-linking only around vessels. (B and
C) — Septal staining indicates increase in collagen cross-linking in non-treated (B)
and cell-treated groups (C). (D) - Morphometric analysis showed that there was an
increase in covalent cross-linking of collagen in both cell-treated and non-treated
groups when compared to control rats. (ANOVA, followed by Turkey’'s post-test,

*p<0.05 when compared to control group). Scale bar: 100 pym.
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ABSTRACT

Background/Aims: Our aim was to evaluate modifications promoted in the
extracellular matrix by cirrhosis induction and the effect of injury interruption in tissue
remodeling. Methods: Ethanol and carbon tetrachloride were administered over 15
weeks to induce cirrhosis (n=11). After that period, ultrasound was performed to
evaluate portal vein caliber and liver parenchyma echogenicity. Five animals were
sacrificied and 6 animals were followed for 8 more weeks, when they were also
sacrificied. Liver sections were stained with Hematoxilin&Eosin and Sirius Red.
Histomorphometry and hydroxyproline assays determined collagen content.
Immunofluorescence evaluated collagen types | and Ill and tissue transglutaminase
2. Results: After 15 weeks of injury, ultrasonography showed dilation of portal vein
and coarse liver echogenicity. Histopathology showed regenerative nodules and
fibrous septa. Total collagen content was increased in cirrhotic animals in
histomorphometry and hydroxyproline assays. Collagens types | and Il and tissue
transglutaminase contents were also increased. Eight weeks after insult was
interrupted, ultrasonographic  parameters, collagen content and tissue
transglutaminase remained altered, with no difference when comparing to 15 weeks
of aggression. Conclusion: Liver insult resulted in cirrhosis. The presence of tissue
transglutaminase in fibrotic septa seems to stabilize collagen and sustain cirrhosis for

at least 8 weeks after insult withdrawal.

** Word count in abstract: 200

Keywords: Cirrhosis, collagen, tissue transglutaminase.
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INTRODUCTION

Hepatic fibrosis is an early finding in chronic liver injury characterized by
failure of degradation and excessive synthesis of extracellular matrix (ECM)
components, mostly collagens type | and lll. Persistence of the insult disrupts normal
hepatic architecture, leading to development of regenerative nodules and vascular
dysfunction, configuring cirrhosis stage (1). Hepatic cirrhosis was described as an
irreversible disease, which results from the incapacity of the wounded liver to
remodel fibrosis. However, experimental studies with animals and humans have
recently defied this concept (2).

Animal models of hepatic cirrhosis use carbon tetrachloride (CCl4) extensively
as a hepatotoxic agent to evaluate liver injury and recovery (3, 4, 5, 6, 7, 8, 9).
Spontaneous remodeling of extracellular matrix has been reported after cessation of

CCl, intoxication leading to macronodular cirrhosis. (10, 8, 9).

The association of CCls with ethanol potentializes toxicity of the former, since it
increases activation of cytochrome P450, the enzymatic complex responsible for
CCls metabolization (11). This reaction leads to production of oxidative radicals that
cause lipid peroxidation and, consequently, hepatotoxic injury (5). Ethanol also
induces synthesis of type | collagen fibrils (12), inhibition of hepatocyte proliferation
(13), increased expression of tissue transglutaminase (tTG) and exacerbation of its
activity in hepatic stellate cells (13,14). Tissue transglutaminase belongs to a large
family of enzymes that catalyze Ca®*-dependent acryl transfer reactions between the
y-carboxamide group of peptide-bound glutamine and the e-amino group of peptide
bound to lysine. The reaction leads to formation of e- (y-glutamyl) lysine cross-links

that contributes to extracellular matrix protein stabilization (such as collagen)
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providing resistance to proteolytic degradation by matrix metalloproteases - MMPs
(15; 16).

Our group associated CCls to an alcoholic liquid diet to evaluate changes in
extracellular matrix components promoted by chronic liver injury and after withdrawal
of these toxic agents. Although histological analysis is still the gold standard method
for diagnosis of hepatic cirrhosis, we used ultrasound examination to compare a non-
invasive diagnostic method with histology. The purpose of this paper is to describe
ultrasonographic and histopathologic findings in the liver of intoxicated animals and
show that the presence of tTG stabilizes extracellular matrix and sustains cirrhosis

features for at least 8 weeks after interruption of the hepatic injury induction.

MATERIAL AND METHODS

Animals

This investigation conforms to “The Guide for Care and Use of Laboratory
Animals” [DHHS Publication No. (NIH) 85-23, revised 1996, Office of Science and
Health Reports, Bethesda, MD 20892] and was approved by the authors institutional
animal committee (protocol no. 021)

Female Wistar rats were obtained from Instituto de Biofisica Carlos Chagas
Filho (IBCCF - Rio de Janeiro/Brasil). Animals were housed at controlled

temperature (23°C) with daily exposure to a 12:12 light dark cycle.

Chronic liver injury model
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Cirrhosis was induced in 11 female Wistar rats (weighting 150 — 200 g) with
injections of a 20% solution of CCl4 (1:5 in olive oil - dose of 0,05ml/kg) associated
with an alcoholic liquid diet in accordance to the AIN-93 guidelines (17). Prior to CCl,4
administration, an adaptation phase was performed with a non-alcoholic liquid diet
(control diet) administered for one week followed by a second week of ethanol diet.
Injections of CCl; were performed intraperitonially (i.p.), 3 times per week on
alternate days during 15 weeks. At this point five animals were sacrificed. The
remaining animals (n=6) returned to the standard chow and water diet and were
sacrificed 8 weeks after discontinuation of insult agents. Rats were given ad libitum
access to liquid diets. A control group, consisting of 7 age and sex matched animals

was fed on standard chow (Table 1).

Ultrasound examination

Animals were anesthetized and placed in supine position breathing
spontaneously. Thricotomy was performed and a 10MHz linear transducer of a Caris
Plus® ultrasound equipment (Esaote, Italy) was used to analyze the portal vein

caliber, liver parenchyma echogenicity and the presence of ascitis.

Histology

Animals were sacrificed after 15 weeks of chronic liver injury and 8 weeks

after toxic induction interruption. Liver tissue slices were fixed for 5 hours in Bouin’'s

solution followed by overnight 10% buffered formalin solution (pH 7.2) and embedded
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in paraffin. Liver samples were sectioned (5m) and stained with H&E and Sirius

Red according to standard protocols (18).

Collagen guantification

Liver collagen was measured by morphometric analysis. Sirius Red stained
areas were measured in 5[1m liver sections and collagen content was calculated as a
percentage of the total field area examined. Ten fields were randomly photographed
and analyzed using Image-Pro Plus 5.0 (MediaCybernetics, USA) image analysis
software.

Biochemical determination of liver collagen content was done by
hydroxyproline assay as previously described (19). In short, two grams of fresh
hepatic tissue of each animal was dehydrated in acetone for two days and dried up
for 24 hours at 60°C. Dry tissue samples were mashed, homogenized and stored at
4°C. Ten milligrams of the dry samples were hydrolyzed in HCI 6M for 18 hours at
107°C. Samples were reconstituted with 2000IL of buffered solution (5% citric acid,
1.2% acetic acid, 12% sodium acetate and 3.4% sodium hydroxide, pH 6.0) 1:10
diluted and incubated with 1mL of chloramine-T (60mM in 50% n-propanol, pH 6.0)
for 20 minutes at 38°C. Finally, samples were incubated with 1mL of
aldehyde/perchloric acid solution (1M 4-(Dimethylamino)-benzaldehyde in 16%
perchloric acid and 60% n-propanol) for 20 min at 60°C. Optical density was read at
A=570nm using a spectrophotometer (GE Healthcare do Brasil, Brazil).
Concentration was determined by the linear regression equation of a standard

calibration curve of 4-hydroxyproline (Sigma-Aldrich, St. Louis, MO, USA).
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Immunofluorescence

Liver tissue was embedded in Tissue-Tek OCT compound (Sakura, Japan)
and preserved at 70°C. Six ym liver samples were sectioned in cryostat at -20°C and
fixed in acetone. Indirect immunofluorescence technique was performed using anti-
tTG (Stratech Scientific) at 1:40 and anti-collagen types | and Il antibodies
(CHEMICON International, USA) at 1:30. Secondary antibodies were FITC goat anti-
mouse IgG (H+L) conjugate (ZYMED, USA at 1:50) for tTG and FITC goat anti-rabbit
IgG (H+L) conjugate (ZYMED, USA at 1:50) for collagen type | and Il [5, 18]. As
control, liver sections were incubated with non immune mouse or rabbit serum
instead of antibodies, followed by incubation with secondary antibodies.
Quantification of tTG and collagens type | and Il was performed by calculating the
percent FITC stained area. Ten fields were photographed and analyzed using Image-

Pro Plus 5.0 (MediaCybernetics, USA) image analysis software.

Statistical analysis

Significant statistical differences among means were assessed using ANOVA

with Tukey’s post-test for multiple comparisons. p<0.05 was considered statistically

significant. Data are presented as mean + SD.

RESULTS

Ultrasound assessment



151

Ultrasound analysis showed an increase in liver echogenicity characterized by
extensive coarsened and heterogeneous parenchyma with disorganized hepatic
surface after 15 weeks of induction and 8 weeks after intoxication in was interrupted
which was consistent with the diagnosis of cirrhosis (compare CONTROL to other
groups in Figure 1A, 1E, 11). There was an increase in portal vein caliber (PVC) in
groups EtOH+CCl4 (0.22+0.01; p<0.001) and EtOH+CCls/8wR (0.21+0.02; p<0.01)

when compared to CONTROL group (0.16+£0.02).

Histology

Animals in CONTROL group presented liver macroscopy with a brownish-red
color, a smooth surface and elastic consistency (Figure 1B). In microscopy,
hepatocytes were radially arranged in plates aligned to sinusoids and converging to
centrolobular veins (Figure 1C). Moreover, Sirius-Red only stained portal spaces and
centrolobular vessels (Figure 1D).

At the 15™ week of induction there was clear evidence of macronodular
cirrhosis. Liver surface was extremely irregular with multiple nodules and had a rigid
consistency (Figure 1F). Histological analysis showed liver cirrhosis, characterized by
global loss of normal parenchymal architecture, and formation of nodules separated
by collagenous septa containing some inflammatory infiltrate (Figure 1G). Collagen
deposition was intense, forming thick septa interconnecting regenerative nodules
(Figure 1H).

After 8 weeks of recovery the EtOH+CCls/8wR group presented the same
macroscopic and microscopic patterns found in EtOH+CClI4 group (Figures 1J, K, L)

indicating that cirrhosis was sustained after aggression was interrupted.
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Collagen guantification

Morphometric analysis of Sirius Red stained areas showed an increase in liver
collagen content in groups EtOH+CCls (12.6+2.64; p<0.001) and EtOH+CCl4/8wR
(10.4+1.36; p<0.05) when compared to CONTROL group (2.2+1.21) (Figure 2A).

Hydroxyproline (HYP) is an amino acid found almost exclusively in collagen
proteins. Sample concentration of HYP has a direct correlation to the amount of
fibrosis in the liver. There was an increase in HYP concentration in EtOH+CCl,
(1.9+0.035; p<0.001) and EtOH+CCl4/8wR groups (1.6+0.18; p<0.05) when

compared to CONTROL group (1.2+0.17) (Figure 2B).

Immunofluorescence

We performed immunofluorescence assay searching for the presence of tTG
in cirrhotic liver. In figure 3A, normal liver shows deposition of tTG only in
perivascular regions. Group EtOH+CCl4, as shown in figure 3B, presented intense
deposition of this enzyme. This same pattern was observed in group
EtOH+CCIl4/8wWR (Figure 3C).

Quantification of the area stained with tTG showed that there was an increase
in the deposition of this enzyme in groups EtOH+CCl; (66.418; p<0.01) and
EtOH+CCl4/8wR (58.8+21; p<0.01) when compared to CONTROL group (7.910.8)
(Figure 3D).

In order to verify the presence of collagen isotypes, collagens | and Il were

detected by immunofluorescence. In normal rats, both collagens were detected in
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portal spaces and as tiny fibrils in liver lobule (Figures 4A and 4B). After 15 weeks of
induction, both types of collagen were deposited, forming hepatic nodules (Figures
4C and 4D). A similar pattern was still observed at the 8" week (after aggression was
interrupted) (Figures 4E and 4F).

Collagen quantification showed an increase in both types in groups
EtOH+CCl, [collagen | (2.5+1.3; p<0.01) and collagen Ill (1.3£0.2; p<0.05)] and
EtOH+CCl4/8wR [collagen | (1.8+0.06; p<0.05) and collagen Il (1.5£0.8; p<0.01)]
when compared with CONTROL group [collagen | (0.38+0.11) and collagen |lI

(0.25+0.06)] (Figures 4G and 4F).

DISCUSSION

Hepatic cirrhosis is characterized by failure of degradation and excessive
synthesis of the extracellular matrix (ECM). The present study shows that chronic
liver injury induced by association of CCl,; and ethanol leads to hepatic cirrhosis
within 15 weeks of administration of these hepatotoxic agents. The presence of
cirrhosis was confirmed by parenchyma architectural disruption and nodule formation
with intense ECM components deposition defined by total collagen content
quantification. These liver alterations persisted for at least 8 weeks after withdrawal
of toxic agents. Ultrasonographic findings showed increased liver echogenicity with a
coarse pattern and nodular surface indicating a severe tissue alteration which was
confirmed by histological results. In addition, dilatation of the portal vein was also
sustained after induction was interrupted. Portal vein remodeling is direct related to

portal hypertension, a severe complication of liver cirrhosis (20).
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Studies using chronic injections of CCl; were undertaken to determine
spontaneous reversibility of hepatic fibrosis/cirrhosis (6, 8, 21, 9). Following chronic
induction by 12 weeks, micronodular cirrhosis was developed and underwent
remodeling yielding macronodular cirrhosis 28 days after withdrawal of intoxication
(8). In another study, hepatic cirrhosis was established after 16 weeks of CCly
administration, and one month after aggression was terminated fibrous septa
presented thinning and disruption, associated to even more enlarged regenerative
nodules (9). The reversibility seen in these models of chronic liver injury may reflect
the well known liver regeneration capability. In our model the combined effect of two
hepatotoxic agents, ethanol and CCl;, seems to surpass the endogenous
spontaneous regeneration process, leading to non-reversible injury. It remains to be
seen if discontinuation of aggression for periods longer than 8 weeks will result in
partial recovery. Although there were no statistical differences between all measured
parameters in the EtOH+CCl, and EtOH+CCIl,/8wR groups, all values measured in
the later group tended to be smaller than in the former. An important issue
concerning the reversibility process of cirrhosis is the presence of mature fibrosis
areas with broad collagen septa and extensively cross-linked by tTG, an enzyme that
stabilizes the ECM, rendering the collagens fibers less sensitive to proteolytic
degrading. (22,23). These areas do not undergo remodeling and can represent the
limit of matrix reversibility (8).

Collagens type | and Ill show a three-to-eight fold increase in hepatic injury
(24). These proteins are mainly synthesized by hepatic stellate cells (HSC) when
these are activated. Type | procollagen expression in activated HSC is stimulated
when these cells are exposed to ethanol in culture (12). Both collagens types are

substrates for tTG (25). Our experiment associating ethanol and CCl; demonstrated
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a high amount of tTG localized mainly at fibrous septa at the end of 15 weeks of
intoxication, a period when cellular chronic injuries are at the highest level and tTG is
linked to extracellular matrix.

We believe that tTG presence 8 weeks after chronic liver injury discontinuation
can contribute to the elevated percentage of collagens type | and type Il observed at
the same time point in our study. Collagen cross-linking makes this molecule more
resistant to collagenase degradation, therefore inhibiting fibrosis remodeling.
Moreover, persistent presence of tTG after withdrawal of toxic agents might delimit a
point of no return for hepatic cirrhosis.

So, this work shows that tTG can be present after discontinuation of toxic
agents, which might contribute to collagen resistance and therefore to fibrosis

remodeling.
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FIGURE CAPTIONS:

Figure 1 — Ultrasound images (A, E, I), histology (B-D, F-H, J-L) and measure of
vein portal caliber (M, N, O). Normal liver: (A) Ultrasonographic images illustrate
homogeneous liver echotexture with regular contours. (B) Macroscopy of normal
liver. Notice smooth surface and brownish-red color. (C) - Microscopy of normal liver

(H&E 200x). The parenchyma is homogeneous showing hepatocytes (arrowheads)
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with round nuclei and sinusoids with radial arrangement. (D) - Sirius Red staining
showing collagen in red. Deposition occurs only in vessels (portal triad — arrow;
central vein — arrowhead, 40x). After 15 weeks of induction: (E) Ultrasonographic
images illustrate coarse liver echotexture (F) Liver cirrhosis: irregular surface and
multiple nodules (arrows). (G) Microscopy shows modification of liver normal
structure, with inflammatory infiltrate (arrowheads) and tissue necrosis (H&E 200x).
(H) Sirius Red staining shows deposition of collagen in thick septus, forming
regeneration nodules (100x). Eight weeks after chronic injury interruption: (I)
Ultrasound shows the same pattern as in 15 weeks of induction with a difuse coarse
liver echotexture. (J) Macroscopy showing nodules in liver surface. (K) Microscopy
shows thick fibrous septa (arrowheads) and (L) regenerative nodules as seen before.
Portal Vein Caliber (PVC): (M) Ultrasound images show normal portal vein caliber
(arrows), (N) dilated and tortuous portal vein representative of both intoxicated
groups (arrows) and (O) quantification of PVC showing increase in vein portal caliber
(0,24 cm) in both groups intoxicated with ethanol and CCl,; compared to CONTROL

group (14mm).

Figure 2 — Sirius Red morphometric analysis (A) show that chronic induction by
15 weeks leads to an increase in the amount of fibrosis when compared to
CONTROL group. The content of fibrosis was sustained by 8 weeks after interruption
of induction. Hydroxyproline assay (B) showed an increase in liver collagen content

after 15 weeks of cirrhosis induction and 8 weeks after interruption.

Figure 3 — Qualification (A-C) and quantification (D) of tTG. (A) Normal group

shows presence of tTG only around vessels. (B) Septal staining indicate increase of
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this enzyme. (C) Hepatic nodules are still stained 8 weeks after interruption of
ethanol and CCls, indicating that tTG is still present after this period. (D)
Morphometrical analysis showed that there was increase in tTG enzyme in all groups

when compared to CONTROL group.

Figure 4 — Immunofluorescence against collagen type | (A, C, E - 100x) and
collagen type Ill (B, D, F - 100x). Collagen type | (A) and type Il (B) detection in
normal hepatic parenchyma. After intoxication for 15 weeks (EtOH+CCl,;) both
collagen types (C and D) presented augmented detection. This pattern of staining
remained in group with interrupted chronic liver injury (EtOH+CCls/8wR) (E and F).
Fluorescence morphometric analysis of collagen type | (G) and type Ill (F) shows
augmentation of both collagen types at 15 weeks of intoxication and 8 weeks after

interruption of chronic liver injury.

Table 1 — Experimental groups

CONTROL Standard rat chow and filtered water diet; n =7
Alcoholic liquid diet + i.p. injections of CCls 20%; n=
EtOH+CCl,
5
Standard rat chow and water during 8 weeks after
EtOH+CCI4/8wR

discontinuation; n = 6




CONTROL

EtOH+CCL,

EtOH+CCL,/8wR

Figure 1

.

CONTROL EtOH+CCl, EtOH+CCl,/8wR

***p<0.001 and **p<0.01 when compared to CONTROL group
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