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Resumo

Introducao: A terapia celular para o tratamento de doencas cardiacas é um
método terapéutico novo que pode levar a recuperacdo da funcado do
miocardio. Porém a fonte de células e o tipo celular com propriedades
adequadas de regeneracdo do tecido cardiaco estdo sendo pesquisadas. As
células-tronco mesenquimais (CTMs) possuem propriedades que podem
permitir uma terapia celular altamente efetiva. Entretanto a literatura apresenta
resultados conflitantes em relacdo aos marcadores € ao seu potencial de
diferenciacdo. Objetivos: Neste trabalho comparamos as CTMs obtidas da
medula éssea (CTMs-MO) e do sangue de cordao umbilical (CTMs-SCU) e as
células-tronco derivadas do tecido adiposo (CTDAs) e analisamos a expressao
dos marcadores cardiacos ap6s exposicdo com o 6xido nitrico (NO).
Resultados: As CTMs-MO, CTMs-SCU e as CTDAs apresentaram
semelhangas em relagdo a morfologia, ao tamanho e a complexidade, porém
nao foram semelhantes imunofenotipicamente em relacdo aos marcadores
CD34 e CD117 e quanto ao potencial de diferenciacdao. A diferenciacdo em
osteoblastos e condrécitos foi semelhante, porém a diferenciacao adipogénica
demonstrou que as CTMs-SCU apresentam poucos vacuolos lipidicos,
diferentemente das outras fontes. A expressao dos genes FAPB4, osteonectina
e colageno tipo Il foi analisada por qPCR para confirmar a diferenciacao
adipogénica, osteogénica e condrogénica, respectivamente. Os resultados
confirmaram que as trés fontes apresentam potencial semelhante para a
diferenciacao osteogénica e condrogénica, mas diferem para a diferenciacao
em adipocitos. Ap6s a caracterizacdo, as CTMs-MO e as CTDAs foram
expostas aos agentes NO, SNAP e DEA/NO. A expressdo de marcadores
musculares e musculares cardiacos foi analisada por citometria de fluxo,
imunofluorescéncia, RT-PCR e qPCR. Em geral foi observada uma alta
variabilidade entre as amostras analisadas. Apds a exposicao das CTMs-MO e
CTDAs ao NO houve um aumento da expressdao de alguns marcadores
musculares como conexina-43, troponina T e actina cardiaca e do marcador
CD34 nas CTMs comparativamente ao grupo de células controle. Contudo nao
houve diferencgas significativas entre as fontes de células nem entre os agentes

de NO quando baseados nos resultados da citometria de fluxo e na



imunofluorescéncia. A analise da expressao génica por RT-PCR e gPCR
mostrou que os agentes NO aumentaram a expressédo de VEGF e conexina-43.
Conclusoes: Concluimos que o NO, ou seus metabdlitos, aumentam a
expressao de marcadores musculares e musculares cardiacos, VEGF e CD34
nas CTMs-MO e CTDAs.

Descritores: células-tronco mesenquimais, células-tronco derivadas do tecido

adiposo, sangue de cordao umbilical, diferenciagcéo, éxido nitrico.



Abstract

Introduction: Cell therapy for heart diseases treatment is a novel method that
can lead to recovery of myocardium function. The best cell source and type for
cardiac tissue regeneration, however, are not yet defined. Mesenchymal stem
cells (MSCs) present properties that can allow a highly effective cell therapy,
although the literature presents conflicting results regarding MSCs surface
markers and their differentiation potential. Objectives: In this study, we
compared MSCs obtained from bone marrow (BM-MSCs), umbilical cord blood
(UCB-MSCs) and adipose derived stem cells (ADSCs) and analyzed the
expression of cardiac markers after nitric oxide (NO) agents exposure. Results:
BM-MSCs, UCB-MSCs and ADSCs showed similarities regarding morphology,
size and complexity, but they differed in CD34 and CD117 immunophenotyping
and also in their differentiation potential. Differentiation to osteoblasts and
chondrocytes was similar, but adipogenic differentiation demonstrated that
UCB-MSCs presented few lipid vacuoles, in contrast to the other sources.
Expression of FAPB4, osteonectin and type Il collagen was analyzed by qPCR
to confirm the adipogenic, osteogenic and chondrogenic differentiation,
respectively. The results confirmed that the three sources present similar
potential for osteogenic and chondrogenic differentiation, but differ for
adipogenic differentiation. After characterization, BM-MSCs and ADSCs were
exposed to NO agents SNAP and DEA / NO. The expression of muscular and
cardiac markers was analyzed by flow cytometry, immunofluorescence, RT-
PCR and gPCR. In general, a high variability between samples was observed.
NO exposure induced an increased expression of some muscular markers such
as connexin-43, troponin T and cardiac (fetal) actin and CD34 in MSCs,
compared to control group. However, no significant differences between
sources of cells or NO donors was observed by flow cytometry and
immunofluorescence assays. Gene expression analysis by RT-PCR and gPCR
showed that the NO agents increaded the expression of VEGF and connexin-
43. Conclusion: We concluded that NO, or its metabolites, increases the
expression of muscular and cardiac markers, VEGF and CD34 in BM-MSCs
and ADSCs.



Key words: Mesenchymal stem cell, adipose-derived stem cell, umbilical cord
blood, differentiation, nitric oxide
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LISTA DE ABREVIATURAS

pL — microlitro

Um — micrometro

APC - aloficocianina

CD — grupos de diferenciagéo celular

cAMP - adenosina 3°, 5"-monofosfato ciclico
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L-NAME - N,G-nitro-L-arginina-metil-éster

MHC — complexo principal de histocompatibilidade
mL — mililitro

mM — milimolar

MO — medula éssea

mRNA — acido ribonucléico mensageiro

NK — natural killer

NO — éxido nitrico

NOS — éxido nitrico sintase

PBS — solugéo salina tamponada com fosfato



PCR — reacao em cadeia da polimerase

PE — ficoeritrina

PerCP — complexo proteina clorofila peridinina

gPCR —reacao em cadeia da polimerase em tempo real quantitativa
rpm — rotagdes por minuto

RT- transcriptase reversa

SBF — soro bovino fetal

SCU - sangue de cordao umbilical

SNAP - S-nitroso-N-acetil-D,L-penicilamina

SSEA-4 — do inglés stage-specific embrionic antigens-4
TA —tecido adiposo

VEGF — fator de crescimento endotelial vascular
VMHC - cadeia pesada da miosina ventricular
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1 INTRODUGCAO
1. 1 Doencas Cardiovasculares/ Cardiomioplastia

A doencga cardiovascular € a maior causa de mortalidade e morbidade
em todo o mundo'?. Sua incidéncia e prevaléncia tém aumentado devido ao
aumento de expectativa de vida da populacdo®. A insuficiéncia cardiaca é
geralmente caracterizada pela hipertrofia cardiaca, vascularizagéo insuficiente
e perda dos cardiomiécitos funcionais®, havendo portanto uma perda da
capacidade contratil e a substituicado das células mortas pelo tecido fibroso nao
funcional®. Apds o dano do miocardio, ocorre a mobilizagdo de células-tronco
da medula 6ssea (MO), como células progenitoras endoteliais® e células
progenitoras adultas multipotentes’ para a area danificada, devido a liberagao
de citocinas pela regido afetada®. O coracdo normal é um érgao terminalmente

diferenciado®'°

, 0 que permite uma regeneracao tecidual limitada através da
autoproliferacdo e mobilizacdo seletiva das células-tronco residentes e/ou
circulantes''2. Entretanto, devido ao recrutamento insuficiente das células-
tronco cardiacas e a sua capacidade limitada de regeneracdo, 0 processo
natural de regeneracao é inadequado para o reparo de danos mais extensos,
onde h& grande perda celular como no infarto agudo do miocardio'®.

Terapias convencionais retardam o processo da doenga cardiaca, porém
ndo sdo capazes de substituir a lesdo por tecido contratil funcional®. O
transplante cardiaco € o tratamento padrdao ouro, mas a escassez de doadores
e as complicacoes do transplante cardiaco tém levado a pesquisas na area do
transplante celular como alternativa para o tratamento das doencas
cardiovasculares'*?*.

O transplante celular pode levar a recuperagédo da funcao do miocardio
infartado pela substituicado das células musculares cardiacas perdidas durante
0 processo patolégico ou envelhecimento®. Portanto, varios tipos celulares,

15,16.26.27  cardiomidcitos fetais, neonatais e

18,31,32

incluindo mioblastos esqueléticos

28,29 , tém sido

adultos , células musculares lisas®® e células-tronco adultas
pesquisados na tentativa de serem utilizados na terapia celular. Desta forma, a
identificacdo de uma fonte adequada de progenitores de cardiomiocitos é de

grande interesse para 0 uso na medicina regenerativa.
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Todas as técnicas de cardiomioplastia celular tém limitacdes, e estas
dependem primariamente do tipo de célula utilizada para o transplante. O
modelo ideal seria células que possuissem propriedades eletrofisiol6gicas,
estruturais e contrateis de cardiomiocitos e que fossem capazes de se integrar
estruturalmente e funcionalmente as células miocardicas nativas. Além disso,
estas células deveriam ser de origem autdloga, pouco imunogénicas e com
grande capacidade de expansao. Infelizmente, ndo ha fontes celulares
adequadas que possuam todas as propriedades mencionadas®®. Assim, varias
pesquisas para definir a fonte de células mais seguras e efetivas que possam
ser utilizadas na cardiomioplastia tém sido desenvolvidas®.

Células como mioblastos esqueléticos podem repopular o tecido
danificado, resultando em espessamento da parede ventricular, elevacao da
fracdo de ejecdo ventricular esquerda e aumento da contratilidade'. Entretanto
ndao ha um aumento significativo da funcdo cardiaca, pois a integracao
eletromecanica das células transplantadas com os cardiomiocitos nativos é
incompleta, ndo havendo uma perfeita integracdo anatémica e funcional ao

coracgao do receptor.
1.2 Células-tronco

As células-tronco apresentam propriedades importantes de auto-
renovacdo e plasticidade®. Os mecanismos atualmente propostos pelos quais
as células-tronco reparam o miocardio lesionado ou que levam a um aumento
na fungao cardiaca sao a diferenciagdo em cardiomiocitos e formacgéo de tecido
miocardico ou a utilizacao destas células para direta ou indiretamente aumentar
a neovascularizacdo (vasculogénese, angiogénese e arteriogénese)®®. Além
disso, tem sido proposto que as células-tronco liberam fatores angiogénicos,
protegem os cardiomiécitos da morte por apoptose, induzem a proliferacao de
cardiomiécitos enddgenos e podem recrutar células-tronco cardiacas

37-39

residentes Neste contexto, a terapia com células-tronco pode ser

considerada como ideal para a regeneragdo do tecido miocéardico

danificado®24042 |18.37.43

, melhorando a perfusdo e o desempenho contrati
Células-tronco embrionarias humanas sédo pluripotentes e podem se

diferenciar a cardiomidcitos, sendo utilizadas como uma fonte de células para a
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44,45 46

terapia cardiaca . Estas células apresentam propriedades moleculares,

estruturais e funcionais dos estagios precoces do desenvolvimento cardiaco”

4 Os cardiomidcitos derivados das células-tronco embrionarias humanas

podem formar um sincicio funcional®

e podem integrar estruturalmente e
funcionalmente com o tecido cardiaco pré-existente, tanto in vivo como in
vitro>'*2, Mas a utilizacdo das células-tronco embrionarias na terapia celular
apresenta problemas, como a tumorigenicidade, a imunogenicidade e os
problemas éticos em relacao ao isolamento das células de embrides humanos
fertilizados in vitro®. Entdo outras fontes de células-tronco para a regeneracgéo
do miocérdio devem ser consideradas.

Células-tronco adultas sdo encontradas em muitos tecidos e participam
do reparo e regeneracao do tecido danificado. A utilizacdo de células-tronco
autélogas humanas para a terapia celular é clinica e éticamente justificavel,
devido a auséncia de efeitos colaterais, especialmente a formacdo de
teratocarcinomas®. Além disso, diferentemente das  células-tronco
embrionarias humanas, ndo ha potencial arritmogénico e a terapia

7

imunossupressiva €& desnecessaria. Portanto a vantagem terapéutica

claramente prevalece e a utilizacdo clinica tem sido realizada®’.

1.3 Células-tronco mesenquimais

Comparada com outros tipos de células-tronco adultas, no contexto da
cardiomioplastia, as células-tronco mesenquimais (CTMs) parecem possuir
propriedades que permitiriam uma terapia celular altamente efetiva®®. As CTMs
sao células multipotentes, com capacidade de diferenciacdo a varios tipos
celulares e sdo importantes na manutencdo da integridade dos tecidos e
6rgdos>°°,

A caracterizacdo das CTMs tem sido baseada em um conjunto de
caracteristicas morfoloégicas, fenotipicas e funcionais, devido a falta de
marcadores especificos para estas células. As CTMs apresentam morfologia
alongada semelhante aos fibroblastos e como propriedade fisica, aderéncia ao

6263 como foi

plastico®’. Estas células apresentam heterogeneidade fenotipica
demonstrado em estudos in vitro e in vivo. Sao destituidas de marcadores

hematopoéticos, como CD45 e CD34, e de marcadores para mondcitos,
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macréfagos e células B, e geralmente expressam moléculas CD105, CD90,
CD73, CD29 e CD44%. Recentemente GANG et al. (2007)%° identificaram o
SSEA-4, um antigeno da globo-series glycolipids, como um novo marcador das
CTMs. Funcionalmente, as CTMs devem ser capazes de se diferenciar em trés
linhagens: adipécitos®®, condrécitos®” e osteoblastos®®. Além destas, a
literatura tem relatado que elas podem originar uma ampla variedade de
linhagens celulares incluindo ostedcitos, midcitos, astrdcitos, neurdnios,
células endoteliais, hepatécitos, cardiomidcitos, entre outras®°:5%72,

Tem sido demonstrado que as CTMs tém propriedades
imunomoduladoras’ contra aloantigenos, podendo ser utilizadas no
tratamento de rejeicbes no transplante de 6rgdos, e imunossupressivas
suprimindo a funcao de uma ampla gama de células do sistema imunoldégico in

T'478  células B, células NK® e células

vitro, incluindo células
apresentadoras de antigenos®'. Dados clinicos e experimentais também
demonstraram que a fung&o imunorreguladora das CTMs derivadas da MO
pode contribuir para a redugédo da incidéncia de doenga do enxerto-versus-
hospedeiro apés o transplante de células hematopoéticas’’®2. As CTMs s&o
nao imunogénicas (imunofenétipo MHC I¥, MHC II, CD40,CD80°, CD86),
portanto o transplante num hospedeiro alogénico nédo requer
imunossupressao’®®. Por esta razdo as CTMs sdo consideradas importantes
devido a sua potencial utilizacao para a terapia celular e a engenharia tecidual.

As CTMs tém habilidade de mobilizacdo para tecidos danificados,
possivelmente em resposta a citocinas e fatores de crescimento, e participam

ativamente no reparo tecidual®*®.

1.4. Fontes de células-tronco mesenquimais

A MO tem representado a principal fonte de CTMs pois sédo de facil
obtencdo, apresentam grande potencial de proliferacdo in Vvitro® e a
possibilidade de serem de origem autéloga, tornando-as atrativas para o uso
terapéutico®®®. Entretanto, além da freqiiéncia das CTMs na MO ser muito
baixa (aproximadamente 0,05% da fracdo celular)®®, as CTMs de MO possuem
alto grau de exposicao viral, apresentam uma diminuicdo da capacidade de

proliferacao/diferenciagdo com o aumento da idade, além do procedimento de
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coleta ser invasivo e doloroso®. Desta forma tem sido discutida a necessidade
de encontrar fontes alternativas de CTMs.
CTMs e células semelhantes as CTMs tém sido isoladas de outras

63,91

fontes teciduais incluindo tecido adiposo®®', derme®, sangue®, osso

trabecular®™, corddo umbilical humano®, sangue de corddo umbilical

96,97

humano®®’, pulmées®, polpa de dentes, ligamento periodontal®® e parede da

veia safena'%%10

sugerindo que estas células estdo ampla e diversamente
distribuidas in vivo.

As CTMs do sangue de cordao umbilical (SCU) tém despertado grande
interesse para uso clinico futuro. O SCU é uma fonte rica de células-tronco
hematopoéticas a qual apresenta varias vantagens éticas e praticas, podendo
ser coletada sem riscos para o doador e com baixo risco de contaminacao
viral'®. Contudo, a existéncia de CTM no cord&o tem sido controversa. Alguns

estudos relataram que no SCU'%1%4

ou sangue periférico apos mobilizacao de
células- tronco, ndo ha células progenitoras mesenquimais®. Porém ERICES
et al. (2000)'% mostraram que o SCU possui células aderentes com o fenétipo
de células progenitoras mesenquimais fortemente expressando CD105 (SH2),
SH3 e SH4 (CD73). LEE et al. (2004)*® obtiveram do sangue de cordédo
umbilical uma populacdo de células aderentes semelhantes as CTMs da MO
em relagdo a morfologia, imunofenotipagem, potencial de proliferacdo e
diferenciacao. Observou-se também a expressdao de genes especificos para
multi-linhagens nas células derivadas do SCU, indicando que CTMs com
potencial altamente proliferativo e de diferenciagdo estao presentes no cordao
umbilical de humanos. Uma populacao de células-tronco CD45 e HLA classe |l
negativas com grande capacidade proliferativa in vitro sem diferenciagao
espontdnea, mas com potencial intrinseco e direcionado para o
desenvolvimento de ossos, cartilagem, células hematopoéticas, neurais, figado
e tecido cardiaco in vivo em diversos modelos animais (como rato,
camundongo e carneiro) foi identificada, a partir de células obtidas do SCU*".
Apesar da presenca das CTMs no SCU, observou-se que a eficiéncia de

72106 o isto seria devido a fonte de

isolamento destas células € muito baixa
CTMs e ndo a diferencas metodolégicas nos diferentes estudos realizados'% .
O tecido adiposo (TA) representa uma fonte de células-tronco adultas

que podem se diferenciar em varias linhagens como 0ssos, cartilagem,



17

adipécitos, misculo, endotélio e células neuronais®"'%11°  As vantagens das
células-tronco derivadas do tecido adiposo (CTDAs) sédo a facil obtencéao, a
freqUéncia mais alta (0,5%) e a presenca de um grande potencial proliferativo
in vitro comparado com as células mesenquimais obtidas da MO'''. Assim, as
CTDAs podem também apresentar potencial terapéutico para o reparo de
tecidos danificados' "4,

Estudos tém demonstrado que as CTMs-MO e CTDAs diferenciam-se

18,24,91,115-121

em cardiomiécitos in vitro e in vivo 0 que as tornam importantes

para a cardiomioplastia celular.
1.5 Diferenciacao das células-tronco mesenquimais

Os processos que regulam a diferenciacao celular sdo complexos e as
interagbes entre o0s sinais/vias ainda ndao sao totalmente conhecidos.
Entretanto, € clara a dependéncia do microambiente em seu desenvolvimento.
Esta dependéncia € também observada no comissionamento de células-
tronco. Estudos demonstram que as CTMs respondem a sinais do
microambiente tecidual do hospedeiro e diferenciam-se em células
maduras %122,

A diferenciacédo das células-tronco em uma determinada linhagem pode
ser alcancada através de varias técnicas que podem ser utilizadas
conjuntamente envolvendo multiplas vias de sinalizagdo, podendo ser
mimetizadas in vitro'?®. Vérias estratégias tém sido empregadas como o
desenvolvimento de meios de cultura, de preferéncia quimicamente definidos,
livres de soro, ou a utilizacdo de substitutos sintéticos'®* com suplementacéo
de citocinas recombinantes e fatores de crescimento'?.

Diversos compostos quimicos sintéticos também sdo capazes de

72126127 - g bstancias

promover a diferenciacdo das células-tronco in vitro
quimicas sintéticas sdo menos labeis, com meia vida mais longa, comparada
com as citocinas. A 5-azacitidina tem sido bastante considerada para a
diferenciacdo das CTMs em cardiomiécitos em estudos experimentais®® 28130,
poréem apresenta efeitos genotdxicos devido a atividade de desmetilacdo nao
especifica’' e baixa eficiéncia. Portanto, esta droga ndo se mostra atrativa do

ponto de vista clinico.
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Outra abordagem seria a utilizacao do meio condicionado da cultura de
células somaticas diferenciadas, o qual poderia conter varios fatores soluveis
capazes de direcionar a diferenciacdo das células-tronco in vivo'??'*2. A
vantagem em se utilizar o meio condicionado sobre a co-cultura € que ndo ha
a necessidade de separar diferentes populacdes celulares. Além disso,
filtrando-se o0 meio condicionado nao haveria o risco de contaminagdo com um
tipo celular diferente, porém n&o evitaria o risco de contaminagdo viral'?®. A
maior limitacdo na utilizacdo do meio condicionado, diferentemente da co-
cultura convencional, € que nao ha contato fisico direto e comunicacao
cruzada regulatéria entre os diferentes tipos celulares, o que poderia limitar a
transducdo de sinais de diferenciagdo para as células-tronco'®.

O estimulo fisico é outro fator que pode levar a diferenciacdo das
células-tronco'®®. GIAMBRIONI FILHO et al. (2004)'** mostraram os efeitos da
eletroestimulacédo in vitro sobre as células-tronco da medula éssea humana,
CD34" e mesenquimais, a fim de diferencia-las em células miogénicas antes
do transplante celular. Apds a eletroestimulacdo sobre as células-tronco
mesenquimais, observou-se uma diferenciacdo miogénica, com células
positivas para os anticorpos anti-desmina e anti-troponina | e C. Portanto o
pré-condicionamento das culturas celulares utilizando a eletroestimulagéo
mostrou uma diferenciagdo miogénica in vitro. Porém questiona-se a
expressao nestas células da conexina-43, a qual faz parte das conexdes
funcionais entre os cardiomibcitos. Estas conexdes possibilitam um
acoplamento eletromecénico entre as células diferenciadas e os cardiomidcitos
ja existentes.

Proteinas de matriz extracelular também podem induzir diferenciacao
celular, possivelmente mediada por integrinas. As integrinas sao a principal
classe de moléculas receptoras de proteinas da matriz extracelular, e que tém
importante papel na diferenciacéo celular e desenvolvimento do tecido'®°. Uma
das moléculas mais comuns da matriz extracelular é a fibronectina, a qual esta
envolvida no homing de células CD34* para a MO durante o transplante’?.
Células-tronco obtidas da medula 6ssea e corddao umbilical cultivadas na
presenca de fibronectina e laminina expressaram marcadores de células
cardiacas'’. Porém, foi observado que os diferentes clones de células

mesenquimais obtidas apresentaram um comportamento heterogéneo em
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resposta a inducao da diferenciacao celular com fibronectina e laminina. Além
disso, somente uma pequena proporcao dos clones expressam marcadores
especificos cardiacos, demonstrando a baixa eficiéncia de diferenciagéo.

A co-cultura com células somaticas diferenciadas é outro método que
pode levar a diferenciacao celular, pois permite o contato fisico entre diferentes
tipos celulares, o qual pode ativar vias diferenciativas. Além disso, a co-cultura
fornece um ambiente fisiol6gico para diferenciacdo das células-tronco in vitro
mais semelhante as condicées in vivo, como nos tecidos e 6rgdos'®.
PLOTNIKOV et al. (2008)'® demonstraram a formagdo de estruturas
denominadas nanotubos, que fazem conexdo com as células vizinhas, e
expressao de miosina humana nas CTMs, ap6s o co-cultivo destas células
humanas com cardiomidcitos de ratos. Apesar disso, ndo ha um consenso na
literatura se esta interacdo célula-célula €& necessaria para que ocorra a
diferenciacao das CTMs, ou se a presenca dos fatores quimicos soluveis sao
suficientes’ 122139,

Algumas evidéncias indicam que o intimo contato fisico, que ocorre
também durante a co-cultura, pode levar a fusdo de diferentes tipos
celulares'®. A habilidade das células-tronco adultas de se transdiferenciarem
em tipos celulares que sao radicalmente diferentes do seu tecido de origem,
quando transplantadas in vivo, tem sido atribuida & fusdo celular®®. Alguns
trabalhos demonstraram a capacidade dos cardiomiécitos de se fundirem com
outras células somaticas ou células progenitoras, produzindo fendtipos
hibridos'''*2. A co-cultura de duas ou mais populacdes celulares distintas
também tem o risco de transmissdo de patégenos, em particular, virus. Isto
poderia constituir o maior obstaculo para aplicacao clinica da co-cultura para
diferenciacao das células-tronco. Outro problema é a dificuldade de separacao
das populagées celulares co-cultivadas, o que poderia ser contornado pela
utilizacdo do método de separacdo magnética'*® ou sorting por citometria de

fluxo'#4.
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1.6 Influéncia de espécies reativas na diferenciacao celular

O acumulo de evidéncias mostrando a importancia das espécies reativas
no processo de diferenciacao celular in vitro tém resgatado a teoria redox do

desenvolvimento'*®.

Esta teoria postula que diferentes suplementacdes de
oxigénio nos tecidos in vivo resultam no estabelecimento de gradientes
metabdlicos e oxidativos, que tém um importante papel na diferenciacdo e
desenvolvimento. Este conceito € sustentado pelo fato que células e tecidos
em diferentes estagios de diferenciacdo exibem discretas mudancas em seus
estados redox. Geralmente quando as células tornam-se mais diferenciadas,
seu ambiente intracelular torna-se mais pro-oxidante, quando comparado a
células nao diferenciadas’*®. Um dos principais tampdes redox utilizado pelas
células para a manutengdo do estado redox intracelular é o par glutationa
(GSH)/glutationa dissulfeto (GSSG)'’. Diminuicdes da taxa GSH/GSSG, ou
seja um estado mais oxidativo, esta associado a processos

148,149

diferenciativos , como descrito, por exemplo, para a diferenciacdo de

mondcitos'*° e de neurdnios'®''*2. Esta mudanca no balanco redox é devido ao

aumento de geracao de espécies reativas de oxigénio e nitrogénio, os quais

atuam como segundos mensageiros'>®

154,155

em muitas cascatas de sinalizacao
intracelular De fato, espécies reativas, principalmente superéxido e
peréxido de hidrogénio, parecem ser mediadores importantes na sinalizacao

153 “incluindo os fatores de crescimento

iniciadas por fatores de crescimento
hematopoéticos'*°. Recentemente, foi também demonstrado o envolvimento do
radical superéxido durante a diferenciacdo osteogénica das CTMs'’, do
peréxido de hidrogénio'™® e do 6xido nitrico'® na cardiomiogénese a partir das
células-tronco embrionérias.

O oxido nitrico (NO) €& um radical livre gasoso de meia-vida
relativamente curta, gerado pela familia de proteinas éxido nitrico sintase
(NOS) e que atua como molécula sinalizadora, mediando a comunicagéo
célula-célula'®. Enzimaticamente, o NO é formado a partir do nitrogénio da
guanidina presente na L-arginina, sob a agéo catalitica das enzimas NOS,
gerando concentragdes equimolares de L-citrulina'®'. A sintese do NO ocorre a
partir da ativacdo da sintese de NOS, a qual existe em trés isoformas: duas

isoformas constitutivas e uma induzivel. As duas isoformas cNOS foram
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clonadas de cérebro do rato (neuronal NOS, nNOS, ou NOS tipo I) e do
endotélio vascular (endotelial NOS, eNOS, ou NOS tipo I11)'®2. A ativacdo das
cNOS é dependente da elevagdo de ions de Ca?*. A terceira isoforma é a
induzivel (induzivel NOS, iNOS ou NOS tipo Il), que ¢é independente de calcio
e é expressa em tecidos alvos, apds estimulacdo com endotoxina e algumas
citocinas nas respostas inflamatérias'®'®*. Ambas as vias de sintese do NO
tem papel bioldgico no coragdo de mamiferos'®>16¢,

Os efeitos do NO podem mediar importantes processos biolégicos como

167168 " mobilizagdo e diferenciacdo'®'’° de varias populacdes

a proliferacao
celulares precursoras derivadas de O&rgdos, vasorregulagdo, reacgdes
inflamatorias, plasticidade sinaptica, contratilidade cardiaca, respiracao
mitocondrial, pré-condicionamento isquémico, entre outras'’"'72,

Além disso, o NO pode funcionar como um mensageiro intracelular,

160.173 " E  considerado uma molécula de

neurotransmissor e hormonio
sinalizacao da diferenciacéo celular produzido por virtualmente todos os tipos
celulares que compdéem o miocardio, sendo importante para o desenvolvimento

cardiaco'®®

. O papel e a regulacao da producéao do NO no miocardio ocorrem
principalmente através das cascatas de sinalizagao intracelulares iniciadas pela
guanosina 3, 5’-ciclica monofosfato (GMP ciclico, ou cGMP)'"*. Este, por sua
vez, é produzido pela ativagdo da guanilato ciclase, apos ligacdo do NO ao
grupo heme da enzima'”®. A adenosina 3’, 5"-monofosfato ciclico (AMP ciclico
ou cAMP) é outro mensageiro que também tem um importante papel na
regulacdo da proliferacdo e diferenciagdo celular. E importante manter a razao
cAMP/cGMP para fornecer o microambiente correto para sobrevivéncia e
funcao celular. O aumento da regulacdo de cAMP é um processo chave para
facilitar a diferenciacao e inibir a proliferacao. Além disso, cAMP poderia atuar
como um indutor enddégeno da producdo de NO induzida por citocina pelo
miocardio em certas condicdes imunolégicas e inflamatérias, incluindo pds
transplante cardiaco, cardiomiopatia, miocardite e dano por reperfusao-
isquemia.

A funcao cardiaca é regulada pelo NO através de efeitos dependentes e
independentes da vasculatura. Os efeitos dependentes do vaso incluem a
regulacdo do tbnus do vaso coronario, trombogenicidade (NO atua como

agente anti-plaquetario) e propriedades proliferativas, inflamatérias e
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angiogénicas. Os efeitos diretos do NO incluem varios aspectos da
contratilidade cardiaca, da regulacao fina da excitacdo-contracao e respiragao
mitocondrial. A atuacdo mudultipla do NO na fisiologia cardiaca € devido a
perfeita regulacdo molecular das trés isoformas das NOS. A descompensacao
cardiaca, tal como a producao em excesso do NO pelas células inflamatérias,
pode resultar em profundos disturbios celulares levando a insuficiéncia
cardiaca'’.

Estudos demonstram a importancia do NO na sinalizacdo da
cardiomiogénese durante o desenvolvimento cardiaco embrionario e em
células tronco embrionarias apés a diferenciacdo em cardiomiécitos™®'"*. A
expressao das isoformas iINOS e eNOS tem sido observadas no coragdo de
camundongos durante o estdgio de desenvolvimento precoce'’®. Esta
expressao diminui antes do nascimento, sugerindo que o periodo de exposicao
ao NO é essencial para o desenvolvimento normal. BLOCH et al. (1999)'"*
mostraram que a geracdo de NO é necessaria para a cardiomiogénse, pois
inibidores de NOS previnem a maturacdo de cardiomiocitos terminalmente
diferenciados.

KANNO et al. (2004)"° mostraram que a cardiomiogénese nas células-
tronco embrionarias pode ser regulada pelo estado redox intracelular. O
tratamento das células-tronco embrionarias com S-nitroso-N-acetyl-D,L-
penicillamine (SNAP) ou sua transdugdo com gene iINOS aumenta o numero
de grupos celulares que contraem espontaneamente e a expressao da proteina
cadeia leve da miosina. Estes efeitos diminuiram pelo tratamento com N,G-
nitro-L-arginine-methyl-ester (L-NAME), um inibidor das iINOS, demonstrando
que o NO promove a diferenciacdo cardiaca da células-tronco embrionarias de
camundongos através de um mecanismo dual envolvendo ndo somente a
mudanca fenotipica mas também uma indugdo da apoptose de células néo
diferenciadas. Assim, este estudo indica que o NO, ou seus metabdlitos, nao
somente regula a expressdao de genes especificos cardiacos como inibe a

morte celular programada nas células comissionadas a cardiomiocitos.
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2. JUSTIFICATIVA E OBJETIVOS

A recuperacdo da funcao cardiaca em modelos experimentais poés-
transplante tém sido parcialmente atribuida a transdiferenciacao das células-
tronco levando a formacdo de novos cardiomidcitos'®'?'"7 embora os
mecanismos de reparo ndo sejam bem conhecidos'’®. As células-tronco
adultas nao diferenciadas nao formam teratomas, mas podem originar um tipo
tecidual ndo desejado no local do transplante, o que poderia prejudicar a
regeneragdo do tecido’'. A pré-diferenciacdo das células-tronco para uma
linhagem cardiaca in vitro pré-transplante pode ser mais vantajosa que o
transplante de células ndao comissionadas. Neste contexto, o objetivo geral
deste trabalho foi avaliar a capacidade do NO ou de seus metabdlitos de
induzir a diferenciagdo de CTMs a cardiomidcitos ou células semelhantes a
cardiomiécitos. Particularmente, estudamos:

e a caracterizagdo morfolégica, imunofenotipica e funcional de CTMs
isoladas de trés fontes : MO, SCU e TA;
e 0s efeitos de um nitrosotiol (S-nitroso-N-acetil-D,L-penicilamina - SNAP)

e de um doador NO (2-(N,N-dietilamina)-diazenolato-2-6xido - DEA/NO)

em induzir a expressao de genes e proteinas musculares cardiacas e

nao cardiacas, bem como a expressao génica de VEGF pelas CTMs.
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Abstract

Mesenchymal stem cells (MSCs) have been claimed to be promising candidates for use in new cell-
based therapeutic strategies, such as mesenchyme-derived tissue repair. They are easily isolated
from adult tissues and are not ethically restricted. MSC-related literature, however, is conflicting in
relation to MSC differentiation potential and molecular markers. Here, we compared MSCs isolated
from bone marrow (BM), umbilical cord blood (UCB) and adipose tissue (AT). The isolation efficiency
for both bone marrow (BM) and adipose tissue (AT) was 100%, but that from umbilical cord blood
(UCB) was only 30%. MSCs from these tissues are morphologically and immunophenotypically
similar even though their differentiation diverges. Differentiation to osteoblast and chondroblast was
similar among MSCs from all sources, as analyzed by cytochemistry. Adipogenic differentiation
showed that UCB-MSCs produced few and small lipid vacuoles in contrast to BM-MSCs and adipose
tissue-derived stem cells (ADSCs) (arbitrary differentiation values of 245.57 + 943 and 243.89 *
145.52 pm?/nucleus, respectively). The mean area occupied by individual lipid droplets was 7.37 pm?
for BM-MSCs and 2.36 pm? for ADSCs, indicating more mature adipocytes in BM-MSCs than ADSCs
treated cultures. We analyzed FAPB4, osteonectin, ALP and type Il collagen gene expression by
gPCR to confirm adipogenic, osteogenic and chondrogenic differentiation, respectively. Results
showed that all three sources presented a similar capacity for chondrogenic and osteogenic
differentiation and they differ in their adipogenic potential. Therefore, it may be crucial to pre-determine

the most appropriate MSC source for future clinical applications.

KEYWORDS: mesenchymal stem cells, bone marrow, umbilical cord blood, adipose tissue,

differentiation
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Introduction

Mesenchymal stem cells (MSCs) comprise a population of multipotent progenitors capable
of both supporting hematopoiesis and differentiating into many tissues (1). MSCs are not ethically
restricted and have low immunogenicity (2). MSCs are thought to be promising candidates for novel
cell-based therapeutic strategies, such as in the repair of mesenchyme-derived tissues. In fact, MSCs
have already been clinically used to repair or regenerate somatic tissues (3-6), to promote
engraftment, and to prevent or treat severe graft-versus-host disease in allogenic stem cell
transplantation (7-8). In the appropriate microenvironment, MSCs differentiate into various cell types,
including adipocytes, osteoblasts, chondrocytes (9-11), cardiomyocytes (12-14), and also into non-
mesodermal-derived cells, including hepatocytes and neurons (15). Selective differentiation is
dependent on specific environmental effectors: usually a combination of growth factors and cytokines
supplied in vitro (1,16). They were originally isolated from bone marrow (BM) by FRIEDENSTEIN et al.
(1970); however, similar populations have been reported in other tissues, such as peripheral blood
(18), cord blood (19), trabecular bone (20), adipose tissue (1), synovium (21), skin (22), muscle and
brain (23).

MSCs have been characterized by their fibroblast-like morphology, plastic-adhesive and
self renewal properties, and their ability to differentiate in vitro into, at least, three mesodermal-derived
tissues: bone, cartilage and fat (1). Immunophenotypically, MSCs have been defined as cells
expressing CD29, CD44, CD90, CD105 and lacking hematopoietic lineage markers and HLA-DR (9-
11). However, recent studies have demonstrated that MSCs isolated from several sources are not a
homogenous population and their differentiation potential may vary depending on the source and the
donor (11, 24, 25). Unfortunately, the factors affecting these differences are still unknown. BM has
been considered the main MSC source because of their potential to both proliferate and differentiate
(3, 7). However, other sources of similar cell populations are being investigated, as BM-derived MSC
isolation requires a painful invasive procedure, their frequency is low (1), and their ability to proliferate
and differentiate decline with age (26).

Human umbilical cord blood (UCB) derived MSCs are being evaluated for use in cellular
therapies because they are ontogenically primitive, are less exposed to immunological challenges, are

abundantly available and can be harvested without risk to the donor (27). Various reports are
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conflicting in relation to the presence of MSCs in UCB (28-30); however, several groups have
successfully isolated MSCs from UCB (11, 15, 24, 31-35). The frequency of mesenchymal progenitors
in the UCB of full-term deliveries is extremely low (0.00003% of nucleated cells) (31); however, they
have the highest expansion potential when compared with other sources (11, 25).

Adipose tissue has recently been identified as a convenient alternative source for MSC-like
cells. Adipose tissue-derived stem cells (ADSCs) are available in quantities of hundreds of million cells
per individual (9), have an extensive self-renewal capacity (36), are easily isolated by differential
sedimentation, and can be cultured for several months in vitro with low levels of senescence (37).
ADSCs also have the potential to differentiate into various cells, including adipocytes, osteoblasts,
chondrocytes, neurons and multinucleated myocytes in response to lineage-specific induction factors
(10, 11, 37-41).

The starting population for most of the trans-differentiation experiments is different;
therefore, comparing results between various groups is difficult, and may also partly account for the
lack of reproducibility in some of the initial reports (10). MSCs are poorly defined, and this leads
separate groups to assign diverse names and phenotypes to this cell population (42). Thus, a precise
characterization of MSC and its properties relating to molecular differentiation represents an absolute
condition for future development and exploitation of stem cell research for clinical applications (10, 11).

In this study we characterized for the first time adult stem cells isolated from three sources
(BM, UCB and AT) by flow cytometry and compared their differentiation properties to adipocytes,

osteoblasts and chondrocytes by cellular (cytochemistry) and molecular (RT-PCR/qPCR) approaches.

Materials and Methods

Collection of BM, UCB and AT. Human BM stromal cells were obtained from the iliac crest of 10
dilated myocardiopathy patients, who were aged between 50 and 70 years (60.36 + 9.86), and who
had applied for a stem cell transplantation procedure. About 5 mL of BM aspirate were collected in a
syringe containing 10,000 Ul heparin to prevent coagulation.

UCB units from full-term deliveries (n=10) were collected from unborn placenta by a
standardized procedure using syringes containing anticoagulant-citrate-dextrose (ACD), and were

processed within 12 hours after collection. Donors faced no complications throughout their pregnancy.
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AT were obtained from 10 donors, aged between 26 and 50 years (38.0 £ 12.55), who
were undergoing elective bariatric surgery and dermolipectomy procedures. Typically, 100 mL of AT
was processed.

All the samples from BM, UCB and AT were collected after informed consent following
guidelines on the use of human subjects, as approved by the Ethics Committee from Pontificia

Universidade Catolica of Parana (approval number 597).

Isolation and Culture of Adherent Cells. Three sources of adherent cells were used in this work.
Bone marrow

The aspirate was diluted 1:3 with Iscove's Modified Dulbecco's Medium (IMDM) (GibcoTM
Invitrogen, NY, USA) and carefully loaded onto Histopaque® (1.077 g/mL) (Sigma Chemical, St.
Louis, USA) to isolate BM mononuclear cells (MNCs). MNCs were isolated by density gradient
centrifugation (400g, 30 minutes, room temperature) and washed twice with IMDM (43). BM-derived
MNCs were cultured at a density of 1x10° cells/em® in T75 culture flasks (TPP, Trasadingen,
Switzerland) at 37°C in a humidified atmosphere containing 5% CO,, using IMDM supplemented with
15% of fetal calf serum (FCS) (Gibco™ Invitrogen, NY, USA), penicillin (100 units/ml) and
streptomycin (100 pg/ml) (GibcoT'VI Invitrogen, NY, USA). The culture medium was changed to remove
the remaining non-adherent cells two days after the initial plating. Thereafter, the culture medium was
replaced twice-a-week.
Umbilical cord blood

UCB MNCs were isolated using two methods. In the first, each UCB unit was diluted 1:3
and processed as described for BM. The second was performed using a commercially available kit
(RosetteSep® - Stem Cell Technologies, BC, Canada) according to the manufacturer’s instructions,
followed by a Histopaque® density separation, as described (15). UCB-derived MNCs were set in
culture at a density of 6x10° cells/cm® in T75 culture flasks in the same culture medium described
above. The cultures were incubated for four days at 37°C in a humidified atmosphere containing 5%
CO,. Non-adherent cells were then removed and fresh medium was added to the flasks. Culture

medium was removed by complete exchange every 7 days.
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Adipose tissue

ADSCs were isolated using enzymatic digestion. In brief, 100 mL AT was washed with
sterile phosphate-buffered saline (PBS) (GibcoT'VI Invitrogen, NY, USA). A one-step digestion by 1
mg/mL collagenase type | (Invitrogen™, NY, USA) was performed for 30 minutes at 37°C under
permanent shaking, followed by filtration through a 100 and 40-um mesh filter (BD FALCON ™, BD
Biosciences Discovery Labware, Bedford, USA). Cell suspension was centrifuged at 800g for 10
minutes, and contaminating erythrocytes were removed by erythrocyte lysis buffer, pH 7.3. The cells
were washed and then cultivated at a density of 1x10° cells/cm® in T75 culture flasks in DMEM-F12
(Gibco™ Invitrogen, NY, USA) supplemented with 10% of FCS, penicillin (100 units/ml) and
streptomycin (100 ug/ml) (44). Medium was changed two days after the initial plating. The culture
medium was then replaced twice-a-week.

BM- and UCB-derived MSCs and ADSCs were subcultured after the cultures had reached
80%-90% confluence; MSCs were detached with 0.25% trypsin/EDTA (InvitrogenTM, NY, USA) and

were replated as passage-1 cells (the process was then continued as previously described).

Determination of the cell-surface antigen profile. BM- and UCB-derived MSCs and ADSCs,
between third and fifth passage (Ps; — Ps), were labeled with antibodies against several human proteins
to analyze cell-surface expression of typical marker proteins: non-conjugated CD105, CD90, CD44,
CD31, conjugated with fluorescein isothiocyanate (FITC), CD73, CD166, CD34, conjugated with
phycoerythrin (PE), CD29, CD117, CD14 conjugated with allophycocyanin (APC) (BD Pharmingen,
CA, USA) and CD45 conjugated with peridinin chlorophyll protein (PerCP) (BD Pharmingen, CA,
USA). Cells were detached with 0.25% trypsin/EDTA, washed with PBS, and incubated in the dark for
30 minutes at room temperature with the respective antibody. Cells were then washed with wash flow
buffer and re-suspended in 500 pL of 1% formaldehyde solution. For the detection of CD105, cells
were further washed and incubated for 15 minutes with secondary antibody Goat F(ab’)2 anti-mouse
IgG (gamma) (Caltag Laboratories, CA, USA) (45). Mouse isotype IgG1 antibodies were employed as

controls (BD Pharmingen, CA, USA). Approximately twenty thousand labeled cells were passed

through a FACS Calibur flow cytometer (Becton Dickinson, Franklin Lakes, USA) and were analyzed

by FlowJo software (Flowjo, Ashland, USA).
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Differentiation Procedures. BM- and UCB-derived MSCs and ADSCs were assessed for their
potency by inducing their differentiation into adipocytes, osteoblasts and chondrocytes. Cells between
P3-Ps from each source were incubated with three differentiation media.
Adipogenic Differentiation

Subconfluent (80%) MSCs cells were seeded on glass coverslips (Sarstedt, Newton, USA)
in twenty-four wells plates (TPP, Trasadingen, Switzerland) and were treated with three types of
media: medium 1) 0.05 umol/L dexamethasone (Sigma Chemical, St. Louis, USA), 10 pg/ml insulin
(Sigma-Aldrich, St. Louis, USA.), 60 pymol/L indomethacin (Sigma-Aldrich, St. Louis, USA) in DMEM-
HG (Gibco™ Invitrogen, NY, USA) with 15% FCS (Gibco™ Invitrogen, NY, USA) (46); medium 2) 1
umol/L dexamethasone (Sigma Chemical, St. Louis, USA), 5 pg/ml insulin (Sigma Chemical, St. Louis,
USA), 60 umol/L indomethacin (Sigma Chemical, St. Louis, USA) in IMDM (Gibco™ Invitrogen, NY,
USA) with 15% FCS (Gibco™ Invitrogen, NY, USA) (46 modified); and medium 3) Poietics™
Differentiation Basal Medium Adipogenic (Cambrex Bio Science, MD, USA) supplemented with hMSC
Adipogenic SingleQuots (Cambrex Bio Science, MD, USA). Adipogenic differentiation was induced by
cyclic changes; the maintenance medium containing the adipogenic inducer was changed every three
days during three weeks. Oil Red O (Sigma-Aldrich, St. Louis, USA.), was used to visualize lipid-rich
vacuoles. Briefly, cells were treated with Bouins fixative (Biotec, Labmaster, Parand, Brazil) for 10
minutes at room temperature, washed twice with 70% ethanol and once with Millig® water, and
stained with a solution of 0.5% Oil Red O (Sigma-Aldrich, St. Louis, USA) for 1 hour. Hematoxilin-
Eosin (HE) (Biotec, Labmaster, Parana, Brazil) was used for nuclear staining. Control cells were kept
in IMDM medium with 15% FCS. To quantitatively analyze adipogenic differentiation, 70 fields in three
biological replicates from each source of MSCs were counted using Image-Pro Plus version 4.5. We
also performed RT-PCR and gPCR to estimate the level of adipocyte-specific FABP4 mRNA in
induced (medium 2) and non-induced (negative control) cultures.
Osteogenic Differentiation

Cells were seeded and cultured on slides placed in twenty-four chamber plates (TPP,
Trasadingen, Switzerland) to induce osteogenic differentiation. Subconfluent (80%) cultures were
subjected to three types of osteogenic medium: medium 4) 0.1 ymol/L dexamethasone , 10 mmol/L B-
glycerolphosphate (Sigma-Aldrich, St. Louis, USA), 50 ymol/L ascorbate, in DMEM-HG medium with

15% FCS (16); medium 5) 0.1 pmol/L dexamethasone, 10 mmol/L B-glycerolphosphate, 100 pmol/L
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ascorbate, and IMDM medium with 15% FCS (16 modified); and medium 6) Poietics™ Differentiation
Basal Medium Osteogenic (Cambrex Bio Science, MD, USA) supplemented with hMSC Osteogenic
SingleQuots (Cambrex Bio Science, MD, USA). Media were replaced every three days over a three-
week period. Induced monolayers were fixed for 10 minutes in Bouin’s fixative (Biotec, Labmaster,
Parand, Brazil), and washed (twice with 70% ethanol and once with Millig® water). Monolayers were
then incubated for 15 minutes with Alizarin Red S at pH 7.0 and pH 4.2 (Fluka Chemie, Buchs, UK) at
room temperature to evaluate calcium accumulation. Light green (Sigma-Aldrich, St. Louis, U.S.A.)
was used to counterstain. Control cells were kept in IMDM medium with 15% FCS over the same
period. In addition, RT-PCR and gPCR were performed to estimate the level of the osteoblast-specific
osteonectin and alkaline phosphatase (ALP) mRNA from MSCs cultured in induced (medium 5), and
non-induced or control medium.
Chondrogenic Differentiation

Cells were grown in a micromass culture to promote chondrogenic differentiation (47).
Briefly, 2x10° cells in 0.5 mL of medium were centrifuged at 300g for 10 minutes, in a 15-ml
polypropylene tube to form a pellet. Without disturbing the pellet, cells were cultured for 21 days in
three different chondrogenic media: medium 7) DMEM-HG supplemented with 15% FCS and 0.01
umol/L dexamethasone (Sigma-Aldrich, St. Louis, USA), 397 ug/ml ascorbic acid-2-phosphate
(Sigma-Aldrich, St. Louis, USA), 1 mmol/L sodium pyruvate (Gibco™ Invitrogen, NY, USA), 10 ng/mL
TGF-B1 (Sigma-Aldrich, St. Louis, USA) and 1% insulin-transferrin-selenium-X (GibcoTM Invitrogen,
NY, USA) (27); medium 8) DMEM-HG supplemented with 1% FCS and 10 ng/ml TGFB1, 0.5 pg/ml of
insulin (Sigma-Aldrich, St. Louis, USA), 50 umol/L ascorbic acid (27 modified); and medium 9)
Differentiation Basal Medium Chondrogenic (Cambrex Bio Science, MD, USA) supplemented with
hMSC Chondrogenic SingleQuots (Cambrex Bio Science, MD, USA). Media was changed every three
days. On day 21, cell aggregates were fixed in 10% formaldehyde for 1 hour at room temperature,
dehydrated in serial ethanol dilutions, and embedded in paraffin blocks. Paraffin sections (4 pm thick)
were stained for histology with HE, Mallory (Biotec, Labmaster, Parana, Brazil) or Toluidine Blue
solution (Sigma-Aldrich, St. Louis, USA) to demonstrate intracellular matrix mucopolysaccharides.
Chondrogenic differentiation was further confirmed by RT-PCR analysis of the chondrocyte-specific

protein collagen type Il mRNA in induced (medium 8) and non-induced cultures.
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Total RNA extraction and Reverse Transcription-Polymerase Chain Reaction. Total RNA was
obtained with the RNeasy kit (QIAGEN) and treated in column with DNAse | (QIAGEN).
Concentrations were determined by spectrophotometry (GeneQuant, Amersham Biosciences).
Complementary DNA (c-DNA) was synthesized from 1ug of total RNA using 1 pL of 10 uM oligo dT
primer (USB Corporation) and 1 pL of reverse transcriptase (IMPROM I, Promega) according to the
manufacturer’s instructions. Polymerase Chain Reaction (PCR) was carried out with 20 ng of c-DNA
as template, 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 5 pmol of primers (except for FABP4 gene, 10
pmol) (Table 1), 2.5 mM of MgCl, 0.0625 mM of dNTPs and 1U Taq polimerase (Invitrogen™, NY,
USA). The oligonucleotide primer sets used for PCR and the amplicon size are depicted in Table 1.
PCR included heating at 94°C for 2 minutes, followed by 30 cycles of 94°C for 15 seconds, 55 °C for
30 seconds and 72 °C for 40 seconds and, a final extension of 72 °C for 3 minutes using a Bio-Cycler II
termocycler (Peltier Thermal Cycler). Ten puL of RT-PCR products were resolved by 2% agarose gel
electrophoresis, visualized by ethidium bromide staining and photographed under ultra-violet light

illumination (UV White Darkroom, UVP Bioimaging Systems).

Real-Time Quantitative PCR. Real-time or quantitative PCR (gPCR) was performed using the ABI
PRISM 7000 sequence detection system (Applied Biosystems). Amplifications were carried out in a
final reaction volume of 20 ul with the SYBR Green master mix (Applied Biosystems, CA, USA), 10 ng
of c-DNA template and 5 pmol of primers (except for FABP4, 10 pmol). PCR conditions were 50°C for
2 minutes and 95°C for 10 minutes, followed by 45 cycles of 95°C for 15 seconds, 60°C for 30
seconds and 72 °C for 40 seconds. The melting curves were acquired after PCR amplification
confirming the specificity of the amplified products. A standard curve based on cycle threshold values
was used to evaluate gene expression. In brief, we used 1:5 dilutions of known concentrations of
cDNA in triplicate to generate curves extending from 50 pg to 80 ng of cDNA. We generated standard
curves for each gene, including the control (housekeeping) gene. The relative amount of gene
expression for each sample was normalized by dividing the value obtained for the analyzed gene by
the value obtained for each control gene. Results were analyzed as gene expression relative to the
housekeeping gene expression. Differences in expression were reported comparing cells induced to

differentiation with non-induced control samples (48).
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Statistical Analysis. Continuous variables were presented as mean + standard deviation and
categorical variables were presented as frequency and percent. Comparisons between BM- and UCB-
derived MSCs and ADSCs were performed by nonparametric Kruskal-Wallis exact test and values of
p<0.05 were considered statistically significant. Analysis was performed with the SPSS V.14 software

package.

Results

Isolation, Expansion, and Morphology of BM- and UCB-derived MSCs and ADSCs. The success
rate for isolating BM-derived MSCs and ADCSs was 100% (10/10). By contrast, the success rate in
UCB was only 30% (3/10). UCBs were processed no longer than 12 hours after umbilical cord
collection. A net volume of 74.4 + 28.7 mL and 88.1 x10° + 48.4 x10° MNCs were obtained on
average. No correlation was detected between volume, number of MNCs in the UCB after gradient
separation and success in obtaining MSCs. Although evidence for the isolation of fibroblastoid cells
with MSC characteristics from UCB is still under debate (11, 15, 24, 28-30, 33-35, 44), we observed
that MSC-like cells can be isolated from full-term UCB units.

The commercial kit (RosetteSep®) did not significantly improve the isolation of UCB-derived
MSCs. Thus, the density gradient method (Histopaque®) was used because it was less expensive and
faster. Only a few cells attached to the plastic culture flasks and formed spindle-shaped adherent cells
within 3-4 weeks after plating UCB-derived MNCs. By contrast, BM derived MNCs and ADSCs formed
clusters of elongated, spindle-shaped (fibroblast-like) MSCs within 3 days and reached cell confluence
after 1 week.

Confluent cells were trypsinized and were sub-cultured (1:2 split). Cells from BM- and
UCB-derived MSCs and ADSCs after two passages were homogeneous in size (P value = 0.159) and

granulosity (P value = 0.165), showing fibroblastic shape (Fig.1).

MSC cell-surface antigen profile. Cell-surface antigen expression was evaluated by flow cytometry
in at least 3 samples each from BM- and UCB-derived MSCs and ADSCs, between P3-Ps_(Fig. 2).
With few exceptions, all three sources displayed similar immunophenotypes for the markers analyzed

(Figure 2 and Table 2). Cells were uniformly positive for the endoglin receptor CD105, the extracellular
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matrix protein CD90, the surface enzyme ecto 5'nucleotidase CD73, the activated leukocyte cell
adhesion molecule CD166, the Bs-integrin CD29, and the hyaluronate receptor CD44. No detectable
contamination of hematopoietic cells was observed, as flow cytometry analysis was negative for
markers of hematopoietic lineage, including the lipopolysaccharide receptor CD14, the leukocyte
common antigen CD45, and the endothelial cell marker CD31. The percentages of expression of
CD34, a hematopoietic progenitor cell marker, in MSCs isolated from BM, UCB and ADSCs were
2.16% £ 2.48, 10.52% + 10.58 and 10.37% =t 8.37, respectively (Table 2). Statistical analysis
comparing the MSCs sources regarding CD34 showed a significant difference only between BM and
ADSCs (P value = 0.020). Flow cytometry experiments for CD117 (c-kit) were independently analyzed
by three experts. The independent analyses showed that CD117 is a complex marker to evaluate.
While ADSCs were clearly positive (98,11 £ 3,06), BM- and UCB-MSCs showed a dimly positive to
negative staining for CD117. This became evident when observing the mean values and standard
deviations of BM- and UCB-MSCs positive for CD117 (52,7 + 46,46 and 38,84 + 40,80 respectively;

Table 2).

Differentiation assays. After cytochemical analysis, the following differentiation media were
considered the most efficient to induce adipogenic (medium 2), osteogenic (medium 5) and
chondrogenic (medium 8). Using these media, MSCs from the three sources, between passages Ps-
Ps, were compared for their multilineage differentiation plasticity by in vitro assays. Differentiation to
adipocytes, osteoblasts, and chondrocytes was qualitatively assessed based on cell morphology and
cytochemistry.

We used the presence of lipid-rich vacuoles stained with Oil Red O to analyze adipogenic
induction. BM-derived MSCs and ADSCs presented large, rounded cells with cytoplasmic lipid-rich
vacuoles (Fig. 3); however, UCB-MSCs displayed few and very small intracellular lipid droplets (Fig.
4). Seventy fields in three biological replicates from each source of MSCs were analyzed to estimate
the differentiation value (DV), which was calculated by dividing the lipid droplet area by the number of
nuclei, so that possible differences in field cell confluences were considered. No differences in the
adipogenic potential were found between BM-MSCs (DV = 245.57 + 943 um®/nucleus) and ADSCs
(DV = 243.89 + 145.52 um®nucleus). The impressive high variations observed in BM-MSCs DV may

be a consequence of the heterogenous cell population present at the moment analyzed. However, the
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mean area occupied by individual lipid droplets in BM-MSCs was 7.37 um® and 2.36 pm? in ADSCs,
indicating that adipocytes in BM-MSCs are more mature than in treated ADSCs cultures.

Osteogenic diffrerentiation was assessed by the mineralization of the extracellular matrix,
visualized by Alizarin Red S staining at pH 4.2. We detected calcium carbonate and phosphate in cells
from all sources after 21 days of differentiation induction (Fig. 3). No differences in the osteogenic
differentiation capacity were detected among BM- and UCB-derived MSCs and ADSCs samples.

In chondrogenic differentiation assays, MSCs formed aggregates that dislodged, floating
freely in the suspension culture. High-density micromass MSC cultures generated cellular nodules,
which produced large amounts of cartilage-related extra-cellular matrix molecules like collagen.
Paraffin sections of the aggregates stained with HE, Mallory or Toluidine Blue showed a condensed
structure with cuboidal cells and chondrocyte-like lacunae. The cells stained positively for Toluidine
Blue; this dye is specific for the highly sulfated proteoglycans of cartilage matrices. All samples tested,
irrespective of their origin, demonstrated a cartilage-like phenotype with chondrocyte-like lacunae (Fig.
3).

Untreated control cultures, which were growing in regular medium without adipogenic,
osteogenic or chondrogenic differentiation stimuli, did not exhibit spontaneous adipocyte, osteoblast or

chondrocyte formation after 14 and 21 days of cultivation (Fig. 3).

Expression profile of differentiation markers by RT-PCR and g-PCR analysis. The mRNA levels
of various marker genes were analyzed from total RNA isolated from induced and non-induced
cultures by RT-PCR and gPCR to quantify differentiation. GAPDH was used as an internal control.
Levels of mRNA for FABP4 were analyzed as a marker for adipogenic differentiation.
FABP4 expression was easily detected by RT-PCR from induced BM-MSCs and ADSCs in
comparison with the non-induced control cells; importantly, control cells were cultured for the same
period treated cells. The overall RT-PCR profile was very similar for replicates from the same MSC
source. However, results from gPCR detected significant variability in expression among independent
biological samples (Fig. 5A). No expression or low levels of expression of FABP4 were detected for
induced and non-induced UCB-MSCs, in contrast to expression observed in BM-MSCs and ADSCs
(Fig. 5A). Therefore, poor adipogenic potential detected in UCB-MSCs by microscopic analysis was

consistent with the results observed in FABP4 expression analysis.
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We analyzed osteonectin and ALP expression to evaluate osteogenic induction.
Osteonectin is a glycoprotein that has been used as a differentiation marker for bone cells (49).
Osteonectin expression showed no differences between induced and non-induced cells by RT-PCR
(data not shown). By gPCR, we observed discordant osteonectin expression profiles among biological
samples from all three MSC sources. While a considerable increase in osteonectin expression in the
induced culture in comparison with the non-induced was found in one BM sample, no difference was
observed in the remaining samples. Thus, we concluded osteonectin did not appear to be a suitable
marker for osteogenic differentiation, at least in the culture conditions used in this study. Therefore,
ALP gene mRNA levels were analyzed. We detected higher ALP mRNA levels in the induced cells
than non-induced cells from all sources after performing gPCR (Fig. 5B). In all the induced UBC-MSCs
replicates analyzed, ALP mRNA levels were higher than the induced samples from the other sources
(Fig. 5B).

Chondrogenesis was also further studied by analyzing the mRNA level of a well-known
marker, the cartilage-specific type Il collagen gene. Similar to osteonectin expression, a strong band
was detected in all induced and non-induced MSCs under the RT-PCR conditions used in this study.
However, we detected higher type Il collagen expression in induced cells than non-induced cells after
performing gqPCR; this increase in expression was evident for most induced cells even though
individual expression levels varied (Fig. 5C). In few cases, no significant differences between induced

and non-induced cells were seen (2 out of 4 ADSCs).

Discussion

The expected plasticity of human mesenchymal progenitors is paramount for upcoming
therapeutic strategies for cellular therapy and tissue engineering. Functional assays are required to
establish the presence of MSCs in a tissue due to a lack of specific and universal molecular markers
for identifying adult MSCs. Here, we compared the biological properties and differentiation potential of
MSCs isolated from the presently most important sources BM, UCB and AT.

MSCs isolation differs depending on the source. While BM-derived MSCs and ADSCs
isolation efficiency was 100%, that for UCB-MSCs was only 30%.0Other groups have also reported low

efficacy levels for the isolation and establishment of UCB-MSCs (10, 11, 24). Sharing UCB-MSCs with
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the fetus (50) and cross-contamination with monocytes and osteoclast-like cells during culture
establishment (24) are some of the hypotheses to explain the low yields of MSCs from this source.
Also, successes in obtaining UCB-derived MSCs are related to the time between collection and
isolation, and the UCB unit blood volume (24). In this study, the storage time was less than 12 hours,
and the mean volume was 74.4 + 28.7 mL; however, the number of MNCs was low (88.11x106 +
48.37), which might account for the extremely low frequency of UCB-derived MSCs obtained in
comparison with frequencies for BM-MSCs or ADSCs. The period for establishing a BM-derived MSCs
or ADSCs monolayer was shorter than that of UCB-MSCs. Growth of the latter was slower than BM-
MSC and ADSC cultures, but once cultures were established, growth was maintained over multiple
passages. This probably reflects the low precursor frequency for MSC in UCB (32).

No morphological differences were observed between BM- and UCB-derived MSCs and
ADSCs, as has been previously reported (10, 11, 51). Also, flow cytometry measurements showed no
significant differences concerning cell size and complexity in all MSC populations (data not shown).
The homogeneity of MSC cultures at specific passages was apparent after assessing cell surface
antigen profile. The direct comparison reported here showed that BM- and UCB-derived MSCs and
ADSCs share classic MSC marker proteins (52). As expected, these cells lacked hematopoietic CD14,
CD45 and the endothelial marker, CD31. However, CD34 gene expression was 2% in BM-MSCs and
about 10% in UCB-MSCs and ADSCs. This observation was not unusual as freshly isolated or primary
cultures of BM- and UCB-derived MSCs and ADSCs have been reported to be dimly to significantly
positive for CD34 marker (15, 53-56).

CD117 was present in ADSCs and dim in BM- and UCB-MSCs. Expression of this protein
by MSCs is controversial. It has been previously reported that MSCs do not express CD117 (10, 57-
59), while other reports have showed that embryonic stem cells, hematopoietic stem cells and MSCs
are dimly or strongly positive for this marker (60, 61); our results are consistent with the latter.
Together, these data strongly suggests that BM-, UCB-derived MSCs and ADSCs are highly similar
morphologically but not so immunophenotypically (54, 57, 62, 63).

In this study, we used qualitative assays to demonstrate the in vitro multilineage
developmental potential of BM- and UCB-derived MSCs and ADSCs after exposure to specific culture
conditions. BM-MSCs and ADSCs demonstrated a high in vitro potential to differentiate into

adipocytes, osteoblasts and chondrocytes, whereas UCB-MSCs presented a more restricted, or at
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least delayed, adipocyte differentiation capacity. Immaturity of these neonatal cells cannot account for
their low adipocyte differentiation potential since differentiation to both osteoblasts and chondrocytes
was achieved similarly to BM-MSCs and ADSCs.

BM-MSCs and ADSCs cultures had a greater propensity to differentiate into adipocytes
than UCB-MSCs, under similar culture conditions. Induced BM-MSCs presented more mature
adipocytes (unilocular lipid vacuoles) by morphometric assessment than induced ADSCs.
KARAHUSEYINOGLU et al. (2007) reported that some MSCs in the BM stroma may already be
committed to form mature adipocytes in situ. Previous studies had reported conflicting data regarding
the adipogenic differentiation potential of UCB-MSCs (10, 11, 15, 24, 25, 32, 50). Here, UCB-MSCs
rarely differentiated toward adipocytes under our standard differentiation protocols. Only tiny lipid
vacuoles were observed in few UCB-MSCs after 21 days of induction, and FABP4 expression was
poor or even absent; FABP4 is a fatty acid binding protein characteristically present in adipocytes.
These tiny lipid vacuoles suggest that differentiation is at initial stages and it is highly probable that a
longer culture period be necessary for UCB-derived MSC adipogenic differentiation. In fact, human
umbilical cord stromal cells (HUCSCs) achieved adipogenic differentiation only after 40 days of
induced culture (66); this represents a relatively longer period than with BM-MSCs and ADSCs. Also,
BIEBACK et al. (2004) showed that adipogenic differentiation could solely be induced in MSC-like cells
cultured continuously in adipogenic induction medium for at least five weeks.

In this study, human BM- and UCB-derived MSCs and ADSCs were able to proliferate and
subsequently differentiate into osteoblasts. Incubation with differentiation medium induced cell
aggregation and matrix production, which positively stained with the calcium-specific marker Alizarin
Red S. The mRNA profiles for osteonectin were not satisfactory for the detection of osteoblast
differentiation, at least under our conditions. Untreated MSCs from all three sources mostly showed no
differences in osteonectin mRNA levels compared to induced MSCs. Data deposited at the GEO
profile at NCBI (Accession Number GDS1288 record | GPL96 212667) show that osteonectin mRNA
levels in BM-MSCs are quite high, and it has also been shown by SAGE analyses that non-induced
BM- and UCB-MSCs significantly expressed this glycoprotein (67, 68); these data are consistent with
our observations. Thus, we suggest that osteonectin is not appropriate hallmark genes for cultures
induced to differentiate into osteoblasts during 21 days. Matrix mineralization is the latest stage of

osteoblast differentiation process and osteonectin may be considered a marker for terminal
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differentiation (69); terminal differentiation was not achieved in the 21 days of our induced cultures.
Accordingly, PLANT and TOBIAS (2001) studied osteoblast differentiation and observed that
osteocalcin, osteopontin, and osteonectin expression showed modest increases only at later times,
such as 20 and 24 days after induction. Conversely, ALP showed to be a good osteogenic marker
under conditions used in this study. Besides, identifying genes associated with osteoblast
differentiation is a very complex task in MSCs induced to osteoblast lineage (71-74).

BM- and UCB-derived MSCs and ADSCs cultured with TGF-B developed typical
morphological features of chondrocytes and produced mucopolysaccharide, an indicator of
chondrogenic differentiation. Even though the extra cellular matrix protein, collagen type I, is
expressed by chondrocytes and MSCs, g-PCR assays clearly showed that its mRNA levels were
higher in induced MSCs than in non-induced MSCs. A common observation for all the molecular
markers analyzed was the considerable variability seen among all the biological samples. The overall
profiles were similar among samples that had undergone similar treatment, but the relative mRNA
levels differed enormously. It is highly probable that the variation observed was mainly due to the age,
the health condition and the genetic background of the patients/donors, rather than the technical
variations (75-76).

Here we have presented comparative data from human BM and UCB-derived MSCs and
ADSCs. It is reasonable to conclude that MSCs can be found in these three various tissues and,
although MSCs from the 3 sources analyzed here may be considered morphologically and
immunophenotypically similar with the usual markers available, they clearly diverge in their
differentiation capacity and/or differentiation kinetics. Presently, stem cell-based therapies are being
extensively studied in vivo. While BM-MSCs and ADCS can produce a variety of tissues of mesodermal
and non-mesodermal origins (77-82), the in vivo adipocyte differentiation potential of UCB-derived
adherent cells seems to be reduced (27), as it has been observed in our in vitro assays. Therefore,
further basic research is still necessary to understand the biology of MSCs obtained from different

tissues and to delineate their extent and significance on clinical applications.
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Figure and Table Legends

Figure 1. Microscopic appearance of BM-MSCs (A), UCB-MSCs (B) and ADSCs (C); x400.
Abbreviations: BM, bone marrow; UCB, umbilical cord blood; MSCs, mesenchymal stem cell; ADSC,

adipose tissue derived stem cells. Bar indicates 20 pm.

Figure 2. Immune phenotype by flow cytometry. BM-, UCB-MSCs and ADSCs were labeled with
antibodies against the indicated antigens, and analyzed by flow cytometry. Representative
histograms are displayed. On the y-axis is the % of Max (the cell count in each bin divided by the
cell count in the bin that contains the largest number of cells) and the x-axis is the fluorescence
intensity in a log (10O - 104) scale. Isotype control is shown as a thick black line histogram.
Abbreviations: BM, bone marrow; UCB, umbilical cord blood; MSCs, mesenchymal stem cell;

ADSC, adipose tissue derived stem cells.

Figure 3. Differentiation of BM-, UCB-MSCs and ADSCs. Cells between P5-P5 from each source were
incubated for 21 days in the presence of specific differentiation agents for adipocytes (medium 2),
osteoblasts (medium 5) and chondrocytes (medium 8, see material and methods for media
composition). Differentiation into adipocyte lineage was demonstrated by staining with Oil Red O,
Alizarin Red S staining shows mineralization of the extracellular matrix, Toluidine Blue shows the
deposition of proteoglycans and lacunaes; x200. Untreated control cultures without adipogenic,
osteogenic or chondrogenic differentiation stimuli are shown on the bottom right corner of each
photograph. Abbreviations: BM, bone marrow; UCB, umbilical cord blood; MSCs, mesenchymal stem

cell; ADSC, adipose tissue derived stem cells. Bar indicates 20 pm.

Figure 4. Tiny intracytoplasmic lipid droplets (arrowheads) present in UCB-derived MSCs under

standard differentiation conditions; 1000X. Bar indicates 20 pm.

Figure 5. Expression profile of differentiation markers. BM-, UCB-MSCs and ADSCs were maintained

in induced or control medium for 21 days and assayed for the expression of adipogenic, osteogenic
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and chondrogenic specific mRNA levels. Adipogenic differentiation marker FABP4 (A), osteogenic
differentiation marker ALP (B) and chondrogenic differentiation marker Collagen type Il (C) were
analyzed by g-PCR. Abbreviations: BM, bone marrow; UCB, umbilical cord blood; MSCs,
mesenchymal stem cell; ADSC, adipose tissue derived stem cells; I, induced cells; NI, non-induced
cell (negative control); ND, non detected. Representative results of 3 independent experiments are
shown. g-PCR are expressed as mean and standard deviation of the technical triplicate. GAPDH was
used as an internal control. When possible, the relative amount values were normalized with the non-

induced values (relative amount / N); thus, non-induced sample value = 1.

Table 1. Primer set utilized for RT-PCR and gPCR analyses.

Table 2. Comparison of the expression of surface proteins of mesenchymal stem cells derived from at

least 3 samples of BM-, UCB-MSCs and ADSCs analyzed by flow cytometry.
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Table 1

Gene Sequence {5°-3") Accession Amplicon
Number (bp)
GAPDH Forward: GGCGATGCTGGCGCTGAGTAC 2857 150
Reverse: TGGTTCACACCCATGACGA
FABP4 Forward: ATGGGATG GAAAATCAACCA 2167 97
Reverse: GTGGAAGTGACGCCTTTCAT
Osteonectin Forward: ACATCGGGCCTTGCAAATACATCE ER78 437
Reverse: GAAGCAGCCGGCCCACTCATC
ALP Farward: TACAAGGTGGTG GG UGETGAAC GA 249 92
Reverse: TGGCGCAGGGGCACAGCAGAL
Collagen type I, «1 Forward: CCGGGCAGAG GG CAATAGCAGGTT 1280 128
Reverse: CAATGATGGGBAGGLGTGAG
Table 2
Table
Antibody BM ucB ADSC
CD105 95,75 + 5,52° 96,96 + 4,33 98,83 + 1,01
CD90 93,16 + 4,61 87,16 £ 5,79 96,78 + 1,88
CD73 97,61 +2,83 96,84 + 0,81 96,42 + 2,82
CD166 91,69 + 4,10 80,71 + 25,31 93,79 £ 6,78
CD44 95,43 + 4,27 92,48 + 7,01 98,77 + 0,62
CD29 98,72 + 2,28 99,78 + 0,06 97,45 +4,18
CD14 4,06 + 4,35 4,32 + 3,57 213 +1,79
CD45 1,97 £ 1,46 0,97 + 0,88 0,45 + 0,58
CD31 0,28 + 0,20 0,41 +0,43 0,94 + 1,54
CD34 2,16 +2,48 10,52 + 10,58 10,37 £ 7,98
CD117 52,7 + 46,46 38,84 + 40,80 98,11 + 3,06

®values indicate the mean percentage of at least three experiments + standard deviations.
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Abstract

Stem cells therapy has been considered as ideal for regeneration of damaged myocardial tissue
based on improved functional outcomes in injured heart, possibly due to muscle tissue
regeneration and induction of neovascularization. Mesenchymal stem cells (MSCs) have
received special attention in cardiomyoplasty because several studies have shown that these
cells differentiate into cardiomyocyte in vitro and in vivo. Nitric oxide (NO) is a free radical
signaling molecule regulates several differentiation processes including cardiomyogenesis. Here,
we investigated the effects of two NO agents (SNAP and DEA/NO) able to activate both cGMP-
dependent and —independent pathways, on the cardiomyogenic potential of bone marrow-
derived mesenchymal stem cells (BM-MSCs) and adipose tissue-derived stem cells (ADSCs).
Human bone marrow (BM) was obtained from dilated myocardiopathy patients and adipose
tissue (AT) were obtained from patients undergoing elective bariatric surgery and
dermolipectomy procedures. These cells were isolated, cultured and treated with NO agents.
Analysis for cardiac-specific and muscular protein and gene expression was performed by
indirect immunofluorescence, flow cytometry, RT-PCR and real-time PCR. We observed a
considerable deal of data dispersion that might be reflecting the genetic variability among
donors. Our data showed that untreated (control) ADSCs and BM-MSCs expressed some
muscular markers and after exposure to NO compounds there was an increased expression of
some muscular genes, VEGF and CD34. In conclusion, this work indicates that NO-derived
intermediates induce an increased expression of some muscular markers, VEGF and CD34 in
BM-MSCs and ADSCs. However, the low intensity of such muscular markers expression
suggests that beneficial effects observed after MSC transplantation may result from an indirect
contribution of MSCs, such as a paracrine signaling for angiogenesis, rather than a direct

differentiation to the cardiac phenotype.
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INTRODUCTION

Stem cells therapy has been considered as ideal for regeneration of damaged myocardial tissue
[1-5] based on improved functional outcomes in injured heart [6-9], possibly due to muscle tissue
regeneration [10-13] and induction of neovascularization [13-15].

Human embryonic stem cells (hRESC) have been used as a renewable source for cardiac
cell therapy [16-18], since they can efficiently acquire myocardial properties [18-21]. However, in
addition to ethical issues, secondary unwanted effects are usually observed with these cells,
such as tumorigenicity and immunogenicity [22].

In this context, adult stem cells appeared as a more advantageous alternative stem cell
source. They are found in many tissues and participate in tissue repair and regeneration, are
ethically unquestionable, present no arrhythmogenic potential, and require no
immunosuppressive therapy [23-24]. Thus, therapeutical advantages clearly prevail, and clinical
use has already been explored [24-25].

Among adult stem cells, mesenchymal stem cells (MSCs) have received special
attention in cardiomyoplasty. Indeed, several studies have shown that MSCs differentiate into
cardiomyocyte in vivo [26-29]. However, based on the heterogeneous populations of these cells
and the differentiation capacity of stem cells, uncontrolled differentiation is a critical concern
when applying these cells to humans. In vitro MSC differentiation to cardiomyocyte-like
phenotypes has been described through 5-azacytidine treatment [29-35], coculture with
cardiomyocytes [7, 36-38], a cardiomyogenic medium containing insulin, dexamethasone and
ascorbic acid [39] or a conditioned medium of cardiomyocytes after hypoxia/reoxygenation [40].

Nitric oxide is a free radical signaling molecule [for a review, see 41]. NO and/or its
metabolites have been shown to induce and suppress several differentiation processes [42-48],
including cardiomyogenesis [49, 50]. Expression of inducible NOS (iNOS) and endothelial NOS
(eNOS) isoforms has been observed in murine heart development [51]. Additionaly, eNOS gene-
deficient mice present heart failure, congenital septal defects [52] and decreased cardiac
maturation [53]. In agreement, NOS inhibitors prevent the maturation of terminally differentiated
cardiomyocytes using ES cells [54]. Treatment of ES cells with S-nitroso-N-acetyl-D,L-

penicillamine (SNAP), DEA/NO or their transduction with iINOS gene increased the number of
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spontaneously contracting cell clusters and the expression of cardiac myosin light chain (MLC)
protein, an effect abolished with NOS inhibitors [50].

Here, we investigated the effects of two NO agents (SNAP, a nitrosothiol and DEA/NO,
NO donor) on the cardiomyogenic potential of bone marrow-derived mesenchymal stem cells
(BM-MSCs) and adipose tissue-derived stem cells (ADSCs). Our data showed the induction of
some muscular genes, CD34 and VEGF after exposure to those compounds. However, the low
intensity of such muscular markers expression points to an indirect contribution of MSCs, such

as a paracrine signaling, rather than a direct differentiation to the cardiac phenotype.

MATERIAL AND METHODS

Obtention of bone marrow and adipose tissue
Human bone marrow (BM) were obtained from the iliac crest of 10 dilated myocardiopathy
patients, who were aged between 40 and 74 years (60.4 +£9.9).

Subcutaneous abdominal adipose tissue (AT) were obtained from 10 patients, aged
between 19 and 60 years (388.0 + 12.6), undergoing elective bariatric surgery and
dermolipectomy procedures.

All samples were collected after informed consent following guidelines on the use of
human subjects, as approved by the Ethics Committee from Pontificia Universidade Catdlica of

Parana (approval number 597).

Isolation, culture and characterization of adherent cells from BM and AT

Cultures of BM-MSCs and ADSCs were prepared and characterized as previously described by
Rebelatto and colleagues [55]. Briefly, BM was loaded onto a Histopaque® solution and the
mononuclear cells (MNCs) were isolated and washed twice with PBS. BM-MNCs were cultured
in IMDM containing 15% of fetal bovine serum (FBS) (GibcoTM Invitrogen Corporation, NY, USA),
penicillin (100 units/ml) and streptomycin (100 pg/ml) (Invitrogen Corporation, NY, USA) at a
density of 1x10° cells/cm® in T75 culture flasks (TPP, Trasadingen, Switzerland) at 37°C

incubator with 5% CO,. The culture medium was changed to remove the remaining non-adherent
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cells two days after the initial plating. Thereafter, adherent cells were routinely cultured and
culture medium was replaced twice-a-week.

About 100 mL of AT was minced and enzyme-digested with type | collagenase (1mg/ml)
(Gibco™ Invitrogen Corporation, NY, USA) for 30 min at 37°C on a shaker. The digested tissue
was passed through a 100 um mesh filter and centrifuged at 800g for 10 min. Pelleted cells were
washed twice with PBS, passed through a 40 ym mesh filter and finally ressuspended in DMEM-
F12 medium (Gibco™ Invitrogen Corporation, Grand Island, NY, USA) supplemented with 10%
FBS, penicillin (100 units/ml) and streptomycin (100 pg/ml). The cells were plated onto T75
culture flasks at a density of 1x10° cells/cm® [56]. When the cultures reached 80% confluence,
they were detached with 0.25% trypsin/EDTA (InvitrogenTM, Canada) and were replated as
passage-1 cells. BM-MSCs and ADSC were subcultured approximately every 3 days.

All experiments were performed with cells from the third to fifth passages.

Cell treatment with NO agents

To explore whether NO promoted the differentiation of BM-MSCs and ADSCs into
cardiomyocytes or cardiomyocyte-like cells, five BM-MSCs and seven ADSCs biological
replicates were exposed to NO by exogenous supplementation of S-nitroso-N-acetyl-D,L-
penicillamine (SNAP) (Calbiochem, CA, USA) and 2-(N,N-diethylamino)-diazenolate-2-oxide
(DEA/NO) (Calbiochem, CA, USA). Cells were cultured until confluence and 24 h before
treatment with those compounds, the culture medium was changed to 1% FBS medium.

SNAP and DEA/NO were immediately diluted before use in 5% FBS medium (IMDM for
BM-MSCs and DMEM-F12 for ADSCs), and used at different final concentrations of 4, 0.4 and
0.04 mM for SNAP and 1, 0.1 and 0.01 uyM for DEA/NO. They were added to cells on days 0,
replaced on day 2 and maintained until day 4. After that, cultures were maintained in medium
without NO agents. Medium was replenished every 2 days until day 20 when cell differentiation
was analyzed [50, modified].

To define the best concentration and time of exposure to NO, cells at days 2, 7 and 20

were analysed for expression of transcription factors and cardiac markers using RT-PCR.
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After 20 days of NO exposure, BM-MSCs and ADSCs were analysed for cardiac-specific
and muscular proteins by indirect immunofluorescence, flow cytometry, RT-PCR and real-time

PCR.

Flow Cytometry

The cell staining procedure for the flow cytometry was performed as described by OWENS and
colleagues [57]. Briefly, samples from BM-MSCs and ADSCs, before and after exposure to NO
agents, were stained with antibodies to surface markers and to intracellular muscular proteins.
Cells were detached from culture flasks with 0.25% trypsin-EDTA solution, washed and
resuspended in PBS at a concentration of 1x10° cells/mL. For surface markers staining, cells
were incubated separatelly for 30 minutes at 4°C with the following anti-human monoclonal
antibodies: fluorescein isothiocyanate (FITC) conjugated anti-CD105, CD90, CD44 and CD31;
phycoerythrin (PE) conjugated anti-CD73, CD166 and CD34; allophycocyanin (APC) anti-CD29,
CD117 and CD14; and with peridinin chlorophyll protein (PerCP) anti-CD45. All antibodies were
from BD Biosciences (San Jose, CA, USA) with the exception of anti-CD105 that came from
Abcam (Cambridge, UK).

For intracellular staining, cells were first permeabilized with Fix&Perm Cell
permeabilization kit (Caltag Laboratories, CA, USA) according to the manufacturer’s instructions,
and then incubated separatelly for 30 minutes with the following primary: anti-human cardiac
troponin T (1/100), anti- ventricular myosin heavy chain (VMHC) (1/10) (both from Chemicon
International, CA, USA), anti-myosin (skeletal, slow) (1/2000) (Sigma-Aldrich, MO, USA), anti-
cardiac (fetal) actin (1/10) (Fitzgerald, MA, USA) and anti-connexin-43 (1/20) (BD Biosciences
Pharmingen, CA, USA). Following washing, staining with a secondary Texas Red-conjugated
IgG goat anti-mouse antibody (Molecular Probes, Ashland, USA) was performed for 15 minutes
at room temperature.

Controls for the flow cytometry setup procedure included cells incubated with FITC, PE,
PerCP and APC conjugated isotype antibodies (all from BD Bioscences Pharmingen) and a
sample where the cells were first incubated with an unconjugated isotype control (BD
Biosciences Pharmingen) followed by the secondary Texas Red-conjugated goat anti-mouse

antibody.
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After incubation, cells were washed, resuspended in PBS and flow cytometric evaluation
was immediately performed in a FACSCalibur equipment (Becton Dickinson, San Jose, CA,
USA). Gates were set based on side and forward scatter profiles in order to exclude debris and
cell aggregates. Approximately ten thousand-gated events were acquired per sample. Five
biological replicates of BM-MSCs and seven of ADSC were performed. Data were analyzed by
FlowJo software (Tree Star, Ashland, OR, USA). Expression levels of surface markers and
muscular intracellular proteins were expressed as a mean fluorescence intensity and percentage

values + SD.

Indirect immunofluorescence

For immunofluorescence, BM-MSCs and ADSCs were seeded on glass coverslips at 24-well
culture dishes and exposed to NO agents as described. At day 20, cells were washed with PBS,
fixed using 2% paraformaldehyde for 2 h and permeabilized with 0.2% Triton X-100. After
blockage with 1% BSA, cells were incubated for 3 h at room temperature with primary antibodies
using the manufacturer’s suggested antibodies dilutions. Antibodies to cardiomyocytes markers
such as anti-cardiac troponin T (1/100) (Chemicon International, CA, USA), anti-cardiac (fetal)
actin (1/10) (Fitzgerald, MA, USA), and anti-VMHC (1/10) (Chemicon International, CA, USA),
and to muscular proteins such as anti-troponin | (1/50) (Santa Cruz Biotechnology, CA, USA),
anti-a-actinin (sarcomeric) (1/250) (Sigma-Aldrich, Missouri, USA), anti-connexin-43 (1/20) (BD
Biosciences Pharmingen, CA, USA), anti-myosin (skeletal, slow) (1/2000) (Sigma-Aldrich,
Missouri, USA), and anti-desmin (1/10) (Sigma-Aldrich, Missouri, USA) were used. Cells were
then incubated with secondary antibodies rabbit anti-goat IgG Texas Red (Santa Cruz
Biotechnology, CA, USA) at dilution 1:100, goat anti-rabbit IgG (Molecular Probes, Oregon, USA)
at dilution 1:100 and goat anti-mouse IgG Texas (Molecular Probes, Oregon, USA) at dilution
1:1,500 for 1 h at room temperature. Nuclei were counterstained by 4°,6-diamidine-2’-
phenylindole dihydrochloride (DAPI). Non-specific binding of secondary antibodies was assessed
by omitting the primary antibody in a control test. Slides were examined on a Nikon E-600
microscope. Digital images were captured using CoolSNAP-PROcf (Media Cybernetics) camera

controlled by Image Pro-Plus software system from Diagnostic Instruments.
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Total RNA extraction and Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated with the RNeasy kit (QIAGEN) and treated column with DNAse |
(QIAGEN). Concentrations were determined by spectrophotometry (GeneQuant, Amersham
Biosciences). Complementary DNA (c-DNA) was synthesized from 1pug of total RNA using 1 pL
of 10 uM oligo dT primer (USB Corporation) and 1 uL of reverse transcriptase (IMPROM II,
Promega) according to the manufacturer’s instructions. Polymerase Chain Reaction (PCR) was
carried out with 20 ng of c-DNA as template, 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 5 pmol of
primers, 2.5 mM of MgCl, 0.0625 mM of dNTPs and 1U Taq polimerase (Invitrogen™, NY, USA)
in a final volume of 20 uL. The oligonucleotide primer sets used for PCR, the amplicon size and
the anneling temperature are depicted in Table 3. PCR included heating at 94°C for 2 minutes,
followed by 30 cycles of 94°C for 15 seconds, annealing temperature as table 3 for 30 seconds
and 72°C for 40 seconds and, a final extension of 72°C for 3 minutes using a Bio-Cycler Il
termocycler (Peltier Thermal Cycler). Ten pL of RT-PCR products were resolved by 2% agarose
gel electrophoresis, visualized by ethidium bromide fluorescence and photographed under ultra-

violet light illumination (UV White Darkroom, UVP Bioimaging Systems).

Real-Time Quantitative PCR

Real-time or quantitative PCR (qPCR) was performed using the ABI PRISM 7300 sequence
detection system (Applied Biosystems). Amplifications were carried out in a final reaction volume
of 20 pl with the SYBR Green master mix (Applied Biosystems, CA, USA), 10 ng of cDNA
template and 5 pmol of primers. PCR conditions were: 95°C for 10 minutes, followed by 45
cycles of 95°C for 15 seconds, annealing temperature as table 1 for 30 seconds and 72 °C for 40
seconds. The melting curves were acquired after PCR amplification confirming the specificity of
the amplified products. A standard curve based on cycle threshold values was used to evaluate
gene expression. In brief, we used 1:5 dilutions of known concentrations of cDNA in triplicate to
generate curves extending from 50 pg to 80 ng of cDNA. We generated standard curves for each
gene, including the control (housekeeping) gene. The relative amount of gene expression for
each sample was normalized by dividing the value obtained for the analyzed gene by the value

obtained for each control gene. Results were analyzed as gene expression relative to the
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housekeeping gene expression. Differences in expression were reported comparing cells

induced to differentiation with non-induced control samples [55, 58].

Statistical Analysis

Continuous variables were presented as mean + standard deviation and categorical variables
were presented as frequency and percent. Comparisons between control cells and treated cells
and between NO agents (SNAP and DEA/NO), were performed by nonparametric Wilcoxon test.
P-values<0.05 were considered statistically significant. Analysis was performed with the SPSS

V.14 software package.

RESULTS

Characterization of BM-MSCs and ADSCs was demonstrated in a previous work by our group
[55] and showed that these cells are similar in morphology, immunophenotype and differentiation
capacity. Here, we investigated if exposure of human BM-MSCs and ADCS to the NO agents
SNAP and DEA/NO induces the expression of muscular genes and proteins, as determined by
flow cytometry, cellular immunofluorescence, RT-PCR and real time PCR analysis.

In order to define an efficient, but non-lethal concentration of the NO agents, cells were
treated with 4, 0.4 and 0.04 mM SNAP and 1, 0.1 and 0.01 uM DEA/NO. Cells were exposed to
the NO agents for 4 days and left in culture in the absence of the compounds for up to 20 days.
The time points analyzed were 2 (i.e. during the NO agents treatment), 7 and 20 days.
Expression of cardiac markers a-myosin heavy chain (a-MHC), 3-myosin heavy chain (3-MHC),
atrial natriuretic peptide (ANP), a-cardiac actin, myosin light chain 2A (MLC-2A) specific for the
atrium, myosin light chain 2V (MLC-2V) specific for the ventricle, cardiac troponin |, cardiac
troponin T, connexin-43 and desmin and transcription factors GATA-4 and Nkx2.5 were analyzed
using RT-PCR in two biological samples of BM-MSCs and ADSCs. Results showed that the
highest concentration of SNAP was cytotoxic. Overall, at day 20, 0.4 mM of SNAP and 0.1 uM
DEA/NO-treated cells expressed a- cardiac actin, cardiac troponin T, connexin-43 and desmin in
both BM-MSCs and ADSC more consistently than with the other tested conditions (data not

shown). Thus, we chose these concentrations and time of treatment for further analyses.
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Quantification of the percentage of immunopositive cells and of the mean fluorescence
intensity of muscular markers was obtained by flow cytometry (Table 1, Figure 1). Because
spontaneous (i.e. in the absence of treatment) expression of some markers could take place,
results were expressed as a ratio of immunopositive treated/ immunopositive non-treated cells at
day 20. With the exception of CD34, all hematopoetic or mesenchymal cell markers analyzed did
not significantly changed their expression pattern throughout the 20 days in both cell types
exposed to both NO agents. Percentage of CD34-positive cells increased (Table 2) in BM-MSCs
treated with SNAP and DEA-NO (ratios of 9.16 + 14.79 and 6.34 + 12.35 respectively) and in
ADSCs treated with SNAP (ratio of 4.00 + 6.86). Therefore, these data suggest that NO agents
increase the number of CD34-positive cells in a BM-MSCs and ADSCs population.

Muscular markers analysis, on the other hand, was not straightforward, since inter-
individual samples presented a high variability (Figure 1). The more efficient donor or adult stem
cell source could not be significantly determined by flow cytometry analysis. Some markers
showed a clear tendency to be increasingly expressed after NO agents exposition. For instance,
expression of connexin-43 and myosin appears higher in treated ADSCs. In the case of BM-
MSCs, expression of troponin T e VMHC, myosin and cardiac (fetal) actin seems also to
increase after NO agents treatment (Figure 1). However, more samples would be required to
allow more powerfull statistical tests that could reveal significant differences in both BM-MSCs
and ADSCs exposed to SNAP and DEA/NO with control samples. Regarding data homogeneity,
ADSCs samples were homogeneous for connexin-43, myosin and cardiac (fetal) actin markers,
but were quite dispersed for troponin T and VMHC, when percentage of immunopositive-cells
was analyzed. When mean fluorescence intensity was assessed, sample homogeneity was
observed for connexin-43, troponin T and cardiac (fetal) actin, in contrast to VMHC and myosin
markers. Analyzing the percentages of immunopositive- BM-MSCs, it was observed that most of
the samples were homogeneous for muscular markers used in this study, with the exception of
connexin-43 and cardiac (fetal) actin. When mean fluorescence intensity was analyzed, all
samples were homogeneous for muscular markers; for example, three out of four and four out of
five samples showed an increase in VMHC expression in comparison with control samples, after

cells exposure to SNAP and DEA/NO respectively.
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Indirect immunofluorescence microscopy was employed to study expression intensity
and pattern of connexin-43, troponin T, VMHC, myosin, cardiac (fetal) actin, troponin | and a-
actinin (sarcomeric). Results showed that 0.4 mM SNAP and 0.1 uM DEA/NO induced the
expression of some cardiac and muscular markers by ADSCs (Fig. 2A) and BM-MSCs (Fig. 2B)
at day 20. Such expression was observed either in some isolated cells, like troponin T and
VMHC, or in most of the cells, like connexin-43, cardiac (fetal) actin and a-actinin (sarcomeric).
Interestingly, some muscular markers were detected even in non-treated cells, suggesting that
MSC spontaneously express connexin-43, cardiac (fetal) actin and a-actinin (sarcomeric). In
many cases, connexin-43 and cardiac (fetal) actin expression seemed to increase after exposure
to NO agents, by visual analysis. These results were similar for BM-MSCs and ADSCs exposed
to SNAP and DEA/NO, although it could be observed a high variability in staining intensity for
each marker used.

Finally, gene expression of some muscular markers, as well as of VEGF, was also
assessed by RT-PCR and gqPCR (Table 3). RT-PCR results corroborated the data high
dispersion from inter-individual samples, independently on the source. On one end of the
spectrum, MLCV expression was detected in only one ADSCs sample treated with SNAP and,
on the end, markers like connexin-43, VEGF and troponin T were detected in most of the
samples analyzed. In agreement with the immunofluorescence data, in some cases control cells
from both sources were also expressing several markers (Figure 3). Because some of these
genes were expressed in most of the samples and treatments, gPCR was performed to better
quantify the expression of two of them, connexin-43 and VEGF (a gap junction component and
angiogenic factor, respectively). Interestingly, the mRNA levels of both markers were
considerably increased in all BM-MSCs samples analyzed, after treatment with either SNAP or
DEA/NO. However, only one ADSCs sample was in agreement with these data and, the other
two showed equal or even lower mRNA levels between control and NO agents-treated samples

(Figure 4).

DISCUSSION
Based on studies showing that MSCs are multipotent cells able to differentiate into

cardiomyocytes [59-62], on the importance of NO in heart development [51, 54] and on
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embryonic stem cells differentiation into cardiomyocytes after exposure to NO agents or
endogenously produced NO [50], our focus was to study the effects of NO agents on
cardiomyogenic differentiation of MSCs. In addition, it was recently demonstrated that eNOS
induces neonatal cardiomyocyte proliferation [63]. Nitric oxide and/or its metabolites interfere in
signaling pathways by activating guanylate cyclase and/or inducing post-translational
modifications, especially nitros(yl)ations [64]. Indeed, cysteine nitrosation has been considered a
switch on/off of signaling proteins, similar to serine, tyrosine and threonine residues
phosphorylation [65]. Here, we used SNAP and DEA/NO, which produces NO* and free NO gas,
respectively. While the former species nitrosates cysteine, NO radical activates GC [41, 66]
Thus, we employed NO agents able to activate both cGMP-dependent and —independent
pathways.

Our results evidenced a trend to increase the expression of some muscular markers in
MSC treated with the NO agents. Connexin-43, troponin T, VMHC, myosin and cardiac (fetal)
actin expressions seem to be higher after NO-treatment compared with control cells, as
determined by flow cytometry. However, the percentage of cells expressing muscle markers was
low, both in BM-MSCs and ADSCs. Differently to ES cells [50], MSCs exposed to the NO agents
did not fully differentiated to cardiomyocyte-like cells. That group has shown that NO may
influence cardiac differentiation of ES cells both by inducing a phenotype switch, with expression
of cardiac troponin T, a- or B-MHC and myosin filaments in a high percentage of treated cells,
and inducing apoptosis in cells not committed to cardiac differentiation. Therefore, in line with the
current thought, regarding cardiomiogenic differentiation capacity, MSC are more restricted than
ES cells.

Immunofluorescence microscopy also demonstrated that some muscular markers were
expressed after NO agents exposure. However, even untreated cells were highly
immunostained, which contrasted with the low frequency of staining obtained by flow cytometry.
This apparent discrepancy may be due to the fact that epitopes can be more or less hidden or
even modified depending on the sample preparations. This might affect their recognition by the
antibody. However, considering the relative increase in expression, i.e, comparing NO-treated
cells with untreated cells after 20 days in culture, flow cytometry and immunofluorescence results

are consistent.
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Due to a considerable deal of data dispersion, it was only possible to conclude that
overall our results demonstrate a tendency of increased expression of the cardiac/muscular
markers analyzed. This fact might be reflecting the genetic variability among donors and also the
different diseases they may present, other than the informed/diagnosed dilated cardiomyopathy
in BM samples. Data dispersion was also observed by Bernardo and colleagues [67] that noted a
huge variability in terms of proliferative capacity and BM-MSCs life span among different BM
donors. Tsai and colleagues [68] showed that gene expression profiles within each group of
MSCs from the same origin show a smaller variability than that between MSCs derived from
different origins.

An interesting finding was that untreated (control) ADSCs and BM-MSCs expressed
some muscular markers like connexin-43, a-cardiac actin, troponin | and a-sarcomeric actin,
detected by immunofluorescence and RT-PCR. Also, it was observed at BM-MSCs and ADSCs
(between second and fifth passage) that were not cultivated for 20 days. In a preliminary test, we
have observed a lower expression of muscular markers compared to untreated cells that were
cultured for 20 days in parallel with NO exposed cells (data not shown). Spontaneous expression
of muscular markers by MSCs at the molecular level has also been observed by other groups.
Antonitsis and colleagues [34] described the expression of a-cardiac actin, beta-myosin heavy
chain and cardiac troponin-T in both uninduced and induced cells with 5—azacytidine using RT-
PCR analysis. After single-cell microarrays analysis, Seshi and colleagues [69] showed that
isolated single MSCs simultaneously express transcripts associated with osteoblast, fibroblast,
muscle and adipocyte differentiation. Expression of connexin-43 in undifferentiated cells
(controls) was observed in human fetal bone marrow mesenchymal stem cells from the second
trimester [70]. The expression of this protein was up-regulated in ADSCs in long-term cultures,
independent of 5-azacytidine exposure, but dependent on the cell density, and cytoeskeletal
protein a-SMA was present in control and treated ADSCs [71]. Indeed, Tondreau and colleagues
[72] suggested that expression of some proteins by MSCs depend on time culture, rather than on
specific induction factors. These studies, combined with the findings reported by the Verfaille’s
group, support the theory that MSCs are “pluridifferentiated” cells at the molecular level [25].
Even though the mRNAs for these proteins are present in untreated ADSCs and BM-MSCs, they

might have non-canonical functions [73] or might be functionally inactive.
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Comparing the two MSCs sources, in this study BM-MSCs samples seem to be more
promising compared with ADSCs, as determined by gPCR analysis. This fact may result from the
pre-commitment of these cells for cardiomyogenic lineage, since all BM donors were dilated
cardiomyopathy patients. It is recognized that local or systemic production of inflammatory
mediators might influence not only MSC migration to injured tissues [74, 75], but also MSC
proliferation, differentiation [76] and engraftment [77]. Indeed, it was recently shown that nitric
oxide produced by MSC inhibits T-cell proliferation [78].

Recent evidences suggest that mesenchymal progenitor cells do not result in the
formation of functional syncytia and that the reported beneficial effects in post-infarcted
myocardium scarring might be mediated more by paracrine factors-stimulated angiogenesis than
by cardiomyogenic differentiation itself [15, 62, 79, 80]. An increased expression of connexin-43
in cardiomyocytes was attributed to secretion of paracrine factors by transplanted mesenchymal
progenitor cells from BM [81]. Through this indirect mechanism, MSCs transplantation could lead
to a recovery of cardiac performance and to induction of neovascularization [15, 62], although
some degree of differentiation into cardiomyocytes could also take place. Our gPCR results point
to this direction. We have shown that untreated BM-MSCs and ADSCs express connexin-43 and
VEGF mRNAs and, more importantly, their expressions were greatly increased after NO-agent
exposure, mostly with DEA/NO. VEGF is a critical angiogenic factor which could not only
contribute to endothelial lineage cell survival through VEGF-mediated phosphorylation of protein
kinase B and endothelial nitric oxide synthase [82-84] and also accelerate development of
microvessels and enhance regional blood flow in ischemic tissue [85]. It was demonstrated that
neovascularization induced in ischemic myocardium is directly related to the paracrine action of
engrafted MSCs in ischemic myocardium [80]. The cardioprotective effects of MSC are known to
be mediated not only by their differentiation into vascular cells and cardiomyocytes, but also by
their ability to supply large amounts of angiogenic, anti-apoptotic and mitogenic factors [14, 62,
86, 87]. It would be interesting to determine if expression of other factors like basic fibroblast
growth factor (bFGF), hepatocyte growth factor, insulin-like growth factor 1, monocyte
chemoattractant protein (MCP)-2 and MCP-3 [14, 15, 83, 86] are as well increased in MSCs after

NO-agents treatment.
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Quantification of the percentage of immunopositive cells by flow cytometry reveals an
increase of CD34 expression in BM-MSCs exposed to both NO agents and in ADSCs exposed to
SNAP. CD34 has been considered a marker of activated stem cells [1, 88]. Beauchamp and
colleagues [89] speculated that CD34 plays a fundamental role in regulating progenitor cell
differentiation in a range of adult tissues, including blood and muscle. Lee and colleagues [90]
showed that a population of muscle-derived cells expresses both early myogenic markers,
including desmin, and stem cell markers like CD34. Leone and colleagues [91] demonstrated
that CD34" cells levels were significantly correlated to VEGF levels in health controls.

In conclusion, this work indicates that NO-derived intermediates increase the expression
of some muscular markers, VEGF and CD34 in treated BM-MSCs and ADSCs. Upregulation of
such genes may contribute to the beneficial effects observed after MSCs transplantation in
several cardiac diseases. Our data corroborate the role of MSCs in angiogenic paracrine

signaling rather than in MSCs differentiation to cardiomyocytes.
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FIGURE AND TABLE LEGENDS

Figure 1. Quantification of the percentage of immunopositive cells and of the mean
fluorescence intensity of muscular markers by flow cytometry. Mesenchymal stem cells from
bone marrow (A, B) and adipose derived stem cells (C, D) were induced for 4 days with NO
agents SNAP (m) and DEA/NO (#) and cultivated for more 16 days without the agents. Y-axis
shows the ratio of immuno positive cells treated/control cells and X-axis shows muscular and
cardiac markers. Abbreviations: BM-MSCs, mesenchymal stem cells derived from bone marrow;

ADSCs, adipose derived stem cells; NO, nitric oxide.

Figure 2. Indirect immunofluorescence showing the expression of muscular and cardiac
markers. Mesenchymal stem cells from bone marrow (A) and adipose derived stem cells (B)
were induced for 4 days with 0.4 mM SNAP and 0.1 uM DEA/NO and cultivated for more 16
days without the agents. Control samples were non-induced cell (negative control).
Abbreviations: BM-MSCs, mesenchymal stem cells derived from bone marrow; ADSCs, adipose

derived stem cells.

Figure 3. Expression profile of VEGF and cardiac markers. Mesenchymal stem cells from
adipose tissue and bone marrow were induced for 4 days with NO agents SNAP and DEA/NO
and cultivated for more 16 days without the agents as described in materials and methods.
Expression profile of VEGF and cardiac markers in three independent samples of AT (A).
Expression profile of VEGF and cardiac markers in three independent samples of BM (B).
Control samples were non-induced cell (negative control). Representative results of 3
independent experiments are shown. GAPDH was used as an internal control. Abbreviations:
BM, bone marrow; AT, adipose tissue; NO, nitric oxide; S, SNAP; D, DEA/NO; ND, Non

detected.

Figure 4. g-PCR of Connexin-43 and VEGF. Mesenchymal stem cells from bone marrow and
adipose tissue were induced for 4 days with NO agents SNAP and DEA/NO and cultivated for

more 16 days without the agents. The expression of Connexin-43 and VEGF was assayed by g-



75

PCR. Expression of Connexin-43 in BM (A). Expression of VEGF in BM (B). Expression of
Connexin-43 in AT (C). Expression of VEGF in AT (D). Representative results of 3 independent
experiments are shown. g-PCR are expressed as mean + SD of the technical triplicate. GAPDH
was used as an internal control and for normalize gene expression. Relative levels of mRNA
expression represents the ratio between NO-induced cells and non induced control cells (C).

Abbreviations: BM, bone marrow; AT, adipose tissue; NO, nitric oxide; S, SNAP; D, DEA/NO.

Table 1. Flow cytometry analysis of BM-MSC and ADSC muscular markers expression after

exposure to NO.

Table 2. Flow cytometry analysis of CD34 expression in BM-MSC and ADSC after exposure to

NO.

Table 3. Primer set utilized for RT-PCR and gPCR analyses.
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Table 1. Flow cytometry analysis of BM-MSC and ADSC muscular markers
expression after exposure to NO.

MARKER POSITIVE CELLS SOURCE SNAP/CONTROL DEA/NO/CONTROL
. Mean fluorescent
Connexin-43 intensity ADSC 1.24 +0.33 1.01 £0.09
BM 0.85+0.27 0.86 +0.29
Percentage ADSC 1.4 £0.62 1.15+£0.78
BM 3.7 +6.88 5.83 £10.32
. Mean fluorescent
Troponin T intensity ADSC 1+0.22 0.96 £0.2
BM 1.09+0.3 1.04 £0.12
Percentage ADSC 1.46 £1.38 1.37 £1.07
BM 1.48 £ 0.61 1.15+£0.34
Mean fluorescent
VMHC intensity ADSC 1.23+0.72 1.53 +1.41
BM 1.31£0.3 1.2x0.15
Percentage ADSC 1.25+0.9 0.84 +0.28
BM 1.21 £0.59 1.21 £0.49
. Mean fluorescent
Myosin intensity ADSC 1.18 £0.39 1.2+0.53
BM 1.03+0.12 1.06 £0.16
Percentage ADSC 1.15 £ 0.51 0.83 £0.23
BM 1.06 +0.39 1.25+0.73
Cardiac  Mean fluorescent  ynoq 0.99 +0.12 0.99 +0.17
(fetal) actin intensity
BM 1.14 +0.25 1.3+0.22
Percentage ADSC 1.01 £0.43 1.1 £0.52
BM 1.96 +1.57 2.48 £2.02

ADSC, adipose derived stem-cell; BM, bone marrow, (n = 5-7/group)

Table 2. Flow cytometry analysis of CD34 expression in BM-MSC and ADSC after exposure to NO.

POSITIVE CELLS SOURCE CONTROL _ SNAP DEA/NO  SNAP/CONTROL DEA/NO/CONTROL
Mean fluorescent  \hoe 1161464 1458+955 12.12+6.06 1.4+0.87 1.07 +0.27
intensity
BM  539+309 58+267 557+252 1.34 + 0.86 1.24 + 0.66
Percentage ADSC 394+48 395+3.99 3.89+445 4 +6.86 1.25 +0.51
BM  044+043 237+455 059+067  9.16+14.79 6.34 +12.35

ADSC, adipose derived stem-cell; BM, bone marrow, (n = 5-7/group)




Table 3. Primer set utilized for RT-PCR and gPCR analyses.

Amplicon

Target NCBI Seq (pb) ™ (°C) Primer Sequence Reference
F 5 GGCGATGCTGGCGCTGAGTAC 3' Yoon et al. Differentiation 74 (4), 149-159.
GAPDH 2597 150 % R5 TGGTTCACACCCATGACGA 3'
RNA POL Il NM00937 187 55 F5 TACCACGTCATCTCCTTTGATGGCTCCTAT 3'  Radonie et al. Biochemical and Biophysical
R5 GTGCGGCTGCTTCCATAA 3' Research Communications. 313: 856-862. 2004
GATA-4 NM_002052 422 62 F5 CTCCCCTGGCAAAACAAGAG 3 - ]
R 5 TGCCGTGTCTTAGCAGTCGT 3 Yoon et al. Differentiation 74 (4). 149-159. 2006.
NKx2.5 AB021133 322 g2 | O ATAGGCGGGGTAGGCGTTAT 3 Yoon et al. Differentiation 74 (4), 149-159.
R 5' GCTCTTTGGGGAGAAGCTCA 3
a-MHC NM_002471 413 g2 [ 5 GTCATTGCTGAAACCGAGAATG 3 Yoon et al. Differentiation 74 (4), 149-159.
R 5' GCAAAGTACTGGATGACACGCT 3
B-MHC X06976 396 g2 9 AGATGGATGCTGACCTGTCC 3 Yoon et al. Differentiation 74 (4), 149-159.
R 5' GGTTTTTCCTGTCCTCCTCC 3
ANP NM_006172 406 g2 T 5 GAACCAGAGGGGAGAGACAGAG 3' Yoon et al. Differentiation 74 (4), 149-159.
R 5' CCCTCAGCTTGCTTTTTAGGAG 3'
Alpha Cardiac Actin ___NM_005159 226 55  F 5 GCAAGGACCTGTATGCCAACAATG 3 Zaehres et al. Stem Cells 23: 299-305.2005.
R 5' GCCTCATCGTACTCTTGCTTGCTA 3
Conexina 43 M65188 154 60  F5 CCTTCTTGCTGATCCAGTGGTAC 3 o
R 5' ACCAAGGACACCACCAGCAT 3 Chen et al. Stem Cells, 24: 1265-1273. 2006.
. F 5 GCTCTTTGGGGAGAAGCTCA 3' Yoon et al. Differentiation 74 (4), 149-159.
MLC-A BC027915 239 62 R 5 CGTCTCCATGGGTGATGATG 3'
MLC-V BC031006 200 g2 5 GGCGCGTGAACGTGAAAAAT 3 Yoon et al. Differentiation 74 (4), 149-159.
R 5' CAGCATTTCCCGAACGTAAT 3
Cardiac troponin BC002653 152 g2 5 GGCAGCGGAAGAGGATGCTGAA S Yoon et al. Differentiation 74 (4), 149-159.
R 5' GAGGCACCAAGTTGGGCATGAACGA 3'
VEGF M27281 101 go O CTACCTCCACCATGCCAAGTG & Yoon et al. Differentiation 74 (4), 149-159.
R5'TGCGCTGATAGACATCCATGA 3
Desmin nm_001927 408 60 | 9 CCAACAAGAACAACGACG 3 Xu, W. et al. Exp Biol Med 229:623-631, 2004
R 5' TGGTATGGACCTCAGAACC 3'
_ F 5 CCTGCGGAGAGTGAGGATCT 3' o
Troponin | X54163 211 62 Yoon et al. Differentiation 74 (4), 149-159.

R 5' TAGGCAGGAAGGCTCAGCTC 3'

16
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4. CONSIDERAGCOES FINAIS

O transplante celular na area da cardiomioplastia é um método
terapéutico novo. O objetivo deste método é o tratamento de doencas
cardiacas degenerativas, pois pode levar a recuperacdo da funcdo do
miocardio'’®'8'. Porém a fonte de células e o tipo celular com propriedades
mais adequadas de regeneracdo do tecido cardiaco estdo sendo
pesquisados®. As CTMs possuem propriedades que podem permitir uma
terapia celular altamente efetiva. Sdo faciimente isoladas e cultivadas®® e estdo
presentes em muitos tecidos adultos®*®'°. A MO, o SCU e o TA tém sido
extensivamente estudados como fontes de CTMs. No primeiro artigo
comparamos as CTMs derivadas da MO e do SCU e as CTDA. Nossos
resultados mostraram que estas trés fontes fornecem CTMs com propriedades
morfolégicas e imunofenotipicas semelhantes, mas nado idénticas. A
porcentagem de células CD34" na populacdo aderente, por exemplo, foi
semelhante entre as CTMs derivadas do SCU e as CTDAs, porém diferiu das
CTMs derivadas da MO. O potencial de diferenciacdo em adip6citos também
diferiu de acordo com a fonte. Empregando técnicas de coloracao histolégica e
moleculares, mostramos que as CTMs derivadas do SCU sdo mais resistentes
a diferenciagéo adipocitica. Entretanto, as CTMs derivadas da MO e as CTDAs
diferenciam bem a adipécitos. Os vacuolos lipidicos encontrados nos
adipocitos derivados das CTMs da MO apresentaram tamanho médio maior
comparativamente aos vacuolos observados nas CTDAs, indicando que a MO
permite um maior grau de diferenciacdo. Neste trabalho também relatamos
que a osteonectina nao foi um bom marcador de diferenciacdo osteogénica,
pelo menos nas condicdes utilizadas. Outros estudos mostram que as CTMs
da MO e do SCU expressam a osteonectina constitutivamente'®'®3, tornando-
a um marcador inapropriado para a avaliacao da diferenciagdo osteogénica.

Apos a definicdo que as células isoladas das trés fontes eram CTMs,
iniciamos a segunda etapa do nosso trabalho. Como a literatura relata que as
CTMs apresentam um potencial de diferenciagdo em cardiomidcitos in vitro e
24,91,115,117,120,121

in vivo , 0 objetivo foi diferenciar as CTMs a cardiomidcitos ou a

um fendtipo semelhante a cardiomidcito, para um possivel uso em transplante
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celular. Pela dificuldade de obtencdao das CTMs do SCU, optamos por
trabalhar somente com as células-tronco derivadas da MO e as CTDAs.

O oxido nitrico (NO) parece ser um fator importante para o
desenvolvimento cardiaco'®'’®. De fato, diversos artigos mostraram que as
isoformas iINOS e eNOS sao expressas no coracdo de embrides e que
camundongos NOS” apresentam defeitos cardiacos'’*'®'8  Também, foi
recentemente demonstrado que o NO facilita a diferenciacdo das células-
tronco embrionarias para o fenétipo cardiaco'®. Devido a necessidade de
definir o melhor tipo de célula-tronco adulta com potencial cardiomiogénico e
um estimulo adequado para esta diferenciagdo, consideramos importante
avaliar o potencial de diferenciacdo das CTMs a cardiomidcitos utilizando o
NO.

Os resultados obtidos mostraram que a exposicdo das CTMs a um
nitrosotiol e um doador de NO, SNAP e DEA/NO respectivamente, induziu a
expressado de genes e/ou proteinas musculares. Apesar da clara tendéncia ao
aumento da expressdo, a alta variabilidade inter-individuos e o pequeno
namero de amostras nao permitiu que as diferencas observadas fossem
estatisticamente significativas.

Outro resultado interessante deste estudo foi 0 aumento da expresséo
tanto do gene VEGF como de células CD34" nas CTMs tratadas. O marcador
CD34 ¢é uma glicoproteina de superficie celular presente em células-tronco
ativadas'® e tem sido utiizada como marcador de células-tronco
hematopoéticas. Porém, ele também esta expresso nas células progenitoras
endoteliais e em progenitores estromais fetais e adultos'®’. Especula-se que
este marcador tenha um papel importante na regulacdo da diferenciacdo das
células progenitoras em tecidos adultos como sangue e musculo'®. Além
disso, LEONE et al. (2006)'®® demonstraram que o nimero de células CD34
estava correlacionado com os niveis de VEGF nos controles sadios. Embora
nossos dados nao tenham permitido a avaliacao da correlacéo entre niveis de
expressao génica do VEGF e CD34, eles corroboram os dados destes autores,
sugerindo uma associagdo ou até mesmo que a células CD34" secretem
VEGF. A secrecdo de VEGF poderia assim estar envolvida na funcao das
CTMs diferenciadas. De fato atualmente acredita-se que os efeitos benéficos

do transplante de CTMs na lesdo do miocardio pés-infarto possa ser mediado
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mais pelos efeitos paracrinos que levam a angiogénese do que pela sua
diferenciagdo em cardiomiécitos®*'%%'%2. SUURONEN et al. (2007)'*, por
exemplo, relatam o aumento de expressdo da conexina-43 nos cardiomiécitos
atribuida a secrecao de fatores paracrinos pelas CTMs derivadas da MO
transplantadas em ratos. Também foi demonstrado que a neovascularizagao
induzida no miocardio isquémico esta diretamente relacionada com a acéo
paracrina das CTMs no miocardio isquémico'™'. Assim os efeitos
cardioprotetores das CTMs podem ser mediados ndo somente pela
diferenciacdo em células vasculares e cardiomiécitos, mas pela sua habilidade
de suprir grandes quantidades de fatores angiogénicos, anti-apoptéticos e
mitogéniC0332’125’117’194’195.

HAHN et al., (2008)'?> demonstraram que o pré-tratamento das CTMs de
ratos com uma combinacao de fatores de crescimento, levou a um aumento da
expressdao de fatores de transcricdo cardiacos, e ap6s a co-cultura com
cardiomiécitos, ocorreu 0 aumento da expressdo de genes especificos
cardiacos incluindo a conexina-43 e uma melhor formacédo das juncbées gap
funcionais com os cardiomiocitos comparativamente com as CTMs nao
tratadas. O aumento da formacao das juncbes gap e da sobrevida da célula no
miocardio infartado, reducdo do tamanho do infarto e melhora da fungdo do
ventriculo esquerdo, foram observados ap6s o transplante das CTMs tratadas
com fatores de crescimento, em ratos com infarto do miocardio.

Apesar da degradacdo em produtos diferentes, nao observamos
diferencas significativas entre os dois agentes de NO empregados. Portanto
concluimos que o NO ou seus metabdlitos induziram um aumento da expressao
de alguns marcadores musculares, CD34 e VEGF nas CTMs derivadas da MO
e nas CTDAs. O aumento da expressao destes genes podera contribuir para os
efeitos benéficos observados apds o transplante destas células em varias
doencas cardiovasculares. Nossos dados corroboram o papel das CTMs
preferencialmente na sinalizacdo paracrina para angiogénese a diferenciacao
em cardiomiocitos.

Em conjunto, os dados obtidos nestes trabalhos explicitam ainda dois
aspectos importantes da biologia das CTMs e que sao relevantes no contexto
da cardiomioplastia. Um deles estd relacionado a variabilidade genética
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dependente de cada individuo e das condicoes fisiopatolégicas de cada doador
como a idade e a presenca de doencgas.

Ainda ndo hd um consenso na literatura se realmente ha uma diminuicao
do numero e fungdo das CTMs derivadas da MO com o aumento da idade do
doador'® "% A reducdo do nimero das CTMs relacionada com o aumento da
idade, pode ser acompanhada pela perda da funcionalidade de certas CTMs,
por exemplo, devido ao acimulo dos danos oxidativos'®, aumento da
freqiiéncia das aberracdes cromossdmicas®®’, encurtamento do teldmero®’ ou

a defeitos no microambiente 6sse0?%.

Alguns estudos com ratos'® e
humanos'’, relataram que o potencial de diferenciagcdo das CTMs in vitro ndo
depende da idade dos doadores, porém ZHENG et al. (2007)?*® demonstram
que as CTMs de ratos mais velhos apresentam capacidade reduzida em gerar
uma matriz condrogénica in vitro. SETHE et al. (2006)'®®, mostraram que ha
mudancas das CTMs humanas com o aumento da idade como a perda do
potencial de diferenciacdo, de proliferacdo, aumento no numero de células
senescentes e perda da formacdo éssea in vivo. STOLZING et al. (2008)%°*
estudando doadores humanos de MO de varias idades e utilizando marcadores
de senescéncia celular, demonstraram haver uma reducdo no numero de
CTMs, reduzida capacidade de proliferacdo e capacidade de diferenciagéo
osteogénica e condrogénica.

A idade também pode influenciar a capacidade regenerativa do tecido, a
qual diminui com a idade. Este declinio tem sido atribuido a uma diminuigéo na
resposta das células-tronco especificas de cada tecido®®?%. CONBOY et al.
(2005)%%?, sugerem que ha fatores sistémicos que podem modular vias de
sinalizacdo molecular criticas para a ativacao de células progenitoras tecido
especificas. Foi demonstrado que o declinio do potencial regenerativo com o
aumento da idade pode ser revertido através da modulacdo de tais fatores
sistémicos (como ativagdo da via Notch para as células satélites musculares),
sugerindo que células-tronco tecido especificas, mesmo com o aumento da
idade, retém muito do seu potencial proliferativo intrinseco e que mudangas no
microambiente sistémico no qual ocorra ativagao das células-tronco, pode levar

a uma efetiva regeneracéo tecidual.
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Com base nestes trabalhos sugerimos que parte da grande dispersao
observada nos nossos dados pode ser conseqiéncia da variabilidade na idade
dos individuos que participaram deste estudo.

A presenca de doencas nos doadores de medula 6ssea e tecido adiposo
que pudessem influenciar na expressdao de marcadores musculares e
angiogénicos nas CTMs expostas ao NO é outro fator que poderia estar
contribuindo para a variabilidade observada entre as diferentes amostras. A
obesidade, fator presente em todos os doadores de TA, é considerada um fator
de risco cardiovascular, contribuindo para o desenvolvimento da aterosclerose.
O tecido adiposo subcutédneo, o qual é menos ativo metabolicamente
comparativamente ao tecido adiposo visceral, secreta citocinas e quimiocinas,
como interleucinas 6 e 8, fator de necrose tumoral a (TNF- a), quimiocinas pro-
aterogénicas e peptideos pro-angiogénicos, 0s quais parecem contribuir
diretamente para inflamacéao crénica, alteracées do tonus vascular, proliferacao
de células musculares lisas, neo-angiogénese e o0 desenvolvimento de
complicacdes cardiovasculares®®’. Assim, estes fatores poderiam influenciar o
pré-comissionamento das CTDAs em diferentes graus, resultando na dispersao
de dados observada para esta fonte.

No nosso estudo apbés as analises por citometria de fluxo,
imunofluorescéncia RT-PCR e gPCR, observamos que as amostras derivadas
da MO mostraram-se mais comissionadas para cardiomiocitos em comparacao
as CTDAs. De fato os doadores de MO eram todos portadores da
cardiomiopatia dilatada. A produgdo local ou sistémica de mediadores
inflamatoérios pode influenciar ndo somente a migracdo das CTMs para os

208209 'mas também a proliferacdo, diferenciacdo?'® e pega

tecidos danificados
do enxerto?'’. Um estudo realizado por LARGHERO et al. (2007)%'2
comparando as CTMs derivadas da MO de individuos saudaveis e pacientes
com esclerose multipla, demonstrou nao haver diferencas fenotipicas,
proliferativas, no potencial de diferenciacdo e nas propriedades
imunossupressoras destas células. Porém ainda nao sabemos se outras
doencgas poderiam alterar o comportamento das CTMs.

O segundo aspecto importante a ser discutido seria o potencial de
diferenciacdo das CTMs a cardimiocitos. Nossos dados confirmam outros

trabalhos demonstrando que a porcentagem de células que se diferenciam em
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cardiomidcitos é baixg?>’!132:213215

e que estas células atuam in vivo
estimulando a angiogénese pela liberacao de fatores paracrinos. A injecao de
células-tronco derivadas do musculo esquelético no miocardio infartado de
camundongos induz uma melhora funcional®'®?'. Tal melhora foi atribuida &
secrecdo de VEGF pelas CTMs, o qual induziu uma neoangiogénese nas
células hospedeiras. Como poucas CTMs do doador diferenciaram em
cardiomiécitos ou fusionaram-se em estruturas semelhantes a vasos
sanguineos, concluiu-se que o VEGF poderia ser o primeiro fator no ambiente
isquémico que seria responsavel pela inducdo da angiogénese nesta regiao?'°.
AL-KHALDI et al. (2003)° também demonstraram que as CTMs de
camundongos C57BI/6 induzem a vasculogénese, e a neovascularizacao
dependente de VEGF. A neovascularizacdo € um processo fisiolégico de
formacao de novos vasos sanguineos e é extremamente importante para a
melhoria da funcdo do coracdao apdés um estresse isquémico. Este processo
inclui a formacao de capilares (angiogénese) e artérias colaterais. A isquemia
ou a oclusdo da artéria coronaria induz a expressao de VEGF no modelo de
infarto do miocardio em ratos, e esta molécula é responsavel pela circulacao
colateral coronaria e retencao do suprimento sanguineo para a area isquémica.
A recuperacdao do suprimento sanguineo para a area isquémica previne a
morte dos cardiomiécitos e o remodelamento cardiaco®'’. PAYNE et al.
(2007)*"® demonstraram que o VEGF estimula e é essencial para a
angiogénese e melhora funcional observada apds o transplante de células-
tronco derivadas do musculo esquelético para o reparo do infarto do miocardio.
Estas células também aumentam a secrecdo de VEGF quando expostas a
hipdxia, condicdo que ocorre apos o transplante no miocardio infartado.
Portanto, o meio isquémico do miocéardio infartado € um importante estimulador
da producéo de VEGF pelas células transplantadas.

Durante a expanséo in vitro das CTMs ocorre a diminuicao da expressao
do marcador CD34. Ainda nao esta definido se isto € um artefato idiossincratico
devido a manipulacédo in vitro das CTMs ou resultado do comissionamento
destas células para uma linhagem celular especifica, como ocorre com a

220221 No nosso trabalho

diferenciacdo das células-tronco hematopoéticas
observamos um aumento da expressao do marcador CD34 apds o tratamento

das células-tronco com NO, o que poderia estar correlacionada com o aumento
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da capacidade de angiogénese destas células. COPLAND et al. (2008)%%
compararam o perfil do RNAm das células CD34°*° e CD34™" nas CTMs em
camundongos e observaram a expressao de diferentes genes de proteinas
secretadas. Nas células CD34°°° foram identificados fatores de crescimento
que podem influenciar o processo de angiogénese e também foi mostrado o
aumento da expressdo da proteina de matrix extracelular tenascina C** e
glipicano®*, as quais influenciam a angiogénese através do VEGF. Portanto
sugere-se que CD34 possa modular a composicao do meio extracelular e
aumentar a resposta vascular derivada do hospedeiro. Além disso, observou-se
que a expressao de CD34 pelas CTMs esta correlacionada com o aumento do
potencial de vasculogénese e angiogénese in vivo®®. LIU et al. (2007)%®
cultivando CTMs humanas CD34™° em meio de crescimento endotelial,
observou o0 aumento da expressdo de CD34 e outros marcadores de células
endoteliais, confirmando que a expressao desta molécula esteja relacionada
com a plasticidade das CTMs. Assim, o envolvimento da proteina CD34 na
angiogénese tem sido cada vez mais considerado, e nossos dados confirmam
esta relagéo.

As espécies reativas de nitrogénio, como o NO e seus derivados, séo
produtos do metabolismo celular normal. O NO pode ter um papel dual tanto
deletério como benéfico nas funcdes fisioldégicas normais. O NO é uma

161 & angiogénicas®®.

substancia vasoativa, com propriedades anti-plaquetarias
E considerado uma molécula de sinalizacdo da diferenciagdo, produzida por
todas as células que compdéem o miocardio. A expressdo de NOS durante o
desenvolvimento cardiaco, assim como os defeitos congénitos resultantes da
auséncia de eNOS#”#?® demonstram sua relevancia na cardiomiogénese. ZHU
et al. (2006)**° demonstraram que a pequena exposicdo in vitro a
hipdxia/reoxigenacao, direta ou indiretamente, produz espécies reativas de
oxigénio em células endoteliais arteriolares corondrias humanas induzindo
estresse oxidativo, o qual estda associado com o aumento da expressao de
VEGF e angiogénese. Portanto a adi¢ao in vitro de agentes de NO nas CTMs e
CTDAs neste estudo, poderia estar estimulando o aumento da expressao do
VEGF por estas células.

Entretanto, considerando uma intervencao terapéutica, a utilizacao de

tais drogas requer atencdo. Uma producdo excessiva do NO pode
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comprometer a fungdo cardiaca. HEBA et al. (2001)**° relataram que a
expressao de TNFa, iINOS e VEGF na regido do miocardio infartado tem um
papel importante na disfuncdo do miocardio e remodelamento apds o infarto do
miocardio e este processo estd relacionado com o desenvolvimento
progressivo da insuficiéncia cardiaca. A expressdao aumentada do TNFa e
INOS é responsavel pela deterioracdo cardiaca causando um efeito inotrépico
negativo e apoptose®'. A disponibilidade local do TNFa é atribuida a inducéo
de iINOS e conseqiiente alta producdo de NO?*2. O excesso de NO pode ser

233 Qs efeitos da

citotdéxico para os cardiomidécitos e para as células endoteliais
isquemia e hipertrofia podem ser melhorados com a indu¢do da proteina
VEGF, o qual serve como um sinal para a angiogénese compensatéria. Porém
esta é prejudicada durante o processo de remodelamento e desenvolvimento
da insuficiéncia cardiaca, devido a presenca do TNFa em altas concentracdes
inibindo a angiogénese induzida pelo VEGF?**.

Finalmente, a pré-diferenciacdo das CTMs para cardiomiocitos ou para
células que induzam a angiogénese no local do transplante é uma condicao
necessaria para que estas células ndo se diferenciem em um tecido nao
apropriado. BREITBACH et al. (2007)?*, por exemplo, observaram que apés o
transplante intra-miocardio de CTMs apds infarto do miocardio em
camundongos, houve a formacdo de estruturas encapsuladas contendo
calcificacdes e/ou ossificagdes, sugerindo que estas células se diferenciaram
em 0sso in vivo. Neste trabalho portanto, concluiram que a diferenciacao das
CTMs né&o esta restrita ao meio ambiente no qual ela foi transplantada. Desta
forma ressaltamos a importancia dos estudos da pré-diferenciacdo das CTMs in
vitro.

Como continuidade dos nossos trabalhos faremos a quantificacdo da
proteina VEGF liberada pelas CTMs e CTDAs pré e pds-tratamento com ON,
para sabermos se 0 VEGF estd sendo secretado pelas células tratadas com
NO. Estudos in vivo com animais poderao ser realizados utilizando o transplante
das CTMs transfectadas com o gene VEGF e analisando a capacidade de
angiogénese e miogénese destas células. Outra linha de pesquisa poderia ser
a co-cultura das CTMs com os cardiomiécitos ja que existem diversos

122,125,138

trabalhos que demonstram que o contato célula-célula estimula a

diferenciacdo em cardiomiécitos.
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5. CONCLUSOES

Deste trabalho concluimos que:

A eficiéncia de obtencao depende da fonte de CTMs;

O periodo de estabelecimento da monocamada das culturas das CTMs
obtidas da MO e das CTDAs é menor comparativamente as CTMs obtidas
do SCU;

As células-tronco derivadas da MO, SCU e TA apresentam semelhancas
em relagdo a morfologia, ao tamanho e a complexidade, porém nao sao
semelhantes imunofenotipicamente em relagdo aos marcadores CD34 e
CD117;

As CTMs-MO e CTDAs apresentam o mesmo potencial de diferenciacao
em adipdcitos, osteoblastos e condrécitos, mas diferem das CTMs-SCU na
diferenciacao para adipocitos;

As CTMs-MO apresentam adipdcitos mais maduros em relagdo as CTDAs,
portanto a MO demonstra um maior grau de diferenciacdo para esta
linhagem;

O tratamento das CTMs-MO e CTDAs com SNAP e o DEA/NO aumentam
a expressédo de marcadores musculares e musculares cardiacos, VEGF e
CD34;

Ha uma grande variabilidade nos resultados entre os diferentes doadores
de MO e TA;

A baixa inducdo dos marcadores musculares e cardiacos associada a uma
inducdo consistente de VEGF, indicam que o tratamento com SNAP e
DEA/NO néo leva as CTMs para um fenédtipo cardiaco altamente
diferenciado, mas para um fenétipo associado a angiogénese.



101

6. REFERENCIAS

Cohn JN, Bristow MR, Chien KR, Colucci WS, Frazier OH, Leinwand LA,
Lorell BH, Moss AJ, Sonnenblick EH, Walsh RA, Mockrin SC, Reinlib L.
Report of the National Heart, Lung, and Blood Institute Special Emphasis
Panel on Heart Failure Research. Circulation 1997, 95: 766-770.

Mazhari R, Hare JM. Advances in cell-based therapy for structural heart
disease. Prog Cardiovasc Dis. 2007, 49: 387-395.

Mackay J, Mensah GA. The Atlas of Heart and Stroke, 1st ed. Geneva:
World Health Organization, 2004, p1-112.

Pfeffer MA, Braunwald E. Ventricular remodeling after myocardial
infarction. Experimental observations and clinical implications. Circulation
1990, 81:1161-1172.

Min JY, Sullivan MF, Yang Y, Zhang JP, Converso KL, Morgan JP, Xiao
YF. Significant improvement of heart function by cotransplantation of
human mesenchymal stem cells and fetal cardiomyocytes in
postinfarcted pigs. Ann Thorac Surg. 2002, 74:1568-1575.

Leone AM, Rutella S, Bonanno G, Contemi AM, de Ritis DG, Giannico MB,
Rebuzzi AG, Leone G, Crea F. Endogenous G-CSF and CD34+ cell
mobilization after acute myocardial infarction. Int J Cardiol. 2006, 111:
202-208.

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-
Gonzalez XR, Reyes M, Lenvik T, Lund T, Blackstad M, Du J, Aldrich S,
Lisberg A, Low WC, Largaespada DA, Verfailie CM. Pluripotency of
mesenchymal stem cells derived from adult marrow. Nature 2002, 418: 41-
49.

Lapidot T, Petit I. Current understanding of stem cell mobilization: the roles
of chemokines, proteolytic enzymes, adhesion molecules, cytokines, and
stromal cells. Exp Hematol. 2002, 30:973-981.



10.

11.

12.

13.

14.

15.

16.

102

Anversa P, Nadal-Ginard B. Cardiac chimerism: methods matter.
Circulation 2002, 106:129-131.

Beltrami AP, Urbanek K, Kajstura J, Yan SM, Finato N, Bussani R, Nadal-
Ginard B, Silvestri F, Leri A, Beltrami CA, Anversa P. Evidence that human
cardiac myocytes divide after myocardial infarction. N Engl J Med. 2001,
344:1750-1757.

Mouquet F, Pfister O, Jain M, Oikonomopoulos A, Ngoy S, Summer R,
Fine A, Liao R. Restoration of cardiac progenitor cells after myocardial
infarction by self-proliferation and selective homing of bone marrow-
derived stem cells. Circ Res. 2005, 97:1090-1092.

Anversa P, Leri A, Rota M, Hosoda T, Bearzi C, Urbanek K, Kajstura J,
Bolli R. Concise review: stem cells, myocardial regeneration, and
methodological artifacts. Stem Cells 2007, 25:589-601.

Urbanek K, Rota M, Cascapera S, Bearzi C, Nascimbene A, De Angelis A,
Hosoda T, Chimenti S, Baker M, Limana F, Nurzynska D, Torella D,
Rotatori F, Rastaldo R, Musso E, Quaini F, Leri A, Kajstura J, Anversa P.
Cardiac stem cells possess growth factor-receptor systems that after
activation regenerate the infarcted myocardium, improving ventricular
function and long-term survival. Circ Res. 2005, 97:663-673.

Li RK, JIA ZQ, Weisel RD, Mickle DA, Zhang J, Mohabeer MK, Rao V,
Ivanov J. Cardiomyocyte transplantation improves heart function. Ann
Thorac Surg., 1996, 62: 654-661.

Murry CE, Wiseman RW, Schwartz SM, Hauschka SD. Skeletal myoblast
transplantation for repair of myocardial necrosis. J Clin Invest. 1996,
98:2512-2523.

Scorsin M, Hagege AA, Marotte F, Mirochnik N, Copin H, Barnoux M,
Sabri A, Samuel JL, Rappaport L, Menasche P. Does transplantation of
cardiomyocyte improve function of infarcted myocardium? Circulation
1997, 96 (Suppl2): 188-193.



17.

18.

19.

20.

21.

22.

23.

24.

103

Tomita S, Li RK, Weisel RD, Mickle DA, Kim EJ, Sakai T, Jia ZQ.
Autologous transplantation of bone marrow cells improves damaged heart
function. Circulation 1999, 100: 11247-56.

Orlic D, Kajstura J, Chimenti S, Jakoniuk |, Anderson SM, Li B, Pickel J,
Mckay R, Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Bone marrow

cells regenerate infarcted myocardium. Nature 2001, 410:701-705.

Shake JG, Gruber PJ, Baumgartner WA, Senechal G, Meyers J, Redmond
JM, Pittenger MF, Martin BJ. Mesenchymal stem cell implantation in a
swine myocardial infarct model: engraftment and functional effects. Ann
Thorac Surg 2002, 73:1919-1925.

Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV,
Kogler G, Wernet P. Repair of infarcted myocardium by autologous
intracoronary mononuclear bone marrow cell transplantation in humans.
Circulation 2002, 106:1913-1918.

Rezai NP; Podor TJ, Mcmanus BM. Bone Marrow Cells in the Repair and
Modulation of Heart and Blood Vessels: Emerging Opportunities in Native
and Engineered Tissue and Biomechanical Materials. Artificial Organs
2004, 28:142-151.

Antonitsis P, loannidou-Papagiannaki E, Kaidoglou A, Papakonstantinou
C.,In vitro cardiomyogenic differentiation of adult human bone marrow
mesenchymal stem cells. The role of 5-azacytidine. Interact Cardiovasc
Thorac Surg. 2007, 6:593-597.

Li X, Yu X, Lin Q, Deng C, Shan Z, Yang M, Lin S. Bone marrow
mesenchymal stem cells differentiate into functional cardiac phenotypes by
cardiac microenvironment. J Mol Cell Cardiol. 2007, 42:295-303.

Nassiri SM, Khaki Z, Soleimani M, Ahmadi SH, Jahanzad |, Rabbani S,
Sahebjam M, Ardalan FA, Fathollahi MS. The similar effect of

transplantation of marrow-derived mesenchymal stem cells with or without



25.

26.

27.

28.

29.

30.

31.

32.

104

prior differentiation induction in experimental myocardial infarction. J
Biomed Sci. 2007, 14:745-755.

Strauer BE, Brehm M, Schannwell CM. The therapeutic potential of stem
cells in heart disease. Cell Prolif. 2008, 41 Suppl 1:126-145.

Tolmachov O, Ma YL, Themis M, Patel P, Spohr H, Macleod KT, Ullrich
ND, Kienast Y, Coutelle C, Peters NS. Overexpression of connexin 43
using a retroviral vector improves electrical coupling of skeletal myoblasts
with cardiac myocytes in vitro. BMC Cardiovasc Disord. 2006, 6:25-35.

Menasché P. Skeletal myoblasts as a therapeutic agent. Prog Cardiovasc
Dis. 2007, 50:7-17.

Soonpaa MH, Koh GY, Klug MG, Field LJ. Formation of nascent
intercalated disks between grafted fetal cardiomyocytes and host
myocardium. Science 1994, 264: 98-101.

Halbach M, Pfannkuche K, Pillekamp F, Ziomka A, Hannes T, Reppel M,
Hescheler J, Miuller-Ehmsen J. Electrophysiological maturation and
integration of murine fetal cardiomyocytes after transplantation. Circ Res.
2007, 101:484-492.

Matsubayashi K, Fedak PW, Mickle DA, Weisel RD, Ozawa T, Li RK.
Improved left ventricular aneurysm repair with bioengineered vascular
smooth muscle grafts. Circulation 2003, 108 Suppl 1:11219-225.

Yamada Y, Wang XD, Yokoyama S, Fukuda N, Takakura N. Cardiac
progenitor cells in brown adipose tissue repaired damaged myocardium.
Biochem Biophys Res Commun. 2006, 342:662-670.

Ohnishi S, Yanagawa B, Tanaka K, Miyahara Y, Obata H, Kataoka M,
Kodama M, Ishibashi-Ueda H, Kangawa K, Kitamura S, Nagaya
N.Transplantation of mesenchymal stem cells attenuates myocardial injury
and dysfunction in a rat model of acute myocarditis. J Mol Cell Cardiol.
2007, 42:88-97.



33.

34.

35.

36.

37.

38.

39.

105

Caspi O, Gepstein L. Potential applications of human embryonic stem cell-
derived cardiomyocytes. Ann N'Y Acad Sci. 2004, 1015:285-298.

Graichen R, Xu X, Braam SR, Balakrishnan T, Norfiza S, Sieh S, Soo
SY, Tham SC, Mummery C, Colman A, Zweigerdt R, Davidson BP.
Enhanced cardiomyogenesis of human embryonic stem cells by a small
molecular inhibitor of p38 MAPK. Differentiation 2008, 76:357-370.

Krause DS, Theise ND, Collector MI, Henegariu O, Hwang S, Gardner R,
Neutzel S, Sharkis SJ. Multi-organ, multi-lineage engraftment by a single
bone marrow-derived stem cell. Cell 2001, 105:369-77.

Nygren JM, Jovinge S, Breitbach M, Sawén P, Roéll W, Hescheler J,
Taneera J, Fleischmann BK, Jacobsen SE. Bone marrow-derived
hematopoietic cells generate cardiomyocytes at a low frequency through
cell fusion, but not transdifferentiation. Nat Med. 2004, 10:494-501.

Kocher AA, Schuster MD, Szaboles MJ,Takuma S, Burkhoff D, Wang J,
Homma S, Edwards NM, ltescu S. Neovascularization of ischemic
myocardium by human bone-marrow-derived angioblasts prevents
cardiomyocyte apoptosis, reduces remodeling and improves cardiac
function. Nat Med. 2001, 7:430-436.

Kamihata H, MatsubaraH, Nishiue T, Fujiyama S, Tsutsumi Y, Ozono R,
Masaki H, Mori Y, Iba O, Tateishi E, Kosaki A, Shitani S, Murohara T,
Imaizumi T, lwasaka T. Implatation of bone-marrow mononuclear cells into
ischemic myocardium enhances collateral perfusion and regional function
via side supply of angioblasts, angiogenic ligands, and cytokines.
Circulation 2001, 104:1046-1052.

Shuster MD, Kocher AA, Seki T, Martens TP, Xiang G, Homma S, ltescu
S, Myocardium neovascularization by bone marrow angioblasts results in
cardiomyocytes regeneration. Am J Physiol Heart Circ Physiol. 2004,
287:H525-H532.



40.

41.

42.

43.

44.

45.

46.

47.

106

Goodell MA, Jackson KA, Majka SM, Mi T, Wang H, Pocius J, Hartley CJ,
Majesky MW, Entman ML, Michael LH, Hirschi KK. Stem cell plasticity in
muscle and bone marrow. Ann N 'Y Acad Sci. 2001, 938:208-218.

Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Mesquita CT,
Rossi MI, Carvalho AC, Dutra HS, Dohmann HJ, Silva GV, Belém L,
Vivacqua R, Rangel FO, Esporcatte R, Geng YJ, Vaughn WK, Assad JA,
Mesquita ET, Willerson JT. Transendocardial, autologous bone marrow
cell transplantation for severe, chronic ischemic heart failure. Circulation
2003, 107:2294-2302.

Shepler SA, Patel AN. Cardiac cell therapy: a treatment option for
cardiomyopathy. Crit Care Nurs Q. 2007, 30:74-80.

Blsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL, Robbins
RC. Haematopoietic stem cells adopt mature haematopoietic fates in
ischaemic myocardium. Nature 2004, 428:668-673.

Kehat I, Gepstein A, Spira A, ltskovitz- Eldor,J., and Gepstein, L. High-
resolution electrophysiological assessment of human embryonic stem cell-
derived cardiomyocytes: a novel in vitro model for the study of conduction.
Cir Res. 2002, 91:659-661.

Paquin J, Danalache BA, Jankowski M, McCann SM, Gutkowska J.
Oxytocin induces differentiation of P19 embryonic stem cells to
cardiomyocytes. Proc Natl Acad Sci U S A 2002, 99:9550-9555.

Xu C, Lebkowski J, Gold JD. Growth and differentiation of human
embryonic stem cells for cardiac cell replacement therapy. Curr Stem Cell
Res Ther. 2006, 1:173-187.

Snir M, Kehat |, Gepstein A, Coleman R, ltskovitz-Eldor J, Livne E,
Gepstein L. Assessment of the ultrastructural and proliferative properties
of human embryonic stem cell-derived cardiomyocytes. Am J Physiol
Heart Circ Physiol. 2003, 285:H2355-2363.



48.

49.

50.

51.

52.

53.

54.

55.

107

Kehat |, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, Gepstein A, Livne
E, Binah O, Itskovitz-Eldor J, Gepstein L. Human embryonic stem cells can
differentiate into myocytes with structural and functional properties of
cardiomyocytes. J Clin Invest 2001, 108: 407-414.

Mummery C, Ward-van Oostwaard D, Doevendans P, Spijker R, van den
Brink S, Hassink R, van der Heyden M, Opthof T, Pera M, de la Riviere
AB, Passier R, Tertoolen L. Differentiation of human embryonic stem cells
to cardiomyocytes: role of coculture with visceral endoderm-like cells.
Circulation 2003, 107: 2733-2740.

Kehat |, Gepstein A, Spira A, Itskovitz- Eldor J, Gepstein L. High-resolution
electrophysiological assessment of human embryonic stem cell-derived
cardiomyocytes: a novel in vitro model for the study of conduction. Cir.
Res. 2002, 91:659-661.

Kehat I, Khimovich L, Caspi O, Gepstein A, Shofti R, Arbel G, Huber I,
Satin J, ltskovitz-Eldor J, Gepstein L. Electromechanical integration of
cardiomyocytes derived from human embryonic stem cells. Nat Biotechnol.
2004, 22:1237-1238.

Xue T, Cho HC, Akar FG, Tsang SY, Jones SP, Marban E, Tomaselli GF,
Li RA. Functional integration of electrically active cardiac derivatives from
genetically engineered human embryonic stem cells with quiescent
recipient ventricular cardiomyocytes: insights into the development of cell-
based pacemakers. Circulation 2005, 111: 11-20.

Wobus AM, Boheler KR. Embryonic stem cells: prospects for
developmental biology and cell therapy. Physiol Rev. 2005, 85:635-678.

Strauer BE, Brehm M, Schannwell CM. The therapeutic potential of stem
cells in heart disease. Cell Prolif. 2008, 41 Suppl 1:126-145.

Jiang W, Ma A, Wang T, Han K, Liu Y, Zhang Y, Dong A, Du Y, Huang X,

Wang J, Lei X, Zheng X. Homing and differentiation of mesenchymal stem



56.

57.

58.

59.

60.

61.

62.

63.

64.

108

cells delivered intravenously to ischemic myocardium in vivo: a time-series
study. Pflugers Arch. 2006, 453:43-52.

Krause U, Harter C, Seckinger A, Wolf D, Reinhard A, Bea F, Dengler T,
Hardt S, Ho A, Katus HA, Kuecherer H, Hansen A. Intravenous delivery of
autologous mesenchymal stem cells limits infarct size and improves left
ventricular function in the infarcted porcine heart. Stem Cells Dev. 2007,
16:31-37.

Strauer BE, Brehm M, Schannwell CM. The therapeutic potential of stem
cells in heart disease. Cell Prolif 2008, 41 Suppl 1:126-145.

Kocher AA, Schlechta B, Gasparovicova A, Wolner E, Bonaros N, Laufer
G. Stem cells and cardiac regeneration. Transpl Int. 2007, 20:731-746.

Verfaillie CM. Adult stem cells: assessing the case for pluripotency. Trends
Cell Biol. 2002, 12:502-508.

Porada CD, Zanjani ED, Almeida-Porad G. Adult mesenchymal stem cells:
a pluripotent population with multiple applications. Curr Stem Cell Res
Ther. 2006, 1:365-369.

Kotobuki N, Hirose M, Takakura Y, Ohgushi H. Cultured autologous
human cells for hard tissue regeneration: preparation and characterization
of mesenchymal stem cells from bone marrow. Artif Organs 2004, 28:33-
39.

Campagnoli C, Roberts IA, Kumar S, Bennett PR, Bellantuono |, Fisk NM.
Identification of mesenchymal stem/progenitor cells in human first-
trimester fetal blood, liver, and bone marrow. Blood 2001, 98:2396-2402.

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JIl, Mizuno H, Alfonso
ZC, Fraser JK, Benhaim P, Hedrick MH. Human adipose tissue is a source
of multipotent stem cells. Mol Biol Cell 2002, 13:4279-4295.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach |, Marini F, Krause
D, Deans R, Keating A, Prockop Dj, Horwitz E. Minimal criteria for defining



65.

66.

67.

68.

69.

70.

71.

72.

109

multipotent mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy 2006, 8:315-317.

Gang EJ, Bosnakovski D, Figueiredo CA, Visser JW, Perlingeiro RC.
SSEA-4 identifies mesenchymal stem cells from bone marrow. Blood
2007, 109:1743-1751.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
Moorman MA, Simonetti DW, Craig S, Marshak DR. Multilineage potential
of adult human mesenchymal stem cells. Science 1999, 284:143-147.

Yoo JU, Barthel TS, Nishimura K, Solchaga L, Caplan Al, Goldberg VM,
Johnstone B. The chondrogenic potential of human bone-marrow-derived
mesenchymal progenitors cells. Journal of Bone and Joint Surgery 1998,
80: 1745-1757.

Jaiswal N, Haynesworth SE, Caplan Al, Bruder SP. Osteogenic
differentiation of purified, culture-expanded human mesenchymal stem
cells in vitro. J Cell Biochem 1997, 64:295-312.

Jiang Y, Vaessen B, Lenvik T, Blackstad M, Reyes M, Verfailie CM.
Multipotent progenitor cells can be isolated from postnatal murine bone
marrow, muscle, and brain. Exp Hematol. 2002, 30: 896-904.

Al-Khaldi A, Eliopoulos N, Martineau D, Lejeune L, Lachapelle K, Galipeau
J. Postnatal bone marrow stromal cells elicit a potent VEGF-dependent
neoangiogenic response in vivo. Gene Ther. 2003, 10:621-629.

Wang T, Xu Z, Jiang W, Ma A. Cell-to-cell contact induces mesenchymal
stem cell to differentiate into cardiomyocyte and smooth muscle cell. Int J
Cardiol. 2006; 109:74-81.

Kang XQ, Zang WJ, Bao LJ, Li DL, Xu XL, Yu XJ. Differentiating
characterization of human umbilical cord blood-derived mesenchymal stem
cells in vitro. Cell Biol Int. 2006, 30:569-575.



73.

74.

75.

76.

77.

78.

79.

80.

110

Meirelles L S, Caplan Al, Nardi NB. In Search of the in vivo Identity of
Mesenchymal Stem  Cells. Stem  Cells. Disponivel em:
[http://stemcells.alphamedpress.org/cgi/reprint/2007-1122v1.pdf]. Acesso
em: 04Jul.2008.

Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci
P, Grisanti S, Gianni AM. Human bone marrow stromal cells suppress T-
lymphocyte proliferation induced by cellular or nonspecific mitogenic
stimuli. Blood 2002, 99:3838-3843.

Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Suppression
of allogeneic T-cell proliferation by human marrow stromal cells:
implications in transplantation. Transplantation 2003, 75:389-397.

Krampera M, Glennie S, Dyson J, Scott D, Laylor R, Simpson E, Dazzi F.
Bone marrow mesenchymal stem cells inhibit the response of naive and
memory antigen-specific T cells to their cognate peptide. Blood 2003,
101:3722-3729.

Le Blanc K, Rasmusson |, Sundberg B, Gétherstrom C, Hassan M, Uzunel
M, Ringdén O. Treatment of severe acute graft-versus-host disease with
third party haploidentical mesenchymal stem cells. Lancet 2004, 363:1439-
1441.

Le Blanc K, Ringdén O. Immunomodulation by mesenchymal stem cells
and clinical experience. J Intern Med. 2007, 262:509-525.

Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F,
Risso M, Gualandi F, Mancardi GL, Pistoia V, Uccelli A. Human
mesenchymal stem cells modulate B-cell functions. Blood 2006, 107:367-
372.

Spaggiari GM, Capobianco A, Becchetti S, Mingari MC, Moretta L.
Mesenchymal stem cell-natural killer cell interactions: evidence that
activated NK cells are capable of killing MSCs, whereas MSCs can inhibit
IL-2-induced NK-cell proliferation. Blood 2006, 107:1484-1490.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

111

Nauta AJ, Kruisselbrink AB, Lurvink E, Willemze R, Fibbe WE.
Mesenchymal stem cells inhibit generation and function of both CD34"-
derived and monocyte-derived dendritic cells. J Immunol 2006, 177:2080-
2087.

Frank MH, Sayegh MH. Immunomodulatory functions of mesenchymal
stem cells. Lancet 2004, 363:1411-1412.

Javazon EH, Beggs KJ, Flake AW. Mesenchymal stem cells: paradoxes of
passaging. Exp Hematol. 2004, 32:414-425.

Prockop DJ, Gregory CA, Spees JL. One strategy for cell and gene
therapy: harnessing the power of adult stem cells to repair tissues. Proc
Natl Acad Sci U S A 2003, 100 Suppl 1:11917-11923.

Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, Murasawa S,
Bosch-Marce M, Masuda H, Losordo DW, Isner JM, Asahara T. Stromal
cell-derived factor-1 effects on ex vivo expanded endothelial progenitor cell
recruitment for ischemic neovascularization. Circulation 2003, 107:1322-
1328.

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic mediators. J
Cell Biochem. 2006, 98:1076-1084.

Dominici M, Hofmann TdJ, Horwitz EM. Bone marrow mesenchymal cells:
biological properties and clinical applications. J Biol Regul Homeost
Agents 2001, 15:28-37.

Caplan Al. Mesenchymal Stem Cells. J Orthop Res. 1991, 9:641-650.

Strauer BE, Kornowski R. Stem cell therapy in perspective. Circulation
2003, 107:929-934.

D'lppolito G, Schiller PC, Ricordi C, Roos BA, Howard GA. Age-related
osteogenic potential of mesenchymal stromal stem cells from human
vertebral bone marrow. J Bone Miner Res. 1999, 14:1115-1122.



91.

92.

93.

94.

95.

96.

97.

98.

112

Planat-Bénard V, Menard C, André M, Puceat M, Perez A, Garcia-Verdugo
JM, Pénicaud L, Casteilla L. Spontaneous cardiomyocyte differentiation
from adipose tissue stroma cells. Circ Res. 2004, 94:223-229.

Crigler L, Kazhanie A, Yoon TJ, Zakhari J, Anders J, Taylor B, Virador VM.
Isolation of a mesenchymal cell population from murine dermis that
contains progenitors of multiple cell lineages. FASEB J. 2007, 21:2050-
2063.

Villaron EM, Almeida J, Lopez-Holgado N, Alcoceba M, Sanchez-Abarca
LI, Sanchez-Guijo FM, Alberca M, Pérez-Simon JA, San Miguel JF, Del
Canizo MC. Mesenchymal stem cells are present in peripheral blood and
can engraft after allogeneic hematopoietic stem cell transplantation.
Haematologica 2004, 89:1421-1427.

N6éth U, Osyczka AM, Tuli R, Hickok NJ, Danielson KG, Tuan RS.
Multilineage mesenchymal differentiation potential of human trabecular
bone-derived cells. J Orthop Res. 2002, 20:1060-1069.

Romanov YA, Svintsitskaya VA, Smirnov VN. Searching for alternative
sources of postnatal human mesenchymal stem cells: candidate MSC-like
cells from umbilical cord. Stem Cells 2003, 21:105-110.

Lee OK, Kuo TK, Chen W-M, Lee K-D, Hsieh S-L, Chen T-H. Isolation of
multipotent mesenchymal stem cells from umbilical cord blood. Blood
2004, 103: 1669-1675.

Kdgler G, Sensken S, Airey JA, Trapp T, Mischen M, Feldhahn N, Liedtke
S, Sorg RV, Fischer J, Rosenbaum C, Greschat S, Knipper A, Bender J,
Degistirici O, Gao J, Caplan Al, Colletti EJ, AlImeida-Porada G, Muller HW,
Zanjani E, Wernet P. A new human somatic stem cell from placental cord
blood with intrinsic pluripotent differentiation potential. J Exp Med. 2004,
200: 123-135.

Sabatini F, Petecchia L, Tavian M, Jodon de Villeroché V, Rossi GA,

Brouty-Boyé D.Human bronchial fibroblasts exhibit a mesenchymal stem



99.

100.

101.

102.

103.

104.

105.

113

cell phenotype and multilineage differentiating potentialities. Lab Invest.
2005, 85:962-971.

Shi S, Bartold PM, Miura M, Seo BM, Robey PG, Gronthos S. The efficacy
of mesenchymal stem cells to regenerate and repair dental structures.
Orthod Craniofac Res. 2005, 8:191-199.

Covas DT, Panepucci RA, Fontes AM, Silva WA Jr, Orellana MD, Freitas
MC, Neder L, Santos AR, Peres LC, Jamur MC, Zago MA. Multipotent
mesenchymal stromal cells obtained from diverse human tissues share
functional properties and gene-expression profile with CD146+
perivascular cells and fibroblasts. Exp Hematol. 2008, 36:642-654.

Covas DT, Piccinato CE, Orellana MD, Siufi JL, Silva WA Jr, Proto-
Siqueira R, Rizzatti EG, Neder L, Silva AR, Rocha V, Zago MA.
Mesenchymal stem cells can be obtained from the human saphena vein.
Exp Cell Res. 2005, 309:340-344.

Rubinstein P, Rosenfield RE, Adamson JW, Stevens CE. Stored placental
blood for unrelated bone marrow reconstitution. Blood 1993, 81: 1679-
1690.

Wexler SA, Donaldson C, Denning-Kendall P, Rice C, Bradley B, Hows
JM. Adult bone marrow is a rich source of human mesenchymal stem cells
but umbilical cord and mobilized adult blood are not. British Journal of
Haematology 2002, 121: 368-374.

Mareschi K, Biasin E, Piacibello W, Aglietta M, Madon E, Fagioli F.
Isolation of human mesenchymal stem cells: bone marrow versus umbilical
cord blood. Haematologica 2001, 86: 1099-1100.

Erices A, Conget P, Minguell JJ. Mesenchymal progenitor cells in human
humbilical cord blood. Br J Haematol. 2000, 109: 235-242.



106.

107.

108.

109.

110.

111.

112.

113.

114

Secco M, Zucconi E, Vieira NM, Fogaca LL, Cerqueira A, Carvalho MD,
Jazedje T, Okamoto OK, Muotri AR, Zatz M. Multipotent stem cells from
umbilical cord: cord is richer than blood! Stem Cells 2008, 26:146-150.

Gimble JM, Guilak F. Differentiation potential of adipose derived adult
stem cell (ADAS) cells. Curr Topics in Dev Biol. 2003, 58: 137-160.

Rangappa S, Fen C, Lee EH, Bongso A, Wei EK. Transformation of adult
mesenchymal stem cells isolated from the fatty tissue into cardiomyocytes.
Ann Thorac Surg. 2003, 75:775-779.

Erickson GR, Gimble JM, Franklin DM, Rice HE, Award H, Guilak F.
Chondrogenic potential of adipose tissue-derived stromal cells in vitro and
in vivo. Biochem Biophys Research Commun. 2002, 290: 763-769.

Safford KM, Hicok KC, Safford SD, Halvorsen Y-DC, Wilkinson WO,
Gimble JM, Rice HE. Neurogenic differentiation of murine and human
adipose-derived stromal cells. Biochem Biophys Research Commun.
2002, 294:371-379.

De Ugarte DA, Morizono K, Elbarbary A, Alfonso Z, Zuk PA, Zhu M,
Dragoo JI, Ashjian P, Thomas B, Benhaim P, Chen |, Fraser J, Hedrick
MH. Comparison of multi-lineage cells from human adipose tissue and
bone marrow. Cells Tissues Organs 2003, 174: 101-109.

Puissant B, Barreau C, Bourin P, Clavel C, Corre J, Bousquet C, Taureau
C, Cousin B, Abbal M, Laharrague P, Penicaud L, Casteilla L, Blancher A.
Immunomodulatory effect of human adipose tissue-derived adult stem
cells: comparison with bone marrow mesenchymal stem cells. Br J
Haematol. 2005, 129: 118-129.

Nakagami H, Morishita R, Maeda K, Kikuchi Y, Ogihara T, Kaneda Y.
Adipose tissue-derived stromal cells as a novel option for regenerative cell
therapy. J Atheroscler Thromb. 2006, 13:77-81.



114.

115.

116.

117.

118.

119.

120.

115

Bai X, Pinkernell K, Song YH, Nabzdyk C, Reiser J, Alt E. Genetically
selected stem cells from human adipose tissue express cardiac markers.
Biochem Biophys Res Commun. 2007, 353:665-671.

Toma C, Pittenger KS, Cahill KS, Byrne BJ, Kessler PD. Human
mesenchymal stem cells differentiate of a cardiomyocyte phenotype in the
adult murine heart. Circulation 2002, 105: 93-98.

Shake, J. G., P. J. Gruber, W. A. Baumgartner, G. Senechal, J. Meyers, J.
M. Redmond, M. F. Pittenger, and B. J. Martin. 2002. Mesenchymal stem
cell implantation in a swine myocardial infarct model: engraftment and
functional effects. Ann Thorac Surg. 2002, 73:1919-25.

Nagaya N, Kangawa K, Itoh T, Iwase T, Murakami S, Miyahara Y, Fuijii T,
Uematsu M, Ohgushi H, Yamagishi M, Tokudome T, Mori H, Miyatake K,
Kitamura S. Transplantation of mesenchymal stem cells improves cardiac
function in a rat model of dilated cardiomyopathy. Circulation 2005,
112:1128-1235.

Silva GV, Litovsky S, Assad JA, Sousa AL, Martin BJ, Vela D, Coulter SC,
Lin J, Ober J, Vaughn WK, Branco RV, Oliveira EM, He R, Geng YJ,
Willerson JT, Perin EC. Mesenchymal stem cells differentiate into an
endothelial phenotype, enhance vascular density, and improve heart
function in a canine chronic ischemia model. Circulation 2005, 111:150-
156.

Hattan N, Kawaguchi H, Ando K, Kuwabara E, Fujita J, Murata M,
Suematsu M, Mori H, Fukuda K.,Purified cardiomyocytes from bone

marrow mesenchymal stem cells produce stable intracardiac grafts in
mice. Cardiovasc Res. 2005, 65:334-344.

Eisenberg CA, Burch JB, Eisenberg LM. Bone marrow cells
transdifferentiate to cardiomyocytes when introduced into the embryonic
heart. Stem Cells 2006, 4:1236-1245.



121.

122.

123.

124.

125.

126.

127.

128.

129.

116

Lee WC, Sepulveda JL, Rubin JP, Marra KG. Cardiomyogenic
differentiation potential of human adipose precursor cells. Int J Cardiol.

2008, in press.

Li X, Yu X, Lin Q, Deng C, Shan Z, Yang M, Lin S. Bone marrow
mesenchymal stem cells differentiate into functional cardiac phenotypes by
cardiac microenvironment. J Mol Cell Cardiol. 2007, 42:295-303.

Heng BC, Cao T, Haider HK, Wang DZ, Sim EK, Ng SC. An overview and
synopsis of techniques for directing stem cell differentiation in vitro. Cell
Tissue Res. 2004, 315:291-3083.

Wong M, Tuan RS. Nuserum, a syntetic serum replacement, supports
chondrogenesis of embryonic chick limb bud mesenchymal cells in
micromass culture. In Vitro Cell Dev Biol Anim. 1993, 29A: 917-922.

Hahn JY, Cho HJ, Kang HJ, Kim TS, Kim MH, Chung JH, Bae JW, Oh BH,
Park YB, Kim HS. Pre-treatment of mesenchymal stem cells with a
combination of growth factors enhances gap junction formation,
cytoprotective effect on cardiomyocytes, and therapeutic efficacy for
myocardial infarction. J Am Coll Cardiol. 2008, 51:933-943.

Guan K, Chang H, Rolletschek A, Wobus AM. Embryonic stem cell-derived
neurogenesis. Retinoic acid induction and lineage selection of neuronal
cells. Cell Tissue Res. 2001, 305: 171-176.

Yoon J, Min BG, Kim YH, Shim WJ, Ro YM, Lim DS. Differentiation,
engraftment and functional effects of pre-treated mesenchymal stem cells
in a rat myocardial infarct model. Acta Cardiol. 2005, 60:277-284.

Tomita S, Li RK, Weisel RD, Mickle DA, Kim EJ, Sakai T, Jia ZQ.
Autologous transplantation of bone marrow cells improves damaged heart
function. Circulation 1999, 100: 11247-56.

Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, Pan J, Sano M,
Takahashi T, Hori S, Abe H, Hata J, Umezawa A, Ogawa S.



130.

131.

132.

133.

134.

135.

136.

117

Cardiomyocytes can be generated from marrow stromal cells in vitro. J
Clin Invest. 1999, 103:697-705.

Oh H, Bradfute SB, Gallardo TD, Nakamura T, Gaussin V, Mishina Y,
Pocius J, Michael LH, Behringer RR, Garry DJ, Entman MI, Schneider MD.
Cardiac progenitor cells from adult myocardium: homing, differentiation,
and fusion after infarction. Proc Natl Acad Sci U S A 2003, 100:12313-
12318.

Liu Y, Song J, Liu W, Wan Y, Chen X, Hu C. Growth and differentiation of
rat bone marrow stromal cells: does 5-azacytidine trigger their
cardiomyogenic differentiation? Cardiovasc Res. 2003, 58:460-468.

Xie XJ, Wang JA, Cao J, Zhang X. Differentiation of bone marrow
mesenchymal stem cells induced by myocardial medium under hypoxic
conditions. Acta Pharmacol Sin. 2006, 27:1153-1158.

Sauer H, Rahimi G, Hescheler J, Wartenberg M. Effects of electrical fields
on cardiomyocyte differentiation of embryonic stem cells. J Cell Biochem.
1999, 75: 710-723.

Giambrioni Filho R. Precondicionamento de células tronco da medula
0ssea por eletroestimulagdo de culturas “in vitro” para cardiomioplastia
celular. Rio de janeiro, 2004. Tese (Doutorado em Cirurgia Geral) - Setor
Toracico, da Faculdade de Medicina da Universidade Federal do Rio de

Janeiro.

Tarone G, Hirsch E, Brancaccio M, De Acetis M, Barberis L, Balzac F,
Retta SF, Botta C, Altruda F, Silengo L. Integrin function and regulation in
development. Int J Dev Biol., 2000, 44:725-731.

Voermans C, Gerritsen WR, Von Dem Borne AE, Van Der Scoot CE.
Increased migration of cord blood-derived CD34+ cells, as compared to
bone marrow and mobilized peripheral blood CD34+ cells across uncoated
or fibronectin-coated filters. Exp Hematol. 1999, 27: 1806-1814.



137.

138.

139.

140.

141.

142.

143.

144.

118

Vanelli P, Beltrami S, Cesana E, Cicero D, Zaza A, Rossi E, Cicirata F,
Antona C, Clivio A. Cardiac precursors in human bone marrow and cord
blood: in vitro cell cardiogenesis. Ital Heart J. 2004, 5:384-388.

Plotnikov EY, Khryapenkova TG, Vasileva AK, Marey MV, Galkina Sl,
Isaev NK, Sheval EV, Polyakov VY, Sukhikh GT, Zorov DB. Cell-to-cell
cross-talk between mesenchymal stem cells and cardiomyocytes in

coculture. J Cell Mol Med. 2007, in press.

Xu M, Wani M, Dai YS, Wang J, Yan M, Ayub A, Ashraf M. Differentiation
of bone marrow stromal cells into the cardiac phenotype requires
intercellular communication with myocytes. Circulation 2004; 110:2658-
2665.

Terada N, Hamazaki T, Oka M, Hoki M, Mastalerz DM, Nakano Y, Meyer
EM, Morel L, Petersen BE, Scott EW. Bone marrow cells adopt the
phenotype of other cells by spontaneous cell fusion. Nature 2002,
416:542-545.

Matsuura K, Wada H, Nagai T, Lijima Y, Minamino T, Sano M, Akazawa H,
Molkentin JD, Kasanuki H, Komuro [|. Cardiomyocytes fuse with
surrounding noncardiomyocytes and reenter the cell cycle, J Cell Biol.
2004, 167:351-363.

Noiseux N, Gnecchi M, Lopez-llasaca M, Zhang L, Solomon SD, Deb A,
Dzau VJ, Pratt RE. Mesenchymal stem cells overexpressing Akt
dramatically repair infarcted myocardium and improve cardiac function
despite infrequent cellular fusion or differentiation. Mol Ther. 2006, 14:840-
850.

Siegel DL. Selecting antibodies to cell-surface antigens using magnetic
sorting techniques. Methods Mol Biol. 2002, 178:219-226.

Herzenberg LA, Parks D, Sahaf B, Perez O, Roederer M, Herzenberg LA.
The history and future of the fluorescence activated cell sorter and flow
cytometry: a view from Stanford. Clin Chem. 2002, 48: 1819-1827.



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

119

Allen RG, Balin AK. Oxidative influence on development and
differentiation: an overview of a free radical theory of development. Free
Radic Biol Med. 1989, 6: 631-661.

Sohal RS, Allen RG, Nations C. Oxygen free radicals play a role in cellular
differentiation: an hypothesis. Free Radic Biol Med. 1986, 2: 175-181.

Schafer FQ, Buettner GR. Redox environment of the cell as viewed
through the redox state of the glutathione disulfide/glutathione couple.
Free Radic Biol. 2001, 30:1191-1212.

Kirlin WG, Cai J, Thompson SA, Diaz D, Kavanagh TJ, Jones DP.
Glutathione redox potential in response to differentiation and enzyme
inducers. Free Radic Biol Med. 1999, 27:1208-1218.

Nkabyo YS, Ziegler TR, Gu LH, Watson WH, Jones DP. Glutathione and
thioredoxin redox during differentiation in human colon epithelial (Caco-2)
cells. Am J Physiol Gastrointest Liver Physiol. 2002, 283:G1352-1359.

Kim J-M, Kim H, Kwon SB, Lee Sy, Chung S-C, Jeong D-W, Min B-M.
Intracellular glutathione status regulates mouse bone marrow monocyte-
derived macrophage differentiation and phagocytic activity. Biochem
Biophys Res Commun. 2004, 325:101-108.

Gibbs SM. Regulation of neuronal proliferation and differentiation by nitric
oxide. Mol Neurobiol. 2003, 27:107-120.

Kamata H, Oka S, Shibukawa Y, Kakuta J, Hirata H. Redox regulation of
nerve growth factor-induced neuronal differentiation of PC12 cells through
modulation of the nerve growth factor receptor, TrkA. Arch Biochem
Biophys. 2005, 434:16-25.

Nathan C. Specificity of a third kind: reactive oxygen and nitrogen
intermediates in cell signaling. J Clin Invest. 2003, 111:769-778.

Sauer H, Wartenberg M, Hescheler J. Reactive oxygen species as



155.

156.

157.

158.

159.

160.

161.

162.

120

intracellular messengers during cell growth and differentiation. Cell Physiol
Biochem. 2001, 11: 173-186.

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. Free
radicals and antioxidants in normal physiological functions and human
disease. Int J Biochem Cell Biol. 2007, 39:44-84.

Sattler M, Wonkler T, Verma S, Byrne CH, Shrikhande G, Salgia R, Griffin
JD. Hematopoietic growth factors signal through the formation of reactive
oxygen species. Blood 1999, 93:2928-2935.

Wang FS, Wang CJ, Sheen-Chen SM, Kuo YR, Chen RF, Yang KD.
Superoxide mediates shock wave induction of ERK-dependent
osteogenic transcription factor (CBFA1) and mesenchymal cell
differentiation toward osteoprogenitors. J Biol Chem. 2002, 277:10931-
10937.

Sauer H, Rahimi G, Hescheler J, Wartenberg M. Role of reactive oxygen
species and phosphatidylinositol 3-kinase in cardiomyocyte differentiation
of embryonic stem cells. FEBS Lett. 2000, 476:218-23.

Kanno S, Kim PK, Sallam K, Lei J, Billiar TR, Shears LL. Nitric oxide
facilitates cardiomyogenesis in mouse embryonic stem cells. Proc Natl
Acad Sci U S A. 2004,101:12277-12281.

Moncada S. Nitric oxide: discovery and impact on clinical medicine. J R
Soc Med. 1999, 92:164-169.

Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol Rev. 1991, 43:109-42.

Nathan C. Nitric oxide as a secretory product of mammalian cells., FASEB
J. 1992, 6:3051-3564.



163.

164.

165.

166.

167.

168.

169.

170.

121

Alderton WK, Cooper CE, Knowles RG. Nitric oxide
synthases:structure,function and inhibition.Biochemistry 2001, 357:593-
615.

Marletta M. Nitric oxide Synthase: aspects concerning structure and
catalysis.Cell 1994, 78:927-930.

Roberts AB, Vodovotz Y, Roche NS, Sporn MB, Nathan CF. Role of nitric
oxide in antagonistic effects of transforming growth factor-beta and
interleukin-1 beta on the beating rate of cultured cardiac myocytes. Mol
Endocrinol. 1992, 61921-1930.

Balligand JL, Kelly RA, Marsden PA, Smith TW, Michel T. Control of
cardiac muscle cell function by an endogenous nitric oxide signaling
system. Proc Natl Acad Sci U S A 1993, 90:347-351.

Matarredona ER, Murillo-Carretero M, Moreno-Lopez B, Estrada C. Nitric
oxide synthesis inhibition increases proliferation of neural precursors
isolated from the postnatal mouse subventricular zone. Brain Res. 2004,
995:274-284.

Cheng A, Wang S, Cai J, Rao MS, Mattson MP. Nitric oxide acts in a
positive feedback loop with BDNF to regulate neural progenitor cell
proliferation and differentiation in the mammalian brain. Dev Biol. 2003,
258:319-333.

Magrinat G, Mason SN, Shami PJ, Weinberg JB. Nitric oxide modulation of
human leukemia cell differentiation and gene expression. Blood 1992,
80:1880-1884.

Krumenacker JS, Katsuki S, Kots A, Murad F. Differential expression of
genes involved in cGMP-dependent nitric oxide signaling in murine
embryonic stem (ES) cells and ES cell-derived cardiomyocytes. Nitric
Oxide 2006, 14:1-11.



171.

172.

173.

174.

175.

176.

177.

178.

179.

122

Nathan C. Mechanisms and modulation of macrophage activation. Behring
Inst Mitt. 1991, Feb;(88):200-7.

Dinerman JL, Lowenstein CJ, Snyder SH. Molecular mechanisms of nitric
oxide regulation. Potential relevance to cardiovascular disease. Circ Res.
1998, 73:217-222.

Murad F. Cellular signaling with nitric and cyclic GMP. Braz J.Med., Biol.
Res. 1999, 32:1317-1327.

Bloch W, Fleischmann BK, Lorke DE, Andressen C, Hops B, Hescheler J,
Addicks K. Nitric oxide synthase expression and role during

cardiomyogenesis.Cardiovasc Res 1999, 43:675-684.

Massion PB, Feron O, Dessy C, Balligand J-L. Nitric oxide and cardiac
function. Ten years after, and continuing. Circulation Research. 2003, 93:
388-398.

Bloch KD, Janssens S. Cardiomyocyte-specific overexpression of nitric
oxide synthase 3: impact on left ventricular function and myocardial
infarction. Trends Cardiovasc Med 2005, 15:249-253.

Gojo S, Takeda Y, Mori T, Abe H, Kyo S, Hata J-I, Umezawa A. In vivo
cardiovasculogenesis by direct injection of isolated adult mesenchymal
stem cell. Experimental Cell Research 2002, 288:51-59.

Shim WS, Jiang S, Wong P, Tan J, Chua YL, Tan YS, Sin YK, Lim CH,
Chua T, Teh M, Liu TC, Sim E. Ex vivo differentiation of human adult bone
marrow stem cells into cardiomyocyte-like cells. Biochem Biophys Res
Commun. 2004, 324:481-488.

Dimmeler S, Zeiher AM, Schneider MD. Unchain my heart: the scientific
foundations of cardiac repair. J Clin Invest. 2005, 115: 572-583.



180.

181.

182.

183.

184.

185.

186.

187.

188.

123

Murry CE, Field LJ, Menasche P. Cell-based cardiac repair: reflections at
the 10-year point. Circulation 2005, 112: 3174-3183.

Strauer BE, Brehm M, Schannwell CM. The therapeutic potential of stem
cells in heart disease. Cell Prolif 2008; 41 Suppl 1:126-145.

Silva WA, Covas DT, Panepucci RA, Proto-Siqueira R, Siufi JL, Zanette
DL, Santos AR, Zago MA. The profile of gene expression of human

marrow mesenchymal stem cells. Stem Cells 2003, 21:661-669.

Panepucci RA, Siufi JL, Silva WA, Proto-Siquiera R, Neder L, Orellana M,
Rocha V, Covas DT, Zago MA. Comparison of gene expression of
umbilical cord vein and bone marrow-derived mesenchymal stem cells.
Stem Cells 2004, 22: 1263-1278.

Feng Q, Song W, Lu X, Hamilton JA, Lei M, Peng T, Yee SP.
Development of heart failure and congenital septal defects in mice lacking
endothelial nitric oxide synthase. Circulation 2002, 106:873-879.

Lee TC, Zhao YD, Courtman DW, Stewart DJ. Abnormal aortic valve
development in mice lacking endothelial nitric oxide synthase. Circulation
2000, 101:2345-2348.

Goodell MA, Jackson KA, Majka SM, Mi T, Wang H, Pocius J, Hartley CJ,
Majesky MW, Entman ML, Michael LH, Hirschi KK. Stem cell plasticity in
muscle and bone marrow. Ann N'Y Acad Sci 2001, 938:208-218.

Okuno Y, lwasaki H, Huettner CS, Radomska HS, Gonzalez DA, Tenen
DG, Akashi K. Differential regulation of the human and murine CD34
genes in hematopoietic stem cells. Proc Natl Acad Sci U S A 2002,
99:6246-6251.

Beauchamp JR, Heslop L, Yu DS, Tajpbakhsh S, Kelly RG, Wernig A,
Buckingham ME, Partridge TA, Zammit PS. Expression of CD34 and Myf5
defines the majority of quiescent adult skeletal muscle satellite cells. J Cell
Biol 2000, 151:1221-1234.



189.

190.

191.

192.

193.

194.

195.

124

Leone AM, Rutella S, Bonanno G, Contemi AM, de Ritis DG, Giannico
MB, Rebuzzi AG, Leone G, Crea F. Endogenous G-CSF and CD34+ cell
mobilization after acute myocardial infarction. Int J Cardiol 2006,
111:202-208.

Davani S, Marandin A, Mersin N, Royer B, Kantelip B, Hervé P, Etievent
JP, Kantelip JP. Mesenchymal progenitor cells differentiate into an
endothelial phenotype, enhance vascular density, and improve heart
function in a rat cellular cardiomyoplasty model. Circulation 2003, 108
(suppl 1): 11253-258.

Dai W, Hale SL, Martin BJ, Kuang JQ, Dow JS, Wold LE, Kloner RA.
Allogeneic mesenchymal stem cell transplantation in postinfarcted rat
myocardium: short- and long-term effects. Circulation 2005; 112:214-223.

Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, Phillips MI. Paracrine
action enhances the effects of autologous mesenchymal stem cell
transplantation on vascular regeneration in rat model of myocardial
infarction. Ann Thorac Surg. 2005, 80:229-236.

Suuronen EJ, Price J, Veinot JP, Ascah K, Kapila V, Guo XW, Wong S,
Mesana TG, Ruel M. Comparative effects of mesenchymal progenitor
cells, endothelial progenitor cells, or their combination on myocardial
infarct regeneration and cardiac function. J Thorac Cardiovasc Surg. 2007,
134:1249-1258.

Kinnaird T, Stabile E, Burnett MS et al. Marrow-derived stromal cells
express genes encoding a broad spectrum of arteriogenic cytokines and
promote in vitro and in vivo arteriogenesis through paracrine mechanisms.
Circ Res. 2004, 94:678-685.

Potapova IA, Gaudette GR, Brink PR, Robinson RB, Rosen MR, Cohen IS,
Doronin SV. Mesenchymal stem cells support migration, extracellular
matrix invasion, proliferation, and survival of endothelial cells in vitro. Stem
Cells 2007, 25:1761-1768.



196.

197.

198.

199.

200.

201.

202.

203.

204.

125

Sethe S, Scutt A, Stolzing A. Aging of mesenchymal stem cells. Ageing
Res Rev. 2006, 5:91-116.

Stenderup K, Rosada C, Justesen J, Al-Soubky T, Dagnaes-Hansen F,
Kassem M. Aged human bone marrow stromal cells maintaining bone
forming capacity in vivo evaluated using an improved method of

visualization. Biogerontology 2004, 5:107-118.

Tokalov SV, Gruener S, Schindler S, lagunov AS, Baumann M, Abolmaali
ND. A number of bone marrow mesenchymal stem cells but neither
phenotype nor differentiation capacities changes with age of rats. Mol
Cells. 2007, 24:255-260.

Stolzing A, Scutt A. Age-related impairment of mesenchymal progenitor
cell function. Aging Cell 2006, 5:213-224.

Anisimov VN, Khavinson VKh, Popovich IG, Zabezhinski MA, Alimova IN,
Rosenfeld SV, Zavarzina NY, Semenchenko AV, Yashin Al. Effect of
Epitalon on biomarkers of aging, life span and spontaneous tumor
incidence in female Swiss-derived SHR mice. Biogerontology 2003, 4:193-
202.

Davis T, Kipling D. Telomeres and telomerase biology in vertebrates:
progress towards a non-human model for replicative senescence and

ageing. Biogerontology 2005, 6:371-385.

Conboy IM, Conboy MJ, Wagers AJ, Girma ER, Weissman IL, Rando TA.
Rejuvenation of aged progenitor cells by exposure to a young systemic
environment. Nature 2005, 433:760-764.

Zheng H, Martin JA, Duwayri Y, Falcon G, Buckwalter JA. Impact of aging
on rat bone marrow-derived stem cell chondrogenesis. J Gerontol A Biol
Sci Med Sci. 2007, 62:136-148.

Stolzing A, Jones E, McGonagle D, Scutt A. Age-related changes in
human bone marrow-derived mesenchymal stem cells: Consequences for
cell therapies. Mech Ageing Dev. 2008, 129:163-173.



205.

206.

207.

208.

209.

210.

211.

212.

126

Fuller J. Hematopoietic stem cells and aging. Sci Aging Knowledge
Environ. 2002, 2002(25):pei1.

Conboy IM, Conboy MJ, Smythe GM, Rando TA. Notch-mediated
restoration of regenerative potential to aged muscle. Science 2003,
302:1575-1577.

Thalmann S, Meier CA. Local adipose tissue depots as cardiovascular risk
factors. Cardiovasc Res. 2007 Sep 1;75(4):690-701.

Ries C, Egea V, Karow M, Kolb H, Jochum M, Neth P. MMP-2, MT1-MMP,
and TIMP-2 are essential for the invasive capacity of human mesenchymal
stem cells: differential regulation by inflammatory cytokines. Blood 2007,
109:4055-4063.

Wang CH, Cherng WJ, Yang NI, Kuo LT, Hsu CM, Yeh HI, Lan YJ, Yeh
CH, Stanford WL. Late-outgrowth endothelial cells attenuate intimal
hyperplasia contributed by mesenchymal stem cells after vascular injury.
Arterioscler Thromb Vasc Biol 2008, 28:54-60.

Girgenrath M, Weng S, Kostek CA et al. TWEAK, via its receptor Fn14, is
a novel regulator of mesenchymal progenitor cells and skeletal muscle
regeneration. EMBO J. 2006, 25:5826-5839.

Coyne TM, Marcus AJ, Woodbury D et al. Marrow stromal cells
transplanted to the adult brain are rejected by an inflammatory response
and transfer donor labels to host neurons and glia. Stem Cells 20086,
24:2483-2492.

Larghero J, Farge D, Braccini A, Lecourt S, Scherberich A, Fois E,
Verrecchia F, Daikeler T, Gluckman E, Tyndall A, Bocelli-Tyndall C.
Phenotypical and functional characteristics of in vitro expanded bone
marrow mesenchymal stem cells from patients with systemic sclerosis.
Ann Rheum Dis. 2008, 67:443-449.



213.

214.

215.

216.

217.

218.

219.

220.

127

Fukuda, K. Development of regenerative cardiomyocytes from
mesenchymal stem cells for cardiovascular tissue engineering. Artif
Organs 2001, 25:187-193.

Tomita Y, Makino S, Hakuno D, Hattan N, Kimura K, Miyoshi S, Murata M,
leda M, Fukuda K. Application of mesenchymal stem cell-derived
cardiomyocytes as bio-pacemakers: current status and problems to be
solved. Med Biol Eng Comput. 2007, 45: 209-220.

Nishiyama N, Miyoshi S, Hida N, Uyama T, Okamoto K, lkegami Y, Miyado
K, Segawa K, Terai M, Sakamoto M, Ogawa S, Umezawa A. The
significant cardiomyogenic potential of human umbilical cord blood-derived
mesenchymal stem cells in vitro. Stem Cells 2007, 25:2017-2024.

Oshima H, Payne TR, Urish KL, Sakai T, Ling Y, Gharaibeh B, Tobita K,
Keller BB, Cummins JH, Huard J. Differential myocardial infarct repair with
muscle stem cells compared to myoblasts. Mol Ther. 2005, 12:1130-1141.

Brofman PRS, Carvalho KT, Souza LCG, Rebelatto CL, Hansen P,
Senegaglia AC, Miyague NI, Francisco JC, Olandoski M. Transplante
Celular: analise funcional, imunocitoquimica e histopatolégica em
modelos experimental de miocardiopatia isquémica utilizando diferentes

células. Revista Brasileira de Cirurgia Cardiovascular 2004, 19: 261-266.

Maulik N. Reactive oxygen species drives myocardial angiogenesis?
Antioxid Redox Signal 2006, 8:2161-2168.

Payne TR, Oshima H, Okada M, Momoi N, Tobita K, Keller BB, Peng H,
Huard J. A relationship between vascular endothelial growth factor,
angiogenesis, and cardiac repair after muscle stem cell transplantation into
ischemic hearts. J Am Coll Cardiol. 2007, 50:1677-1684.

Civin CI, Strauss LC, Brovall C, Fackler MJ, Schwartz JF, Shaper JH.
Antigenic analysis of hematopoiesis. Ill. A hematopoietic progenitor cell
surface antigen defined by a monoclonal antibody raised against KG-1a
cells. J Immunol. 1984, 133:157-165.



221.

222.

223.

224.

225.

226.

227.

228.

128

Stella CC, Cazzola M, De Fabiritiis P, De Vincentiis A, Gianni AM, Lanza F,
Lauria F, Lemoli RM, Tarella C, Zanon P, Sante T. CD34-positive cells:
biology and clinical relevance. Haematologica 1995, 80:367-387.

Copland |, Sharma K, Lejeune L, Eliopoulos N, Stewart D, Liu P,
Lachapelle K, Galipeau J. CD34 expression on murine marrow-derived
mesenchymal stromal cells: impact on neovascularization. Exp Hematol
2008, 36:93-103.

Tanaka K, Hiraiwa N, Hashimoto H, Yamazaki Y, Kusakabe M. Tenascin-
C regulates angiogenesis in tumor through the regulation of vascular
endothelial growth factor expression. Int J Cancer 2004, 108:31-40.

Gengrinovitch S, Berman B, David G, Witte L, Neufeld G, Ron D.
Glypican-1 is a VEGF165 binding proteoglycan that acts as an
extracellular chaperone for VEGF165. J Biol Chem. 1999, 274:10816-
10822.

Liu JW, Dunoyer-Geindre S, Serre-Beinier V, Mai G, Lambert JF, Fish RJ,
Pernod G, Buehler L, Bounameaux H, Kruithof EK. Characterization of
endothelial-like cells derived from human mesenchymal stem cells. J
Thromb Haemost. 2007, 5:826-834.

Ziche M, Morbidelli L, Masini E, Amerini S, Granger HJ, Maggi CA,
Geppetti P, Ledda F. Nitric oxide mediates angiogenesis in vivo and
endothelial cell growth and migration in vitro promoted by substance P. J
Clin Invest. 1994, 94:2036-2044.

Feng Q, Song W, Lu X, Hamilton JA, Lei M, Peng T, Yee SP.
Development of heart failure and congenital septal defects in mice lacking
endothelial nitric oxide synthase. Circulation 2002, 106:873-879.

Lepic E, Burger D, Lu X, Song W, Feng Q. Lack of endothelial nitric oxide
synthase decreases cardiomyocyte proliferation and delays cardiac
maturation. Am J Physiol Cell Physiol. 2006, 291:C1240-1246.



229.

230.

231.

232.

233.

234.

235.

129

Zhu XY, Daghini E, Chade AR, Rodriguez-Porcel M, Napoli C, Lerman A,
Lerman LO. Role of oxidative stress in remodeling of the myocardial
microcirculation in hypertension. Arterioscler Thromb Vasc Biol. 2006,
26:1746-1752.

Heba G, Krzeminski T, Porc M, Grzyb J, Dembinska-Kie¢ A. Relation
between expression of TNF alpha, iINOS, VEGF mRNA and development
of heart failure after experimental myocardial infarction in rats. J Physiol
Pharmacol. 2001, 52:39-52.

Irwin MW, Mak S, Mann DL, Qu R, Penninger JM, Yan A, Dawood F, Wen
WH, Shou Z, Liu P Tissue expression and immunolocalization of tumor
necrosis factor-alpha in postinfarction dysfunctional myocardium.
Circulation 1999, 99:1492-1498.

Habib FM, Springall DR, Davies GJ, Oakley CM, Yacoub MH, Polak JM.
Tumour necrosis factor and inducible nitric oxide synthase in dilated
cardiomyopathy. Lancet 1996, 347:1151-1155.

Gerol M, Curry L, McCarroll L, Doctrow S, RayChaudhury A.Growth
regulation of cultured endothelial cells by inflammatory cytokines:
mitogenic, anti-proliferative and cytotoxic effects. Comp Biochem Physiol
C Pharmacol Toxicol Endocrinol. 1998, 120:397-404.

Okamura K, Sato Y, Matsuda T, Hamanaka R, Ono M, Kohno K, Kuwano
M. Endogenous basic fibroblast growth factor-dependent induction of
collagenase and interleukin-6 in tumor necrosis factor-treated human
microvascular endothelial cells. J Biol Chem. 1991, 266:19162-19165.

Breitbach M, Bostani T, Roell W, Xia Y, Dewald O, Nygren JM, Fries JW,
Tiemann K, Bohlen H, Hescheler J, Welz A, Bloch W, Jacobsen SE,
Fleischmann BK. Potential risks of bone marrow cell transplantation into
infarcted hearts. Blood 2007, 110:1362-1369.



7. ANEXOS

Pontificia Universidade Catdlica do Parana
Pro-Reitoria de Pesquisa e Pés-Graduacéo

Curitiba, 05 de maio de 2005
Of. 134/05/CEP-PUCPR

Ref. “Estudo da plasticidade das células Tronco Mesenquimais Obtidas

da Medula e Corddo Umbilical”.
Prezado (a) Pesquisador (es),

Venho por meio deste informar a Vossa Senhoria que o Comité de Etica em
Pesquisa da PUCPR, no dia 04 de maio do corrente ano aprovou o Projeto
Intitulado “Estudo da plasticidade das células Tronco Mesenquimais Obtidas da
Medula e Cordo Umbilical’, pertencente ao Grupo lll, sob o registro no CEP n’
597, e sera encaminhado a CONEP para o devido cadastro. Lembro ao senhor
(a) pesquisador (a) que é obrigatoric encaminhar relatorio anual parcial e

relatério final a este CEP.

Atenciosamente,

\

Prof2 M. Sc ristina Miguez Ribeiro
Coordenadora do Comité de Etica em Pesquisa - PUCPR

lima Sra.
Carmem Lucia K. Rebelatto

Rua Imaculada Concei¢ao, 1155 - Prado Velho - CEP 80215-901 - Caixa Postal 16210
http:/www.pucpr.br - Telefone: (41) 271-1543 - Telefax: (41) 332-6886 - Curitiba - Parana - Brasil

130



Pontificia Universidade Catdlica do Parana
Proé-Reitoria de Pesquisa e Pés-Graduacéao

Curitiba, 11 de novembro de 2005.
Of. 515/05/CEP-PUCPR

lima Sra.
Carmem Lucia K. Rebelatto

Ref. “Estudo da plasticidade das células Tronco Mesenquimais Obtidas
da Medula e Cordéao Umbilical”

Prezado Pesquisador

O referido CEP vem através deste notificar o recebimento e aprovagdo dos seguintes

documentos:

- Emenda referente a adi¢do de Tecido Adiposo no estudo de 18 de setembro
de 2005;

- Alteragdo do titulo para “Estudo da plasticidade das células tronco
mesenquimais obtidas da medula 6ssea, corddo umbilical e Tecido Adiposo™.

Atenciosamente,

Prof* M. na Cristina Miguez Ribeiro
Coordenadora do Comité de Etica em Pesquisa - PUCPR

Rua Imaculada Conceigéo, 1155 - Prado Velho - CEP 80215-901 - Caixa Postal 16210 - CEP 81611-970
Telefone: (41) 3271-1521 - Telefax: (41) 3271-1661 - Curitiba - Parana - Brasil

131



132

2
==\
T

Pontificia Universidade Catdlica do Parana
Pré-Reitoria Académica e de Pesquisa
Nucleo de Bioética

Curitiba, 31 de agosto de 2006.
Of. 473/06/CEP-PUCPR

Ref. “Estudo da plasticidade das células Tronco Mesenquimais Obtidas

da Medula e Cordao Umbilical ”

Prezado (a) Pesquisador (es),

Venho por meio deste informar a Vossa Senhoria que o Comité de Etica em
Pesquisa da PUCPR, no dia 30 de agosto do corrente ano aprovou a emenda
ao projeto, que solicita a mudanga do local de coleta do tecido adiposo para o
Instituto de Medicina e Cirurgia do Parana.

Salientamos que os métodos aprovados no projeto original devem ser

mantidos, inclusive a assinatura do Termo de Consentimento Livre Esclarecido.

Lembro ao senhor (a) pesquisador (a) que & obrigatério encaminhar relatorio

anual parcial e relatorio final a este CEP.

Atenciosamente,

p

Prof® M. Sc Ana dstina Miguez Ribeiro
Coordenadora do Chmité de Etica em Pesquisa - PUCPR

llma Sra

Carmem Lucia K. Rebelatto

Rua Imaculada Conceicdo,1155 - Prado Velho - CEP 80215-901 - Cx. Postal 17.315 - CEP 80242-980
Telefone: (41) 3271-2292 - Telefax: (41) 3271-1335 - www.pucpr.br - Curitiba - Parana - Brasil



Citometria de Fluxo

TA PERCENTUAL Teste ndo-paramétrico de Wilcoxon, p<0,05
Controle pré x controle
Valid N Mean Median | Minimum | Maximum | Std.Dev. pés Controle p6s x SNAP | Controle pés x DEA SNAP x DEA
CD44 Controle pré 4 95,20 95,95 89,80 99,10 4,54 Pares completos:1 Pares completos:5 Pares completos:5 Pares completos:5
Controle pés 5 91,95 93,90 83,10 97,10 5,76 0,686 0,079 0,043
SNAP 5 92,80 93,20 88,10 97,40 3,76
DEA 5 94,88 95,10 92,00 97,80 2,60
CD90 Controle pré 2 99,25 99,25 98,80 99,70 0,64 Pares completos:2 Pares completos:5 Pares completos: Pares completos:
Controle pés 5 94,34 95,95 88,20 96,72 3,59 0,500 0,500 0,500
SNAP 5 94,78 96,73 91,10 97,45 3,19
DEA 5 94,64 97,55 87,50 98,30 4,69
CD105| Controle pré 2 95,70 95,70 93,60 97,80 2,97 Pares completos:0 Pares completos:3 Pares completos:3 Pares completos:3
Controle pds 3 79,40 78,80 78,70 80,70 1,18
SNAP 3 86,90 88,10 82,10 90,50 4,33
DEA 3 82,77 89,40 66,40 92,50 14,26
CD34 Controle pré 4 5,72 6,53 1,94 7,90 2,73 Pares completos:3 Pares completos:7 Pares completos:7 Pares completos:7
Controle pds 7 3,94 2,63 0,10 13,90 4,80 0,866 1,000 1,000
SNAP 7 3,95 2,67 0,90 12,60 3,99
DEA 7 3,89 2,39 0,12 12,90 4,45
CD73 Controle pré 2 98,45 98,45 98,30 98,60 0,21 Pares completos:2 Pares completos:5 Pares completos:5 Pares completos:5
Controle pds 5 88,86 92,10 79,60 96,80 8,27 0,225 0,686 1,000
SNAP 5 97,04 97,00 94,70 98,70 1,65
DEA 5 91,76 95,80 69,20 99,20 12,71
CD45 Controle pré 4 0,73 0,47 0,21 1,77 0,71 Pares completos:3 Pares completos:7 Pares completos:7 Pares completos:7
Controle pés 7 0,34 0,15 0,07 1,06 0,36 0,866 0,916 0,735
SNAP 7 0,44 0,32 0,07 1,26 0,44
DEA 7 0,84 0,23 0,10 4,72 1,71
CD29 Controle pré 4 97,58 98,80 93,30 99,40 2,87 Pares completos:3 Pares completos:4 Pares completos:4 Pares completos:4
Controle pés 4 97,25 97,80 95,10 98,30 1,49 0,715 0,465 0,109
SNAP 4 97,08 97,20 95,90 98,00 0,90
DEA 4 97,70 97,95 96,40 98,50 0,91

eel



CD31 Controle pré 2 0,52 0,52 0,21 0,83 0,44 Pares completos:2 Pares completos:2 Pares completos:2 Pares completos:2
Controle pés 2 0,14 0,14 0,14 0,14 0,00
SNAP 2 0,12 0,12 0,09 0,15 0,04
DEA 2 0,14 0,14 0,09 0,19 0,07
CONE Controle pré 4 0,19 0,19 0,13 0,26 0,05 Pares completos:1 Pares completos:5 Pares completos:5 Pares completos:5
Controle pés 5 0,75 0,78 0,42 0,94 0,21 0,138 0,893 0,225
SNAP 5 1,03 0,98 0,53 1,65 0,45
DEA 5 0,79 0,66 0,30 1,46 0,51
TROP Controle pré 4 0,17 0,17 0,08 0,25 0,08 Pares completos:3 Pares completos:7 Pares completos:7 Pares completos:7
Controle pés 7 0,59 0,19 0,10 1,59 0,68 1,000 0,735 0,499
SNAP 7 0,66 0,23 0,07 1,67 0,66
DEA 7 0,58 0,25 0,08 1,44 0,57
MHC Controle pré 4 0,20 0,21 0,10 0,30 0,09 Pares completos:3 Pares completos:7 Pares completos:7 Pares completos:7
Controle pds 7 0,51 0,43 0,09 1,28 0,42 1,000 0,310 0,176
SNAP 7 0,71 0,30 0,09 2,01 0,73
DEA 7 0,46 0,23 0,09 1,16 0,45
MIOS Controle pré 4 0,21 0,20 0,10 0,33 0,09 Pares completos:3 Pares completos:7 Pares completos:7 Pares completos:7
Controle pds 7 0,34 0,21 0,09 0,73 0,26 0,600 0,237 0,063
SNAP 7 0,49 0,24 0,06 1,45 0,55
DEA 7 0,29 0,22 0,07 0,76 0,25
ACTI Controle pré 4 0,26 0,24 0,11 0,47 0,17 Pares completos:3 Pares completos:4 Pares completos:4 Pares completos:4
Controle pds 4 0,34 0,21 0,11 0,81 0,32 1,000 0,715 0,273
SNAP 4 0,28 0,29 0,08 0,46 0,16
DEA 4 0,32 0,32 0,09 0,56 0,22

vel




MO PERCENTUAL Teste nao-paramétrico de Wilcoxon, p<0,05
Valid N Mean Median | Minimum | Maximum | Std.Dev.
CD44 Controle pré 3 89,73 92,70 77,50 99,00 11,05 Pares completos:2 Pares completos:3 | Pares completos:3 Pares completos:3
Controle pds 3 95,24 95,50 91,82 98,40 3,30
SNAP 3 92,47 98,10 80,40 98,90 10,46
DEA 3 97,40 98,00 95,20 99,00 1,97
CD90 Controle pré 1 97,00 97,00 97,00 Pares completos:1 Pares completos:3 | Pares completos:3 Pares completos:3
Controle pds 3 93,10 94,05 88,80 96,45 3,91
SNAP 3 95,63 96,23 92,60 98,05 2,77
DEA 3 95,11 95,77 91,20 98,35 3,62
CD105| Controle pré 1 97,60 97,60 97,60 Pares completos:0 Pares completos:1 Pares completos:1 Pares completos:1
Controle pds 1 79,10 79,10 79,10
SNAP 1 74,60 74,60 74,60
DEA 1 78,80 78,80 78,80
CD34 Controle pré 3 2,34 2,72 1,49 2,81 0,74 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pds 5 0,44 0,29 0,02 1,13 0,43 0,686 0,686 0,109
SNAP 5 2,37 0,50 0,02 10,50 4,55
DEA 5 0,59 0,50 0,01 1,72 0,67
CD73 Controle pré 1 90,00 90,00 90,00 Pares completos:0 Pares completos:2 | Pares completos:2 Pares completos:2
Controle pds 2 84,30 84,30 72,70 95,90 16,40
SNAP 2 94,00 94,00 93,30 94,70 0,99
DEA 2 95,70 95,70 95,00 96,40 0,99
CD45 Controle pré 3 0,72 0,76 0,62 0,77 0,08 Pares completos:3 Pares completos:5 | Pares completos:5 Pares completos:5
Controle pés 5 0,08 0,09 0,01 0,17 0,06 0,500 0,079 0,686
SNAP 5 0,47 0,14 0,06 1,90 0,80
DEA 5 0,46 0,16 0,05 1,71 0,70
CD29 Controle pré 3 90,43 90,50 84,00 96,80 6,40 Pares completos:2 Pares completos:3 Pares completos:3 Pares completos:3
Controle pds 3 97,67 98,60 95,50 98,90 1,88
SNAP 3 98,43 98,70 97,80 98,80 0,55
DEA 3 98,87 98,80 98,70 99,10 0,21

cel



CD31 Controle pré 1 0,26 0,26 0,26 Pares completos:0 Pares completos:1 Pares completos:1 Pares completos:1
Controle pés 1 0,12 0,12 0,12
SNAP 1 0,11 0,11 0,11
DEA 1 0,25 0,25 0,25
CONE Controle pré 3 0,37 0,28 0,16 0,67 0,27 Pares completos:3 Pares completos:5 | Pares completos:5 Pares completos:5
Controle pés 5 1,10 0,22 0,04 4,32 1,83 0,500 0,500 0,225
SNAP 5 0,35 0,36 0,06 0,64 0,23
DEA 5 0,57 0,48 0,08 1,12 0,46
TROP Controle pré 3 0,35 0,40 0,14 0,50 0,19 Pares completos:3 Pares completos:5 | Pares completos:5 Pares completos:5
Controle pés 5 0,49 0,16 0,06 1,76 0,72 0,273 0,686 0,686
SNAP 5 0,87 0,23 0,11 3,59 1,52
DEA 5 0,49 0,20 0,05 1,63 0,65
MHC Controle pré 3 0,28 0,19 0,13 0,53 0,22 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pds 5 0,45 0,19 0,09 1,55 0,62 0,686 0,345 0,686
SNAP 5 0,62 0,22 0,07 2,29 0,94
DEA 5 0,58 0,22 0,07 2,01 0,81
MIOS Controle pré 3 0,28 0,16 0,13 0,56 0,24 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pds 5 0,45 0,23 0,06 1,44 0,56 0,893 1,000 0,500
SNAP 5 0,37 0,22 0,10 1,02 0,38
DEA 5 0,46 0,32 0,05 1,14 0,43
ACTI Controle pré 3 0,33 0,40 0,14 0,46 0,17 Pares completos:3 Pares completos:3 | Pares completos:3 Pares completos:3
Controle pés 3 0,17 0,21 0,07 0,24 0,09
SNAP 3 0,37 0,23 0,08 0,79 0,37
DEA 3 0,48 0,35 0,08 1,01 0,48

9¢l



Média
Intensidade

Teste nao-paramétrico de Wilcoxon, p<0,05

TA fluorescéncia
Controle pré x controle
Valid N Mean Median | Minimum | Maximum | Std.Dev. pos Controle p6s x SNAP | Controle p6s x DEA SNAP x DEA
CD44 Controle pré 4 37,45 36,10 13,10 64,50 27,35 Pares completos:1 Pares completos:5 Pares completos:5 Pares completos:5
Controle pos 5 144,96 136,60 16,80 268,00 106,77 0,686 0,893 0,500
SNAP 5 134,34 151,50 42,60 249,00 82,77
DEA 5 144,86 170,50 50,30 232,00 84,24
CD90 | Controle pré 2 467,00 467,00 401,00 533,00 93,34 Pares completos:2 Pares completos:5 Pares completos: Pares completos:
Controle pés 5 131,43 134,82 11,35 268,00 119,42 0,893 0,686 0,893
SNAP 5 128,02 193,00 11,55 213,67 102,38
DEA 5 138,35 174,00 9,52 278,00 122,40
CD105| Controle pré 2 71,85 71,85 57,00 86,70 21,00 Pares completos:0 Pares completos:3 Pares completos:3 | Pares completos:3
Controle pés 3 50,00 46,90 43,50 59,60 8,49
SNAP 3 40,10 27,40 23,70 69,20 25,27
DEA 3 36,33 32,20 28,60 48,20 10,43
CD34 | Controle pré 4 14,14 12,92 6,01 24,70 7,76 Pares completos:3 Pares completos:7 Pares completos:7 | Pares completos:7
Controle pos 7 11,61 10,29 4,78 24,67 6,40 0,612 0,735 1,000
SNAP 7 14,58 9,80 7,99 32,30 9,55
DEA 7 12,12 10,85 4,14 23,33 6,06
CD73 | Controle pré 2 318,00 318,00 305,00 331,00 18,38 Pares completos:2 Pares completos:5 Pares completos:5 | Pares completos:5
Controle pos 5 254,80 251,00 106,00 412,00 145,98 0,225 0,465 0,345
SNAP 5 346,80 334,00 308,00 411,00 38,67
DEA 5 301,40 339,00 106,00 381,00 111,80
CD45 | Controle pré 4 2,89 2,90 2,17 3,60 0,60 Pares completos:3 Pares completos:7 Pares completos:7 | Pares completos:7
Controle pos 7 4,65 4,53 2,78 6,28 1,40 0,866 1,000 0,237
SNAP 7 4,88 4,25 2,78 9,14 2,20
DEA 7 4,97 5,31 2,50 8,92 2,23
CD29 Controle pré 4 268,88 265,00 221,00 324,50 42,52 Pares completos:3 Pares completos:4 Pares completos:4 Pares completos:4
Controle pos 4 392,75 399,00 307,00 466,00 78,35 0,465 0,715 0,715
SNAP 4 371,25 384,50 309,00 407,00 43,39
DEA 4 377,25 406,00 280,00 417,00 65,17

LeT



CD31 Controle pré 2 1,60 1,60 1,46 1,73 0,19 Pares completos:2 Pares completos:2 Pares completos:2 Pares completos:2
Controle pos 2 3,18 3,18 2,67 3,68 0,71
SNAP 2 3,29 3,29 2,60 3,98 0,98
DEA 2 3,06 3,06 2,58 3,54 0,68
CONE | Controle pré 4 4,73 4,46 1,34 8,64 3,84 Pares completos:1 Pares completos:5 Pares completos:5 | Pares completos:5
Controle pos 5 6,57 2,89 2,22 12,70 5,42 0,079 0,686 0,225
SNAP 5 7,67 4,01 2,64 15,60 6,02
DEA 5 7,00 2,77 2,15 14,20 6,22
TROP | Controle pré 4 4,65 3,98 1,12 9,54 4,21 Pares completos:3 Pares completos:7 Pares completos:7 | Pares completos:7
Controle pés 7 3,93 2,41 1,24 8,81 3,26 0,866 0,866 0,612
SNAP 7 3,94 2,61 1,21 9,84 3,40
DEA 7 3,80 2,29 1,23 9,34 3,36
MHC Controle pré 4 414 412 1,14 7,19 3,38 Pares completos:3 Pares completos:7 Pares completos:7 Pares completos:7
Controle pés 7 4,18 1,76 1,21 9,52 3,74 0,735 0,612 0,735
SNAP 7 4,10 2,41 1,16 8,93 3,27
DEA 7 4,45 3,11 1,15 9,22 3,43
MIOS | Controle pré 4 4,23 3,96 1,14 7,85 3,54 Pares completos:3 Pares completos:7 Pares completos:7 | Pares completos:7
Controle pés 7 3,69 1,79 1,20 9,59 3,73 0,612 0,612 0,612
SNAP 7 3,92 2,03 1,24 9,18 3,36
DEA 7 3,83 2,82 1,15 9,16 3,31
ACTI Controle pré 4 4,70 4,21 1,12 9,28 4,20 Pares completos:3 Pares completos:4 Pares completos:4 Pares completos:4
Controle pés 4 6,23 5,61 1,30 12,40 5,74 0,715 0,715 0,715
SNAP 4 6,42 6,34 1,19 11,80 5,99
DEA 4 6,10 5,70 1,20 11,80 5,59

8¢l



Média Intens.

MO fluorescéncia Teste ndo-paramétrico de Wilcoxon, p<0,05
Valid N Mean Median Minimum | Maximum | Std.Dev.
CD44 | Controle pré 3 4517 50,30 19,50 65,70 23,52 Pares completos:2 Pares completos:3 Pares completos:3 Pares completos:3
Controle pds 4 56,78 58,28 5,58 105,00 49,35
SNAP 3 71,00 86,90 21,10 105,00 44,15
DEA 3 82,63 97,80 30,10 120,00 46,83
CD90 | Controle pré 1 228,00 228,00 228,00 Pares completos:1 Pares completos:3 Pares completos:3 Pares completos:3
Controle pds 3 144,63 127,00 109,70 197,20 46,34
SNAP 3 141,08 112,50 103,50 207,25 57,48
DEA 3 137,75 111,00 106,65 195,60 50,15
CD105| Controle pré 1 16,65 16,65 16,65 Pares completos:0 Pares completos:1 Pares completos:1 Pares completos:1
Controle pés 1 29,70 29,70 29,70
SNAP 1 36,70 36,70 36,70
DEA 1 20,30 20,30 20,30
CD34 | Controle pré 3 3,80 3,68 2,30 5,42 1,56 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pés 5 5,39 5,62 1,36 9,89 3,09 0,345 0,893 0,500
SNAP 5 5,80 5,94 3,18 10,04 2,67
DEA 5 5,57 5,92 3,25 9,37 2,52
CD73 | Controle pré 1 143,00 143,00 143,00 Pares completos:0 Pares completos:2 Pares completos:2 Pares completos:2
Controle pds 2 248,00 248,00 200,00 296,00 67,88
SNAP 2 215,00 215,00 208,00 222,00 9,90
DEA 2 236,50 236,50 231,00 242,00 7,78
CD45 | Controle pré 3 2,54 2,56 1,84 3,23 0,70 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pds 5 4,23 4,05 1,83 6,69 1,79 0,225 0,225 0,225
SNAP 5 4,44 4,00 1,81 7,32 2,03
DEA 5 4,56 3,98 1,73 7,54 2,16
CD29 Controle pré 3 209,00 190,00 165,00 272,00 55,97 Pares completos:2 Pares completos:3 Pares completos:3 Pares completos:3
Controle pds 3 473,33 501,00 313,00 606,00 148,45
SNAP 3 449,33 426,00 341,00 581,00 121,69
DEA 3 508,67 475,00 327,00 724,00 200,63
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CD31 | Controle pré 1 2,26 2,26 2,26 Pares completos:0 Pares completos:1 Pares completos:1 Pares completos:1
Controle pés 1 3,56 3,56 3,56
SNAP 1 3,60 3,60 3,60
DEA 1 3,69 3,69 3,69
CONE | Controle pré 3 5,97 7,47 1,43 9,02 4,01 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pés 5 8,31 11,40 1,38 15,60 6,49 0,345 0,345 0,686
SNAP 5 6,57 4,65 1,30 13,50 5,78
DEA 5 6,88 4,13 1,36 16,20 6,60
TROP | Controle pré 3 5,76 7,71 1,37 8,21 3,81 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pés 5 4,35 3,80 1,47 8,08 3,01 0,893 0,225 0,893
SNAP 5 4,90 3,38 1,30 10,40 3,92
DEA 5 4,78 4,05 1,38 9,02 3,62
MHC Controle pré 3 6,04 7,12 1,42 9,57 4,18 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:4
Controle pds 5 4,04 2,77 1,32 8,22 3,08 0,273 0,043 0,273
SNAP 4 5,90 5,98 1,55 10,10 3,79
DEA 5 4,79 3,50 1,43 8,77 3,52
MIOS Controle pré 3 4,98 5,90 1,37 7,68 3,25 Pares completos:3 Pares completos:5 Pares completos:5 Pares completos:5
Controle pés 5 4,54 2,73 1,39 8,67 3,70 0,893 0,225 0,500
SNAP 5 4,49 2,60 1,55 8,95 3,54
DEA 5 4,97 2,38 1,37 9,72 4,31
ACTI Controle pré 3 5,83 7,66 1,39 8,43 3,86 Pares completos:3 Pares completos:3 Pares completos:3 Pares completos:3
Controle pds 3 6,76 8,42 1,47 10,40 4,69
SNAP 3 7,87 10,10 1,50 12,00 5,59
DEA 3 8,46 10,90 1,99 12,50 5,66
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