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NOTA 

A lo largo del texto se han utilizado las abreviaturas de varios términos en inglés. Esto 

es debido al uso extendido de la lengua inglesa en publicaciones científicas y al uso de 

abreviaturas en inglés de forma cotidiana en el lenguaje científico. En el glosario, al 

final del trabajo, se detalla la descripción en inglés y en castellano de cada uno de las 

abreviaturas. Asimismo, en este glosario se recogen las abreviaturas de los términos 

usados en castellano.  
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Cell based therapy is an emerged discipline in the field of regenerative medicine born 

with the aim to restore damage or lost tissue. Three pillars supports tissue regeneration, 

i) a suitable cell source; ii) cell differentiation strategies; and iii) bio-compatible 

scaffolds that maintain the 3D structural architecture of the tissue. 

 

It is broadly known the limited regeneration capacity of cartilage and cardiac tissue. The 

main goal of the present study was to develop strategies to direct cell differentiation 

toward cardiac and cartilage linage to repair and/or regenerate the damage tissue. 

 

Adult stem cells and progenitor cells can be easily isolated and expanded in culture. A 

key feature of these cells is their plasticity, which allows their conversion to different 

cell types. Here, we have studied the potential differentiation capacity of four different 

cell sources i) human adipose derived stem cells (hASCs) isolated from lipoaspirates; ii) 

hASCs obtained from infrapatellar fat pad (IFPSCs) of patients with osteoarthritis (OA), 

iii) endothelial progenitor cells (EPCs) derived from umbilical cord blood (UCB) and 

iv) EPCs isolated from peripheral blood (PB) of patients suffering from acute 

myocardial infarction (AMI). 

 

Our first objective was to induce chondrogenic differentiation of autologous IFPSCs of 

patients with OA using cellular extracts-based transdifferentiation method. Cells 

exposed to chondrocyte extracts acquired a characteristic morphological and 

ultrastructural chondrocyte phenotype that was confirmed by ultrastructural 

observations and histological, immunological and molecular proves. We demonstrate 

that extracts obtained from chondrocytes of osteoarthritic knees promote chondrogenic 

differentiation of autologous IFPSCs. Moreover, combination of transdifferentiated 

IFPSCs with biodegradable 3D poly (DL-lactic-co-glycolic acid) (PLGA) scaffolds was 

an efficient system for the maintenance and maturation of cartilage tissue.  

 

Our second objective was to study the potential capacity of postmortem cardiac tissue to 

direct cardiac differentiation of hASCs in vitro. We used heart tissue collected from 

autopsies to obtain cell extracts and conditioned medium and both approaches were 

tested for cardiac induction. Gene expression analyses proved that human cardiac 

postmortem tissue maintain genetic integrity. Furthermore, hASCs exposed to the cell 

extracts or conditioned medium for two weeks achieved the appearance of myotube-like 
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structures and were positive for cardiac markers proved by immunofluorescence and by 

reverse transcription-polymerase (RT-PCR) chain reaction. In conclusion postmortem 

human cardiac tissue can induce hASCs differentiation into myocardial like cells.  

 

Our third objective was to compare the cardiac differentiation capacity of EPCs isolated 

from PB of patients suffering from AMI with EPCs obtained from UCB. We 

characterized EPCs from both origins using endothelial markers and endothelial cell 

colony-forming units (CFU-EC) assay. Cardiac differentiation capacity of EPCs was 

assessed by immunofluorescence and RT-PCR after 5-azacytidine (5-aza) induction. We 

found no significant differences between the number of CFU-EC in subjects with AMI 

and samples from UCB. Moreover, 5-aza induced the appearance of myotube-like 

structures and the positive expression of cardiac markers in a similar pattern for both 

cell sources, indicating a comparable acquisition of a cardiac-like phenotype.  

 

In conclusion, here we have implemented novel strategies to direct cell differentiation. 

The finding included in this study could represent a potential therapeutic approach in 

cardiovascular diseases (CVD) and osteochondral injuries.  
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1. Medicina regenerativa 

 

La capacidad para recuperarse después de un daño difiere ampliamente entre unos 

organismos y otros. Algunos invertebrados, como la planaria, tiene gran capacidad de 

regeneración, incluso es capaz de regenerar la cola a partir de la cabeza y viceversa, 

mientras que ciertos vertebrados, como la salamandra, puede regenerar estructuras 

complejas, como las extremidades o la médula espinal (Sugimoto et al., 2011). Sin 

embargo, la mayoría de los mamíferos adultos carecen de este alto grado de plasticidad. 

De hecho, los seres humanos tienen una capacidad de auto-regeneración muy limitada, 

pudiendo mantener una homeostasis tisular, que es evidente en tejidos como la piel, la 

sangre, o el hígado, pero que se da, aunque en menor grado, en todos los tejidos del 

organismo. Con tales restricciones, la pérdida de una cantidad importante de tejido 

queda muy lejos de poder ser reparada por mecanismos de reparación endógena. 

 

La sugerente idea de poder activar y controlar la regeneración tisular ha llevado al 

desarrollo de la medicina regenerativa, disciplina que nace con el objetivo de desarrollar 

terapias para remplazar tejidos u órganos lesionados como resultado de daños, defectos 

congénitos o enfermedades crónicas (Warren, 2013). Su finalidad no es solamente 

reemplazar, sino además recuperar la función biológica perdida, ya sea proporcionando 

los elementos necesarios in vivo, y/o estimulando la capacidad de regeneración 

intrínseca del propio organismo (Mason and Dunnill, 2008).  

 

Conseguir la regeneración del tejido dañado es un reto al que se enfrentan profesionales 

de muy diversos ámbitos entre los que se encuentran biólogos celulares/moleculares, 

químicos, físicos, nano-tecnólogos, ingenieros de tejidos y profesionales clínicos entre 

otros (Corona et al., 2010).  

 

La clave para la regeneración de tejidos puede plantearse en tres simples postulados, i) 

se necesita una fuente celular; ii) las células deben mantener la diferenciación que las 

haga funcionales; iii) se debe lograr mimetizar la estructura tridimensional del tejido, 

para lo cual se precisa de soportes celulares biocompatibles (Peran et al., 2012). 
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Es obvio que dependiendo del daño tisular o del tejido afectado no siempre será 

necesario que se cumplan los tres postulados mencionados. En algunos casos, como en 

los trasplantes de médula ósea, bastaría con sustituir la población de células dañadas 

para restaurar la función tisular. Así, en función del alcance del daño de un órgano o 

tejido, existe un incremento paralelo en cuanto a la complejidad de las tecnologías que 

se aplican para restaurar su función (Figura 1). Las estrategias actuales van desde 

métodos que mejoran la capacidad de regeneración endógena del cuerpo para su auto-

reparación (se incluyen, células, terapia génica o terapia con medicamentos) a métodos 

que combinan varias tecnologías, es decir, células, biomateriales, biorreactores, genes y 

terapia con medicamentos, que pueden llegar hasta la creación de órganos para su 

remplazo (Greenwood et al., 2006). 

 

Por tanto, podemos concluir que en medicina regenerativa, disciplina en continua 

evolución, se están desarrollando nuevas estrategias para tratar patologías que las 

terapias convencionales actuales no son capaces de resolver.  

 

 
Figura 1. Representación esquemática del espectro de tecnologías aplicadas en medicina regenerativa. 

Figura adaptada de Corona et al., 2010.  
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Centrándonos en la fuente celular indicada para la regeneración tisular, podemos 

diferenciar entre fuentes alogénicas (procedentes de donantes) o autólogas (las células 

del huésped), prefiriéndose las células autólogas ya que no presentan riesgo de ser 

rechazadas por el sistema inmune del paciente. En este sentido, las células madre 

somáticas y las células progenitoras son candidatas a destacar debido a que pueden ser 

aisladas de distintas fuentes del propio paciente y han demostrado su capacidad para 

diferenciarse hacia linajes celulares específicos. La gran plasticidad que demuestran 

estás células han promovido un elevado número de estudios con el fin de diferenciarlas 

hacia diversos tejidos con capacidad de regeneración limitada. Se parte de la premisa de 

que las células comprometidas o diferenciadas hacia un linaje específico deben 

integrarse mejor en el tejido de destino que aquellas células no diferenciadas (Steinert et 

al., 2012). Enfermedades degenerativas con alta prevalencia en la población, tales como 

las patologías osteocondrales o las enfermedades cardiovasculares, podrían beneficiarse 

de las terapias celulares si son llevadas con existo a la práctica clínica. Por consiguiente, 

el estudio de estrategias de diferenciación celular es clave para la producción del tipo 

celular deseado, así como también lo es el desarrollo de biomateriales que faciliten su 

implantación en el organismo. 

 

 

2. Fuentes celulares  

 

La elección de la fuente celular apropiada para ser trasplantada en el tejido dañado a 

menudo supone una tarea complicada. Como se ha mencionado anteriormente, las 

células deben ser preferiblemente de origen autólogo o no inmunogénicas, altamente 

proliferativas, tener capacidad para ser diferenciadas en el tipo celular requerido, a la 

vez de ser capaces de mantener su estado de diferenciación, y además no deben 

presentar riesgo de formación de teratomas cuando son trasplantadas. Son muchos y 

variados los estudios que se están realizando en este campo, en los cuales se emplean 

diversos tipos celulares que van desde las células madre de origen embrionario (ESCs); 

las células madre pluripotentes inducidas (iPS cells), las células madre adultas, entre las 

que destacan las células madre mesenquimales (MSCs) y las células progenitoras, como 

las EPCs.  
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2.1. Células madre 

 

Las células madre (SC) se definen como aquellas células que independientemente de su 

origen ontogénico y tisular tienen capacidad de dividirse y generar células hijas con sus 

mismas características (división simétrica) o bien originar células progenitoras (división 

asimétrica), las cuales pueden dar lugar a células diferenciadas, (Figura 2) (Thomson et 

al., 1998; Pittenger et al., 1999; Odorico et al., 2001; Ratajczak et al., 2008).  

 

 

 

Figura 3. Características fundamentales de las células madre. Adaptada de Collas and Hakelien, 2003.  

 

Desde que en 1961 los científicos James Till y Ernest McCulloch demostraran la 

existencia de las células madre hematopoyéticas (HSCs) (Becker et al., 1963), el estudio 

de las SC ha despertado el interés de la comunidad científica. Su capacidad de 

renovación, su alta plasticidad y la posibilidad de ser expandidas in vitro sin duda 

convierten a estas células en una atractiva herramienta en medicina regenerativa (Ehnert 

et al., 2009). De hecho, las SC han creado muchas expectativas por su potencial para el 

tratamiento de un amplio número de enfermedades degenerativas, como el Parkinson o 

enfermedades isquémicas, como el infarto cerebral o de miocardio. Tanto es así que se 

prevé que en el futuro estas células puedan convertirse en fuentes celulares disponibles 

para el remplazo y trasplante de diferentes tejidos como el nervioso, el muscular, el 

sanguíneo, el hepático, el condral, el pancreático y el cardiovascular (Chung et al., 
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2004; Nagaya et al., 2004; Yokoo et al., 2008; Madec et al., 2009; Quevedo et al., 2009; 

Vija et al., 2009; Wu et al., 2013). 

 

El potencial de diferenciación de las SC puede variar dependiendo de la madurez de los 

tejidos en los que residen y su origen (Ilic and Polak, 2011). Por ello, se han clasificado 

en base a estas premisas. 

 

2.1.1. Clasificación basada en su potencial 

 

En función de su potencial de diferenciación las SC se han clasificado en totipotentes, 

pluripotentes, multipotenes o unipotentes: 

 

 Células madre totipotentes: estas células pueden diferenciarse en tejidos 

embrionarios y extraembrionarios como el trofoectodermo, es decir son capaces 

de generar un organismo completo. El zigoto es considerado la única célula 

totipotente.  

 

 Células madre pluripotentes: son aquellas células con capacidad de renovación y 

que pueden diferenciarse en cualquiera de las tres capas embrionarias 

(ectodermo, endodermo y mesodermo). Las ESCs y las iPS cells son las células 

que forman este grupo. Sin embargo, las iPS cells, son consideradas un grupo 

aparte por no existir de forma natural y ser obtenidas mediante la 

reprogramación de células somáticas. 

 

 Células madre multipotentes: son células con capacidad de renovación y que se 

diferencian únicamente hacia células de su mismo linaje o capa embrionaria. Un 

conocido ejemplo son las HSCs que pueden diferenciarse hacia linajes mieloide 

y linfoide. 

 

 Células madre unipotentes: son aquellas células que solo generan un tipo celular 

en particular. Por ejemplo, las células madre musculares tienen capacidad de 

renovación y de diferenciarse en un solo tipo celular. 
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2.1.2. Clasificación basada en su origen 

 

Las SC son clasificadas en función del momento del desarrollo (ontogenia) en cuatro 

tipos: células madre embrionarias, células madre fetales, células madre neonatales y 

células madre adultas. 

 

2.1.2.1. Células madre embrionarias 

 

Estas células madre pluripotentes se han estudiado como posible fuente celular en 

medicina regenerativa por su gran capacidad de diferenciación hacia las tres capas 

germinales y por su alta proliferación in vitro. Las ESCs son capaces de generar todos 

los tipos de células del cuerpo, excepto el cordón umbilical, el trofoblasto y estructuras 

asociadas. Sin embargo, se ha visto que estas células pueden desarrollar tumores in vivo, 

lo que limita su futura aplicabilidad clínica. 

  

Los primeros trabajos con estas células aparecen en 1981, cuando por primera vez se 

consiguieron aislar y cultivar satisfactoriamente de la masa interna de blastocistos 

murinos (Evans and Kaufman, 1981; Martin, 1981). Trascurrió más de una década hasta 

que, en 1998, el científico americano James Thomson y su equipo establecieron la 

primera línea de ESCs humanas proporcionando así la posibilidad de usar estas células 

como fuente para terapia celular (Thomson et al., 1998). Fue entonces cuando, a raíz de 

este descubrimiento, surgió la controversia sobre la necesaria destrucción de embriones 

tempranos para su obtención, lo cual ha desatado un importante debate político y ético 

que perdura hasta la actualidad. Son muchos los detractores, los problemas legales y 

burocráticos que la aplicación de ESCs humanas conlleva, asimismo, estas células no 

constituyen una fuente celular del propio paciente y podrían causar problemas de 

rechazo (Nikol'skii et al., 2007; Hipp and Atala, 2008).  

 

Como resultado de todas estas dificultades se está enlenteciendo el desarrollo de 

ensayos clínicos que utilicen ESCs como terapia, no obstante en la actualidad existen 

ensayos clínicos en fase I y II que se están llevando a cabo, basados en el uso de células 

epiteliales pigmetarias de la retina derivadas de ESCs en pacientes con distrofia 

macualar [Clinical trials.com].   
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Dejando a un lado su posible aplicación en terapia celular, la investigación con estas 

células también se enfoca hacia el screening de fármacos, modelos para el estudio de la 

especificación tisular y para el estudio de enfermedades que se desarrollan en estadios 

prenatales.  

 

2.1.2.5. Células madre pluripotentes inducidas  

 

En un estudio sin precedentes dirigido por el premio Nobel Shinya Yamanaka, ha sido 

demostrado que las células somáticas pueden ser reprogramadas en células pluripotentes 

mediante el uso de factores transcripcionales asociados a la pluripotencia (Takahashi 

and Yamanaka, 2006). Estas células pluripotenciales inducidas denominadas iPS cells, 

presentan características similares a las ESCs a la vez que su uso no conlleva dilemas 

éticos o políticos.  

 

Los científicos apuntan a su utilidad como herramientas para el estudio de enfermedades 

humanas y el desarrollo de fármacos, así como para estudios de toxicología (Drews et 

al., 2012). Con dichas finalidades, se han generado líneas celulares de pacientes con 

enfermedades tales como la distrofia muscular de Duchenne y Becker, la enfermedad de 

Huntington, el síndrome del Cromosoma X Frágil, la Adrenoleucodistrofia o la 

Neurofibromatosis (Volarevic et al., 2011). Sin embargo, la terapia celular con estas 

células está aún muy lejos de ser llevada a la práctica clínica, ya que la posible 

formación de teratomas continúa siendo un problema sin resolver.  

 

2.1.2.2. Células madre fetales 

 

Estas células son obtenidas de múltiples tejidos durante el desarrollo fetal (entre el día 

14 hasta el momento del nacimiento). No poseen tanto potencial de diferenciación como 

las ESCs pero por otro lado no han levantado tanta controversia como estas. Son 

obtenidas de embarazados interrumpidos, aunque también se han aislado de pequeñas 

muestras rutinarias de líquido amniótico y de las vellosidades coriónicas (Weber et al., 

2011). Hoy día muchas de las líneas de células madre neuronales que se han generado 

poseen un origen fetal e incluso han sido probadas en ensayos clínicos con humanos en 

ciertos países (Ilic and Polak, 2011). Asimismo, células mesenquimales con una alta 

capacidad de proliferación y baja inmunogenenicidad han sido obtenidas de diversos 



Introducción 

13 
 

tejidos fetales, incluso diversos estudios han documentado que albergan un gran 

potencial terapéutico en el tratamiento del cáncer, ya que pueden migrar hacia del sitio 

del tumor y reducir su tamaño (Bitsika et al., 2013).  

 

2.1.2.3 Células madre neonatales 

 

Estas células pueden obtenerse de la placenta y del cordón umbilical (UC). Al ser 

aisladas de tejidos que son desechados como residuos biológicos no plantean 

controversia ética alguna. 

 

El trasplante de SC procedentes de UC es una terapia que actualmente se lleva a cabo 

con bastante existo para tratar enfermedades congénitas o adquiridas de la médula ósea, 

tales como las leucemias agudas, gracias a que la sangre de este tejido es una fuente rica 

en células madre hematopoyéticas. Asimismo, de la sangre de UC se obtienen otras 

células con gran potencial para su uso en medicina regenerativa tales como las MSCs o 

las EPCs (Pelosi et al., 2012).  

 

Recientemente se está prestando especial atención a las SC extraídas de la gelatina de 

Wharton presente en la matriz extracelular del UC. Tales células han demostrado ser 

multipotentes y presentan marcadores típicos de las MSCs. Diversos estudios apuntan 

que su capacidad de diferenciación también se extiende hacia distintos linajes, por ello, 

gracias a su alta capacidad de proliferación in vitro y sus funciones 

inmunomoduladoras, estas células se han convertido en candidatas para su uso en 

medicina regenerativa (Anzalone et al., 2010). De manera que no es de extrañar que las 

empresas privadas, además de conservar las células del UC, hayan comenzado a ofrecer 

la criopreservación de estas células para su posible uso en terapias celulares en un futuro 

(Batsali et al., 2013). 

 

Igualmente, se han podido obtener MSCs y epiteliales de la placenta y sus membranas 

(Parolini et al., 2008). Experimentos in vitro con estas células han mostrado que se 

expanden más rápido, poseen menos inmunogenicidad y son menos imnosupresivas que 

sus homólogas adultas (Barlow et al., 2008; Murphy and Atala, 2013).  
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2.1.2.4. Células madre adultas 

 

Las células madre adultas están presentes, en diverso grado, en todos los tejidos 

somáticos y órganos del cuerpo de un adulto. Estas células son las responsables de la 

renovación y reparación del tejido dañado o envejecido.  

 

Entre las células madre adultas, las HSCs de la médula ósea fueron las primeras en ser 

descubiertas, seguidas de las células madre mesenquimales y desde entonces hasta la 

actualidad se ha probado que existe una población de células no diferenciadas en todos 

los tejidos del organismo. Generalmente, estas células se localizan en un nicho, es decir 

en un microambiente que determinará su estado de activación, asegurando así un 

equilibrio entre el mantenimiento del pool de SC y la producción de células 

progenitoras implicadas en la diferenciación de un tejido. Estas células, solo pueden 

generar una gama de tipos celulares en función del tejido en particular en el que residen. 

Motivo por el cual también han sido denominadas como células madre residentes. Así, 

algunas células madre adultas son multipotentes, como las MSCs y las HSCs, mientras 

que otras se cree que son precursoras directas de las células del tejido en el que se 

encuentran, es decir unipotentes (Ooi et al., 2006).  

 

Las células madre adultas son una fuente celular bastante propicia para su aplicación en 

clínica ya que además de no suscitar debates éticos, constituyen una fuente celular 

abundante, de fácil disponibilidad y presentan una gran plasticidad. Por ello, están 

siendo objeto de multitud de estudios para el tratamiento autólogo de enfermedades 

degenerativas, autoinmunes y congénitas. Muchos de estos estudios consisten en 

experimentos in vivo (Lagasse et al., 2000; Orlic et al., 2001; Di Campli et al., 2004) y 

ensayos clínicos destinados a la regeneración de órganos dañados como el corazón, 

hígado, riñón o cerebro (Tendera et al., 2009; Howe et al., 2011; Wojakowski et al., 

2012). Estas células están siendo aisladas principalmente de tejidos tales como la 

médula ósea, la sangre periférica (PB) o el tejido adiposo. 

 

El transplante de HSCs es uno de los más exitosos ejemplos de terapia celular, ya que 

no se precisa de su expansión ex vivo y no hay necesidad de reconstituir órganos 

complejos. Esta terapia se aplica con bastante frecuencia para prolongar la vida de los 

pacientes con enfermedades hematopoyéticas tales como la leucemia, o para reconstituir 
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el sistema inmune en pacientes inmunocomprometidos después de terapias de radiación 

y/o quimioterapia (Gratwohl et al., 2008).  

 

2.1.2.4.1. Células madre mesenquimales 

 

Las células madre mesenquimales son un tipo destacado de células madre multipotentes 

capaces de diferenciarse en diversos tejidos de origen mesodérmico. Se ha establecido 

que las MSCs tienen potencial de diferenciación hacia osteoblastos, condroblastos, 

adipocitos, fibroblastos y miocitos (Pittenger et al., 1999), (Figura 3). Sin embargo, 

muchos investigadores han reportado que su alto grado de plasticidad también les 

confiere capacidad para diferenciarse hacia otros linajes no mesodérmicos como el 

páncreas, el hígado, o cerebro (Sasaki et al., 2008; Snykers et al., 2009; Bae et al., 

2011), afirmaciones que han sido motivo de gran controversia. 

 

 
 

Figura 3. Potencial de diferenciación de las MSCs hacia distintos linajes celulares. Las MSCs son 

multipotentes y poseen la capacidad de proliferar y comprometerse a diferentes tipos de células en 

función de las condiciones ambientales. Fuente Kalinina et al., 2011.    

 

Identificadas por primera vez en la médula ósea por Friedenstein y su equipo, fueron 

descritas como células madre no hematopoyéticas aisladas del estroma capaces de 
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adherirse y formar colonias a partir de una sola célula. Los clones iniciales se expandían 

formando colonias compuestas por células de aspecto fibroblastoide, de ahí el término 

de unidades formadoras de colonias de fibroblastos (CFU-F). Después de unos pocos 

días, las células empezaban a proliferar y podían diferenciarse en células maduras de los 

linajes mesenquimales tales como osteoblastos (Friedenstein et al., 1970).  

 

El término de células madre mesenquimales fue propuesto por Caplan en referencia a su 

capacidad de diferenciación hacia los distintos linajes mesodérmicos (Caplan, 1991), 

aunque por otro lado los hematólogos las denominaron células del estroma medular 

debido a que servían de soporte para alimentar el cultivo de las células hematopoyéticas 

(Eaves et al., 1991). Hoy día, la polémica en torno a la nomenclatura de estas células 

sigue siendo centro de intenso debate. Recientemente la Sociedad Internacional de 

Terapia Celular (ISCT) ha revisado dicho término y ha introducido el término "células 

estromales mesenquimales multipotentes" para referirse a las células cultivadas in vitro, 

y dejar el término stem para designar a los precursores/ células madre in vivo. Sin 

embargo, ambos términos conservan el mismo acrónimo (Horwitz et al., 2005). Por 

tanto, debido a la gran aceptación que ha alcanzado el término "células madre 

mesenquimales" y a que sigue siendo el más utilizado como término general, será el que 

empleemos en el presente trabajo. 

 

El aislamiento y caracterización de las MSCs está ampliamente extendido en los 

laboratorios de cultivo celular de todo el mundo. Si bien es cierto que no existe un 

método universalmente aceptado para su aislamiento, expansión e identificación, si 

existe una lista de criterios establecidos por la ISCT para definir los cultivos primarios 

in vitro de las MSCs que incluyen los siguientes: i) ser adherentes al plástico, ii) 

expresar los marcadores de superficie CD73, CD90 y CD105 y no expresar los 

marcadores CD45, CD34, CD14 o CD11b, CD79 o CD19 y HLA-DR, y por último, iii) 

tener capacidad de diferenciación hacia los tipos celulares de tres linajes mesodérmicos 

(osteoblastos, adipocitos y condroblastos) (Dominici et al., 2006).  

 

Las MSCs resultan muy interesantes para la terapia celular ya que además de su 

capacidad de diferenciación, también destacan por sus propiedades inmunomoduladoras 

(Ortiz et al., 2007; Dayan et al., 2011) y efectos antiinflamatorios (Chen and Tuan, 

2008). Se ha demostrado que las MSCs carecen o muestran una baja expresión del 
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complejo mayor de histocompatibilidad II (Parolini et al., 2008) y es debido a esta baja 

inmugenicidad por la que se están realizando estudios para la implantación de MSCs 

alogénicas. Además, se ha comprobado que las MSCs liberan diversos factores, tales 

como HGF, EGF, VEGF y sFRP-4 (Katsha et al., 2011), por lo que a través del contacto 

directo célula a célula o de sus efectos paracrinos, las MSCs pueden modular el 

microambiente y activar las células progenitoras endógenas para contribuir en la 

restauración de los tejidos locales (Koelling and Miosge, 2009; Li et al., 2009; 

Hatzistergos et al., 2010). Asimismo, estas células tienen la capacidad de movilizarse 

desde la médula ósea a la circulación sanguínea para acudir a zonas donde se ha 

producido un daño y contribuir de este modo a la restauración tisular. Todas estas 

propiedades hacen que las MSCs sean las candidatas elegidas con mayor frecuencia 

para estudios clínicos dirigidos hacia el tratamiento de enfermedades autoinmunes y 

degenerativas [Clinical trials.com]. De hecho, existen numerosos estudios in vitro y con 

modelos animales en los que estas células se utilizan como terapia celular y para la 

reconstrucción de tejidos (Wong et al., 2008; Hamou et al., 2009; de la Garza-Rodea et 

al., 2011). Se ha demostrado que son capaces de mejorar lesiones presentes en casi 

todos los órganos importantes, incluyendo el cerebro, hígado, el riñón, corazón y los 

pulmones (Si et al., 2011; Dimarino et al., 2013; Zhu et al., 2013) 

  

Las MSCs obtenidas de diversas fuentes comparten las características principales 

señaladas con anterioridad, sin embargo es de reseñar que pueden presentar variaciones 

en cuanto al fenotipo, la morfología, el potencial de proliferación y la capacidad de 

diferenciación. Por ejemplo, se ha demostrado que las MSCs de tejido sinovial pueden 

ser más eficaces en la reparación de los defectos del cartílago que las MSCs de otros 

tejidos como la médula ósea (Jones et al., 2008). Asimismo, la tasa de proliferación en 

MSCs, procedentes de UC es mayor en comparación con el tejido adiposo y la médula 

ósea, presentando esta última la tasa más baja (Baksh et al., 2007; Jin et al., 2013). Por 

otro lado, mientras que la frecuencia de las MSCs procedentes de la médula ósea (BM-

MSCs) corresponde a 1 en 50.000-100.000 células del total presentes en la médula ósea 

(Fraser et al., 2006; Kern et al., 2006), la frecuencia de MSCs en tejido adiposo es de 1 

por cada 100 células, lo cual supone una diferencia de casi 500 veces más cantidad de 

células en el tejido adiposo. Esta variabilidad entre unas mesenquimales y otras puede 

deberse, en parte, a que proceden de distintos microambientes o al empleo de distintos 

protocolos de expansión. 
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Aunque las MSCs poseen una gran capacidad de renovación in vitro, esta parece no ser 

indefinida. De hecho, existen estudios que muestran que las MSCs entran en 

senescencia tras haber duplicado su población aproximadamente unas 20 veces, 

perdiendo finalmente su capacidad de diferenciación (Digirolamo et al., 1999). Por otro 

lado, el cultivo prologado de las MSCs también es causa de alteraciones genéticas que 

pueden modificar sus propiedades. Los riesgos inherentes de una larga expansión en 

cultivo podrían evitarse con el uso de una fuente celular abundante como por ejemplo el 

tejido adiposo. 

 

2.1.2.4.1.1. Células madre derivadas de tejido adiposo 

 

El tejido adiposo presenta varias ventajas en relación con las otras fuentes de MSCs. En 

primer lugar, es un tejido muy abundante que se encuentra en todos los individuos y 

cuya extracción puede realizarse al propio paciente mediante la administración de 

anestesia local (Zuk et al., 2002). En segundo lugar, las células mesenquimales se aíslan 

fácilmente de los lipoaspirados, se cultivan y proliferan in vitro sin requerimientos 

especiales. Y por último, al ser extraídas del propio paciente no presentan problemas de 

respuesta inmune, por lo que constituyen una alternativa muy válida para terapia celular 

(Zuk et al., 2001).  

 

Estas células madre mesenquimales aisladas de tejido adiposo han sido nombradas con 

diversos términos que van desde preadipocitos, células del estroma, células procesadas 

de lipoaspirado, células madre multipotentes derivadas de tejido adiposo (hMADS).o 

células madre adultas derivadas de tejido adiposo. Sin embargo, en la conferencia de 

“International Fat Applied Technology Society”, se llegó al conceso para la 

recomendación del término ''células madre derivadas de tejido adiposo'' (ASCs) (Locke 

et al., 2011; Bourin et al., 2013).   

 

Además de su capacidad de diferenciación hacia linajes mesodérmicos se ha descrito 

que son capaces de diferenciarse en células de orígenes endodérmico y ectodérmico 

tales como las células neuronales, células pancreáticas endocrinas, hepatocitos, células 

epiteliales y cardiomiocitos (Peran et al., 2010; de Girolamo et al., 2013).  
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La obtención de estas células se lleva a cabo mediante la digestión del tejido adiposo 

con colagenasa y su posterior centrifugación de la cual se obtiene un pellet de células 

conocido como la fracción del estroma vascular (SVF). La SVF recién aislada contiene 

una mezcla de células, que no sólo incluyen ASCs, sino que también contiene células 

endoteliales, células del músculo liso, pericitos, fibroblastos y células circulantes tales 

como leucocitos, HSCs o EPCs. Para obtener una fracción más purificada el método 

más común es el cultivo prolongado de la SVF, que se basa en la capacidad de las ASCs 

por competir con otras poblaciones celulares bajo condiciones de cultivo prolongadas en 

el tiempo (Tholpady et al., 2006). La expresión de marcadores estromáticos incrementa 

con la realización de varios pases, lo que resulta en una población menos heterogénea 

(Mitchell et al., 2006). 

 

Se ha descrito que del tejido adiposo de la articulación de la rodilla, conocido como la 

grasa infrapatelar de Hoffa, se pueden aislar una población de ASCs denominadas 

“infrapatelar stem cells” (IFPSCs). Dicha grasa es generalmente extraída de la 

articulación de pacientes sometidos a artroscopia o a cirugía para la implantación de 

prótesis de rodilla (English et al., 2007; Buckley et al., 2010b). Resultados preliminares 

de un ensayo clínico con pacientes con OA demuestran que la inyección en la 

articulación de IFPSCs autólogas es un procedimiento seguro que mejora el dolor y la 

funcionabilidad de la rodilla osteoartrítica (Koh and Choi, 2012). 

 

2.2. Células progenitoras 

 

Como hemos mencionado anteriormente el potencial de diferenciación de las SC puede 

variar dependiendo de la madurez de los tejidos y su origen. Conforme las SC pierden 

potencial se van comprometiendo hacia una línea celular más específica, es decir, hacia 

las llamadas células progenitoras, las cuales se consideran un tipo intermedio entre las 

células madre y las células diferenciadas (Steindler, 2007). Por ejemplo, las células 

progenitoras hematopoyéticas tienen restringida su diferenciación hacia el linaje 

linfoide o bien hacia el linaje mieloide, mientras que las células madre hematopoyéticas 

pueden diferenciarse en cualquier tipo celular de ambos linajes siendo capaces de 

regenerar, a largo plazo, todo el sistema hematopoyético. Las células progenitoras 

tienen capacidad de proliferación y pueden diferenciarse hacia una o varias células 

maduras con marcadores de linaje específicos. Las células maduras resultantes son 
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células funcionalmente activas que también pueden proliferar. Las células progenitoras 

son las responsables de mantener una fisiología normal y compensada para dar 

respuesta a las necesidades fisiológicas diarias  

 

2.2.1. Células progenitoras endoteliales 

 

Las EPCs son células progenitoras capaces de diferenciarse en células endoteliales 

maduras (Asahara et al., 2011). Las EPCs fueron identificadas por primera vez en 1997 

cuando Asahara y su equipo aislaron de la sangre periférica de adulto una población 

celular derivada de la médula ósea capaz de diferenciarse en células endoteliales y 

formar nuevos vasos en zonas de isquemia (Asahara et al., 1997).  

 

El descubrimiento de las EPCs supuso un nuevo paradigma para la reparación endotelial 

y la vasculogénesis postnatal. De tal forma que hasta hace poco tiempo se pensaba que 

la revascularización del tejido isquémico ocurría a través de la migración y proliferación 

de células endoteliales maduras presentes en los tejidos cercanos, mediante el proceso 

conocido como "angiogénesis", sin embargo, estas células tienen un potencial de 

proliferación bajo, por lo que su capacidad para reemplazar otras células endoteliales 

dañadas y crear nuevos vasos es muy limitada. Actualmente, se sabe que después de una 

lesión isquémica las EPCs migran desde la médula ósea hasta los sitios de 

neovacularización, donde se diferencian en células endoteliales, imitando así un proceso 

que ocurre durante la embriogénesis, la "vasculogénesis" (Krenning et al., 2009b). Las 

EPCs se movilizan desde de la medula ósea a la circulación en respuesta al estrés y/o a 

factores liberados como consecuencia de un daño. Los factores más relevantes 

conocidos para estimular la movilización de EPCs incluyen el VEGF, SDF-1, MCP-1 y 

G-CSF (Cottler-Fox et al., 2003; Hattori et al., 2003). El factor de crecimiento del 

endotelio vascular (VEGF) destaca por ser un factor clave en la mediación de la 

proliferación, diferenciación y quimiotaxis de las células endoteliales (Asahara et al., 

1999b). 

 

Existe bastante controversia en cuanto al aislamiento y caracterización de las EPCs, 

como resultado, no existiendo una definición clara para estas células. En la actualidad, 

se ha aceptado que las EPCs son un grupo heterogéneo de células que exhiben una 
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variedad de funciones dependiendo del método de aislamiento y cultivo (Vaughan and 

O'Brien, 2012).  

 

Aunque no hay unos marcadores específicos para las EPCs y muchos de ellos coinciden 

con marcadores de células madre hematopoyéticas y células endoteliales, comúnmente 

han sido caracterizadas por: aislarse a partir de las células mononucleares (MNC) de la 

sangre, adherirse a fibronectina, la captación de lipoproteínas de baja densidad 

acetiladas (LDL), unirse a lectinas como Ulex europaeus agglutinin I (UEA-I) y 

expresar marcadores de expresión de proteínas de células endoteliales como CD31, 

CD144 (vascular endotelial [VE]-cadherina), el factor de von Willebrand (vWF) y la 

sintasa de óxido nítrico endotelial celular (eNOS) (Krenning et al., 2009b).  

 

En cuanto a su aislamiento, es necesaria la extracción de las MNC sanguíneas mediante 

un gradiente de densidad con ficol, tras el cual pueden seguirse varios protocolos. Por 

un lado, se puede seguir un protocolo de selección con un marcador de superficie, 

generalmente el CD34, o bien combinaciones de ellos (mediante sorter o columnas 

magnéticas) o por otro lado, cultivar las MNC directamente en placas cubiertas con 

fibronectina para facilitar su adherencia (Asahara et al., 1997; Peichev et al., 2000). Se 

ha visto que tanto las células seleccionadas con CD34, como aquellas sin selección 

previa, incrementan la expresión de marcadores endoteliales con el tiempo en cultivo. 

Se ha estimado que aproximadamente en el día 6 adquieren un fenotipo hacia un linaje 

endotelial y se vuelven positivas para VEGF, VE-cadherina, UEA-I y LDL (Urbich and 

Dimmeler, 2004).  

 

Independientemente del método de aislamiento, dos tipos de células parecen surgir del 

cultivo de las MNC, por lo que se ha desarrollado una clasificación que define las EPCs 

como EPCs tempranas y EPCs tardías o maduras. Las EPCs entre los días 4 y 7 se 

consideran EPCs tempranas y después de 7 días comienzan a perderse, por tanto la 

población resultante de EPCs tardías se convierte en la población que prevalece 

(Vaughan and O'Brien, 2012). 

 

Las EPCs tempranas poseen características parecidas a los monocitos (Hirschi et al., 

2008). Estas células también son conocidas como unidades formadoras de colonias 

(CFU), EPC CD14+ (Krenning et al., 2009a) o células circulantes angiogénicas (CACs) 
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(Akita et al., 2003). Se caracterizan por formar grupos de células con una morfología en 

forma de huso que aparecen después de tan solo 4-7 días de cultivo. Las EPCs CD14+ 

poseen un potencial transitorio proliferativo in vitro y no se les puede realizar pases 

(Zhang et al., 2006). Mientras que el cultivo durante períodos de tiempo más largos (7-

21 días) da lugar a las EPCs tardías, también llamadas “outgrowth endothelial cells” 

(OECs) o endothelial outgrowth cells (EOCs) que muestran morfologías de adoquines o 

empalizadas y poseen capacidad de proliferación y de formar vasos, por lo que son 

consideredas más parecidas a las células de tipo endotelial (Ingram et al., 2004). Las 

EPCs tardías también son conocidas como EPC CD34+ (van der Strate et al., 2007), ya 

que se piensa que se originan a partir de las células madre hematopoyéticas CD34 + 

(Yoder et al., 2007). 

 

Las EPCs pueden ser aisladas de la médula ósea (BM-EPCs), la placenta, la sangre 

periférica (PB-EPCs) y del cordón umbilical (UCB-EPCS). Aunque estudios recientes 

han reportado su aislamiento en otras localizaciones como nichos perivasculares, hígado 

o intestino o tejido adiposo (Basile and Yoder, 2014). Entre estas fuentes, la sangre 

circular periférica y la sangre de cordón umbilical destacan por ser fáciles de obtener, a 

partir de procedimientos no invasivos y por sus propiedades angiogénicas (Mead et al., 

2008; Strunk, 2011). Sin embargo, se ha demostrado que existen algunas diferencias 

entre ellas, por ejemplo las EPCs obtenidas de sangre de cordón umbilical poseen una 

mayor tasa de replicación en comparación con las EPCs aisladas de PB (Brown et al., 

2010). Ambas fuentes expresan similares marcadores de células endoteliales pero se ha 

visto que las UCB-EPCs presentan mayor expresión de CXCR4 que las BM-EPC, un 

receptor de quimioquinas implicadas en la capacidad de llamada (homing) y además 

menos marcadores del estroma (CD105, CD73) (Finney et al., 2006). Existe 

aproximadamente 7 veces más cantidad de EPCs en UCB que en PB, no obstante el 

número de EPCs en sangre puede incrementar cuando se movilizan  de la médula ósea 

mediante diversos factores de crecimiento, citoquinas, drogas u hormonas (Dzau et al., 

2005; Zammaretti and Zisch, 2005).  

 

Factores tales como el ejercicio y la edad puede aumentar y disminuir respectivamente 

la cantidad de EPCs en sangre (Alobaid et al., 2005; Dzau et al., 2005). Por ejemplo, se 

ha evidenciado que las EPCs de pacientes diabéticos proliferan un 48% menos que las 

EPCs procedentes de pacientes sanos (Tepper et al., 2002). Por otro lado, el número de 
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EPCs circulantes se correlaciona negativamente con diversos factores de riesgo, como la 

aterosclerosis y con trastornos asociados con la disfunción vascular (Hill et al., 2003; 

Aicher et al., 2005). Por el contrario, el insulto isquémico induce la movilización de 

EPCs de la médula ósea elevando el número de EPCs en sangre que acude a los sitios de 

la neovascularización (Shintani et al., 2001; Massa et al., 2005). 

 

Las EPCs que se movilizan al tejido isquémico pueden permanecer en el espacio 

intersticial y mejorar la angiogénesis mediante la secreción de proteínas citoprotectoras, 

citoquinas y factores de crecimiento que promueven la proliferación y la migración de 

células endoteliales locales. Entre los factores que secretan se incluye el VEGF, el 

factor de crecimiento de hepatocitos (HGF), angiopoyetina-1 (Ang1), eNOS, la óxido 

nítrico sintasa inducible (iNOS), SDF-1α, y el factor de crecimiento insulina 1 (IGF-1) 

(Jujo et al., 2008).  

 

Debido a que las EPCs contribuyen de forma directa o indirecta a la neovascularización 

en el adulto, poseen gran potencial para su uso en terapias celulares para el tratamiento 

de diversas enfermedades isquémicas. 

 

 

3. Diferenciación Celular 

 

La diferenciación celular es un proceso por el cual las células se vuelven más 

especializadas de forma que adquieren una nueva identidad. Los estados de 

diferenciación a menudo se consideran consolidados e irreversibles, sin embargo en 

algunos casos el balance de los factores de transcripción pueden cambiar y las células 

pueden interconvertirse. De hecho, los estados de diferenciación estables están 

controlados por mecanismos dinámicos que pueden ser alterados bajo ciertos estímulos 

obteniendo como resultado un nuevo patrón de genes de expresión, convirtiéndose así 

un tipo celular en otro. 

 

Desde que se conoce que los estados de diferenciación celular no son inamovibles han 

surgido nuevos puntos vista sobre la plasticidad de las células animales (Eguchi and 

Kodama, 1993; Slack and Tosh, 2001). En este sentido, varios procesos se han asociado 

con la regeneración, estos incluyen procesos en los que células diferenciadas pueden 
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convertirse en células progenitoras, (desdiferenciación), células diferenciadas pueden 

convertirse en otro tipo celular (transdiferenciación) o bien células somáticas pueden ser 

inducidas hacia la pluripotencia (reprogramación) (Eguizabal et al., 2013), (Figura 4). 

 

 

 

Figura 4. Diagrama esquemático de la diferenciación celular, transdiferenciación y desdiferenciación. 

Figura adaptada de Sugimoto et al., 2011. 

 

3.1. Desdiferenciación 

 

Es el proceso por el cual células diferenciadas con funciones específicas revierten hacia 

un fenotipo más temprano que posee mayor plasticidad. La desdiferenciación es un 

proceso crucial que ocurre principalmente de forma natural en algunos sistemas de 

regeneración, los cuales suelen pertenecer a formas de vida simples, como gusanos, 

anfibios e incluso plantas. 

 

El proceso de desdiferenciación conlleva la pérdida de características distintivas del tipo 

celular, tales como marcadores estructurales típicos o el reingreso en el ciclo celular de 

células que normalmente no son capaces de dividirse. Si bien, la entrada en el ciclo 

celular no ocurre en todos los casos (Monje et al., 2010), sí parece estar relacionada con 

los procesos de regeneración, de forma que la proliferación celular permite obtener 

células que sustituyen a las que se han perdido. 
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Un conocido ejemplo de desdiferenciación natural consiste en la capacidad de 

regeneración miocárdica de varias especies de vertebrados no mamíferos tales como el 

pez cebra, el cual es capaz de regenerar totalmente su corazón después de la amputación 

de hasta un 20% del ventrículo (Jopling et al., 2010). Durante la regeneración del 

corazón, los cardiomiocitos del pez cebra se desdiferencian facilitando así su reingreso 

en el ciclo celular. Los cardiomiocitos adyacentes al sitio del daño comienzan un 

proceso de desdiferenciación de forma que desmontan sus estructuras sarcoméricas, 

dejan de expresar ciertos genes cardiacos y re-expresan genes típicos de inmadurez, 

tales como GATA-4 (Kikuchi et al., 2010). A continuación, los cardiomiocitos entran en 

el ciclo celular para finalmente diferenciarse en cardiomiocitos maduros que sustituyen 

a las células perdidas (Jopling et al., 2010).  

 

En los mamíferos, después de un proceso de desdiferenciación la capacidad de 

regeneración es limitada (Eguizabal et al., 2013). A pesar de ello, se ha observado en un 

modelo de ratón que células de Schwann poseen la capacidad natural para regenerarse 

tras un daño, previo paso de un proceso de desdiferenciación (Mirsky et al., 2008). 

 

Por otro lado, la desdiferenciación in vitro puede llevarse a cabo mediante condiciones 

de cultivo específicas. De esta forma, se ha demostrado que células terminalmente 

maduras sin capacidad de proliferación pueden revertir su fenotipo y adquirir 

características de células madre multipotentes. Por ejemplo, se ha evidenciado que los 

adipocitos humano son capaces de desdiferenciarse dando lugar a fibroblastos libres de 

lípidos, llamados DFAT con potencial de diferenciaciación en adipocitos, osteocitos, 

condrocitos y miocitos (Roobrouck et al., 2011; Shen et al., 2011). Asimismo, la 

adquisición de plasticidad in vitro hacia un progenitor o células multipotentes se ha 

observado en células foliculares humanas (Suzuki et al., 2011), keratinocitos humanos 

(Sun et al., 2011), células β (Talchai et al., 2012) y condrocitos (de la Fuente et al., 

2004). 

 

Existen estudios in vitro que muestran como MSCs diferenciadas hacia un fenotipo son 

capaces de desdiferenciarse y adquirir un fenotipo más primitivo (Song et al., 2006). 

Este es el caso de las MSCs de fluido amniótico en las que se ha observado un proceso 

de desdiferenciación después de haber sido diferenciadas hacia adipocitos, por el cual 

incrementaban su expresión para marcadores de pluripotencia (Zagoura et al., 2013). 
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Se necesitan más estudios para comprender este proceso ambiguo que hasta lo que hoy 

conocemos es una estrategia de algunos sistemas animales para volver a adquirir 

plasticidad y así dar lugar a nuevos tejidos. Debido a que estudios in vitro e in vivo han 

demostrado que la desdiferenciación se produce durante la regeneración de los tejidos, 

la comprensión de este fenómeno podría ayudar a investigar los genes implicados en el 

mantenimiento de la función celular, así como a promover la regeneración en tejidos 

que carecen de esta capacidad.  

 

3.2. Transdiferenciación 

 

Este proceso consiste en un cambio irreversible de una célula diferenciada en otra, lo 

que resulta en la pérdida de un fenotipo y la ganancia de otro (Tosh and Slack, 2002; 

Rawlins and Hogan, 2006). 

 

Los criterios establecidos para reconocer un proceso como una transdiferenciación 

consisten en: i) definir claramente el fenotipo de la célula antes y después de la 

transdiferenciación mediante cambios morfológicos, a nivel molecular y bioquímicos, y 

ii) establecer la relación de linaje entre los dos tipos celulares (Eguchi, 1986; Eguchi 

and Kodama, 1993). 

 

A menudo se piensa que la transdiferención es más fácil si la célula de partida y la 

célula final comparten una misma historia evolutiva. Tal es el caso del hígado y del 

páncreas, los cuales mantienen una estrecha relación evolutiva (Burke et al., 2006). 

Como resultado de esta relación, se ha demostrado la transdiferenciación de hepatocitos 

adultos a células pancreáticas, así como células exocrinas pancreáticas en células β 

productoras de insulina (Zhou et al., 2008; Eberhard et al., 2010). Sin embargo, son 

cada vez más los estudios que demuestran que las células de partida pueden convertirse 

con éxito en células que proceden de una capa germinal distinta. Esto ocurre por 

ejemplo en la generación de células progenitoras sanguíneas a partir de fibroblastos 

dérmicos humanos (Szabo et al., 2010).  

 

Durante la transdiferenciación un conjunto de genes dejan de expresarse mientras que 

un nuevo conjunto comienza a hacerlo, esto implica que los productos de la célula 

inicial pueden permanecer al mismo tiempo que se están expresando los de la segunda. 
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No obstante, en algunos sistemas de regeneración natural se ha observado que ocurre un 

proceso de desdifenciación como paso previo a la transdiferenciación (Eguchi et al., 

1974; Roberson et al., 2004; Jarriault et al., 2008). De hecho, la primera vez que se 

observó de forma natural el fenómeno de la transdiferenciación fue hace más de 100 

años, cuando se descubrió que la lente del tritón se regenera tras ser eliminada. Esto es 

debido a que las células epiteliales pigmentadas del iris dorsal entran en el ciclo celular, 

pierden su pigmentación y finalmente se transdiferencian en células del cristalino 

(Eguchi et al., 1974). 

 

Mientras que la transdiferenciación natural tiene lugar en algunos vertebrados e 

invertebrados durante los procesos de desarrollo y regeneración en respuesta a 

determinadas señales locales, la transdiferenciación inducida se considera una 

tecnología prometedora que se basa en la manipulación in vitro de genes o el 

tratamiento de células con ciertos componentes para promover así la conversión de un 

tipo celular en otro con fines tales como el estudio del desarrollo, modelos de 

enfermedades, investigación de fármacos o remplazo celular (Sisakhtnezhad and Matin, 

2012). 

 

La transdiferenciación in vitro e in vivo se ha logrado mediante el uso de uno o varios 

genes maestros. La primera vez que se demostró la viabilidad de este proceso fue en 

1987 cuando se descubrió que la expresión forzada del gen MyoD era suficiente para 

convertir fibroblastos de ratón en myofibroblastos (Davis et al., 1987). Asimismo, la 

expresión de este gen puede inducir un fenotipo muscular en otros tipos celulares tales 

como adipocitos, células de músculo liso o hepatocitos. Los miofibroblastos generados 

expresan marcadores específicos de este fenotipo celular como la miosina de cadena 

pesada (MHC) y la miosina de cadena corta 2 (MLC2) (Taylor and Jones, 1979; 

Weintraub et al., 1989; Tapscott, 2005). 

 

Estudios recientes muestran que la transdiferenciación de células somáticas es posible 

sin pasar por un estado de pluripotencia mediante el uso de factores de transcripción 

específicos que definen una identidad celular (Ieda et al., 2010). Por ejemplo, se ha 

descrito con éxito distintas combinaciones de factores para la reprogramación de: 

células pancreáticas exocrinas en células β (PDX1, NGN3 y MAFA) (Zhou et al., 2008), 

fibroblastos en neuronas (ASCL1, BRN2, también conocido como POU3F2 y MYT1L) 
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(Vierbuchen et al., 2010) y fibroblastos en cardiomiocitos (GATA-4, Mef2c y TBX5) 

(Ieda et al., 2010). 

 

Estos experimentos han arrojado esperanza a la idea de que algún día la 

transdiferenciación terapeútica sea posible. En ese caso, sus aplicaciones clínicas serían 

numerosas, por ejemplo en órganos como el corazón, donde tras una lesión isquémica se 

generan fibroblastos que podrían ser transdiferenciados hacia cardiomiocitos. Sin 

embargo, para lograr la implantación de esta prometedora terapia regenerativa se deben 

lograr grandes mejoras con respecto a la eficiencia y la seguridad de esta técnica. 

Ejemplos de estudios de transdiferenciaciones en mamíferos se han incluido en la tabla 

1. 

 

Tabla 1. Ejemplos de factores de transcripción implicados en la transdiferenciación: 

 

Starting Cell Type Final Cell Type 
Transcription Factors 

implicated 
References 

Adult hepatic oval stem 

cells 

Pancreatic insulin 

secreting cells 

-LIF and high glucose (Yang et al., 2002) 

Adult hepatocytes Pancreatic cells PDX1 (Meivar-Levy et al., 

2007) 

Pancreatic exocrine cells 

/Fibroblast 

Pancreatic insulin 

secreting cells 

PDX1, NGN3 and MAFA (Zhou et al., 2008) 

B cells Macrophages E2A, EBF, and 

PU.1/CEBPα- and CEBPβ 

(Xie et al., 2004)/  

(Rodriguez-Ubreva 

et al., 2012) 

Fibroblasts Blood Progenitors OCT4 + citokines (Szabo et al., 2010) 

Fibroblasts Neurons ASCL1, BRN2 and MYTL1 (Vierbuchen et al., 

2010) 

Fibroblast Cardiomyocytes GATA-4, Mef2c and TBX5 (Ieda et al., 2010) 

Fibroblasts, pigment, 

nerve, fat, liver cells 

Myofribroblast MYO (Davis et al., 1987) 

Fibroblasts Hepatocyte HNF4A PLUS FOXA1, 

FOXA2 or FOXA3 

(Sekiya and Suzuki, 

2011) 

Myoblasts Adipocytes PPARΓ, C/EBPΑ (Rosen et al., 2002) 
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A pesar de que la transdiferenciación se considera la conversión irreversible de una 

célula diferenciada en otra distinta a la original, el término transdiferenciación se 

emplea igualmente para definir la diferenciación de células madre adultas, siempre que 

cambien su “destino” y se diferencien en células un linaje distinto del que estaban 

predestinadas (Song and Tuan, 2004; Song et al., 2006; Barzilay et al., 2009b; Peran et 

al., 2011).  

 

3.3. Reprogramación hacia la pluripotencia 

 

La reprogramación es el proceso en el que una célula completamente diferenciada es 

inducida hacia la pluripotencia adquiriendo el potencial para poder ser diferenciada en 

cualquier tipo celular.  

 

La reprogramación puede lograrse mediante la transferencia de núcleos somáticos, 

fusión celular con ESCs, exposición a extractos celulares de células madre o mediante la 

introducción en células somáticas de factores de transcripción implicados en el 

mantenimiento de la pluripotencia de las ESCs, dando lugar a las iPS cells (Sumer et al., 

2011). La reprogramación con factores de transcripción comenzó con el uso de 4 

factores (Oct4, Sox2, cMyc, and Klf4) definidos por el Dr Yamanaka (Takahashi and 

Yamanaka, 2006) que fueron introducidos en fibroblastos de ratón. Desde entonces esta 

técnica se ha ido modificando en cuanto al número de factores de transcripción, la 

estrategia de entrada y el tipo celular empleado (Bayart and Cohen-Haguenauer, 2013). 

Por ejemplo, con el fin de evitar inserciones en el genoma o mutaciones no deseadas, en 

lugar de la introducción de ADN con vectores virales, se está estudiando el uso de 

ARNm sintético, transgenes escindibles, proteínas recombinantes y genes episomales. 

Por otro lado, se ha sugerido que cuanta más inmadura es la célula menos factores son 

necesarios para su reprogramación.  

 

Es de reseñar que las MSCs han sido uno de los tipos celulares empleados para ser 

reprogramadas en iPS cells (Park et al., 2008a; Park et al., 2008b; Buccini et al., 2012). 

Recientemente, MSCs de ratón han sido inducidas hacía células madre pluripotentes 

mediante una transducción retroviral de los factores Oct4, Sox2, Klf4 y c-Myc. Además, 

estas MSCs pluripotentes llamadas MIPS, han sido diferenciadas con existo hacia 

progenitoras cardiacas mostrando latidos espontáneos y la expresión de factores de 
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transcripción y proteínas específicas cardiacas incluyendo GATA-4, Mef2C, Nkx2.5, la 

cadena pesada de la miosina, troponin I y la troponina T. Tras 4 semanas de 

implantación en un modelo de ratón con infarto de miocardio, no se observó la 

formación de tumores pero sí una mejora general de la función cardiaca (Chen et al., 

2013). 

 

 

4. Principales métodos para inducir la diferenciación  

 

Debido a su gran plasticidad, las SC pueden ser diferenciadas mediante el uso de 

diferentes metodologías. A continuación se resumen algunas de las técnicas más 

comunes empleadas para dirigir la diferenciación de las SC. Dado que han sido objeto 

de estudio de esta tesis, prestaremos especial interés a los métodos dirigidos hacia la 

diferenciación condrocítica y cardiomiocítica.  

 

4.1. Medio de cultivo definido 

 

Una opción habitualmente utilizada para inducir la diferenciación son los medios de 

cultivo suplementados con una gran variedad de moléculas biológicas tales como las 

citoquinas, factores de crecimiento o compuestos químicos sintéticos o naturales. 

 

4.1.1. Factores de crecimiento y citoquinas 

 

Entre los factores de crecimiento con efectos reguladores en las SC más destacados se 

encuentran los siguientes: los miembros de la familia del factor de crecimiento 

transformante beta (TGF-β), factores de crecimiento de la insulina (IGF), los factores de 

crecimiento de los fibroblastos (FGF), el factor de crecimiento epidérmico (EGF), el 

factor de crecimiento derivado de plaquetas (PDGF), el factor de crecimiento endotelial 

vascular (VEGF), y la familia de factores de crecimiento conocidos como Wnt (Liu et 

al., 2009). 

 

Durante el proceso de condrogénesis están implicados numerosas citoquinas y factores 

de crecimiento, muchos de los cuales han mostrado tener funciones similares e incluso 

participar en la diferenciación osteogénica. Las moléculas inductivas más potentes para 
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dirigir la diferenciación condrogénic son: la familia de TGF- β, incluyendo el TGF-β1, 

TGF-β2 y TGF-β3, así como las proteínas morfogenéticas óseas (BMPs), conocidas por 

su participación en la formación de cartílago. Dentro de la familia TGF- β se incluyen 

otras citoquinas como la activina y el GDF-5 (Sun et al., 2012). Los efectos de estas 

citoquinas se transducen principalmente a través de dos vías de señalización 

intracelular, una de ellas incluye las moléculas de señalización de la familia SMAD 

(Song et al., 2009), mientras que en la otra participa la proteína quinasa activada por 

mitógenos (MAPK) (Bobick and Kulyk, 2008). Otras citoquinas conocidas por tener un 

papel importante en la condrogénesis son las formadas por las diversas isoformas del 

factor de crecimiento de fibroblastos (FGF) (Ellman et al., 2013) y el IGF-1. Asimismo 

se han identificado diversas proteínas capaces de estimular la condrogénesis que 

incluyen la prolactina, la interleucina-1β, Cyr61, HBGAM, y la hormona de crecimiento 

(Mahmoudifar and Doran, 2012). La combinación de factores de crecimiento y/o 

citoquinas parece que aumenta la capacidad de diferenciación condrocítica de las MSCs 

(Puetzer et al., 2010; Danisovic et al., 2012). De hecho recientemente se ha demostrado 

que citoquinas quiméricas, formadas por la unión de activina y BMP-2 y de activina y 

Nodal inducen activamente la diferenciación condrocítica de ASCs (Esquivies et al., 

2013; Peran et al., 2013b).  

 

Para el desarrollo de medios de cultivo dirigidos a la diferenciación cardiomiogénica  

también son de especial interés la familia de TGF-β1, BMP-2 y BMP-4. Recientemente, 

se ha desarrollado un cóctel de proteínas similares a las producidas por el endodermo 

para dirigir el fenotipo de las células progenitoras mesenquimales hacia un fenotipo 

cardíaco. Dicho coctel consiste en una combinación de TGF-β1, BMP-4, activina A, 

ácido retinoico, IGF-1, FGF-2, alfa-trombina y la interleucina-6. Las MSCs tratadas con 

dicho cóctel fueron inyectadas en el miocardio de ratones infartados y tras un año de 

seguimiento se observó una mejora de la funcionabilidad cardiaca en comparación con 

los controles. Asimismo, las MSCs inducidas expresaban marcadores cardiacos 

demostrando así su prediferenciación hacia MSCs cardiopoyéticas (Behfar et al., 2010). 

 

4.1.2. Productos químicos/ sintéticos 

 

Al igual que los factores de crecimiento, otros productos químicos tienen un papel 

crítico en la determinación del linaje de las SC. Por ejemplo, se ha comprobado que 
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medios de cultivo suplementados con nicotinamida y β-mercaptoetanol inducen la 

diferenciación de las MSCs de rata en células de islotes β (Chen et al., 2004). 

 

Por otro lado, la incubación de las MSCs con dexametasona , insulina, isobutil metil 

xantina y la indometacina promueve la diferenciación hacia el linaje adipogénico. De 

forma que, MSCs tratadas con estos compuestos acumulan en su interior vacuolas ricas 

en lípidos y expresan el receptor activador del proliferador de peroxisomas (PPAR) 

(PPARγ2), la lipoproteína lipasa (LPL) y la proteína de unión a ácidos grasos (aP2) 

(Pittenger et al., 1999). 

 

La diferenciación de MSCs en células similares a las neuronas también ha sido descrita 

mediante el uso de compuestos químicos simples como el dimetil sulfóxido (DMSO) y 

el hidroxianisol butilado, así como con la adición de ácido retinoico que facilita su 

diferenciación neuronal (Woodbury et al., 2000; Safford et al., 2002). Sin embargo, 

estas células no se han considerado como auténticas neuronas por carecer de los canales 

iónicos dependientes de voltaje necesarios para la generación de potenciales de acción 

(Hofstetter et al., 2002). 

  

Por otro lado, el método clásico para la diferenciación osteogénica in vitro de las MSCs 

implica la incubación de una monocapa confluente de MSCs con combinaciones de 

dexametasona, beta-glicerofosfato y ácido ascórbico durante varias semanas (Okamoto 

et al., 2002). La diferenciación osteogénica se ha demostrado mediante el análisis de los 

depósitos mineralizados, la medición de la actividad de la fosfatasa alcalina y por el 

estudio de la expresión de genes específicos osteogénicos mediante RT-PCR (Zakharov 

Iu and Makarova, 2013). 

 

Entre los productos químicos sintéticos conocidos por promover la diferenciación 

cardiomiogénica se encuentran la 5-aza, la anfotericina B (Wakitani et al., 1995), el 

ácido ascórbico, el ácido retinoico (Zandstra et al., 2003), DMSO y dinorfina B 

(Ventura and Maioli, 2000). La 5-aza es un nuclesido sintético que se utiliza 

comúnmente como un inhibidor de la metilación del ADN ya que inhibe la ADN 

metiltransferasa causando la desmetilazion del ADN y la reactivación de genes 

silenciados (Christman, 2002). Se trata de un potente inductor de la diferenciación 

cardiomiogénica tanto en células madre embrionarias como en adultas (Rangappa et al., 
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2003). Las MSCs tratadas con 5-aza muestran una morfología parecida a los 

cardiomiocitos y expresan marcadores y genes específicos de diferenciación cardiaca 

(Wakitani et al., 1995; Kadivar et al., 2006), incluso se ha observado que son capaces de 

transformase en células contráctiles similares a los cardiomiocitos (Rangappa et al., 

2003; Strem et al., 2005; Choi et al., 2010). 

 

Del mismo modo han sido descrito diversos compuestos químicos que promueven la 

diferenciación condrogénica in vitro entre ellos se encuentra la dexametasona y el ácido 

ascórbico como los más destacados y el uso de otros como la hormona tiroidea, la 1,25-

dihidroxi vitamina D3, la prostaglandina E2, la estaurosporina, AMPc dibutryl, 

concavalina A, vanadato, FK506 y suplementos (insulina, transferrina, ácido selenioso, 

ácido linoleico y BSA ) (Sottile et al., 2002; Heng et al., 2004). La dexametasona es un 

glucocorticoide sintético reconocido como un potente inductor de la diferenciación 

condrogénica en MSCs humanas, al igual que el ácido ascórbico (vitamina C), del cual 

es sabido que estimula la diferenciación condrogénica promoviendo la síntesis de 1,25-

dihidroxi-vitamina D3 y la producción de matriz del cartílaginosa (Heng et al., 2004). 

 

4.2. Factores de transcripción 

 

Se ha evidenciado que la expresión de uno o varios genes maestros en las SC pueden 

activar un fenotipo celular específico. De hecho, la sobreexpresión de solo uno factor de 

transcripción ha logrado promover la diferenciación de MSCs en células β pancreáticas, 

células neuronales y células endoteliales e incluso conservarla tras ser extraídas del 

cultivo e implantadas en animales (Li et al., 2007; Kim et al., 2008; Barzilay et al., 

2009a).  

 

Entre los factores de trascripción implicados en la diferenciación condrogénica se 

encuetran Sox-9, Sox-5, y Sox-6, que son inducidos por la activación de varias vías de 

señalización intracelulares, como la vía de proteínas quinasas activadas por mitógenos 

(MAPK), y Smads. La inducción de estos factores resulta en la síntesis de proteínas de 

la matriz extracelular (ECM), tales como el colágeno de tipo II, el proteoglicano 

agrecano y la proteína de la matriz oligomérica del cartílago (COMP), requerida para la 

formación del cartílago. Los factores de transcripción Sox-5 y Sox-6 se expresan aguas 

abajo de Sox-9 y difieren de Sox-9 en que no poseen un dominio de transactivación, por 
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tanto, Sox-5 y Sox-6 no afectan a la expresión de genes directamente, aunque se cree 

que pueden alterar la expresión génica mediante el reclutamiento de otros activadores de 

la transcripción (Frith and Genever, 2008). De hecho, la mutación de Sox-9 durante la 

formación de las condesaciones mesenquimales en el desarrollo embrionario detiene la 

condrogenesis (Akiyama et al., 2002). Se ha demostrado tanto in vitro como in vivo que 

la expresión de Sox-9 en MSCs, mediante la transfección con virus (Cao et al., 2011; 

Yang et al., 2011b) e incluso con nanopartículas (Jeon et al., 2012), induce la 

diferenciación hacia condrocitos.  

 

Otro gen maestro, en este caso de la osteogénesis es Runx2. No obstante, Runx2 también 

posee un papel relevante en la regulación de la condrogénesis ya que mientras Sox-9 es 

expresado en la condrogénesis temprana, Runx2 es expresado durante la etapa 

hipertrófica de la condrogénesis tardía activando otros genes de la matriz del cartílago, 

tales como el colágeno tipo I, α1 (COL1A1), Indian hedgehog (Ihh), osteopontina 

(Yamashita et al., 2009). Por tanto, la sobreexpresión de Runx2 en los condrocitos 

conduce a la osificación endocondral (Enomoto-Iwamoto et al., 2001).  

 

En cuanto a la diferenciación cardiaca, los genes GATA-4, Nkx 2.5 y Mef2c, son 

considerados genes maestros por su papel en la cardiomiogénesis (Zheng et al., 2003). 

Durante estadios tempranos del desarrollo embrionario Nkx2.5 comienza a promover la 

diferenciación del mesodermo en tejido cardíaco. Nkx 2.5 regula la expresión de 

myocardin, necesario para la cardiomyogenesis (Ueyama et al., 2003), tal es la 

relevancia de este factor que se ha demostrado que su mutación detiene el desarrollo 

embrionario (Lyons et al., 1995). Por otro lado, la mutación de GATA-4, resulta en 

cardiopatías congénitas incluidas deficiencias en las válvulas y septos cardiacos 

(Rajagopal et al., 2007). GATA-4 es también considerado uno de los factores anti-

apostóticos que regulan la supervivencia de los miocitos cardíacos (Kim et al., 2003). 

Se ha evidenciado que la sobreexpresión de GATA-4 en MSCs aumenta la supervivencia 

y el potencial angiogénico de estas células en el miocardio isquémico (Li et al., 2010). 

Por otro lado, Mef2c participa en la miogénesis temprana siendo una diana 

transcripcional directa de la famila MyoD I (Dodou et al., 2003). Se ha observado que 

Mef2c puede inducir la miogénesis esquelética cuando se sobre-expresa en células 

multipotentes (Ridgeway et al., 2000). En consecuencia, combinaciones con estos tres 
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factores han sido empleadas para la adquisición del fenotipo cardiaco en SC (Yamada et 

al., 2007; Behfar et al., 2008; Arminan et al., 2009; Li et al., 2010; Xu et al., 2012) 

 

4.3. Extracto celular 

 

El método del extracto celular, desarrollado en el laboratorio de Philip Collas, consiste 

en introducir los componentes intracelulares de un tipo celular en otro tipo celular 

distinto para dirigir la diferenciación de la célula diana hacia la estirpe de la célula 

origen. Este método requiere que la célula receptora esté reversiblemente 

permeabilizada para que los componentes nucleares y citoplasmáticos puedan entrar en 

la célula donante. Dicha permeabilización reversible se realiza mediante la streptolisina 

O (SLO), un miembro de las citolisinas dependientes de colesterol (Walev et al., 2001). 

Tras la exposición al extracto se añade calcio al medio para reparar las lesiones 

inducidas por el SLO en la membrana plasmática (Hakelien et al., 2002; Landsverk et 

al., 2002). 

 

Este método se ha empleado tanto para modificar el fenotipo de células adultas 

diferenciadas, como por ejemplo la conversión de células HEK293T hacia un fenotipo 

linfoide (Hakelien et al., 2006) o el uso de extracto de células pancreáticas para 

transdiferenciar células hepáticas en células productoras de insulina (Peran et al., 2011), 

como para dirigir la diferenciación de SC. En este sentido, se ha demostrado la 

expresión de proteínas cardiacas en MSCs humanas tras la exposición a un extracto 

celular obtenido de cardiomiocitos de rata (Gaustad et al., 2004) e incluso de muestras 

humanas de tejido cardiaco (Peran et al., 2010).  

 

4.4. Cocultivos y medio condicionado  

 

En los mamíferos, la interacción entre las células está mediada por factores solubles 

liberados por las células al medio extracelular. Las proteínas secretadas pueden incluir 

proteínas de la matriz extracelular, proteinasas, factores de crecimiento, hormonas 

proteicas, citoquinas inmunorreguladoras, quimiocinas y otras moléculas bioactivas que 

tienen un impacto directo sobre el fenotipo de las células diana (Skalnikova et al., 

2011). 
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Los cocultivos son empleados para estudiar como las moléculas solubles liberadas por 

una célula pueden inducir la diferenciación de otra. Para ello, las células con el fenotipo 

de interés son cultivadas en unas membranas con poros de entre 0.4–0.3 μm que 

permiten el intercambio de medio pero sin establecer contacto directo entre ambos tipos 

celulares.  

 

Por otro lado, también se realizan cocultivos en los que las células crecen juntas sin la 

presencia de una membrana de separación. Para distinguir las poblaciones, estas son 

marcadas con distintos fluorocromos, tales como DAPI, DIL o con anticuerpos 

específicos. Varios estudios avalan este sistema y afirman que el contacto célula a célula 

es necesario para lograr la diferenciación in vitro de las SC (Iijima et al., 2003). No 

obstante, es muy importante diferenciar bien ambas poblaciones y realizar estudios en 

profundidad para discernir con claridad si se trata de un proceso de diferenciación o una 

fusión celular.  

 

Se ha comprobado que el cocultivo de MSCs con cardiomiocitos de rata es capaz de 

inducir la expresión de marcadores fenotípicos cardiacos en las MSCs, aunque en este 

estudio además de la presencia de factores solubles se hizo necesario el contacto 

intracelular de las MSC con los cardiomiocitos (Rangappa et al., 2003; Wang et al., 

2006; Plotnikov et al., 2008). De hecho, durante la organogénesis, las uniones 

intercelulares son factores clave, en este sentido algunos autores sugieren que la 

diferenciación por contacto resulta en una comunicación nanotubular que permite el 

transporte y el intercambio de proteínas intracelulares, moléculas e incluso orgánulos 

entre ambos tipos celulares. Por tanto, a través del contacto físico directo, las células 

crearían un espacio intracelular común, donde pueden influenciarse mutuamente 

(Koyanagi et al., 2005). 

 

En cuanto a la diferenciación condrogénica se ha visto que el cocultivo en transwell de 

condrocitos y MSCs induce la expresión de marcadores de condrocitos en las MSCs 

como respuesta a los factores solubles secretados al medio por los condrocitos (Chen et 

al., 2009) 

 

Otra variante del cocultivo es el uso del medio condicionado, este medio es recolectado 

de las células hacia cuyo fenotipo se quiere dirigir la diferenciación, cultivando las 
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células que se quiere diferenciar, con dicho medio. El medio condicionado contiene el 

secretoma de las células, es decir, las proteínas que contienen un péptido señal y que se 

procesan a través del retículo endoplásmico y aparato de Golgi a través de la vía de 

secreción clásica. Además, también se incluyen las proteínas desprendidas de la 

superficie de la célula y las proteínas intracelulares liberadas a través de vía de 

secreción no clásica o exosomas (Dowling and Clynes, 2011). 

 

El uso de medio condicionado de cardiomiocitos de tejido cardiaco isquémico y 

condrocitos en cultivo también se ha visto que pueden inducir respectivamente la 

diferenciación cardiomiocítica y condrocítica (Hwang et al., 2007; Ramesh et al., 2012). 

 

Por otro lado, las proteínas liberadas en el medio condicionado por las células en cultivo 

son una fuente de material para los experimentos de identificación de proteínas 

inductivas. De esta forma, el medio condicionado de células embrionarias inducidas a 

cardiomiocitos se ha utilizado en la busqueda de factores cardioinductivos (Arrell et al., 

2008). Asimismo, en los últimos años, el medio condicionado se está empleando como 

alternativa útil para la identificación de biomarcadores candidatos mediante el uso de 

análisis proteómico (Skalnikova et al., 2011). 

 

4.5. Soportes 3D 

 

Como se comentó anteriormente, el tercer pilar para la regeneración de tejidos (en la 

mayoría de los casos) es la creación de estructuras tridimensionales que favorezcan el 

crecimiento celular y que mantengan una ambiente extracelular que sea lo más parecido 

posible al nicho en el cual las células se encuentran en vivo.  

 

En el organismo, las células se encuentran insertas en la ECM formando estructuras 

complejas y típicas de cada determinado tejido. Este ambiente tridimensional permite la 

interacción dinámica entre las células y la ECM que facilita la comunicación de señales 

para el crecimiento, diferenciación, supervivencia y organización de las células 

presentes en el tejido (Hynes, 1999). Las células están en constante interacción con el 

microambiente que las rodea, reaccionando ante los cambios, y enviando señales que 

afectan a células vecinas. Todo esto juega un papel fundamental en el desarrollo 
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prenatal y en el mantenimiento postnatal de las funciones celulares (Discher et al., 2005; 

Calve et al., 2010). 

 

El objetivo principal de la ingeniería de tejidos es el desarrollo de soportes celulares que 

reproduzcan estructuras tridimensionales con tamaño, arquitectura y propiedades físicas 

específicas que imiten el ambiente natural de las células con el fin de promover ciertas 

funciones como la adhesión celular, la movilidad y la diferenciación celular (Li et al., 

2007 562; Engel et al., 2008; de Rezende et al., 2011 609). 

 

Los requisitos clave que debe de tener un soporte son biocompatibilidad, porosidad 

controlada, permeabilidad, así como adecuadas propiedades mecánicas y una velocidad 

de degradación similar el tejido diana. Estos soportes tridimensionales se pueden dividir 

en sintéticos y naturales. 

 

Los soportes-3D naturales proceden de una fuente animal o humana y están basados en 

componentes de la ECM, como el colágeno, el alginato, el matrigel, la agarosa o el 

quitosano (Freyman et al., 2001; Nahmias et al., 2005; Wang et al., 2005; Williams, 

2009). 

 

Recientemente, los tejidos descelularizados se han convertido en un material 

prometedor para su uso en medicina regenerativa. La eliminación de los antígenos 

celulares hace que el tejido descelularizado sea prácticamente inmunogénico, lo que 

permite su implantación sin problemas de rechazo (Cardinal and Williams, 2009). Uno 

de los ejemplos más destacados fue realizado en 2008 cuando se implantó una traquea 

descelularizada, posteriormente recelularizada en un bioreactor, con células del propio 

paciente, para sustituir el bronquio principal izquierdo que se encontraba dañado 

(Macchiarini et al., 2008). Hasta el momento el paciente se encuentra en buen estado y 

no ha necesitado fármacos inmunosupresores. Otros ejemplos de soportes naturales 

aplicados en clínica son los vasos xenogénicos para la restauración de la función 

vascular (Kakisis et al., 2005) (Kakisis et al., 2005 161)o el uso de dermis 

descelularizadas para tratar quemaduras (Badylak et al., 2009) 

 

A pesar que los materiales naturales han demostrado resultados prometedores en la 

reparación de tejidos, pueden presentar algunas desventajas relacionadas con sus 
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propiedades mecánicas, su rápida degradación y su posible inmunogenicidad. Por lo 

tanto se están estudiando alternativas sintéticas con el objetivo de minimizar estos 

inconvenientes. 

 

 Los soportes-3D sintéticos, se construyen con materiales sintéticos o una combinación 

entre naturales y sintéticos. El ácido polihidróxido, politetrafluoroetileno, el acero de 

titanio o la cerámica son ejemplos de algunos de los polímeros sintéticos que presenta 

mayor biocompatibilidad (Hutmacher, 2000; Place et al., 2009). Entre los materiales 

sintéticos más utilizados en la fabricación de soportes a nanoescala destacan el ácido 

poliglicólico (PGA), el ácido poliláctico (PLA), el ácido poliláctico-coglicólico 

(PLGA), el alcohol de polivinilo (PVA), la policaprolactona (PCL), o el alcohol 

polivinílico (PVA) (Peran et al., 2012). 

 

Por otra parte, en los soportes se pueden incorporar funciones adicionales como 

nanotopografías, revestimientos de proteínas o la conjugación química de moléculas de 

señalización específicas (Carletti et al., 2011; Chung and King, 2011; Prabhakaran et 

al., 2011) Se ha visto que en injertos vasculares de PLGA y stent de titanio se puede 

mejorar  las funciones de las células endoteliales si las superficies presentan rugosidades 

a escala nanométrica (Miller et al., 2007; Lu et al., 2008). 

 

4.5.1. Aplicación de soportes 3D en enfermedades osteocondrales  

 

Se ha demostrado que materiales naturales tales como alginato, agarosa, chitosán, 

sulfato de condroitina, ácido hialurónico , colágeno, fibrina o fibroína de seda pueden 

potenciar la producción de colágeno de tipo II y glicosaminoglicanos sulfatados en las 

SC (Vinatier et al., 2009). Sin embargo, a pesar de su biocompatibilidad, su potencial 

para el uso clínico en lesiones condrales está limitado debido a que presentan una pobre 

resistencia mecánica, pueden causar inmunogenicidad y porque sin los reactivos 

químicos adecuados, pueden degradarse muy rápido tras ser implantados (Lee and Shin, 

2007)  

 

En cambio, los materiales sintéticos presentan característica más adecuadas para la 

regeneración de cartílago ya que se puede controlar mejor su degradación y son más 

fáciles de moldear (Capito and Spector, 2003). Los más utilizados son el PLA, el PGA, 
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el PLGA, el PCL, el poliumarato de propileno y el polietilenglicol (PEG) (Alves da 

Silva et al., 2010; Dahl et al., 2011)  

 

Para imitar mejor el ambiente de la ECM se está combinando el uso de materiales 

sintéticos y biológicos como el sulfato de condroitina, el ácido hialurónico o el 

colágeno, dentro de los soportes celulares. De esta forma, se pretende fomentar la 

especificidad tisular y facilitar su integración in vivo (Coburn et al., 2012). Igualmente, 

para mantener o inducir el fenotipo condrocítico se han incluido factores implicados en 

la condrogénesis tales como TGF-β3, TGF-β1 o el Sox-9 (Kim et al., 2011; Park et al., 

2011a; Jeon et al., 2012). Por ejemplo, se han combinado hidrogeles que contenían 

MSCs con nanopartículas que contenía el factor de transcripción TGF-β3 (Park et al., 

2011b). En otro estudio, Jung y su equipo crearon un scaffold de PLGA y fibrina con 

nanoparticulas de heparina que liberaba de manera controlada TGF-β1 consiguiendo 

inducir la diferenciación condrogénica de ASCs in vitro e in vivo (Jung et al., 2009).  

 

Por otro parte, con el objetivo de reparar defectos osteocondrales varios autores han 

hecho eco de la necesidad de crear soportes bifásicos que reproduzcan la estructura 

anatómica osteocartilaginosa (Jiang et al., 2007; Liu et al., 2013; Shimomura et al., 

2014). De hecho, varios soportes están siendo probados en clínica, algunos combinan 

colágeno e hidoxiapatita (Kon et al., 2014) y otros emplean PLGA (Chiang et al., 2013). 

Los soportes bifásicos de PGLA son reabsorbibles y porosos para permitir la infiltración 

de elementos biológicos como sangre, proteínas y células. Los resultados preliminares 

en pacientes con pequeñas lesiones ostecondrales demuestran la seguridad de estos 

soportes y presentan mejoras en cuanto a la sintomatología y la función, ofreciendo una 

alternativa a técnicas como la microfractura o injertos osteocondrales (Dhollander et al., 

2012; Bekkers et al., 2013). Sin embargo, también existen casos en los que no se ha 

logrado su integración y han tenido que retirar el implante. Los médicos aconsejan 

evaluar a los pacientes a más largo plazo para dar tiempo a que el cartílago articular 

regenerado madure antes de considerar la realización de procedimientos de artroplastia 

irreversibles (Carmont et al., 2009). 

 

 

 



Introducción 

41 
 

4.5.2. Aplicación de soportes 3D en enfermedades cardiovasculares 

 

Aunque la inyección de células madre en el corazón ha demostrado un incremento en la 

función cardiaca, uno de los aspectos que está por mejorar de esta técnica es la 

implantación de las células en el tejido. Teniendo en cuenta dicho inconveniente y el 

hecho de que muchas enfermedades cardiovasculares conducen a lesiones en el corazón, 

con la consiguiente necesidad de sustituir estructuras funcionales del corazón, tales 

como válvulas o incluso todo el corazón, se está prestando especial atención a la 

creación de tejido cardiaco a través de la bioingeniería. Hasta la actualidad, se ha 

conseguido crear in vitro injertos cardiacos contráctiles que se postulan como un 

sistema para la sustitución de miocardio infartado para mejorar la función cardíaca. 

 

Para regenerar el corazón hace falta encontrar polímeros con propiedades mecánicas 

elásticas y dúctiles específicas. Por ejemplo, para imitar la anisotropía necesaria del 

tejido cardiaco la combinación de PCL y gelatina han dado buenos resultados 

mejorando la adhesión y la alineación de los cardiomiocitos en el soporte (Kai, et al., 

2011). Se ha llegado aún más lejos desarrollando soportes biocompatibles que no solo 

poseen buenas propiedades físico-química y mecánicas, sino que también presentan la 

capacidad de diferenciar las células en cardiomiocitos. En este sentido, Gupta y su 

equipo (Gupta et al., 2011) han creado un soporte con la combinación de PEG-PCL-

CPCL y un inhibidor de BMP, que promueve la diferenciación de las ESCs hacia 

cardiomiocitos funcionales. Asimismo, se ha diseñado un soporte que combina la 

fibrina y PLGA, que es capaz de estimular la diferenciación de MSCs hacia 

cardiomiocitos (Sreerekha et al., 2013). Además, alternativas como las válvulas del 

corazón creadas mediante la ingeniería de tejidos o la inyección de nanomateriales para 

mejorar la función de las válvulas cardíacas defectuosas, son algunas de las nuevas 

estrategias que están emergiendo para mejorar las terapias actuales en la cirugía 

cardíaca valvular. De hecho, estas válvulas se han probado en modelos animales 

mostrando excelente remodelación de los tejidos. Un ejemplo exitoso de válvula 

cardíaca ha sido demostrado por Kalfa y su equipo, que utilizó polidioxanona (PDO) 

para construir válvulas bio-absorbibles que apoyaron el crecimiento de MSCs. 8 meses 

después de la implantación en el corazón de corderos en crecimiento, estos soportes de 

PDO estaban completamente degradados y sustituidos por tres capas viables de tejido 

(Kalfa et al., 2010).  
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5. Patologías condrales 

 

El cartílago es un tejido avascular compuesto de condrocitos atrapados en una matriz 

extracelular rica en proteoglicanos y colágenos. Los mecanismos innatos de reparación 

en el cartílago son limitados debido a la escasez / ausencia de células madre residentes y 

a la falta de un sistema vascular y linfático. Por tanto, los eventos normales que ocurren 

durante la reparación de los tejidos, como la inflamación o la formación de un coágulo 

de fibrina, no suceden en las lesiones del cartílago. Sólo los condrocitos y sinoviocitos 

que residen en el entorno local pueden llenar los defectos mediante una lenta 

proliferación y deposición de matriz (Wu et al., 2013). Como consecuencia de la 

limitada capacidad de regeneración del cartílago, las lesiones condrales suponen un 

importante problema clínico y social, con un alto impacto económico. 

 

Los defectos del cartílago son características comunes en enfermedades de las 

articulaciones, tales como la OA (Noel et al., 2002). La OA consiste en un proceso 

degenerativo crónico que se caracteriza por el deterioro progresivo del cartílago, 

remodelación osea subcondral, pérdida del espacio articular, osteofitosis marginal, y la 

pérdida de la función articular (Wieland et al., 2005). Se estima que la mayoría de la 

población mayor de 65 años de edad presenta OA en al menos una articulación.  

 

Las intervenciones actuales para la OA tienen como objetivo principal aliviar los 

síntomas, reducir el dolor y controlar la inflamación con medicamentos 

antiinflamatorios no esteroideos, esteroides, o ácido hialurónico , los cuales tienen poco 

impacto en la progresiva degeneración de los tejidos de la articulación (Qi et al., 2012). 

 

Los tratamientos quirúrgicos más populares para los defectos del cartílago son la micro-

perforación, la mosaicoplastia y la implantación de condrocitos autólogos (ACI). La 

técnica de micro-perforación, también conocida como la microfractura, consiste en 

inducir pequeñas fracturas en la placa de hueso subcondral mediante la perforación de 

pequeños agujeros que permiten que la sangre y la médula ósea se filtre en la lesión. 

Esto crea un coágulo de sangre que contiene células madre mesenquimales. Las MSCs 

finalmente sanan el defecto con tejido cicatrizal que consiste en una mezcla de tejido 

fibroso, fibrocartílago y cartílago hialino (Gilbert, 1998). Esta técnica tiene una alta tasa 

de existo en pacientes jóvenes, sin embargo la calidad del nuevo tejido depende de 
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muchos factores como la edad, la localización o el postoperatorio. Además, las 

propiedades mecánicas del tejido de la cicatriz son inferiores en comparación con el 

cartílago nativo y puede predisponer a la articulación a un inicio de OA a medio y largo 

plazo. 

 

Por otro lado, la mosaicoplastia es una técnica reconstructiva que consiste en extraer 

cilíndricos de cartílago hialino junto con el hueso subcondral subyacente, de un área no 

afectada, para ser implantados en la lesión condral. Sin embargo, diversos estudios 

sugieren otras técnicas más efectivas como el ACI (Bentley et al., 2012). ACI, fue 

introducido por primera vez por Brittberg y su grupo en 1994 (Brittberg et al., 1994), 

consiste en llenar los defectos del cartílago con condrocitos autólogos que se expanden 

in vitro. El procedimiento clásico incluye la extirpación artroscópica de biopsias en 

áreas de cartílago sano que llevan poco peso, el aislamiento y la expansión de 

condrocitos en el laboratorio para su posterior implantación en la lesión, que finalmente 

quedará cubierta por una membrana de periostio suturada a los tejidos sanos 

circundantes (Wu et al., 2013). 

 

Actualmente, una nueva técnica denominada implante de condrocitos autólogos 

inducida por matriz (MACI) es cada vez más popular. En esta técnica en lugar de 

inyectar los condrocitos como una suspensión celular, estos son cultivados en una 

bicapa de colágeno tipo I / tipo III de origen porcino. A continuación, la membrana 

MACI se asegura directamente a la lesión, mediante pegamento de fibrina, sin 

necesidad de una cubierta (Bartlett et al., 2005). Estudios clínicos, con un período de 

seguimiento de 2 a 10 años, indican que el 90 % de los pacientes tratados con esta 

técnica desarrolló tejido bien integrado en los sitios de la lesión (Peterson et al., 2003). 

A pesar del éxito en la práctica clínica, estas técnicas presentan algunos inconvenientes 

que limitan su aplicación. Por ejemplo, la tasa de existo desciende severamente con la 

edad, por lo que no se aplica en pacientes mayores de 50 años. Al mismo tiempo 

conlleva otros inconvenientes como los costosos procedimientos quirúrgicos, la 

morbilidad del sitio donante y la desdiferenciación de los condrocitos durante la 

expansión in vitro (Wu et al., 2013), (Figura 5). 
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Figura 5. Indicaciones generales para las lesiones condrales. Adaptada de Álvarez E et al; 2010. 

 

En los casos de degeneración severa de la articulación, esta debe ser sustituida por una 

articulación protésica. Sin embargo, los componentes de las prótesis sufren un alto 

desgaste y son más rígidas que el cartílago, asimismo carecen de muchas propiedades 

que posee una articulación natural como la lubricación, deformidad y capacidad de 

absorción a los golpes Gomoll et al., 2010.  

 

 

6. Enfermedades cardiovasculares 

 

Las enfermedades cardiovasculares son la principal causa de muerte y discapacidad en 

todo el mundo. Causa 9.4 millones y medio de muertes al año y además se prevé que 

aumente sustancialmente su prevalencia y coste en el futuro. Tanto es así, que se ha 

calculado que en 2030 morirán cerca de 23,3 millones de personas a causa de CVD 

(WHO, 2004), (Figura 6).  

 

Las ECV se deben a trastornos del corazón y los vasos sanguíneos, entre ellos se 

incluyen las cardiopatías coronarias (ataques cardiacos), las enfermedades 

cerebrovasculares (apoplejía), el aumento de la tensión arterial (hipertensión), las 
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vasculopatías periféricas, las cardiopatías reumáticas, las cardiopatías congénitas y la 

insuficiencia cardiaca.  

 

 

 

Figura 6. Diagrama representativo que muestra el coste anual en Estados Unidos de las principales 

enfermedades relacionadas con la degeneración del tejido. El coste se muestra en miles de millones de 

dólares. Fuente Peran et al., 2013a. 

 

Se estima que de los ocho factores principales de riesgo, seis de ellos pueden prevenirse. 

Tres de estos factores de riesgo modificables, se asocian a factores biológicos tales 

como la hipertensión, la diabetes y el colesterol anormal. Otros tres factores 

modificables, considerados factores de estilo de vida, incluyen el consumo de tabaco, la 

inactividad física y la obesidad. Los únicos dos factores de riesgo no modificables son 

la edad y la historia familiar de enfermedad cardíaca temprana o derrame cerebral 

(Thayer et al., 2010). 

 

Después de una lesión de miocardio/ infarto de miocardio, los fibroblastos cardíacos 

migran a la zona lesionada y proliferan generando una matriz extracelular que forma 

una cicatriz. Aunque la cicatriz restaura la estructura del corazón, esta no es funcional. 

Asimismo, debido a que la cicatriz es avascular, los miocitos residuales del interior o 

del borde de la cicatriz son isquémicos y pueden convertirse en focos de arritmia. Por 

consiguiente, este proceso resulta en la pérdida de función del corazón y finalmente en 

insuficiencia cardíaca.  
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La limitada capacidad de regeneración del corazón humano explica por qué el infarto de 

miocardio a menudo culmina en insuficiencia cardíaca y muerte súbita (van den Borne 

et al., 2010 4820). A su vez, la pérdida de vascularización puede inducir graves 

consecuencias como un aumento del tamaño de la lesión, pérdida celular por apostosis e 

incluso un incremento de las posibilidades de un fallo orgánico. Por tanto, la 

vascularización del tejido durante estos eventos es muy importante. Numerosos 

medicamentos y dispositivos mecánicos pueden mejorar temporalmente la función 

cardiaca, no obstante tales enfoques no sustituyen el músculo cardíaco perdido y son 

inevitablemente transitorios. Actualmente los esfuerzos médicos se centran en mejorar 

los tratamientos y encontrar opciones para los trasplantes de corazón, los cuales están 

indicados en pacientes que han sufrido un fallo cardiaco y no responden a terapias 

convencionales. Sin embargo, aparte de la necesidad de encontrar un donante oportuno, 

existen otras dificultades tales como los riesgos tanto preoperatorios como 

postoperatorios, así como el gran coste que supone debido al incierto tiempo de 

seguimiento que conlleva este procedimiento (de Mora-Martin et al., 2011).  

 

Por lo tanto, se están desarrollando nuevas terapias con el objetivo de permitir la 

regeneración del corazón. Por ejemplo, se ha creado un dispositivo de asistencia 

ventricular, el LVAD, que se trata de una pequeña bomba que eleva la función del 

corazón, y reduce la tensión en el ventrículo izquierdo, lo cual parece ayudar al corazón 

a recuperarse por sí mismo. Normalmente, el LVAD se usa como "puente" para 

mantener en funcionamiento un corazón enfermo hasta tanto haya disponible un órgano 

para trasplante.  

 

Además, se están desarrollando terapias celulares para la regeneración de la masa 

miocárdica y para para la inducción de neovascularización. Entre estos métodos 

destacan la cardiomioplastia celular (inyección de las células), cardiomioplastia de 

tejido (implante de injerto cardíaco diseñado mediante bioingeniería) e ingeniería in situ 

(implantación de soportes). Algunas técnicas ya han sido evaluadas en el ámbito clínico, 

como por ejemplo la inyección de miocitos o MSCs de médula ósea, observado una 

mejoría en la función cardiaca. Para mejorar la implantación celular se están 

desarrollando láminas de células que son crecidas encima de un polímero sensible a la 

temperatura. El modelo de sistema sensible a la temperatura más ampliamente estudiado 

ha sido el poli(N-isopropilacrilamida) (PIPAAm) desarrollado por Okano (Miyagawa et 
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al., 2005), este polímero pasa de ser hidrófobo a hidrófilo cuando se baja la temperatura. 

Este cambio permite que las células puedan extraerse sin destruir la ECM y las 

interacciones de célula-célula. Ensayos clínicos con láminas de mioblastos autólogos se 

han iniciado en pacientes con patologías cardiacas mostrando una mejora de los 

síntomas (Sawa et al., 2012). Otras estrategias que se están estudiando es la 

combinación de células, como mioblastos, en las láminas junto con factores 

angiogénicos o células que induzcan la vascularización (Sawa and Miyagawa, 2013). 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HYPOTHESIS 
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Despite significant therapeutic advances, degenerative diseases continue to be leading 

causes of health problems worldwide. The currently available pharmacological and 

surgical therapies are unable to repair tissues with limited regenerative capacity such as 

heart or cartilage. Therefore, the effort to development novel therapeutics approaches 

has increased in the last years. 

 

Adult stem cells and progenitor cells are attractive candidates for cell therapy 

approaches. These cells can be easily isolated from the patient and have demonstrated 

their ability to differentiate into specific cell lineages. Therefore, exploring conditions 

that promote differentiation of SC is essential to achieve specific linage cells that could 

be used to replace and/or regenerate related damaged tissues.  

  

The present work is based on the following hypothesis: 

 

1. Chondral defects suppose a challenging clinical problem aggravated by the increase 

in elderly population in developed countries. Infrapatellar fat pad of patients with OA 

contains multipotent and highly clonogenic hASCs that can be isolated by low invasive 

methods (English et al., 2007). Moreover, nuclear and cytoplasmic cellular extracts has 

been showed to be effective in induction of cell differentiation and reprogramming. 

Here, we hypothesize that hASCs obtained from fat pad, the same joint 

microenvironment, of patients with OA, can undergo chondrogenesis when stimulated 

with an extract prepared from autologous chondrocytes obtained from patients’ cartilage 

tissue. Moreover, as tissues are three-dimensional structures, scaffolds of biocompatible 

materials may provide a three dimensional environment that enhance chondrogenesis by 

increasing the production of extracellular matrix and maintaining the chondrocytic 

phenotype of these autologous cells.  

 

2. Related heart diseases are the major cause of death throughout the world. One of the 

biggest problems is the inability of cardiac muscle to regenerate after massive loss of 

cardiomyocytes that follows myocardial infarction. Conditioned media and cell extract 

from rat or even human cardiac tissue have proved to induce differentiation of MSCs 

into cardiomyocyte-like cells (Liu et al., 2008; Peran et al., 2010; Schittini et al., 2010). 

However, limitations to obtain large amounts of human cardiac tissue are obvious. 

Since postmorten cardiac tissue can be obtained more easily than biopsies from patients, 
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we hypothesize that postmorten human cardiac tissue could be used to obtain cell 

extracts and conditioned medium in order to direct cardiomyogenic differentiation of 

human hASCs 

 

3. Pathological events such as isquemic heart disease require both the regeneration of 

lost myocytes and neovascularization. EPCs are known to play a beneficial role by 

promoting postnatal vasculogenesis. In addition, it has been shown that ischemic insult 

induces the mobilization of EPCs from the bone marrow in response to growth factors, 

cytokines and hormones that are released from the target tissue (Shintani et al., 2001; 

Asahara et al., 1999b). However, little is known about the potential of EPCs to restore 

heart damage tissue. We hypothesize that EPCs isolated from PB of patients suffering 

from AMI could show a similar cardiac differentiation capacity to EPCs obtained from 

UCB. 
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1-To induce chondrogenic differentiation of autologous IFPSCs obtained from patients 

with OA using cellular extracts-based method.  

 

2-To test the ability of biodegradable PLGA cylindrical implants, constructed with a 

porous cartilage phase, as 3-D scaffolds to support chondrogenic differentiation. 

 

3- To study the potential capacity of postmortem cardiac tissue to direct cardiac 

differentiation of hASCs by two different approaches: i) cell extract method and ii) 

conditioned medium. 

 

4- To explore the cardiac differentiation capacity of EPCs isolated from PB of AMI 

patients and EPCs obtained from UCB. 

 

. 
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1. Origen of tissue samples  

  

1.1. Articular cartilage tissue 

 

Articular cartilage was obtained from 18 patients with knee OA during joint 

replacement surgery, isolated from the femoral side, selecting the non-overload 

compartment: lateral condyle in varus knees and medial condyle in the valgus cases. 

None of the patients had a history of inflammatory arthritis or crystal-induced arthritis 

and only cartilage that macroscopically looked relatively normal was used for this 

study. Ethical approval for the study was obtained from the Ethics Committee of the 

Clinical University Hospital of Málaga, Spain. Informed patient consent was gained for 

all samples used in this study.  

 

1.2. Adipose tissue from Hoffa’s fat pad  

 

Hoffa’s fat pad was harvested from the interior of the capsule excluding vascular areas 

and synovial regions. Samples were collected at the moment of joint arthroplasty from 

OA patient, after signed an informed consent, approved by the Ethics Committee of the 

Clinical University Hospital of Málaga, Spain. Samples were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA) with 100 U/ml 

penicillin and 100 μg/ml streptomycin until processing.  

 

1.3. Subcutaneous adipose tissue 

 

Subcutaneous adipose tissue was obtained from patients undergoing liposuction 

procedure after informed consent from all patients and approval from the Ethics 

Committee of Clinical University Hospital of Málaga, Spain. 

 

1.4. Myocardial tissue  

 

Myocardial tissue samples were obtained from five forensic autopsies, no more than 12 

hours postmortem. Approximately 100 mg of tissue were taken in each case from the 

lateral wall of the left ventricle and were kept at -80ºC until analyses. Each myocardial 
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tissue sample was used individually. Ethic Committee of Granada University approved 

the procedure. 

 

1.5. Peripheral blood of patients who have been diagnosed of acute myocardial 

infarction  

 

We studied 24 patients admitted with a diagnosis of AMI, defined as an acute coronary 

syndrome with ST elevation (STEMI) with suggestive chest pain and an elevation of at 

least 3 mm in the ST segment in at least three precordial leads, with no history of 

ischemic heart disease and within 8 h of symptoms. Preinfarction angina was defined as 

the presence of at least one chest pain < 30 min, the week before the onset of the 

infarction. Patients were excluded if they had had chest pain compatible with angina for 

more than 1 week before the infarction or if they had underlying structural heart disease 

(cardiomyopathy or important valve disorders). Moreover, patients with history of 

rheumatoid arthritis, hepatic, hematological, or coagulation disorders, cancer or other 

acute or chronic inflammatory diseases such diabetes mellitus were not included in the 

study. Informed consents were obtained from all patients and heparinized blood samples 

(20 ml) were drawn from all subjects 

 

1.6. Umbilical cord blood samples 

 

Human UCB samples (n=25) were obtained from the Centro Regional de Transfusión 

Sanguínea y Tejidos de Málaga, Málaga, Spain, according to institutional guidelines. 

Samples were generally processed within 24-48 h of collection.  

 

 

2. Isolation and culture of primary cells 

 

2.1. Isolation and culture of human articular chondrocytes 

 

Articular cartilage was minced and digested overnight in an over-night 0.08% 

collagenase IV (Sigma) digestion at 37°C with gentle agitation. Cells were centrifuged 

and rinsing to remove the collagenase. The remaining cells were then plated in cultured 

flasks with chondrocytes media: DMEM (Sigma) supplemented with 20% fetal bovine 
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serum (FBS, Lonza, Basel, Switzerland), 7 ml human insulin (Astrapid; Novo Nordisk, 

Bagsvaerd, Denmark), 6 μl DNase I (Sigma), 100 U/ml penicillin and 100 μg/ml 

streptomycin at 37°C in a humidified atmosphere of 5% CO2. After 24 hours the 

medium was replaced with fresh medium supplemented with 10% FBS. Chondrocytes 

were cultured for a maximum of three weeks before the experiments to avoid 

dedifferentiation phenomenon (de la Fuente et al., 2004).  

 

2.2. Isolation and culture of adipose derived stem cells  

 

Samples of adipose tissue from lipoaspirates or from Hoffa’s fat pad tissue were finely 

minced and digested using an enzymatic solution of 1 mg/ml collagenase type IA 

(Sigma) at 37 ºC for 1 h on a shaker. After digestion, collagenase was removed by a 

single wash in sterile phosphate-buffered saline (PBS), followed by two further washes 

in DMEM supplemented with 10% FBS. The cell pellet was resuspended in DMEM 

(Sigma) containing 10% FBS and 1% penicillin/ streptomycin and cultured at 37ºC in 

5% CO2. After 48 hours the medium was removed to discard non adherent cells. At 

80% of confluency the cells were released with trypsin–EDTA (Sigma) and 

subcultured. 

 

2.3 Isolation and culture of endothelial progenitor cells  

 

Samples of PB from AMI patient and from UCB were processed by density-gradient 

centrifugation with Histopaque-10771 (Sigma) for 25 minutes at 1500 r/min and washed 

three times in phosphate-buffered saline (PBS) with 2% FBS. MNC obtained were 

plated on fibronectin coated 6-well dishes (BD) at a density of 5×106 cells per well in 

Endothelial Cell Basal Medium, EBM-2 (Clonetics) supplemented with EGM-2 

SingleQuot Kit (Clonetics) which contain Hydrocortisone, hFGF-B, VEGF, R3-IGF-1, 

Ascorbic Acid, Heparin, FBS, hEGF and GA-1000. After 2 days of culture, non-

adherent cells were re-plated on fibronectin coated 24-well dished (BD) at a density of 

1×106/well with 1 ml of fresh complete endothelial growth media, then cells were 

incubated at 37ºC at 5% CO2 with 95% humidity. 
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The numbers of colonies were counted under a phase-contrast microscope at days 5 and 

10 of culture. Five randomly selected microscopic fields were evaluated, and colonies 

were calculated in each PB from AMI patients or UCB samples.  

 

 

3. Cell characterization 

 

3.1. Flow cytometry analisys of chondrocytes IFPSCs and hASCs 

 

The immunophenotype of articular chondrocytes, IFPSCs, hASCs s was analyzed by 

flow cytometry (FACS). Cells were washed and resuspended in phosphate buffered 

saline (PBS) with 2% bovine serum albumin BSA (Sigma, St. Louis, MO), and 2 mM 

ethylenediaminetetraacetic acid (EDTA, Sigma). Cells were incubated in the dark for 30 

minutes at 4º C with the appropriate fluorochrome-conjugated monoclonal antibodies. 

The markers used were: CD133-PE (Miltenyi), CD105-APC, CD90-FITC (eBioscience 

Inc., San Diego, CA), KDR-APC (R&D System, Minneapolis, MN), CD34-FITC, 

CD31, CD45-APC-Cy7, CD 73-PE and CXCR4-PE, CXCR4-APC (BD Biosciences, 

San Jose, CA). For the determination of Collagen II expression cells were, first, fixed 

and permeabilized with Fix and Perm® reagent (Invitrogen, Carlsbad, CA, USA), then 

incubated with the primary monoclonal antibody (AbCam, Cambridge, UK) for 20 min, 

washed and finally incubated with a secondary FITC-conjugate monoclonal antibody 

(Sigma) for 30 min. All cells were washed in PBS and analyzed in a FACSCanto II 

cytometer (BD Biosciences).  

 

3.2. Quantification of endothelial markers in mononuclear cells 

 

MNC isolated by density gradient centrifugation with Histopaque-1077 from PB of 

AMI patient and from UCB, were washed and resuspended in phosphate-buffered saline 

(PBS) with 2% bovine serum albumin (Sigma), and 2mM ethylene diamine tetra acetic 

acid (EDTA, Sigma). Cells were incubated in the dark at 4ºC for 45 min with the 

following fluorochrome-conjugated monoclonal antibodies: CD133-PE (Miltenyi), 

KDR-APC (R&D System, Minneapolis, MN), CD34-FITC, and CXCR4-PE (BD 

Biosciences, San Jose, CA). Cells were then washed in PBS and analyzed in a 

fluorescence activated cell sorting (FACS) Canto II cytometer equipped with the FACS 
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Diva analysis software (BD Biosciences). Data obtained were expressed as mean ± 

standard error (SE) from 4 independent experiments performed in triplicate (P<0.05). 

 

3.3. Differentiation assays of adipose derived stem cells  

 

hASCs isolated from lipoaspitaes or for Hoffa’s fat pad tissue were plated at 2 x 103 

cells/cm2 in DMEM (Sigma) containing 10% FBS with penicillin and streptomycin at 

100 µg/ml and allowed to adhere for 24 hours. The culture medium was then replaced 

with specific inductive media. For adipogenic, osteogenic and chondrogenic 

differentiation, cells were cultured for two weeks in Adipogenic MSCs Differentiation 

BulletKit, Osteogenic MSCs Differentiation BulletKit (Lonza, Basel, Switzerland) and 

NH ChondroDiff Medium (Miltenyi Biotec, Auburn, CA, USA), respectively. 

Differentiated cell cultures were stained with Oil Red O (Amresco, Solon, OH, USA) 

for adipogenic differentiation, Alizarin Red (Lonza) for osteogenic differentiation or 

Toluidine Blue (Sigma) for chondrogenic differentiation. 

 

3.4. Assessment of acetylated low-density lipoprotein uptake and Ulex europaeus-

lectin 1 binding 

 

After 7 days of cell culture, EPCs were identified by uptake of 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine percholorate-labeled acetylated low-density 

lipoprotein (Dil-ac-LDL, Molecular Probes, America) and adherence of fluorescein 

isothiocyanate-conjugated Ulex europaeus lectin 1. The adherent cells were incubated 

with DiI-ac-LDL at 37°C for 2 h. Thereafter, cells were washed with PBS and fixed 

with 2% formaldehyde for 10 min and washed again with PBS. Fluorescein 

isothiocyanate-conjugated Ulex europaeus lectin (FITC-UEA-l, Vector, America) was 

added and incubated for 1 hour at 25°C. Culture was then washed twice and visualized 

with a Leica DM 5500B (Solms, Germany) fluorescent microscope, software Meta 

Systems Isis.  
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4. Cell differentiation  

 

4.1. Cell differentiation by cell extract-based method  

 

4.1.1. Preparation of cell extract  

 

Cell extract was obtained from cultured chondrocytes and from postmortem cardiac 

tissue. For chondrocytes extract preparation, cultured chondrocytes were harvested by 

trypsin digestion solution and pelleted at 500,000 cells. For cardiac tissue extract, 

approximately 50-70 mg of postmortem cardiac tissue was first disaggregated by 

physical and enzymatic methods. Chondrocytes and isolated myocardiocytes were 

washed twice in cold PBS and once in cold cell lysis buffer (50 mM NaCl, 5 mM MgCl 

2, 100mM HEPES, pH 8.2, 1mM dithiothreitol and 0.1mM phenylmethylsulfonyl 

flouoride; Sigma). Cells were centrifuged at 800g, resuspended in 1.5 volumes of cell 

lysis buffer containing protease inhibitor cocktail (Sigma) and allowed to swell on ice 

for 45 min. Cells were homogenized by pulse-sonication and the lysate sedimented at 

15.000 g for 15 min at 4°C. The supernatant (cell extract) was collected and used fresh. 

 

4.1.2. Cell permeabilization  

 

To evaluate the efficiency of SLO permeabilization 3x105 IFPSCs and hASCs were 

exposed to several concentration of SLO ranged from 0.230-305 ng/ml and incubated 

with Texas red- conjugated 70,000 Mr dextran (Invitrogen). The uptake of the dye was 

observed by phase contrast and epifluorescence microscopy after 2 hours and 24 hours 

of SLO permeabilization. 

 

IFPSCs and hASCs were harvested by trypsin digestion and washed twice in ice-cold 

PBS and once in ice-cold Hanks’ balanced salt solution (HBSS; Gibco-BRL, Paisley, 

UK). Cells were permeabilized by Streptolysin O (SLO; Sigma) exposition. Therefore, 

cells were pelleted at 300 000 cells/reaction in 1.5-mL tubes and suspended in 488 µL 

ice-cold HBSS, placed in a water bath at 37°C for 2 min and a final concentration of 

185 ng/ml and 230 ng/ml of SLO for IFPSCs and hASCs was added respectively. 

Samples were incubated for 30 min at 37°C. 
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4.1.3. Target cell incubation with cell extract  

 

Permeabilized IFPSCs and hASCs were centrifuged at 300 g for 5 min at 4°C in a swing 

out rotor. The supernatant was removed and 500 µL extract containing 20 μL 1mmol/L 

of each nucleotide triphosphate set (Roche, Indianapolis, USA) added. Cells were 

incubated with the extracts for 1 h at 37°C. DMEM/10% FBS containing 2 mmol/L 

CaCl2 was added and the cells were then transferred to 25 cm2 culture flasks. 4 h later, 

dead (floating) cells and the Ca 2+ containing medium were removed and replaced with 

fresh DMEM containing 10% FBS and antibiotics. Damaged or dead cells, marked with 

Trypan blue (Sigma), represented 15-20% of the total. Cells were cultured for 2 weeks 

until use. Control cells were either non-permeabilized and non-extract exposed cells or 

permeabilized cells not exposed to the extracts. Cell viability was assessed by phase 

contrast microscopy after 2 weeks of extract exposure by counting cells in four different 

regions of the dish and calculating the average. 

 

4.2. Cell differentiation by conditioned medium  

 

To prepare cardiac tissue-derived conditioned medium 500-700 mg of postmortem right 

ventricle tissue was cut into approximately 1 mm3 pieces, and washed three times with 

PBS. Tissue fragments were placed into 75 cm2 culture flasks containing 20 ml of 

DMEM containing 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin and 

cultured as explants. After two days the medium was collected, and centrifuged at 

2000g for 10 min followed by filtering the supernatant through a 0.22 µm filtration unit 

(Millipore, Bedford, MA). The media was stored at 4°C until use.  

 

To induce cardiac differentiation of hASCs, 8x104 cells per well were plated on a 6-well 

plate and incubated in cardiac tissue-derived conditioned medium for 2 weeks. 

 

4.3. Cell differentiation by 5-azacytidine induction 

 

EPCs were seeded in per- manox-chamberslides (Nunc, Wiesbaden, Germany) at a 

concentration of 50,000 cells. Twenty-four hours after seeding, cells were washed with 

PBS twice and were incubated for 24h in endothelial growth media serum-free 

containing 10µM 5-aza. Then, cells were washed and medium was replaced with fresh 
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endothelial growth media containing FBS to prevent cell death due to prolonged 

exposure to 5-aza and incubated in a CO2 incubator. Cells were cultured for two weeks 

and medium was changed every 3 days (Kadivar et al., 2006). 

 

 

5. In vitro primary culture on scaffold 

 

Chondrocytes extract exposed IFPSCs and control cells were seeded in biodegradable 

cylindrical scaffold constructed of a porous cartilage phase and a porous bone phase (5 

mm in diameter x 10 mm deep). The cartilage phase of the scaffold was cut to 3 mm in 

diameter and 3 mm in height under sterile conditions on a petri dish and was plated in 

96-well plates. The synthetic material is a blend of poly DL-lactide-co-glycolide, 

polyglycolide fibers and surfactant (TruFit CB Plug; Smith & Nephew, London, UK). 

Cells suspensions containing 6.000 cells in 50 µl of medium were slowly dropped onto 

the surface of each scaffold incubated in 96-well plates for 4 h at 37ºC and then 

analyzed under the inverted microscope to check cell adhesion to the polymer surface. 

After that, 50 µl of fresh medium was added in each well plate. Cell culture medium 

was changed every two days. 

 

6. Molecular analysis 

 

6.1. RNA extraction  

 

6.1.1. RNA extraction from cultured cells  

 

Total cellular RNA was isolated using Trizol Reagent (Invitrogen) according to the 

manufacturer's recommendations. 

 

6.1.2. RNA extraction from tissue  

 

30 mg of myocardial tissue were disrupted and homogenized using the TissueLyser LT 

(Qiagen Hilden, Germany), and subsequently, RNA was extracted using RNeasy 

Fibrous Tissue Mini Kit (Qiagen). RNA quantity and quality were assessed by a 

NanoDrop 2000-C (Thermo, Waltham, MA, USA). RNA integrity was evaluated using 
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chip-based capillary electrophoresis with Agilent RNA 6000 Nano Kit (Agilent 

Technologies, Santa Clara CA, USA).  

 

6.2. Reverse transcription–polymerase chain reaction 

 

Total RNA was reverse transcribed using the Reverse Transcription System kit 

(Promega, Madison, WI, USA) and the PCR reaction was performed with ReddyMix 

PCR Master Mix (Thermo, Waltham, MA, USA). After the initial denaturation (2 min 

at 94°C), 33 cycles were performed (30 s at 94°C, 50 s for annealing temperature and 1 

min at 72°C) for all set of primers except for β-actin, which was 25 cycles. Primer 

sequences and annealing temperatures can be found in Table 2. The PCR products were 

visualized on 1% agarose gels containing 0.1 mg/ml ethidium bromide using ultraviolet 

light. 

 

Table 2. Primer sequences and annealing temperatures for RT-PCR: 

 

 

 

 
Target gene  
 

 
Primers (forward and reverse) 

Annealing 
temperature 

Collagen type I GAG AGC ATG ACC GAT GG 
GTG ACG CTG TAG GTG AA 

56 
 

Collagen type II      GAC AAT CTG GCT CCC AAC 
ACA GTC TTG CCC CAC TTA C 

56 

Collagen type X GCC CAC TAC CCA ACA C 
TGG TTT CCC TAC AGC TGA 

60 

Aggrecan I GTC TCA CTG CCC AAC TAC 
GGA ACA CGA TGC CTT TCA C 

56 

Sox-5 
 

ATC CCA ACT ACC ATG GCA GCT 
GAT ACC TGC ATT GCA GCT 

60 

Sox-6 GCA GTG ATC AAC ATG TGG CCT 
TTC ATC ATG CGCTGC CAG TAG 

60 

Sox-9 GAG CAG ACG CAC ATC TC 
CCT GGG ATT GCC CCG A 

56 

Gapdh GAA GGT GAA GGT CGG AGT C 
GAA GAT GGT GAT GGG ATT TC 

60 

β-actin ATCATGTTTGAGACCTTCAA 
CATCTCTTGCTCGAAGTCCA 

45 

α-cardiac-actin ATCTCTGCTGGCCATGAAAC 
GATGAGGGAAGGTGGTTTGG 

53 

Cardiac troponin I CCCTGCACCAGCCCCAATCAGA 
CGAAGCCCAGCCCGGTCAACT 

64 

Mef2c AGTGGTTTCCGTAGCAACTCCT 
TAGTGCAAGCTCCCAACTGACT 

62 

GATA-4 TCCCTCTTCCCTCCTCAAATTCA 
GCGTGTAAAGGCATCTG 

52 

Cardiac troponin T AGA GCG GAA AAG TGG GAA GA 
CTG GTT ATC GTT GAT CCT GT 

53 
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6.3. Reverse transcription and real-time PCR analysis 

 

QuantiTect Reverse Transcription Kit (Qiagen) was used for cDNA synthesis. Real-

time PCR was performed using the QuantiTect SYBR Green PCR kit (Qiagen) on a 

7500 device (Applied Biosystem, Foster City, CA, USA). For all samples, a relative 

quantitative gene expression analysis of cardiac troponin I (TNNI3), myosin light chain 

3 (MYL3) and Glyceraldehide-3phosphate dehydrogenase (GAPDH) were carried out 

in triplicate. Primers were commercially supplied by Qiagen (QuantiTect Primer Assay 

reference numbers: TNNI3 QT00084917; MYL3 QT00090223; GAPDH QT01192646).  

 

 

7. Immunocytochemistry  

 

For immunofluorescence staining, cells were fixed with 4% PFA in PBS for 20 min at 

room temperature. When staining intracellular antigens, cells were permeabilized with 

0.1% Triton X-100 for 15 min. Following, cells were blocked in 2% blocking buffer 

solution (Roche) for 1 h at room temperature. Primary antibodies were incubated 

overnight at 4ºC; when needed, secondary antibodies were incubated at room 

temperature for 2 hours. Afterwards, they were washed three times in PBS and the 

slides were mounted using Vectashield containing DAPI. Photographs were taken with 

a Leica DM 5500B (Solms, Germany) fluorescent microscope, software Meta Systems 

Isis.  

 

Primary antibodies used for immunocytochemistry were i) endothelial markers: KDR-

APC (R&D System, Minneapolis, MN) and CD133-PE (Miltenyi) diluted 1:200; ii) 

cardiac markers: desmin (rabbit monoclonal; Sigma) diluted 1:20, human cardiac-

specific troponin I (mouse monoclonal; Research Diagnostics, Flanders, NJ, USA),  

sarcomeric α-actinin (mouse monoclonal; Sigma) diluted 1:200, human cardiac-specific 

troponin T (rabbit polyclonal; Abcam, Cambridge, UK) diluted 1:100, and iii) 

condrogenic marker: anti-Collagen type II (Santa Cruz Biotechnology, Santa Cruz, CA) 

diluted 1:100.  

 

Secondary antibodies used were: Fluorescein Isothiocyanate (FITC) or Tetramethyl 

Rhodamine Isothiocyanate (TRITC) (Santa Cruz, CA, USA) diluted 1:200.  
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8. Transmission electron microscopy  

 

Cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4; 

Sigma) for 1 h at room temperature and post-fixed with 1% osmium tetroxide in 0.1 M 

cacodylate buffer (Sigma) for 1 h at room temperature, and dehydrated in ethanol. Cells 

were detached from the culture vessel with propylene oxide and embedded in Epon 812. 

After polymerization, the plastic was removed and ultrathin sections were cut parallel 

and perpendicular to the surface of the flask. The sections were contrasted with uranyl 

acetate lead citrate and examined with a LEO 906E transmission electron microscope 

(TEM). 

 

 

9. Environmental scanning electron microscope analysis 

 

Samples were fixed in 3% glutaraldehyde during 2 hour at 4ºC and then were rinsed 

several times with sodium cacodylate. The samples were kept refrigerated intosodium 

cacodylate buffer. The observations started at an initial water vapour pressure of 5.7 

tors. At this pressure, a liquid water phase was present in the sample (100% RH). Then, 

vapour pressure was decreasing slowly until the surfaces of the samples were visible 

(4.5 and 5 tors). Accelerating voltages varied between 10 and 15 kV we obtained a good 

image resolution using small beam current (spot size 3-3.5) and a working distance of 5-

6 mm. The Environmental scanning electron microscope (ESEM) used in this work was 

a Quanta 400 (FEI) located at the Centro de Instrumentación Científica of the 

University of Granada. 

 

 

10. Histological analysis 

 

For histological analysis, cells seeded on glass coverslips and cell-seeded PLGA 

sections were washed with PBS and fixed in 4% paraformaldehyde in PBS for 20 min 

or overnight at 4ºC, respectively. Then, samples cells seeded on glass coverslips were 

assayed for cartilaginous matrix production by toluidine blue. While cell-seeded PLGA 

were dehydrated in graded alcohols, washed with xylene, and embedded in paraffin 

using standard procedures. Sections of 5 mm were cut from the paraffin blocks and 
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placed on glass slides. Safranin-O staining and toluidine blue were then performed. For 

safranin-O staining, sections were deparaffinized with xylene and ethanol, treated with 

aqueous safranin-O (0.1%) (Panreac) for 30min, and washed with distilled water. For 

toluidine blue staining, sections were deparaffinized with xylene and ethanol, treated 

with 0,04% Toluidine O Blue (Sigma) solution for 20 min and washed with distilled 

water. Sections were dehydrated and cleaned in ascending concentrations of ethanol and 

xylene before coverslips were mounted (DPX mountant, BDH). Observation under light 

microscopy and photographs were taken with Nikon Eclipse 50i microscope. 

 

 

11. Statistics 

 

Data were subjected to 1-way ANOVA followed by Fisher’s test for comparison 

between any 2 means. Differences of P<0.05 were considered significant. Values are 

expressed as mean±SE. 
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CHAPTER I: 

Chondrocytes extract from patients with osteoarthritis induces 

chondrogenesis in infrapatellar fat pad-derived stem cells
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Chondrocytes extract from patients with osteoarthritis induces chondrogenesis in 

infrapatellar fat pad-derived stem cells 

 

I.1. Cell isolation and characterization of chondrocytes 

 

FACS characterization showed that ex-vivo cultured chondrocytes expressed the surface 

markers CD73 (99.84%), CD90 (97.25%), CD105 (99.74%) and the intracellular 

protein collagen type II (60%), while lacked expression for both hematopoietic and 

endothelial cell markers CD45 (<1%), CD34 (1.4%), CD133 (1.82%), CXCR4 (2.27%), 

KDR (7.63%), CD31 (1.53%) (Figure 1A).  

 

Light microcopy observation showed that chondrocytes at day one were attached to the 

flask surface as cell-clusters of rounded shapes (Figure 1B). After a week in culture, 

cells displayed a polygonal shape appearing some of them with a star-like morphology 

(Figure. 1C). These stellated like-cells occupied the entire surface and reached 

confluence after two weeks (Figure 1D). 

 

1.2. Cell isolation and characterization of IFPSCs 

 

Isolated IFPSCs presented a spindle shape fibroblastic morphology. FACS 

characterization demonstrated a positive expression of the surface markers CD73 

(>99.80%), CD90 (>99.42%), CD105 (>99.91%) and a negative expression for CD45 

(1.16%), CD34 (8.16%), CD133 (1.41%), CXCR4 (1.97%), KDR (1.49%) and CD31 

(1,18%) as shown previously (Gimble et al., 2007). In addition, IFPSCs showed a 

slightly expression of Collagen type II (13%) (Figure 2A). IFPSCs treated with 

conditioned media displayed characteristics of adipogenic, osteogenic and chondrogenic 

differentiation after staining (Figure 2B). 
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Figure 1. Phenotypic characterization of chondrocytes. (A) Chondrocytes were cultured for two weeks 

and then tested for mesenchymal surface markers (CD105, CD73 and CD90), hematopoietic and 

endothelial markers (CD133, CD34, KDR, CD45, CD31 and CXCR4) and for collagen II marker by flow 

cytometry. White histograms identify the isotype controls (negative). Phase-contrast light microscopy of 

cultured human articular chondrocytes for 1 (B), 7 (C) and 14 days (D). Original magnification: 10x for B 

and 20x for C and D.  
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Figure 2. Phenotypic characterization and differentiation potential of IFPSCs. (A) IFPSCs were cultured 

for two week and then tested for mesenchymal surface markers (CD105, CD73 and CD90), hematopoietic 

and endothelial markers (CD133, CD34, KDR, CD45, CD31 and CXCR4) and for collagen II by flow 

cytometry. (B) The differentiation potential of IFPSCs towards adipogenic, chondrogenic and osteogenic 

lineage was confirmed by Oil Red O, Toluidine Blue and Alizarin Red S staining, respectively. Upper  
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pictures show negative controls, cells cultured in normal medium for 2 weeks and then histochemically 

stained. Original magnification: 10 x. 

 

I.3. Cell permeabilization assay 

 

Previous to perform the extract reprogramming experiment we optimize IFPSCs 

permeabilization procedure by testing different concentrations of the SLO toxin ranged 

from 0,230 to 305 ng/ml. Among the tested concentration, 185 ng/ml of SLO was the 

most efficient, permeabilizing 80-95% of the cells (Figure 3). Results showed that 20-

25% of the cells survived to the extract exposure while 80% of control cells 

(permeabilized but not exposed to extract) were viable.  

 

 

 

 

Figure 3. Reversible cell permeabilization, uptake of a Texas red-conjugated dextran by IFPSCs. Intact 

IFPSC (-SLO) or SLO-permeabilized IFPSC (+SLO). Cells were incubated for 30 min in HBSS 

containing 50 µg/ml of Texas red- conjugated 70,000 Mr dextran, resealed with 2 mM CaCl2 and cultured 

for 2 hours and 24 hours before observation by phase contrast and epifluorescence microscopy. Original 

magnification: 10x for A-D and 20x for E-F. 
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I.4. Phenotypic changes after exposition to chondrocyte extracts 

 

Phase microscopy observation of cultured chondrocytes showed a typical polygonal 

morphology with a high rate of star-like cells (Figure 4A). On the other hand, 

permeabilized but not exposed to extract cells (control IFPSCs) displayed a 

characteristic mesenchymal shape consisting in flatter cells with a spindle-like 

morphology (Figure 4B). It can be appreciated that IFPSCs acquired a chondrocyte-like 

phenotype after exposure to the autologous cell extract, showing an increased number of 

smaller polygonal and star-shaped cells (Figure 4C) 

 

Furthermore, toluidine blue assay demonstrated a characteristic positive metachromatic 

staining in both chondrocytes and IFPSCs treated with extracts which evidenced the 

synthesis of glycosaminoglycans (GAG) (Figure 4D and F), respectively when 

compared with control cells (Figure 4E). 

 

I.5. Ultrastructural analysis 

 

TEM showed that cultured chondrocytes possessed an euchromatic nuclei, a cytoplasm 

rich in rough endoplasmic reticulum (RER), many transport vesicles, lipid droplets (LI) 

and proteoglycan granules. Moreover, ECM produced by cultured chondrocytes 

contained a homogeneous population of fibrillar collagens (FC) with typical striation 

(Figure 4G and J). Control IFPSCs exhibited morphological features typical of MSCs, 

including various mitochondrial profiles, small vacuoles and a nucleus with multiple 

nucleoli (Figure 4H and K). In contrast, extract exposed IFPSCs seemed to have 

undergone chondrogenic differentiation characterized by nuclei with prominent 

nucleoli, extended cistern of RER, Golgi apparatus (GA) and vacuoles and fine 

cytoplasmatic processes (Figure 4I and L). Moreover, a characteristic feature present in 

chondrocytes and found in extract exposed IFPSCs (Figure 4I and L), but not in control 

(Figure 4H and K), was the presence of proteoglycan granules in both cytoplasm and 

ECM. Rounded-shaped lipid vesicles of variable size were also presents in 

differentiated cells.  
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Figure 4. Morphological analysis of control IFPSCs (permeabilized but not exposed to extract cells) and 

extract exposed cells. Phase-contrast light microscopy of chondrocytes (A), control IFPSCs (B) and 

extracts-treated IFPSCs (C). GAG synthesized was visualized by Toluidine blue staining in chondrocytes 

(D) and in IFPSCs under chondrogenic differentiation (F), but not in control cells (E). TEM analysis of 

chondrocytes (G and J) showing a cytoplasm containing abundant RER, LI, proteoglycan granules and a 

homogeneous distribution of FC. Control IFPSCs with their complement of cytoplasmic organelles, such 

as RER, GA and vacuoles (H and K). Finally, IFPSCs exposed to the extract showed rounded-shaped 
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lipid vesicles and proteoglycan granules in both cytoplasm and ECM (I and L). Original magnification 20 

x for A-F.  

 

I.6.Transdifferentiated IFPSCs increased expression of chondrogenic markers 

 

After two weeks of exposure to extracts, we analysed the expression of collagen II by 

immunofluorescence. Extract exposed IFPSCs (Figure 5C, F and I) showed a strong 

expression of collagen II protein with a similar pattern of cultured chondrocytes (Figure 

5A, D and G). Collagen type II was confined in both cytoplasm and ECM. However, 

non-treated IFPSCs displayed a weak staining for the chondrogenic marker collagen II 

(Figure 5B, E and H). 

 

In addition, differential expression of selected chondrogenic key markers was evaluated 

by RT-PCR (Figure 5J). After 14 days, extract-treated cells showed increased gene 

expression for Col2A1, Acan, Col10, L-Sox5, Sox6 and Sox9, in comparison with 

control IFPSCs, which showed a low expression for Acan and L-Sox5 and a weak 

expression for Col2A1, ColX, and Sox6. Chondrocytes exhibited higher expression 

levels of these genes than exposed cells. No significant changes were observed in the 

expression of Col1 in all samples. Interestingly, extract not exposed cells showed a 

basal expression for Col2A1, Sox9, Acan, Sox6 and ColX.  

 

I.7. Cell attachment and distribution in the scaffold  
 

Chondrocytes, extract exposed cells and control cells were seeded in the cylindrical 

scaffold for 5 days and outside and inside layers of each scaffold were examined by 

ESEM (Figure 6). All cells were able to attach on the polymer surface by filopodia and 

connected with each other. Chondrocytes acquired a predominantly spherical or 

sometimes fusiform and were surrounded with a dense matrix that extended between the 

cells to form a continuous network of cell and matrix (Figure 6A and B). In contrast, 

control non-exposed IFPSCs showed a flattened morphology with a high number of 

prolongations and secrete some dense material (Figure 6C). Moreover, the cross-section 

images clearly showed that these control cells were able to penetrate within scaffold 

(Figure 6D). Interestingly, extract exposed IFPSCs were able to grow covering the 

scaffold pores and to secrete a high dense extracellular matrix that formed a 
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homogeneously compact surface (Figure 6E and J). Furthermore, histological and 

immunohistochemical analysis of scaffold sections clearly showed cartilage-specific 

extracellular components produced by the IFPSCs exposed to the extract (Figure 7). 

 

 

 
 

Figure 5. Immunofluorescence of collagen II and gene expression of chondrogenic markers. Type II 

collagen indirect immunofluorescence of chondrocytes (A, D and G), Control IFPSCs (B, E and H) and 

IFPSCs exposed to the extract (C, F and I). Expression of cartilage-specific collagen II protein with 

intense green staining can be appreciated on treated cells, showing the characteristic collagen fibbers 

framework of cartilage. Original magnification 63 × for A and G-I; 10x for B; 20x for C; 40x for D-F. 

RT-PCR analysis of chondrogenic markers (J). Two weeks in culture chondrocytes used as positive 

control (lane3) and extracts-exposed IFPSCs (lane1) showed increased gene expression for Col2A1, Acan, 

Col10, L-Sox5, Sox6 and Sox9. Basal expression of these genes was seen in control IFPSCs (lane 2). 

Expression of Gapdh was used as an internal control. Experiments were performed in triplicate, were 

carried out at least twice and yielded similar results. 
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Figure 6. Scanning electron micrograph of human of chondrocytes (A and B), control IFPSCs (C and D) 

and extracts-treated IFPSCs (E and F) after 5 days growing on the PLGA scaffold. Numerous cells firmly 

adhere to the scaffold and appeared to be suspended within the lumen or crawled around the walls. 

Chondrocytes show a round shaped morphology and a rough surface. Chondrocytes and extracts-treated 

IFPSCs appeared surrounded by matrix.  
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Figure 7. Analysis for cartilage-specific extracellular components of PLGA scaffolds sections seeded 

with transdifferentiated IFPSCs. Safranin O staining (A and B) and touidine blue staining (C and D) 

revealing glycosaminoglycans production. Indirect immunofluorescence visualized in green for cartilage-

specific collagen II protein (E and F). 5x original magnification for: A, C, E; 10x original magnification 

for: B and D; 20x F. 
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CHAPTER II: 

Cellular extract from postmortem human cardiac tissue direct 

cardiomyogenic differentiation of human adipose derived stem cells 
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Cellular extract from postmortem human cardiac tissue direct cardiomyogenic 

differentiation of human adipose derived stem cells 

 

II.1. Cell isolation and characterization of hASCs  

 

hASCs obtained following isolation from human lipoaspirates showed a typical spindle 

shape that acquired a homogeneous appearance after 3 weeks in culture. FACS 

characterization demonstrated a positive expression of the surface markers CD73 

(>99.42%), CD90 (>99.74%), CD105 (>99.89%) and a negative expression for CD34 

(1.61%), CD45 (0.75%), CD133 (1.15%), CXCR4 (1.14%) and KDR (1.14%) and 

CD31 (1.4%) (Figure 1A). To test the potential of these stem cells to differentiate along 

mesenchymal lineages, hASCs were treated with conditioned media to induce 

adipogenic, osteogenic and chondrogenic differentiation. hASCs were able to express 

all three phenotypes when cultured with the appropriate media (Figure 1B). 

 

II.2. RNA integrity and gene expression analysis of human cardiac postmortem 

tissues  

 

Frist, the quality and integrity of the RNA extracted from 5-12 h postmortem tissues 

was evaluated using the RNA Integrity Number (RIN). RIN is an algorithm based on a 

selection of features that provides information about the RNA integrity: i) proportion of 

large molecules compared to smaller ones; ii) the state of the degradation process and 

iii) how far the degradation proceeded. The samples are assigned to 10 different 

categories ranging from 1 (worst) to 10 (best) (Schroeder et al., 2006). Samples showed 

a high degree of RNA integrity with RIN values ranged from 9.5 to 8.5 and with a 

260/280 ratio of 2 (Figure 2A).  

 

Second, gene expression analysis of cardiac markers such as TNNI3 and MYL3 was 

performed by real-time PCR. The threshold cycle (Ct) represents the PCR cycle at 

which an increase in SYBR Green fluorescence above a base line signal can first be 

detected. Figure 2B shows Ct values obtained for the genes TNNI3, MYL3 and GAPDH 

in the 5 different autopsy samples. 
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Figure 1. Phenotypic characterization and differentiation potential of hASCs. (A) hASCs were cultured 

for three weeks and then tested for mesenchymal surface markers (CD105, CD73 and CD90), 

hematopoietic and endothelial markers (CD133, CD34, KDR, CD45, CXCR4 and CD31) by flow 

cytometry. (B) The differentiation potential of hASCs towards adipogenic, chondrogenic and osteogenic 

lineage was confirmed by Oil Red O, Toluidine Blue and Alizarin Red S staining, respectively. Upper 

pictures show negative controls, cells cultured in normal medium for 2 weeks and then histochemically 

stained. Original magnification: 10 x. 
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Figure 2. (A) Postmortem cardiac tissue RNA integrity, from left to right representative RIN graphic for 

a RNA sample with a RIN value of 9.5, and RIN values for all the samples (B) Real-time PCR gene 

expression analysis of cardiac troponin I (TNNI3), myosin light chain 3 (MYL3) and Glyceraldehide-

3phosphate dehydrogenase (GAPDH) in 5 samples (represented a-e) obtained from postmortem cardiac 

tissue.  

 

II.3. Expression of cardiac markers in hASCs after differentiation 

 

In this study, we tested the cardiac differentiation potential of two different 

methodologies, both based on the use of postmortem cardiac tissue. Gene expression 

analysis of mRNA levels and immunofluorescence studies revealed expression of 

cardiac-specific markers in hASCs after exposition to the conditioned medium or to the 

cardiac cellular extract.  
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Figure 3 shows cardiomyocyte-related genes expression after cardiomyogenesis 

induction. Expression of early (GATA-4 or Mef2c) and late (α-cardiac actin and cardiac 

troponin I) cardiomyocyte development markers, were found in treated cells.  

 

 

Figure 3. RT-PCR analysis of expression of cardiomyocyte marker genes. Isolated cardiomyocytes used 

as a positive control (lane 1), control hASCs (lane 2), cardiomyocytes-conditioted medium treated cells 

(lane 3) and cells treated with the cardiomyocytes extract (lane 4) expressed GATA-4 (194bp), Mef2c (230 

pb), cardiac α-actin (400 bp) and cardiac troponin I (233bp). Results are representative of three 

independent experiments. 

 

Indirect immunofluorescence analyses of human cardiac-troponins (I and T), sarcomeric 

α-actinin and desmin protein distribution revealed clear differences between treated and 

untreated hASCs (Figures 4, 5). After induction by the cellular extract or by the 

conditioned medium we found a high percentage of cells (50-60%) that were positive 

for troponin I with elongated nuclei, as shown by DAPI staining (Figures 4C, 4D and 

5D). Desmin expression was strongly positive, with a markedly filament organization in 

treated hASCs (Figures 4E and 5C, 5E) when compared with control cells (Figures 4A-

B and 5A-B). Although, there was a weak or not significant staining for sarcomeric α-

actinin in non-induced cells (Figures 4G-H and 5G-H), higher expression of this protein 

was observed in the exoskeleton of cells treated with both differentiation methods 

(Figures 4J and 5J). Finally, Troponin T was highly expressed in treated cells exposed 

to the cardiac extract (Figure 4I and K) or cultured in conditioned medium (Figure 5I 

and K) with almost 65% of positive cells in both methods. 

 

Morphological changes were also noticeable after treatment with cardiac postmortem 

tissue by both methodologies. Closer inspection of Figures 4 and 5 showed that treated 

cells extended their cytoplasmic processes with adjacent cells and achieved a myotube-



Results 

88 
 

like morphology, while control cells maintained their spindle-like morphology. In 

addition, multinucleated cells were detected after the induction (Figure 5J-L). 

 

 

 

Figure 4. Immunofluorescence analysis of cardiac markers in hASCs after extract induction. (C-F and I-

L) Cardiomyogenic differentiation of hASCs after 2 weeks of being exposed to cellular extract obtained 

from human autopsies. (A-B and G-H) Control non-treated cells. Red label for expression of troponin I 

(Trop I) and α-actinin (α-act) and green label for expression of desmin and toponin T (Trop T). Nuclei 

were stained with DAPI. Original magnification x40 for A, C, G and I; x63 for B, D, E, F, H, J, K and L. 
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Figure 5. Immunofluorescence detection of cardiac differentiation markers of hASCs cultured in 

conditioned medium. (C-F and I-L) hASC after 2 weeks of being exposed to human cardiac explant-

conditioned medium. (A-B and G-H) Control hASCs. Red label for expression of troponin I (Trop I) and 

α-actinin (α-act) and green label for expression of desmin and toponin T (Trop T). Nuclei were stained 

with DAPI. Original magnification x40 for A, C, G and I; x63 for B, D, E, F, H, J, K and L 
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CHAPTER III: 

Cardiomyogenic differentiation potential of human endothelial 

progenitor cells isolated from acute myocardial infarction patients 
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Cardiomyogenic differentiation potential of human endothelial progenitor cells 

isolated from acute myocardial infarction patients 

 

III.1. Characterization of total MNC from UCB and PB of AMI patients 

 

Firstly, we analyzed by flow cytometry the percentage of expression of proliferative and 

endothelial markers in freshly isolated total MNC from both origins. The cell surface 

adhesion molecule CD34 was expressed by 1.3 ± 0.12% and 1.46 ± 0.21% of total 

MNC from AMI-PB and UCB, respectively (Figure 1A). In addition, we found a higher 

expression of CD133 in UCB (6.1 ± 0.79%) than in AMI-PB (2.5 ± 0.18%) (P< 0.05) 

(Figure 1B). Furthermore, the chemokine receptor CXCR4 was notably expressed on 

freshly isolated MNC from both origins, with an expression of 80.2 ± 5.6% for UCB 

and 58.6 ± 3.1% for AMI-PB (Figure 1C). Finally, we found significant differences 

when the vascular endothelial growth factor receptor KDR was studied (Figure 1D), 

with 6.1 ± 0.89% expression in MNC from PB of AMI patients in comparison with a 

2.5 ± 0.02% from the UC.  

 

III.2. Endothelial cells colony-forming units 

 

Isolated MNC were further processed and since mature circulating EC attach within the 

first 48 hours of culture, we discard this population by collecting only non-adherent 

cells and replanting then to fibronectin-coated-well plates. Initially, isolated cells had a 

rounded morphology and after two days of culture formation colonies was detected 

(Figure 2A), which consisted of rounded ball-like clusters with elongated sprouting 

cells at the periphery. These clusters were classified as endothelial cell colony-forming 

units (CFU-EC). At day 5 CFU-EC increased in size and appear with a more defined 

morphology while on day 7, spindle-like EPCs sprouted out from the edge of the 

clusters and spread over the entire culture well surface (Figure 2A). CFU-ECs were 

counted manually in a minimum of four wells at day 5 and 10 and no significant 

differences (P = 0.5) were found between CB- and AMI-EPCs. In addition, CFU-EC 

number peaked at day 5 and significantly decreased (P <0.05) by day 10 in both cell 

sources (Figure 2B). 
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Figure 1. Representative graphics of FACS analysis of isolated MNC from umbilical UCB-EPC and 

from PB of patients diagnosed of AMI. 

 

 

 

 

 



Results 

94 
 

 

 

Figure 2. Characterization of EPCs derived from UCB (UCB-EPCs) or PB of AMI patients (AMI-EPCs). 

(A) Morphology of the UCB-EPCs and AMI-EPCs at days 2, 5 and 7 of culture. (B) Assessment of CFU-

EC at 5 and 10 days later of the isolation. Different letters stand for significant differences (One-way 
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ANOVA; P<0.05). (C) Immunofluorescence of the UCB-EPCs and AMI-EPCs showing positive staining 

for endothelial markers CD133 and KDR. (D-K) Cell surface binding of UEA-1 and DiI-ac-LDL 

incorporation. Original magnification : 10x for A; 20x for G and K; 40x for C and 100x for D-F and H-J.  

 

III.3. Endothelial markers expression  

 

The attached cells were characterized, as previously shown (Asahara, Murohara et al. 

1997), by the expression of the typical endothelial markers KDR and CD133. 

Immunofluorescence phenotyping revealed that both the CB and AMI-EPCs highly 

expressed these endothelial markers (Figure 2C). In addition we tested diI-acLDL and 

UEA-1 binding as specific functional markers of EC. Representative imagines of UEA-

1 cell surface binding and dil-acLDL incorporation are shown in Figure 2D-K, 

demonstrating that AMI-EPCs and UCB-EPCs displayed, in a similar pattern, the 

functional phenotypes of EPCs. 

 

III.4. Differentiation of EPCs towards cardiomyocites 

 

To investigate the differentiation potential towards cardiomyocytes of adult circulating 

EPCs from patients who had suffered AMI, we treated cells with DNA demethylation 

agent 5-aza. After 5-aza exposition, EPCs morphology changed dramatically in both 

PB-AMI and UCB sources from spindle-like cells towards elliptical and elongated 

shape cells with a marked size enhancement. Furthermore, cells arranged in parallel and 

formed myotube-like structures, while control cells maintained their spindle-like 

morphology (Figure 3A-F).  

 

The acquisition of a cardiomyogenic differentiation phenotype was confirmed by 

immunocytochemical and RT-PCR analysis. Cardiac-specific markers, troponin I, and 

the myocyte-specific proteins sarcomeric α-actinin, desmin and cardiac troponin T were 

detected after epigenetic reprogramming of EPCs by 5-aza (Figure 3G and 3H-O).  
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Figure 3. Phenotypic changes and gene expression induced by 5-aza in EPCs (A, D) Phase-contrast light 

microscopy of non-treated EPCs (control EPCs). (B, C, E and F) EPCs exposed to 5-aza appeared 

enlarged, with an elliptical shape and formed myotube-like structures. (G) RT-PCR analysis revealed the 

expression of cardiac Troponin T in cells treated with 5-aza. Human heart tissue was used as a positive 

control. (H-O) Fluorescence immunostaining of differentiated EPCs toward cardiomyocytes after 2 

weeks of treatment. Green label for sarcomeric α-actinin and troponin I expression and red label for 

desmin expression. Nuclei stained with DAPI. Original magnification: 10x for A, B, D and E; 20x C and 

F; 40x H-L and 63x M-O. 
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Chondrocytes extract from patients with osteoarthritis induces chondrogenesis in 
infrapatellar fat pad derived stem cells 

 

Mature hyaline cartilage has a very low self-repair potential due to its intrinsic 

properties. For this reason, researchers have focus in the search of methods to induce 

complete cartilage repair. In the last years, tissue engineering strategies combining cell 

therapy and scaffolds has emerged as a promising new approach for the treatment of 

articular cartilage defects (Albrecht et al., 2011; Peran et al., 2012).  

 

Cellular reprogramming based on cell extracts has shown that differentiated cells can be 

transdifferentiated in other differentiated cell types or dedifferentiated into pluripotent 

cells (Collas and Taranger, 2006; Peran et al., 2011). Moreover, we have demonstrated 

that using extracts from adult human heart tissue MSCs induced differentiation towards 

cardiomyocytes (Peran et al., 2010).  

 

Recently, it has been shown that IFPSCs undergo chondrocyte differentiation, do not 

seem to have any age related decline in proliferative potential and are easily accessible 

with less discomfort to the patients (Buckley et al., 2010a; Khan et al., 2012). In this 

work we analyse the chondrogenic potential of MSCs obtained from Hoffa’s fat pad of 

patients with OA after the exposition to an extract, containing the intracellular 

components of chondrocytes. 

 

We observed that human articular chondrocytes obtained from elderly patients 

maintained a chondrocyte phenotype in agreement with Varghese et al. (Varghese et al, 

2007). Chondrocytes and IFPSCs characterization by flow cytometry showed similar 

expression of MSCs surface makers CD90, CD105 and CD73. CD90 has been 

suggested as a new target to induce re-differentiation of de-differentiated human 

chondrocytes in cartilage regeneration procedures and CD105 could be used as a 

molecular marker predictive of the capacity of cultured chondrocytes to form cartilage 

in vivo (Diaz-Romero et al., 2005). Also, collagen II was highly expressed in 

chondrocytes, and showed a basal expression in IFPSCs. In fact, mature articular joint 

develops from embryonic mesodermal precursors that differentiate into 

chondroprogenitors and ultimately into mature adult chondrocytes (O'Sullivan et al., 
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2011). In addition, we found that IFPSCs were able to differentiate into specific 

lineages suggesting that fat pad cell population, as shown previously even in OA, 

contains a population of highly proliferative and multipotent MSCs (Wickham et al., 

2003). 

 

IFPSCs exposed to chondrocyte extracts showed characteristic morphological changes 

suggesting the acquisition of a chondrocyte-like cell phenotype that was confirmed by 

the increased proteoglycan formation (Pabbruwe et al., 2009) in both toluidine staining 

and TEM observations, in agreement with chondrocytes typical features (Fioravanti et 

al., 2005). Further studies to demonstrate if the chondrocyte extract induce 

modifications in the expression of adipogenic and/or osteogenic markers will be of 

interest. 

 

Collagen type II, a marker for hyaline cartilage together with aggrecan, are the 

predominant proteins in the extracellular matrix of cartilage (Yamashita et al., 2009). 

Immunostaining of extracts-treated IFPSCs showed an increased expression of collagen 

II. Similarly, PCR analysis displayed an up-regulation of Col2a1 and others 

chondrocyte-marker genes including Sox9, L-Sox5 and Acan. Sox9 is the master 

transcription factor for chondrogenesis, which acts in early stages of chondrocyte 

differentiation by directly induction of type II collagen (Lefebvre et al., 1997) and is 

expressed in the mesenchymal condensations (Lefebvre et al., 1998). Moreover, it has 

been previously demonstrated that Sox9 in concert with L-Sox5 and Sox6, regulates 

cartilage formation and maintains the chondrocyte phenotype in the mature cartilage by 

activating expression of several cartilage-specific genes, including genes Col2a1, 

Col9a1 and Col11a1, Acan and Comp (Han and Lefebvre, 2008). In treated IFPSCs 

Sox9 and its cofactor L-sox5 expressions were elevated and a slightly induction of Sox6 

was found.  

 

Some OA characteristics are the expression of hypertrophy markers such as collagen X 

with a concomitant decrease in the synthesis of type II collagen and aggrecan (Steinert 

et al., 2009). In our study chondrocytes isolated from patients with OA showed 

increased Col10 expression, however IFPSCs exposed to the extract displayed a marked 

reduction. This fact together with the increased expression of Sox9, L-Sox5, Sox6 and 

Col2a1, suggest the efficacy of this methodology to promote mature chondrogenesis. 
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Nevertheless, the use of Col10 mRNA as a marker of chondrogenic hypertrophy for in 

vitro studies has been questioned (Mwale et al., 2006). 

 

Type I collagen is categorized as a fibril-forming collagen and is usually produced when 

cells go into fibroblastic or osteoblastic differentiation (Dessau et al., 1980). In our 

experiment, Col1a1 transcripts were constitutively expressed in chondrocytes and 

IFPSCs. After exposure to the extracts this expression was not affected. Type I collagen 

participates in regulating mesenchymal condensation and the onset of chondrogenic 

differentiation (Chen et al., 2012). Moreover, Col1 expression increase has been often 

closely related to chondrogenic differentiation in vitro (Tallheden et al., 2004). The 

basal expression of characteristic chondrogenic markers in IFPSCs can be explained 

according to their micro-environmental niche. Recently, it has been demonstrated that 

non-cartilaginous knee joint tissues such as infrapattelar fat pad possess significant 

chondrogenic potentials and this may be associated with the proximity to the niche they 

reside (O'Sullivan et al., 2011; Toghraie et al., 2011; Buckley and Kelly, 2012). In 

addition, IFPSCs offers a number of practical advantages such as they can be extracted 

from the same patient, avoiding rejection or side effects of immunosuppressive 

medication administration. Moreover, they are easily accessible, with less discomfort to 

the patient, as they can be obtained from osteoarthritic knee during knee arthroscopy. 

Furthermore, the fat pad has a greater yield of MSCs than bone marrow (Khan et al., 

2007; Khan et al., 2008).  

 

It has been shown that in comparison with monolayer 3-D matrices, which are 

developed to mimic the extracellular environment, could maintain better chondrocyte 

phenotypes and play a critical role in supporting chondrogenesis (Benya and Shaffer, 

1982; Peran et al., 2012). Therefore, we growth transdifferentiated IFPSCs in 3-D 

PLGA scaffolds, a cylindrical implant constructed with a porous cartilage phase which 

have been used before as cell-free for cartilage repair in surgery (Melton et al., 2010). 

Nano-structured PLGA surfaces have been shown to accelerate chondrocyte adhesion 

and proliferation, as well as extracellular matrix production (Park et al., 2005). Our 

results showed that 3D PLGA scaffold was able to support growth and cell expansion 

and facilitate their free diffusion throughout the structure. These preliminary results 

demonstrated the affinity of IFPSCs for PLGA-based scaffolds and its ability to support 

chondrogenic differentiation.  
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Transdifferentiation studies have supported the notion that cell fate is controlled by 

master switch genes and that one or two factors can be sufficient to direct cells from one 

lineage to another (Li et al., 2005). Transdifferentation of the IFPSCs into chondrocytes 

can involve both the suppression and regulation of different genes in the cells, implying 

that genes from both cell types are co-expressed at some point. Further studies are 

necessaries to identify the factors and molecules presents in the extract that should 

enhance our understanding of the mechanisms involved in chondrocyte differentiation 

and development. 

 

In conclusion, our results confirmed that extracts obtained from chondrocytes of 

osteoarthritic knees promote chondrogenic differentiation of IFPSCs. This 

chodrogenesis was not depended of exogenous growth factor induction, neither of the 

use of viral vectors. To our knowledge there have not been done experiments of IFPSCs 

programmed differentiation into chondrocytes using this methodology. Moreover, we 

show here, for the first time, that combination of transdifferentiated IFPSCs with 

biodegradable 3D PLGA scaffolds can serve as an efficient system for the maintenance 

and maturation of cartilage tissue. These findings encourage in vivo implantation studies 

to corroborate its usefulness to repair articular surface in OA. 

 

Cellular extract from postmortem human cardiac tissue direct cardiomyogenic 
differentiation of human adipose derived stem cells 

 

Related heart diseases are the major cause of death throughout the world (Ortegon et al., 

2012). Due to the reduced regenerative potential of the heart, survivors of myocardial 

infarction often present left ventricular (LV) dysfunction that reduces quality of life and 

prognosis. Nowadays, treatments for AMI mainly consist on pharmacological 

approaches or cardiac transplantation for those patients with the most severe types of 

cardiac failure. Regarding to pharmacological treatments, the development of new 

cardioactive drugs is a complicated process in which preclinical toxicity assays are a 

critical step. Cell-based screening assays are currently used to study disease 

mechanisms and to test the effect of novel drugs and/or genomics treatments. The aim 

of the present study was to develop new strategies to obtain cardiomiocyte-like cells 
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that could be used for drug screening, based on the use of cardiac tissue obtained from 

postmortem human samples.  

 

First, we tested the genetic integrity of the autopsy-derived samples and demonstrated 

the viability of using this tissue source. In agreement with others studies, we found that 

RNA could be extracted in adequate quality from human postmortem tissue (Heinrich et 

al., 2007; Vennemann and Koppelkamm, 2010), in fact, examination of gene expression 

levels at the time point of death has become an innovative tool in autopsies. In addition, 

we demonstrated the maintenance of cardiac markers expression in the postmortem 

tissue. Previously, gene expression of beta-glucuronidase (GUSB), nitric oxide synthase 

3 (NOS3), COL1A1 and collagen 3 (COL3A1) was shown using mRNA extracted from 

postmortem heart tissue (Partemi et al., 2010).  

 

Others studies have showed the possibility of obtaining cardiomyocyte-like cells by the 

use of rat (Gaustad et al., 2004; Xie et al., 2006) our even human cardiac tissue (Peran 

et al., 2010) obtained from patients undergoing coronary artery bypass surgery. Due to 

the obvious limitations to obtain large amounts of tissue from cardiovascular patients 

the present study offers a suitable alternative. Up to 12 hours autopsy-derived tissue 

seams to maintain genetic integrity and protein integrity and could represent a suitable 

tissue source for in vitro cardiac differentiation induction. 

 

ESCs have shown great potential to improve drug screening. In fact, the effect that 

some drugs produce in cardiomyocytes was similar to the one produced in 

cardiomyocytes derived from ESCs (He et al., 2003; Reppel et al., 2004). Furthermore, 

ESCs have proved to be a suitable model to test the development of cardiac arrhythmias 

as a pharmacological side effect (Caspi et al., 2009). To avoid ethical restrictions, iPS 

cells have become, in no time, the ideal alternative to ESCs. With the generation of 

disease-specific iPS cells lines from patients with a variety of diseases (Park et al., 

2008a) new expectations have emerged, not only in basic research and regenerative 

medicine but also in a pharmacological context. Nevertheless the use of ESCs or iPS 

cells is restricted to a few laboratories around the world, not only because of the 

difficulties due to a very restrictive legislation, which limit their use, but even more 

important, for the high cost that ESCs and/or iPS cells culture represents.  
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Here, we have used hASCs that can be easily isolated and rapidly expanded ex vivo 

without provoking ethical controversy, and demonstrated their cardiac differentiation 

capacity using two different approaches. After two weeks of cardiac induction by cell 

extract or conditioned medium, clear differences between treated and untreated hASCs 

were observed. Treated cells expressed cardiomyocyte-related genes such as GATA-4, 

Mef2c, α-cardiac actin and cardiac troponin. GATA-4, and Mef2c, are cardiac specific 

transcription factors implicated in cardiac commitment and differentiation lineage 

(Kodama et al., 2002; He et al., 2002). It has been shown that GATA-4 enhances MSCs 

capacity to differentiate into cardiac cell phenotypes (Li et al., 2011; Xu et al., 2012) 

even in the microenvironment after myocardial infarction (Gao et al., 2011). Moreover, 

GATA-4 is one of the three transcription factors necessary to transdifferentiate somatic 

cells into cardiomiocytes (Sayed et al., 2013). 

 

In our study, immunofluorescence analyses showed troponin I expression and others 

cardiac related proteins including troponin T, α-sarcomeric actinin and the presence of a 

desmin filaments organization. The expression of α-sarcomeric actinin and troponin I, 

two late cardiomyocyte-specific markers, has been proved to be restricted to 

cardiomyocytes rather than skeletal muscle (Makino et al., 1999). Furthermore, the 

expression of cardiomyocyte-specific markers was accompanied by noticeable 

morphological changes consisted in the appearance of multinucleated cells and a 

myotube-like morphology, suggesting cardiac differentiation. 

 

Cardiac tissue extracts or cell lysates, from normal and even infarcted myocardial tissue 

of rats have been proved before to contribute to the differentiation of BM-MSCs into 

cardiomyocyte-like cells (Liu et al., 2008). These findings raise the hypothesis that 

soluble signaling molecules produced by cardiac cells after death are ideal inducers of 

hASCs differentiation in myocardial-like cells. In fact, up to 20 proteins including, 

cytokines, growth factors and myocardial related proteins have been identified to be 

released into the culture medium by human cardiac explants (Schittini et al., 2010). In 

our study, we demonstrated that the postmortem cardiac tissue maintains its integrity 

and provides the paracrine mechanisms necessaries to promote cardiomyogenic 

differentiation without direct cell-to-cell contact between cardiomyocytes and hASCs.  
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Previous studies have shown that cells can be isolated from postmortem tissues 

(Machalinski et al., 2003; Erker et al., 2010). In fact, viable hepatocytes can be isolated 

from cadaveric human liver after 24 hours of cold ischemia (Erker et al., 2010). In 

addition, stem cells isolated from postmortem tissues (up to 48h after death) are 

currently used for experimental and clinical purposes (Blazar et al., 1986; Kapelushnik 

et al., 1998; Palmer et al., 2001; Xu et al., 2003; Liu et al., 2006). Interestingly, viable 

and functional skeletal myogenic cells from humans up 17 days postmortem have been 

recently isolated (Latil et al., 2012).  

 

It has been suggested that cardiomyocytes (Kacimi et al., 1998; Shen et al., 2000), and 

cardiac fibroblasts (Porter and Turner, 2009) secrete cytokines and chemokines in 

response to various stimuli such as ischemia or mechanical stress to the heart. Here, 

postmortem cardiac tissue might respond to the stress caused by the natural cardiac 

arrest and the hypoxic state that precedes natural death liberating factors. In fact, 

ischemic myocardium produces several cytokines or transcription factors, such as 

VEGF and SDF-1 that promote and increase stem cell survival (Leu et al., 2011) and it 

has been proved in vivo and ex vivo that induce differentiation of MSCs into 

cardiomyocyte-like cells (Toma et al., 2002; Elmadbouh et al., 2007; Das et al., 2009). 

In addition, factors such as TGF-β and BMP2, released by cardiac myocytes or 

fibroblasts (Roberts et al., 1992; Sun et al., 1993; Izumi et al., 2001) are secreted 

chronically after myocardial infarction (Hao et al., 1999; Bujak and Frangogiannis, 

2007; Frantz et al., 2008). These factors are required in early cardiogenesis and have 

been seen to induce actively up-regulated expression of cardiac transcription factors in 

stem cells (Behfar et al., 2002; Kruithof et al., 2006; Zhang et al., 2012; Mohanty et al., 

2013). Moreover, guided cardiopoiesis has been implemented with mesenchymal stem 

cells by using a cardiogenic cocktail compound of TGFβ1, BMP-2/4, FGF-2/4, IL-6, 

IGF-1/2, VEGF-A, EGF, and activin-A (Behfar et al., 2008). 

 

In conclusion, the results of the present study show that postmortem cardiac tissue can 

induce hASCs to express cardiac specific contractile proteins in vitro. This study 

confirms that the soluble signaling molecules produced by cardiac cells after death are 

also ideal inducers of hASCs differentiation in myocardial-like cells. Further studies are 

needed to identify the signal regulation and factors involved in the hASCs 

differentiation. The methodology described here would serve as a useful and non 
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expensive in vitro model to obtain cardiomyocyte-like cells that could be used for 

cardioactive drugs toxicity assays.  

 

Cardiomyogenic differentiation potential of human endothelial progenitor cells 
isolated from acute myocardial infarction patients 

 

Myocardial infarction is the result of coronary arteries obstruction with the 

consequently reduction of blood supply to the heart muscle and the massive loss of 

cardiomyocytes that are replaced by a non-functional scar tissue (Laflamme and Murry, 

2005). In humans, after an acute ischemic event BM-EPCs are mobilized in response to 

growth factors, cytokines and hormones that are released from the target tissue (Asahara 

et al., 1999a; Asahara et al., 1999b). These progenitor cells have the potential to 

differentiate into mature endothelial cells and to play a role in promoting postnatal 

vasculogenesis even in pathological events that require neovascularization (Asahara et 

al., 1997; Quirici et al., 2001; Young et al., 2007). Although it has been demonstrated 

that EPCs play a beneficial role in treatment of ischemic disease, the potential of 

circulating EPCs, from patients that have suffered an infarct, to restore heart damage 

tissue need further investigation. Here, we have tested the cardiac differentiation 

potential of circulating EPCs from PB of patients who have been diagnosed of AMI and 

compared with EPCs isolated from UCB.  

 

First, we characterized total MNC from UCB and PB of AMI patients. Flow cytometric 

analysis revealed that freshly isolated total MNC from both origins express about 10-

fold excess of CD34+ cells when compared with MNC of healthy subjects (Murohara, 

2010). Recently, Yang et al showed that CD34+ cells could represent a functional EPC 

population in bone marrow and have beneficial therapeutic effects in myocardial 

infarction (Yang et al., 2011a). In fact, others studies demonstrated mobilization of 

CD34+ MNC in patients with AMI (Shintani et al., 2001). According with the 

immaturity of the MNC from UCB, we obtain higher expression of CD133 in UCB than 

in PB, in fact CD133 is a marker for stemness that represents hematopoietic/endothelial 

progenitor fraction (Salven et al., 2003; Urbich and Dimmeler, 2004). In addition, 

CXCR4 marker, notably expressed on hematopoietic stem cells, was highly expressed 

on MNC from both origins. This endothelial marker has previously been shown to play 
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a key role in their homing and mobilization towards ischemic tissue (Mohle et al., 

1998). Moreover, over-expression of CXCR4 in mesenchymal stem cells enhances in 

vivo engraftment into the ischemic heart and subsequently improves functional recovery 

via increasing myoangiogenesis (Zhang et al., 2008). In contrast, KDR expression was 

higher in MNC from PB than in UC which is related with the fact that KDR has been 

proved to be responsible for VPF/VEGF-stimulated endothelial cells proliferation and 

migration (Zeng et al., 2002). These results indicate that peripheral blood from AMI 

patients seems to be a valuable source for obtaining EPCs comparable with umbilical 

cord blood.  

 

After MNC characterization, cells were cultured and evaluated for the formation of 

endothelial-progenitor-cell colonies. Rounded ball-like clusters with elongated 

sprouting cells at the periphery were visible at day two and were classified as CFU-EC. 

CFU-EC size, forming frequency and time of appearance were similar between PB-

EPCs and UCB-EPCs. For both cells sources a decrease in CFU-EC number was 

detected after one week when cells start to grow homogeneously over the entire culture. 

This results contrast with others studies which have found that EPC colonies derived 

from UCB emerged earlier and in a major number than colonies obtained from healthy 

adult peripheral blood (Kim et al., 2013). Since in our study we did not detect these 

variances our data suggest that the cardiac insult enhances EPC population in AMI 

patient PB. 

 

Derived EPCs from AMI patient PB and UCB exhibited similar characteristics 

concordant with an endothelial phenotype. In both cases, typical endothelial 

cobblestone morphology could be detected in addition to a positive surface-marker 

expression for endothelial cell markers (CD133, KDR) and ac-LDL uptake. Asahara et 

al (1997) showed for the first time that peripheral blood contains CD34+ bone marrow 

(BM)-derived cells, which could be characterized by the co-expression of others 

markers such as CD133, CD34, KDR or VE-cadherin (Massa et al., 2005; Asahara et 

al., 2011). 

 

Circulating EPCs are known to play an important role in the pathogenesis and prognosis 

of cardiovascular diseases (Antonio et al., 2010; Bakogiannis et al., 2012) (Vasa et al., 

2001; Briguori et al., 2010). Interestingly, recent studies in animal models of ischemic 
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cardiomyopathy suggest that transplanted EPCs can improve heart recovery after injury 

(Ott et al., 2005; Takamiya et al., 2006; Hu et al., 2009). Moreover, improvement in 

myocardial function after transplantation of autologous BM-derived stem/progenitor 

cells including EPCs, have been reported in clinical trials (Losordo et al., 2011), 

nevertheless a long-term follow-up of these patients still needs to be evaluated. On the 

basis of these facts, we investigated the differentiation cardiac potential of adult 

circulating EPCs from patients who had suffered AMI by treating them with 5-aza. This 

agent is known as a chemical inhibitor of DNA methyltransferase which blocks DNA 

methylation and consequently promotes demethylation, a key step required for 

epigenetic modification of cells. 5-aza has been shown before to induce cardiomyocyte 

differentiation of MSCs (Yoon et al., 2005; Ye et al., 2006; Burlacu et al., 2008) and 

EPCs (Thal et al., 2012). Our results showed that 5-aza treatment resulted in distinctive 

morphological changes in both PB-AMI and UCB-EPCs, consisting in increased 

elongated shape cells which dispose in parallel and formed myotube-like structures. 

Moreover, expression of the cardiac-specific markers troponin I, and the myocyte-

specific proteins α-sarcomeric actinin, desmin and cardiac troponin T demonstrated the 

acquisition of a cardiomyogenic differentiation phenotype. Interestingly, we found that 

cells isolated from both sources showed a similar pattern of cardiac markers expression. 

 

Previous studies have suggested that EPCs isolated from mouse bone marrow and from 

human PB could differentiate into cardiomyocytes under certain in vitro conditions 

(Condorelli et al., 2001; Badorff et al., 2003; Thal et al., 2012). For instance, EPCs 

obtained from PB of healthy adult volunteers and patients with cardiovascular disease 

have been proved to transdifferentiate into cardiac myocytes when cocultured with rat 

cardiomyocytes (Badorff et al., 2003). In addition, the potential of human umbilical 

cord-derived mesenchymal stem cells to differentiate into cells with characteristics of 

cardiomyocytes have been shown before (Kadner et al., 2002). The differentiation 

capacity of EPCs into cardiomyogenic cells reported in this study agrees with the work 

by Thal et al. (2012), suggesting that epigenetic reprogramming of EPCs could enhance 

their therapeutic efficacy by enhancing their plasticity and functions. Since endothelial 

cells, vascular smooth muscle cells, and cardiomyocytes all differentiate from a 

common progenitor in the mesoderm, evidences suggest that under appropriate culture 

conditions, such as paracrine factors (growth factors and cytokines) and epigenomic 
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agents (5-aza), endothelial cells could recapitulate their cardiomyogenic potential (Thal 

et al., 2012).  

 

Furthermore, it has been shown that intracoronary infusion of autologous EPCs in 

patients with acute myocardial infarction enhances myocardial regeneration (Leistner et 

al., 2011). Therefore, it is reasonable to speculate that EPCs differentiated towards 

cardiomyocyte-like cells could improve the therapeutic effect of the cell transplantation. 

In conclusion, our finding suggests that EPCs isolated from patients that have suffered 

myocardial insult is a valuable EPCs source with potential to differentiate toward 

cardiac-like cells. Since the ultimate aim of cardiac regenerative medicine is to replace 

both microvasculature and lost cardiomyocytes, autologous AMI-EPCs, which possess 

vascular and cardiac tissue regenerative potential, could be an excellent candidate for 

cell based therapies. 
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1.- Adipose derived stem cells isolated from the knee of osteoarthritis patients represent 

an optimal cell source with possible cell-based therapy implications in cartilage repair 

that could overcome the limitations of autologous chondrocyte implantation.  

 

2.- Intracellular extracts obtained from chondrocytes isolated from osteoarthritis knee 

promote chondrogenic differentiation of autologous stem cells derived from the 

infrapatellar fat pad.  

 

3.- Biodegradable 3D scaffolds support cell growth and extracellular matrix deposition 

of adipose stem cells differentiated toward chondrocytes. The combination of pre-

differentiated cells with biodegradable scaffolds is as an efficient system for the 

maintenance and maturation of cartilage tissue. 

 

4.- Human cardiac tissue obtained from forensic autopsies maintains genetic integrity 

up to 12 h after death.  

 

5.- The use of post-mortem cardiac tissue is a viable alternative to cardiac tissue 

obtained from patient’s biopsies. Cell extract method or conditioned media from 

autopsies samples are useful and non-expensive methodologies to obtain in vitro human 

cardiomyocyte-like cells, which could be employed for cardioactive drugs toxicity 

assays.  

 

6.- Postmortem human cardiac tissue provide the necessary factors to induce adipose 

derived stem cells differentiation into cardiomyocyte-like cells, which indicates that the 

soluble signaling molecules produced by cardiac cells after death are inducers of hASCs 

cardiac differentiation.  

 

7.- Peripheral blood obtained from AMI patients is a valuable source of functional EPCs 

comparable with umbilical cord blood, suggesting that the cardiac insult enhances EPC 

population. 

 

8.- EPCs isolated from patients after cardiac insult have cardiogenic potential similar 

than EPCs isolated from umbilical cord blood. The vascular and cardiac tissue 

regenerative potential of EPCs are relevant attributes for cell based therapies. 
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5 aza: 5-azacitidina, del inglés “5-azacytidine”. 

Acan: Aggrecan. 

ACI: Implantación de condrocitos autólogos, del inglés “autologous chondrocyte 

implantation”. 

AMI: Acute myocardial infarction.  

AMPc: Adenosín monofosfato cíclico. 

Ang1: Angiopoyetina-1. 

aP2: Proteína de unión a ácidos grasos. 

ARNm: Ácido ribonucleico mensajero. 

ASCL1: Achaete–scute homologue 1. 

ASCs: Células madre derivadas de tejido adiposo, del inglés “adipose derived stem 

cells”. 

BM-EPCs: Células progenitoras endoteliales procedentes de la médula ósea, del inglés 

“endotelial progenitor cells from bone marrow”. 

BM-MSCs: Células madre mesenquimales procedentes de la médula ósea, del inglés” 

mesenchymal stem cells from bone marrow”. 

BMPs: Proteínas morfogenéticas óseas, del inglés “bone morphogenic proteins”. 

BRN2 (POU3F2): Brainspecific homeobox. 

BSA: Albumina serica bovina. 

CACs: Células circulantes angiogénicas. 

CFU-EC: Unidades formadoras de colonias de células endoteliales, del inglés 

“endothelial cell colony-forming units”. 

CFU-F: Unidades formadoras de colonias de fibroblastos, del inglés “fibroblast colony-

forming units ”. 

Col10: Collagen type X 

Col1A1: Colágeno tipo I α1, del inglés “Collagen, type I, alpha 1”. 

Col2A1: Colágeno 2, del inglés “Collagen, type II, alpha 1”. 

COL3A1: Collagen, type III, alpha 1. 

COMP: Proteína de la matriz oligomérica del cartílago, del inglés “cartilage oligomeric. 

matrix protein”. 

Ct: threshold cycle. 

CVD: Enfermedades cardiovasculares, del inglés “cardiovascular diseases”. 

Cyr61: Cysteine-rich, angiogenic inducer, 61. 

DAPI: 4',6-diamidino-2-phenylindole. 
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DFAT: Dedifferentiated fat cells. 

DMEM: Dulbecco’s modified Eagle’s médium.  

DMSO: Dimetil sulfóxido. 

EC: Endothelial cells. 

ECM: Matriz extracelular, del inglés “extracelular matrix”. 

EGF: Factor de crecimiento epidérmico. 

eNOS: Sintasa de óxido nítrico endotelial, del inglés “endothelial nitric oxide synthase”. 

EOCs: Endothelial outgrowth cells. 

EPCs: Células progenitoras endoteliales, del inglés “endothelial progenitor cells”. 

es“outgrowth endothelial cells” (OECs) o endothelial outgrowth cells (EOCs) 

ESCs: Células madre embrionarias, del inglés “embrionic stem cells” 

FACS: Flow cytometry  

FBS: Fetal bovine serum. 

FGF: Factores de crecimiento de los fibroblastos. 

FITC: Fluorescein Isothiocyanate. 

Foxa: Forkhead box protein A. 

GA: Golgi apparatus. 

Gapdh: Glyceraldehyde 3-phosphate dehydrogenase. 

GATA-4: GATA binding protein 4 

G-CSF: Factor estimulante de colonias de granulocitos. 

GDF5: Growth differentiation factor 5. 

GUSB: Gene expression of beta-glucuronidase. 

hASCs: Células madre derivadas de tejido adiposo humano, del inglés “ human adipose 

derived stem cells”.  

HBSS: Hanks’ balanced salt solution  

HEK293T: Human embryonic kidney 293 cells. 

HGF: Factor de crecimiento de hepatocitos, del inglés “ hepatocyte growth factor”. 

hMADS: Células madre multipotentes derivadas de tejido adiposo humano. 

Hnf4a: Hepatocyte nuclear factor 4, alpha. 

HSCs: Células madre hematopoyéticas, del inglés “hematopoietic stem cells”. 

IFPSCs: Células madre de la almohadilla de la grasa infrapatelar, del inglés 

“infrapatellar fat pad stem cells” 

IGF: Factores de crecimiento de la insulina, del inglés “insulin-like growth factor” 

Ihh: Indian hedgehog 
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iNOs: Óxido nítrico sintasa inducible, del inglés “nitric oxide synthase 3” (NOS3). 

iPS cells: Células madre pluripotentes inducidas , del inglés “induced pluripotent stem 

cells”. 

ISCT: Sociedad Internacional de Terapia Celular Sociedad, del inglés “International 

society of cell therapy” 

Klf4: Kruppel-like factor 4. 

LDL: Lipoproteínas de baja densidad acetiladas  

LI: Lipid droplets. 

LIF: Leukemia inhibitory factor. 

LPL: Lipoproteína lipasa.  

LV: Ventrículo izquierdo, del inglés “left ventricular”. 

LVAD: Dispositivo de asistencia ventricular, del inglés “left ventricular assist device”. 

MACI: Implante autólogo de condrocitos inducido en matriz extracelular , del inglés 

Matrix-induced chondrocyte implantation”. 

Mafa: V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog A.  

MAPK: Mitogen-activated protein kinase. 

MCP-1: Monocyte chemoattractant protein-1. 

Mef2-c: Myocyte-enhancer factor-2c. 

MHC: Miosina de cadena pesada, del inglés “myosin heavy chain”. 

MI: Infarto agudo de miocardio, del inglés “acute myocardial infarction” 

MIPS: Mesenchymal stem cells derived iPS cells. 

MLC2: Miosina de cadena corta 2, del inglés “myosin light chain 2”. 

MNC: Mononucleated cells, del inglés “ mononucleated cells”. 

MSCs: Células madre mesenquimales, del inglés “mesenchymal stem cells”. 

MYL3: Myosin light chain 3. 

MyoD: Proteína 1 de diferenciación miogénica. 

MYT1L: Myelin transcription factor 1-like. 

Ngn3: Neurogenin 3. 

NOS3: Nitric oxide synthase 3. 

OA: Osteoarthritis. 

Oct4: Octamer-binding transcription factor 4. 

OECs: outgrowth endothelial cells. 

PB: Sangre periférica, del inglés “peripheral blood”. 
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PB-EPCs: Células progenitoras endoteliales de sangre periférica, del inglés “endothelial 

progenitors cells from peripheral blood”. 

PBS: Phosphate-buffered saline. 

PCL: Policaprolactona. 

PDGF: Factor de crecimiento derivado de plaquetas. 

PDO: Polidioxanona, del inglés “polydioxanone”. 

Pdx1: Pancreatic and duodenal homeobox 1 

PEG: Polietilenglicol. 

PFA: Paraformaldehyde. 

PGA: Ácido poliglicólico.  

PIPAAm: Poli(N-isopropilacrilamida). 

PLA: Ácido poliláctico. 

PLGA: Ácido poliláctico-glicólico, del inglés “polylactic-co-glycolic acid” 

POU3F2: POU class 3 homeobox 2. 

PPAR: Receptor activador del proliferador de peroxisomas, del inglés “peroxisome 

proliferator-activated receptor” 

PVA: Alcohol polivinílico. 

RER: Rough endoplasmic reticulum. 

RIN: RNA integrity number. 

RT-PCR: Reverse transcription-polymerase. 

SDF-1: Stromal cell-derived factor 1. 

SEM: environmental scanning electron microscope analysis.  

sFRP-4: Secreted frizzled-related protein 4. 

SLO: Streptolisina O, del inglés streptolysin O. 

Sox 5 (L-Sox5): SRY (sex determining region Y)-box 5. 

Sox2: SRY (Sex determining Region Y)-box 2. 

Sox6: SRY (sex determining region Y)-box 6. 

Sox9: SRY (sex determining region Y)-box 9. 

SVF: Fracción del estroma vascular. 

Tbx5: T-box transcription factor 5.  

TEM: Transmission electron microscopy. 

TGF-β: Factor de crecimiento transformante, beta, del inglés “transforming growth 

factor beta”. 

TNNI3: Cardiac troponin I type 3. 
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TRITC: Tetramethyl rhodamine isothiocyanate. 

UC: Cordón umbilical, del inglés “umbilical cord”. 

UCB: Sangre de cordon umbilical, “umbilical cord blood”. 

UCB-EPCS: Células progenitoras endoteliales de cordón umbilical, del inglés 

“endotelial progenitors cells from umbilical cord”. 

UEA-I: Ulex europaeus agglutinin 1. 

VE-cadherina: Vascular endotelial. 

VEGF: Factor de crecimiento endotelial vascular, del inglés “vascular endothelial 

growth factor”. 

VPF: Vascular permeability factor. 

vWF: Factor de von willebrand. 

WHO: World Health Organization. 
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Abstract: Nanotechnologists have become involved in regenerative medicine via creation 

of biomaterials and nanostructures with potential clinical implications. Their aim is to 

develop systems that can mimic, reinforce or even create in vivo tissue repair strategies. In 

fact, in the last decade, important advances in the field of tissue engineering, cell therapy 

and cell delivery have already been achieved. In this review, we will delve into the latest 

research advances and discuss whether cell and/or tissue repair devices are a possibility. 

Focusing on the application of nanotechnology in tissue engineering research, this review 

highlights recent advances in the application of nano-engineered scaffolds designed to 

replace or restore the followed tissues: (i) skin; (ii) cartilage; (iii) bone; (iv) nerve; and  

(v) cardiac. 

Keywords: nanotechnology; bio-scaffold; tissue engineering; nanostructures 
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1. Introduction 

The populations of developed countries are rapidly aging, causing an increment in age-related 

diseases like osteoarthritis, osteoporosis, or Parkinson’s disease. In addition to accidents, as well as 

poor health habits such as tobacco and stress, tissue or organ dysfunction can be provoked or even lost. 

To date, donor organ transplantation is the usual procedure to restore or enhance life expectancy. 

Nevertheless, this option is limited due to short supply and life-long immune suppression issues, as 

well as other associated side effects.  

Tissue engineering, which is an alternative option for organ transplantation, is currently 

demonstrating great promise with first-in-man successful stories of tissue engineered implants [1]. This 

interdisciplinary science has as ultimate goal to design artifacts that (i) mimic natural tissues 

characteristics; (ii) fill up a space until the damage tissue is regenerated; (iii) temporarily replace tissue 

functions and; (iv) serve as a guide for tissue ingrowths. With this aim, nanotechnologists are applying 

their knowledge and experience using materials in a scale of less than 100 nanometers, to design and 

manufacture scaffolds that can replace the natural extra cellular matrix until host cells can repopulate 

and redo a new natural matrix. In addition, the biological substitutes should match the mechanical 

properties as the tissue is replacing to avoid mismatch between the synthetic graft and the surrounding 

native tissue. Furthermore, the materials used to construct the scaffold need to be biocompatible. The 

material must therefore be non-toxic, and its presence in the body should not elicit an immunological 

response. If the material used is biodegradable, its degradation kinetics should match the rate of tissue 

regeneration to ensure an optimal healing process. Other important parameters are adequate porosity to 

facilitate the delivery of nutrients to the regenerating cells, and appropriate nanotopography to promote 

cell adhesion and proliferation [2]. 

Natural or synthetic scaffolds have been tested in order to produce a clinically useful tissue scaffold 

of a target tissue or organ. Examples of natural scaffolds that have been applied clinically include 

decellularized dermis to treat burn injuries, as well as decellularized small intestine, ureter, or 

xenogeneic vessels to restore vascular function [3,4]. Although these materials have shown promising 

results in tissue repair, they have some drawbacks regarding mechanical properties, degradation, 

immunogenicity and cross-contamination. On the other hand, synthetic scaffolds have been 

constructed using synthetic materials or a combination between natural and synthetic materials and 

have demonstrated promising results in tissue repair [2]. The most commonly used natural 

biopolymers include demineralized bone matrix, agarose, collagen, hyaluronan, basement membrane, 

and alginate. Synthetic polymers include degradable polyesters, such as polyglycolic acid (PGA), 

polylactic acid (PLA), and their copolymers, poly (D,L-lactide-coglycolide) (PLGA). These 

biodegradable polymers have a long history of clinical use and are currently employed in various tissue 

engineering applications [5]. 

To construct suitable synthetic bio-scaffolds, the most widely chosen technique is electrospinning. 

This method allows the production of nanofibrous scaffolds with specific and desired properties and 

functionality. Importantly, nanofibrous scaffolds possess an extremely high surface-to-volume ratio, 

tunable porosity, and malleability to conform to a wide variety of sizes and shapes with a desirable  

3D pattern [6].  
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In this work we have focused our attention on five tissues whose degeneration or dysfunction lead 

to chronic health problems and cause a steep increase in health care costs (Figure 1).  

Figure 1. Representative figure showing the annual cost in the United Stated of America 

for main diseases related to tissue degeneration. The cost is shown in billions of  

US dollars. 

 

In the United States, chronic wounds affect around 6.5 million patients and an excess of $25 billion 

is spent annually [7]. In addition, the direct and indirect health care costs associated with all forms of 

arthritis is approximately 86 billion dollars per year [8]. Furthermore, nearly $95 billion of health care 

dollars are used annually to treat patients with osteoporosis-related fractures, excluding the expenses 

caused by fractures in healthy young people from accidents [9]. The costs increase significantly when 

it comes to related brain diseases (such as Alzheimer’s disease; blindness, deafness, brain injury; 

epilepsy, multiple sclerosis, Parkinson’s disease, spinal cord injury, or stroke) with an estimated cost  

each year of $273 billion [10]. Finally, cardiovascular diseases have an overall cost per year of  

$273 billion [11].  

This review provides an overview of the progress of nanotectnology application in tissue 

engineering research, highlighting recent advances in the application of nano-engineered scaffolds 

designed to replace or restore tissues like (i) skin; (ii) cartilage; (iii) bone; (iv) nerve; and (v) cardiac. 

2. Electrospinning 

Polymeric nanofibers can be processed by a number of techniques such as drawing, template 

synthesis, phase separation, self-assembly and electrospinning. Among these methods, the most 

successful for tissue engineering applications is the electrospinning process. The main advantage of 

this method is that electrospun scaffolds can be characterized by a complex micro-scale structure 

responsible for its macroscopic mechanical behavior. In this sense, various parameters can be 

controlled in the process of nanofiber creation: (i) polymer solution parameters (viscosity, surface 

tension, conductivity, etc.); (ii) electrospinning process parameters (voltage, federate, tip-to-collector 
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distance, etc.); and, (iii) ambient conditions (humidity). This allows the creation of various types of 

nanofibers with different thickness, pattern and forms which can be used to create various types of 

scaffolds [12]. 

In brief, electrospinning consists of a pipette to hold the polymer solution (spinneret), two 

electrodes, a high voltage power supply and a grounded collecting plate (usually a metal screen, plate, 

or rotating mandrel) (Figure 2). The production of polymer filaments is done by the electrostatic force, 

through the electrically charged jet of polymer solution. The polymer drops from the tip of the pipette 

and is drawn into a fiber due to the high voltage. The jet is electrically charged and the nanofibers are 

formed by the narrowing of the ejected jet stream as it undergoes increasing surface charge density due 

to evaporation of the solvent. The fiber is then collected as a mesh of fibers on the surface of a 

grounded target, the collecting plate, thus forming the electrospun scaffold [6]. A very important 

feature of this technique is that it provides a large surface area-to-volume ratio, which facilitates 

cellular uptake and nutrient diffusion. In addition, the fiber diameters can be controlled to mimic the 

extracellular matrix (ECM) fibrous architecture [13]. Moreover, electrospinning produces 

nanoarchitecturely patterned fibers in random or aligned form, which greatly influence the cell 

orientation and function [14,15].  

Figure 2. Schematic diagram of the electrospinning process showing a glass syringe 

containing polymer solution; a nanofiber jet; a copper collecting plate and a power supply. 

 

Since the physical and biological properties of the electrospun nanofibrous scaffolds—including 

hydrophilicity, mechanical modulus and strength, biodegradability, biocompatibility, and specific cell 

interactions—can be controlled, the biomedical applications of functional nanofibrous scaffolds have 

great potential. Those biological parameters are determined by the polymer chemical compositions. 

Playing with polymer physics, copolymerization and polymer blending to combine different polymers 

can yield new material properties. In addition, the performance of the electrospun scaffold can be 

further controlled by adjusting the diameter and morphology of the nanofibers, desirable 3-D patterns 

(e.g., layered structures) and the porosity through the electrospinning processing technology. Thus, by 

selecting a combination of proper components and by adjusting the component ratio, properties of 

electrospun scaffolds can be tailored with desired new functions [6]. Technological advances could 

lead to the development of a versatile electrospinning system able to create different tissues  

scaffold (Figure 1). 
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3. Skin Regeneration by Nanotechnological Approaches 

The primary function of the skin is to act as a barrier; consequently, any related problem such as 

burns, chronic wound, ulcers or accidents can cause serious health complications. The apparently 

simple structure of the skin, consisting of two layers, the epidermis and the dermis, and its easy target 

localization, has encouraged the search for therapeutic alternatives. In this regard, nanobiotechnology 

emerges as a promising hope to improve wound healing and skin restoration.  

Skin tissue engineering is based in the creation of scaffolds that must share the followed minimal 

characteristics: (i) biocompatibility; (ii) support for cell attachment and proliferation; and, (iii) to 

imitate the ECM as closely as possible [16,17]. One of the main difficulties found in the application of 

this artificial skin is the problems related to adhesion and integration of the scaffolds to the topography 

of the wound, while maintaining physical and mechanical properties [18,19]. 

Electrospun nanofibrous scaffolds have been created to mimic the three-dimensional fiber network 

of the collagen fibrous structure. They are composed of collagen fibers that are formed hierarchically 

by nanometer-scale multi-fibrils and have been proved to support cell adhesion, proliferation, and 

differentiation mimicking the fibrous architecture of the ECM [5,20]. In addition, the electrospinning 

technique allows for control over the desired pore diameter, distribution, total volume, total area, and, 

consequently, the final porosity of the structure. A pioneering in vivo study has shown the benefits of 

covering wounds with polyurethane membranes produced via electrospinning. These membranes 

increased the epithelialization rate and formed a well-organized dermis [21]. The electrospun 

nanofibrous membrane could control water loss by evaporation, was permeable to oxygen, and 

promoted fluid drainage ability, while inhibited exogenous microorganism invasion. Other examples of 

good antibacterial activity was shown using collagen/chitosan-immobilized polypropylene  

wound-dressing membranes, demonstrating an excellent remodeling effect after histological 

examination with respect to the construction of vein, epidermis, and dermis at 21 days after skin  

injury [22]. 

Fibroblasts are the cell type best indicated for wound healing proposes [23]. In fact, seeding 

fibroblasts into dermal substitutes have been shown to improve wound healing [24]. In this respect, 

poly(L-lactic acid)-co-poly(ε-caprolactone) and gelatin (PLACL-G-P) nanofibrous scaffolds provided 

enough space for fibroblast ingrowth and induced the formation of a dermal substitute [25]. Figure 3 

shows a schematic example of an electrospun-scaffold for the wound-healing proposes. In addition, the 

incorporation of collagen to the polycaprolactone-nanofibrous membrane improved attachment and 

proliferation of fibroblast [26]. Other studies have used a scaffold with mesenchymal stem cells 

(MSCs), and found an increased proliferation rate and differentiation of MSCs when combining poly 

(l-lactic acid) poly-co-(3-caprolactone) with a biomaterial [27]. In another assay, three-dimensional 

chitosan nanofibers were implanted in mice to cover full-thickness skin wounds and were able to 

induce a faster regeneration of both the epidermis and dermis compartments when compared to other 

structures such as sponges [28].  

The potential clinical application of exogenous growth factors to chronic wounds, in an effort to 

accelerate healing, is not new, and in fact dates back more than 10 years [29]. Recently, electrospun 

fibers with a core-sheath structure and loaded with basic fibroblast growth factor-encoding plasmid 

were found in diabetic mice. The gradual growth factor released revealed significantly higher wound 



Materials 2013, 6 1338 

 

 

recovery rate with improved vascularization, enhanced collagen deposition and maturation, complete 

re-epithelialization and formation of skin appendages [30].  

Figure 3. Human dermal fibroblast can be cultured on electrospun nanofibrous membrane 

to create in vitro allogeneic dermal substitutes. 

 

The development of nanotechnology has also allowed the creation of nanoparticles (NPs) that act as 

a vehicle and carrier of biological factors that induce skin regeneration (Figure 4). In fact, several 

promising results have been obtained in studies using NP bearing: growth factors, thrombin, nitric 

oxide, opioids or protease inhibitors [31]. For example, thrombin-conjugated iron oxide NPs improved 

tensile strength of the wounds, thereby indicating a significant acceleration of the healing process [32]. 

Figure 4. Synthetic nanoparticles are able to conjugate peptides, growth factors, nitric 

oxide or other molecules onto the particle surface and act as delivery vehicles. 
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4. Nanotechnological Advances in Cartilage Repair 

Cartilage injuries lead to joint pain and loss of function. Mature hyaline cartilage has a very low 

self-repair potential due to its intrinsic properties. For this reason, researchers have focused in the 

search of methods to reproduce the tissue characteristics of hyaline cartilage and induce complete 

cartilage repair. A new approach for the treatment of articular cartilage defects is the use of 

biocompatible scaffolds [33]. There are plenty of polymers, but only some of them are suitable for 

cartilage tissue engineering. Natural materials used in the field of cartilage engineering include 

alginate, agarose, chitosan, chondroitin sulfate, hyaluronan, collagen, fibrin gelatine and silk fibroin. It 

has been demonstrated that these natural material could potentiate the production of collagen type II 

and sulfated glycosaminoglycans by both chondrocytes and stem cells [34]. Nevertheless, despite their 

biocompatibility, their potential for clinical use is limited by poor mechanical strength, 

immunogenicity and their rapid degradation upon implantation if not are cross-linked with appropriate 

chemical reagents [35]. Instead, synthetic materials present more easy molding characteristics, 

relatively easy production and the ability to control dissolution and degradation [36]. The synthetic 

materials most widely used are poly (a-hydroxy acids), especially poly (lactic acid) (PLA), poly 

(glycolic acid) (PGA) and their co-polymers (PLGA), poly (ε-caprolactone) (PCL), poly(propylene 

fumarate) and polyethylene glycol (PEG) [37,38]. 

ECM of cartilage tissue is comprised of collagen and proteoglycans which are nanometers in scale. 

Thus scaffolds for cartilage tissue engineering have to be accomplished on the nanoscale to achieve 

similar mechanical and physical properties to native tissue. To better recapitulate the ECM 

environment for cartilage tissue engineering, researchers have introduced several biological signals, 

including chondroitin sulfate (CS), hyaluronic acid and collagen, into tissue-engineered scaffolds. 

Recently, nanofibrous scaffolds composed of poly (vinyl alcohol) (PVA), a hydrophilic synthetic 

biodegradable polymer, and chondroitin sulfate, have been shown to enhance tissue formation in vitro 

and also in vivo, when these were implanted into rat osteochondral defects [39]. In addition, 

combination of PVA-PCL electrospun nanofiber scaffolds with MSCs showed improvement on tissue 

healing compared with those which received cell-free scaffolds, suggesting their potential as a suitable 

graft for articular cartilage reconstruction [40].  

Another strategy for cartilage tissue engineering is to induce chondrogenic differentiation of adult 

stem cells by the delivery of growth factors included in nanoparticles that are embedded into the 

scaffolds. For example the continuous and controlled release of TGF-β1 from a heparin-functionalized 

NP within a fibrin/PLCL scaffold was proved to enhance and maintain chondrogenic differentiation of 

implanted cells [41]. In addition, biodegradable PLGA NPs have been used as gene delivery vehicles 

to induce chondrogenesis in hMSCs [42,43]. Recently, Jeon et al. pretreated PLGA NPs with PEI to 

modify the particle surface and conjugate SOX9 and a small interfering RNA of the Cbfa-1 gene 

expressed during osteogenesis [44]. In vivo results of injected MSCs that were encapsulated in fibrin 

hydrogels and transfected with PEI/SOX9 plus a Cbfa-1 siRNA showed a markedly increased 

expression of genes associated with chondrogenesis, whereas genes and proteins associated with 

osteoblasts did not show the same expression increment [44]. Others studies also demonstrate that 

combination of hMSCs, encapsulated in fibrin hydrogel, and NPs containing a specific growth factor 

represent a suitable niche for the differentiation of transplanted hMSCs [45,46]. Furthermore, scaffolds 
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can be chemically modified to contain bioactive molecules such as peptides or heparin for creating a 

better microenvironment of cell adhesion and growth for use in cell therapy applications [41,47–49].  

Surface modifications allow introducing nanofeatures into the scaffolds. For example, surface 

modifications with nano-hydroxyapatite (NHA) have been demonstrated to facilitate and promote 

cartilage regeneration. Actually, a PLGA/NHA scaffold seeded with MSCs was evaluated in a rat 

model. After implantation, articular osteochondral defects were filled up with smooth and hyaline-like 

cartilage with abundant glycosaminoglycan and collagen type II deposition, but deficient in collagen 

type I [50].  

In addition, for the repair of osteochondral units, several authors have highlighted the need for 

biphasic scaffolds to reproduce the osteocartilaginous anatomical structure. In fact, a bilayer porous 

PLGA calcium-sulfate biopolymer (TruFit) is largely commercialized for clinical application. 

Although preclinical experimentation is promising [32], information on the long-term durability is still 

not available.  

The safety and performance of the newly developed type I collagen hydroxyapatite nanostructured 

biomimetic osteochondral scaffold have been tested in a pilot clinical study. Clinical evaluation by 

magnetic resonance imaging showed that this scaffold promoted bone and cartilage tissue 

restoration [51]. 

Even though later advances in scaffold design for cartilage repair are relevant, improvement of 

mechanical strength, cell adherence, viability and metabolism of the neocartilage constructs are still 

necessary for their translation into clinical use.  

5. Applying Nanotechnology to Bone Reconstruction 

Trauma, pathological degeneration or congenital deformities make bone one of the most commonly 

transplanted tissues worldwide [52–54]. Autologous bone grafting and bone allografts are the usual 

treatment for reconstruction of skeletal defects. However, open surgery involves a considerable risk of 

morbidity and implant failure in patient population. As a result of these limitations, the engineering of 

new bone to replace the damaged bone based on synthetic biomaterials such as metals, polymers, 

porous ceramics, hydroxyapatite, collagen sponges or hydrogels, among others, have been developed 

in the past few years [55].  

Despite substantial progress, the construction of structures able to provide the suitable physical and 

biological properties of the bone still presents challenges. Bone is comprised of hierarchically arranged 

collagen fibrils, hydroxyapatite and proteoglycans [56]. To mimic the natural bone nanocomposite 

architecture, novel biomaterials and nanofabrication techniques are currently being employed and 

many different nanostructures have already been designed and tested. Electrospinning has been 

extensively applied to create bone nanofiber scaffolds and biomaterials typically used for this purpose, 

including synthetic organic polymers such as PCL [57], PLGA, PLLA and natural polymers, such as 

chitosan [58] and silk fibroin [59]. The combination of synthetic and natural materials has also been 

studied, in fact, electrospun poly(L-lactic acid)/collagen nanofibrous scaffold have been shown to 

significantly induce osteogenic differentiation of human MSCs and the formation of bone 

minerals [60]. Recently, bioactive macromolecules like poly-benzyl-L-glutamate and 

nanohydroxyapatite have been introduced on the surface of polymeric nanofibers, and were proven to 
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regulate and improve specific biological functions like adhesion, proliferation and differentiation of 

adipose-derived stem cells [61].  

Among the materials used for bone-reconstruction, PLLA is a biocompatible polymer with the 

advantage of being highly biodegradable. For this reason, PLLA have received the approval of the 

Food and Drug Administration (FDA) to be use in bone reconstructive surgery [62]. PLLA nanofibers 

are often functionalized to improve their biological performance with peptides such as RGD  

(Arg-Gly-Asp); with osteogenic molecules such as hydroxyapatite; or with proteins such as collagen 

and the growth factor bone morphogenic protein 2 (BMP-2) [63]. In fact, direct incorporation of  

BMP-2 into PLLA nanofibers enhances the osteoinductivity of the scaffolds. It has been shown that 

PLLA nanofibers facilitate colonization of bone defects and in combination with BMP-2 increase bone 

generation, PLLA/BMP-2 implants being able to close critically sized calvarial defects within  

eight weeks [62]. 

Current orthopedic implants fail in an appropriate osteo-integration limiting implant lifespan. 

Recent studies are focused in altering the surface topography of materials at nanoscale level to secure 

integration with the surrounding tissue and to avoid extrusion and movement. Indeed, nanotopography 

has been shown to influence the type, quantity and conformation of adsorbed protein, and control 

cellular adhesion to the surface [64]. Titanium, as a biocompatible material, has been used to enhance 

implant incorporation in bone for dental, craniofacial, and orthopedic applications. Studies have 

demonstrated that nanoporous titanium dioxide (TiO2) surface modification alters nanoscale 

topography improving soft tissue attachment on titanium implants surface [65,66]. For example, the 

uses of nanoporous TiO2 surface-modified implants, in a human dental clinical study, showed that 

TiO2 thin film increased adherence in early healing of the human oral mucosa and reduced marginal 

bone resorption [67].  

Nanostructured implant surfaces are also known to enhance osteoblast activity. Using a 

hydrothermal technique, a simple one-step wet chemical method, non-periodic nanostructures have 

been developed to surface modify metallic titanium implants. Among the nanomorphologies tested, the 

nanoleafy pattern showed the strongest influence on protein adsorption, in vitro osteoblast cell 

proliferation and differentiation. In vivo, these nanostructures have also demonstrated a higher 

percentage of bone contact without producing any inflammatory response. These results point to the 

importance of specific nanomorphologies in controlling tissue integration [68].  

In another study, the effect on osteoblast differentiation of TiO2 nanofiber meshes, fabricated using 

an electrospinning method to create different surface micro-roughness and nanofiber diameters, was 

evaluated. Osteoblast differentiation and local factor production were regulated by both roughness 

surface and the nanotopography, indicating that scaffold structural characteristics alone can be used to 

drive cell differentiation and create an osteogenic environment without the use of  

exogenous factors [69].  

Nanotube structures have also been shown to have great potential for bone regeneration; their shape 

is very similar to that of the nanofibers with the only difference that the nanotubes are hollow. 

Bioactive helical rosette nanotubes are self-assembled nanomaterials, formed in water from synthetic 

DNA base analogs that mimic the helical nanostructure of collagen in bone. This technology has been 

used to create a biomimetic nanocomposite combined with nanocrystalline hydroxyapatite, and 

biocompatible hydrogels which increased osteoblast adhesion [70]. Rosette nanotubes have also been 
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incorporated into various natural and synthetic biomaterial scaffolds. For example, combination of 

hydrogels, specifically poly(2-hydroxyethyl methacrylate) (pHEMA) and hydroxyapatite (HA) NP, 

have been demonstrated to improve long-term functions of osteoblasts by increasing the collagen 

synthesis, alkaline phosphatase activity, and calcium deposition [71].  

Carbon nanotubes (CNTs) are other suitable scaffold materials that have proved to support 

osteoblast proliferation. Indeed, CNTs possess exceptional mechanical, thermal, and electrical 

properties, facilitating their use as reinforcements or, in combination with other biomaterials, to 

improve and to support bone growth [72,73]. In fact, Li et al. have showed that CNTs could induce 

ectopic bone formation in the dorsal musculature of mice, suggesting that these nanotubes might not 

only improve cell attachment and proliferation but also differentiate the inducible cells derived from 

soft tissues to osteogenic cells [65]. 

Clinical therapies implying the use of nanotechnology in bone regeneration are still in the beginning 

stages. Considering that hydroxyapatite is one of the major components in the bone matrix, synthetic 

nanocrystalline HA has been used to construct scaffold for bone substitutes. Recently, the bone healing 

ability of a nanocomposite (DBSint®), approved for clinical use, constituted by biomimetic 

nanostructured Mg-hydroxyapatite and human demineralized bone matrix has been investigated. The 

clinical-radiographic and histomorphometry study in subjects undergoing high tibial osteotomy, 

demonstrated that these nanocomposites are safe and effective. However, non-reabsorbed graft 

remnants surrounded by soft tissues were observed, thus the benefits of this approach in a long-term 

outcome are still unclear and require further investigation [74]. Schwarz et al. undertook a four-year 

study of patients treated of moderate intrabony peri-implantitis defects using either a nanocrystalline 

hydroxyapatite or a natural bone mineral (BioOsss spongiosa granules) in combination with a collagen 

membrane (BioGides) and found bone reconstruction [75].  

6. Nanotechnology for Nerve Regeneration 

Incomplete recovery from peripheral nerve injuries can produce a diversity of negative outcomes, 

including numbness, impairment of sensory or motor function, the possibility of developing chronic 

pain, and devastating permanent disability. The gold standard treatment is surgery, which requires an 

autologous nerve graft. Nevertheless, many complications are related to this technique including the 

sacrifice of the donor nerve function, limited availability of donor tissue, and formation of potentially 

painful neuromas. Consequently, it is needed to develop new strategies to create nerve artificial 

prosthesis to solve nerve donor-associated complications.  

One of the biggest challenges in peripheral nerve tissue engineering is to create an artificial nerve 

graft that could mimic the ECM and assist in nerve regeneration. Bio-composite nanofibrous scaffolds 

made from synthetic and natural polymeric blends provide suitable substrate for tissue engineering and 

it can be used as nerve guides eliminating the need for autologous nerve grafts. Nanotopography or 

orientation of the fibers within the scaffolds greatly influences the nerve cell morphology and 

outgrowth, and the alignment of the fibers ensures better contact guidance of the cells. A bioartificial 

nerve conduit must meet the overall requirements of a suitable bio-scaffold; it must therefore be 

biodegradable, biocompatible and non-immunogenic. Furthermore, nerve conduits should also be 
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engineered to achieve specific characteristics such as to possess an adequate tensile strength without 

compromising flexibility [76]. 

It is essential to select the appropriate material in order to reproduce the specific characteristic of 

the native nerve. In this respect, numerous materials, synthetic and natural, have been tested for 

manufacturing nerve conduits.  

Aliphatic polyesters are biocompatible polymers that can be synthesized into fibers via 

electrospinning [76]. Actually, several PGA and PCL nerve guidance conduits have been approved by 

the FDA for clinical use in peripheral nerve repair [77]. A successful example is Neurotube®, an 

absorbable woven PGA mesh tube designed for peripheral nerve repair or reconstruction (Synovis 

Micro Companies Alliance, Birmingham, AL). The efficacy of this scaffold has been demonstrated by 

a large multicenter clinical trial, reporting very encouraging results for digital nerve 

reconstruction [78]. Further clinical reports investigating the Neurotube® conduit in motor 

reconstruction of the spinal accessory nerve, several facial nerves and forearm median nerves showed 

promising clinical outcomes. Nevertheless, although Neurotube® is the preferred synthetic nerve 

conduit among surgeons, there are still some issues that decrease their efficiency, such as the high rate 

of degradation that reduces its mechanical properties, and the formation of acidic degradation deposits. 

To solve these limitations and to improve efficacy, more recently, numerous PGA derivative 

compounds and combinations have begun to emerge. For example, neural stem cells and Schwann 

cells have been cultured in combined PLGA conduits and neurotrophin-3 (NT-3) to generate  

NT-3-loaded PLGA carriers in vitro [79]. In addition, the incorporation of growth factor-microspheres 

or VEGF-microspheres to PLGA has proved to increase nerve formation when grafted to a rat 

model  [80]. Another study showed nerve regeneration after two months of PLGA tube, containing rat 

dental pulp cells embedded into a collagen gel, transplantation [81]. Finally, introduction of autologous 

MSCs to PLGA scaffolds improved the repair and rehabilitation of a large gap after peripheral nerve 

injury in dogs [82] and rats [83]. 

Another biocompatible polymer that has gained considerable interest in nerve regeneration research 

field is PCL. The main advantages of PCL are that can be easily manipulated with low processing 

costs. Its high processability is attributed to the fact that PCL is very soluble in a wide range of organic 

solvents and, moreover, its crystalline nature enables easy formability at relatively low temperatures. 

Its degradation products are less acidic than PLA and non-toxic, which causes less damage to the 

surrounding tissue environment and do not trigger an inflammatory response [84]. Neurolac® 

(Polyganics Inc., the Netherlands) is a PCL nerve conduit that has also been approved by the FDA. A 

randomized clinical trial, with 30 patients suffering from hand nerve lesions, has been conducted to 

test the nerve reconstruction capacity of Neurolac®. Patients were randomized for treatment either with 

autologous nerve grafts or with Neurolac®. Although some complications were reported for the 

Neurolac®-treated group, none were directly related to the use of the PLC device. Interestingly, the 

recovery of sensibility between groups was comparable [85], however Neurolac® showed some 

limitation, principally, its high rigidity [83]. 

Another strategy for nerve regeneration is the combination of PCL devices with cells or natural 

materials. For instance, MSCs grown in the nerve scaffold has been proved to improve nerve 

regeneration after a nerve transection in mice [86]. On the other hand, collagen/PCL fibrous scaffold 
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successfully supported nerve regeneration through an 8-mm sciatic nerve gap in adult rats, achieving 

similar electrophysiological and muscle reinnervation results as autografts [87]. 

Peptide amphiphiles (PAs) are peptides with the ability to form spontaneous self-assembly 

nanofibers and a dual functionality of simultaneously being hydrophobic and hydrophilic. This balance 

of polarity between attractive and repulsive forces within the nanomolecular construct further alludes 

to their novel properties [76]. In fact, the nanofiber self-assembly framework of PAs has proved to 

promote the migration and proliferation of neural cells [88]. PAs can also function as efficient drug 

and gene delivery platforms. Actually, various therapeutic agents can be incorporated into PAs to 

augment the recovery process and minimize immune response. Some examples of PAs, with potential 

to be a candidate of nerve conduits, is IKVAV, a pentapeptide, made up of a sequence of amino acids 

Ile-Lys-Val-Ala-Val, first identified in the A chain of laminin. IKVAV is a neurite-promoting laminin 

epitope, and it has been demonstrated to upregulate the proliferation of neural cells [76]. Another is 

RGD (Arg-Gly-Asp) a tripeptide able to mediate peripheral neuron regeneration, in fact integration of 

RGD into PAs promoted cell proliferation and differentiation [89]. A plethora of peptide sequences 

can also be incorporated into PAs, making these nanofibers extremely versatile and customizable [76]. 

Natural materials offer increased levels of biocompatibility, decreased toxicity and enhanced 

migration of support cells when compared with synthetic materials. Collagen has widespread use as a 

biological material including peripheral nerve repair, because, when purified, it is weakly antigenic. 

Diffusion processes through collagen matrices are facilitated by its smooth microgeometry and 

transmural permeability. In addition, the adhesive property of collagen for different cell types also 

permits enhanced survival and proliferation [84]. NeuraGen® (Integra Life Sciences Corporation, 

Plainsboro, NJ, USA) was the first semi-permeable Type I collagen nerve guidance conduit to receive 

approval from the FDA. The clinical experience using NeuraGen® was reported by Taras et al. in a 

medical study on peripheral nerve reconstruction [90]. Patients tolerated splinting and resisted exercise 

without negative clinical consequences. In another study, NeuraGen® has been compared with direct 

suture repair, in patients with complete traumatic nerve injuries. Results showed that patients who 

received NeuraGen® had lower post-operative pain than those treated with direct suture repair. The 

overall study conclusion was that entubulation nerve repair using the NeuraGen® is as effective 

method of joining severed nerves as direct microsurgical suture for short gap graft repair (data 

presented in the American Society for Peripheral Nerve) (revised in Kehoe et al.) [84]. To improve 

NeuraGen’s® limitations, such as the long duration of its biodegradation, other collage Type I derivate 

structures have been designed;however, no conclusive clinical data have yet been documented [84]. 

Recently, composite materials based on the coupling of conductive organic polymers and carbon 

nanotubes have shown to possess properties of the individual components and the benefit of a 

synergistic effect. For instance, multi-wall carbon nanotube (MWCNT)/polymer composites are hybrid 

materials that combine numerous mechanical, electrical and chemical properties and can be used for 

the development of nerve guidance channels to promote nerve regeneration. This biomaterial is a 

suitable substrate that increases electronic interfacing between neurons and can be employed to create 

micro-machined electrodes with potential applications in neural regeneration, prosthetic devices and 

brain implants [91]. 

The use of micro-electromechanical systems stimulation, through modulation of ions around the 

nerve, is a novel nanotechnology strategy for modulating nerve impulse activation. These findings 
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have potentially significant implications for the design of special nano-enhanced materials that could 

be used to promote nerve regeneration and rehabilitation [92]. 

Bridging larger nerve gaps between proximal and distal ends requires exogenous tubular constructs 

with uniaxially aligned topographical cues to promote the axonal regrowth. In this respect, electrospun 

nanofibrous scaffolds are a good candidate to fill up the gap of the injured nerve. Recently, it has been 

demonstrated that the alignment of nanofibers has a significant influence on the adhesion and 

proliferation of Schwann cells. The axially aligned nanofibers were shown to mimic the fibrin cable 

architecture and, thereby, this approach may represent an ideal scaffold for extending the growth of 

axonal processes [93]. 

Additionally, flexible nerve agent sensors, based on hydroxylated poly(3,4-ethylenedioxythiophene) 

nanotubes with surface substructures such as nanonodules and nanorods have been explored. The 

surface substructures can be grown on a nanofiber surface by controlling critical synthetic conditions 

during vapor deposition polymerization on the polymer nanotemplate, leading to the formation of 

multidimensional conducting polymer nanostructures where hydroxyl groups are found to interact with 

the nerve agents. Representatively, the sensing response of dimethyl methylphosphonate, as a simulant 

for sarin, is highly sensitive and reversible from the aligned nanotubes and the sensor has excellent 

mechanical bendability and durability [94]. 

7. Nanotecnology for Cardiac Tissue Regeneration 

Heart stroke and valvular heart disease are a significant cause of morbidity and mortality 

worldwide. Myocardial infarction results in reduced cardiac function due to cardiomyocyte death. As 

the proliferative potential of the terminally differentiated cardiomyocytes is low, the heart is unable to 

repair itself and, after damage, non-functional scar tissue is formed. On the other hand, damage or 

defect in one of the four heart valves can ultimately lead to heart failure. Classical replacement surgery 

involves the implantation of mechanical valves or biological valves (xeno- or homografts). 

Engineering the heart represents a real challenge for a new branch of multidisciplinary researchers 

whose goal is regenerating the damaged cardiac tissue. Certainly, it is not a simple matter of patching 

the damaged tissue. The elasticity and contractive properties of this perfect pump have to be 

guaranteed in order to avoid complications, such as arrhythmias or dysfunction, which could prevent 

the correct impulsion of blood to the entire body [95,96].  

Cell injection directly into the heart has proven to revolutionize the treatment of heart  

disease [97,98]. Some clinical trials have been conducted injecting autologous stem cells derived from 

bone marrow, and some benefits such as improvement in left ventricular ejection fraction and 

concomitant increase in myocardial perfusion have been proven [99–101]. Moreover, enhancement in 

myocardial oxygen consumption [102] and in the contractility properties of the scarred area has been 

demonstrated [103]. A recent meta-analysis performed to evaluate the effectiveness of adult bone 

marrow-derived stem cell injection to treat acute myocardial infarction concluded that a moderate and 

significant improvement in global heart function was achieved after the stem cell therapy [104]. 

However, although beneficial, the effects of stem/progenitor cell administration on cardiac function in 

the clinical setting have not quite fulfilled expectations [102].  
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Considering the drawbacks of cell implantation and the fact that many cardiovascular diseases can 

lead to heart damage from the necessarily replaced functional structures of the heart—such as valves, 

or even the whole heart—there is a great need for approaches that create cardiac tissue via 

bioengineering. Advances in nanotechnology have allowed researchers to fabricate scaffolds with the 

aim to mimic the natural cell environment with the physical properties that influence the physiological 

behavior of the tissue. Thus far, contractile cardiac grafts have been created in vitro and are postulated 

as a system for replacing infarcted myocardium and to enhance cardiac function. Furthermore, tissue 

engineering of heart valves or injection of nanomaterials to improve the function of faulty heart valves, 

are newly emerging alternatives that improve current modes of therapy in valvular heart surgery. 

The use of a degradable, nanofibrous scaffold made by electrostatic fiber spinning have been 

postulated to be a feasible method to produce cardiac grafts with clinically relevant dimensions [105]. 

A variety of biomaterials have been tested, alone or in combinations, to fulfill the requirements of 

myocardial regeneration. The priority is to find polymers with specific elastic and ductile mechanical 

properties that can,  for example, mimic the necessary anisotropy of cardiac tissue with the 

combination of PCL and gelatin, and be properly oriented, yield excellent results and improve 

adhesion and alignment of cardiomyocytes in the nanofibrous mesh [106]. A very interesting study 

shows that nanofibrous scaffolds made of L-lactic acid with trimethylene carbonate (P(L)LA-co-TMC) 

promote cardiomyocyte proliferation and efficiently preserve cell morphology, without hampering 

expression of sarcomeric alpha actinin marker, thus demonstrating its potential as a synthetic 

biomaterial for myocardial tissue engineering [107]. 

Furthermore, a recent study revealed the proper ratio of poly(1,8-octanediol-co-citrate) (POC) and 

poly(L-lactic acid)-co-poly-(3-caprolactone) (PLCL) to obtain a nanoscaffold with mechanical 

properties, such as elasticity and tensile strength, similar to the cardiac tissue [96,108].  

Going even further, researchers have developed a biocompatible scaffold that not only has good 

physical, chemical and mechanical properties, but also present the ability to differentiate cells to 

cardiomyocytes. In this respect, Gupta et al. have created a scaffold combining PEG-PCL-CPCL with 

an inhibitor of bone morphogenetic protein (BMP) which promotes differentiation of ESCs toward 

functional cardiomyocytes [109]. In addition, Sreerekha et al. showed that a scaffold that combines 

fibrin and PLGA was able to stimulate cardiomyocyte MSC differentiation [110]. Other studies have 

used a chitosan nanoscaffold coated with fibronectin and proposed a cardiomyocyte-fibroblast  

co-culture system that resulted in a cardiac tissue-like structure, where cardiomyocytes maintained 

their morphology and polarity and contracted synchronously [111]. Recently, cardiac patches of PEG 

nanoscaffold, embedded in a fibrin hydrogel together with cardiac progenitor cells, were implanted in 

the ventricle wall of a rat infarction model. The engraftment improves the infarcted area, increasing 

cell viability and ECM collagen organization [112]. 

Another nanotechnological variant consists in the use of NPs, which present important advantages 

for a targeted therapy. For instance NPs can easily cross the endothelium, and can be administrated by 

a non-invasive procedure, intravenously or by inhalation [113,114]. Numerous in vivo studies have 

illustrated the advantages of the use of NPs as complementary therapy in cardiovascular diseases. For 

example, phosphatidylserine liposomes administered intravenously to a myocardial infarction mouse 

model, proved to be capable of promoting angiogenesis, remodeling and to prevent ventricular 

dilatation [115]. In addition, NPs have been employed to allow factor and/or cytokine administration. 
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Anti-P-selectin-conjugated liposomes containing VEGF, improved cardiac function and vascular 

structure in mice after myocardial infarction [116].  

Actually, the two main nanotechnological strategies for heart valve disease treatment are: (i) the use 

of tissue engineering to produce fully functional heart valve; or (ii) the employment of NPs to alter the 

physical structure and behavior of faulty valves. 

Biological valves are used for valve replacement in surgical therapy for end-stage valvular diseases. 

But biological prostheses lead to complications such as limited lifespan of the implant due to 

deterioration and calcification of the valve structure, together with problems related to immunological 

response [117]. Nano-engineered heart valves are a promising approach to overcome the limitations of 

conventional heart valve prostheses. In fact, these valves have been tested in animal models showing 

excellent tissue remodeling. For instance, fibrin scaffold in combination with arterial-derived cells 

were inserted in a sheep model and, after three months, the fibrin scaffold was replaced by new tissue 

containing mature collagen along with functional blood vessels [118]. Another successful example of a 

nano-engineered heart valve has been shown by Kalfa et al., who used polydioxanone (PDO) and the 

electrospun technique to construct bioabsorbable valved patches that supported MSCs growth [119]. 

After eight months of implantation in the heart of growing lambs, the PDO scaffold was completely 

degraded and replaced by a viable, three-layered, endothelialized tissue.  

One important aspect that has much to do with the efficiency of artificial valves is the procedure 

employed by culture cells on the scaffolds. In a very recent study, Aleksieva et al. have evaluated 

which culture conditions are optimal for seeding cells onto polyurethane heart valve scaffolds [120]. 

They compared static cultivation with dynamic cultivation using a conditioning bioreactor. Bioreactors 

are devices in which biological and/or biochemical processes are manipulated through close control of 

environmental and process-bound factors such as pH, temperature, pressure, and nutrient and waste 

flow [121]. After growing endothelial cells and fibroblasts onto the valve scaffolds they evaluated cell 

confluence, ECM formation and inflammatory response. The study concluded that the use of the 

bioreactor improved cell attachment to the polyurethane structure and the mechanical properties of the 

valve scaffold. 

In these examples, cell growth is supported in vitro and later cell-containing scaffolds are grafted to 

the animal model. In situ tissue engineering represents a new approach in which nude scaffolds are 

implanted and signaling component presented in the functionalized scaffold guide cell homing, 

adhesion and growth. The ultimate goal is to achieve complete cellularization of the graft, the 

production of a new matrix and, finally, tissue formation. Although in situ tissue engineering for heart 

valve reconstruction is an attractive alternative, more studies are needed to elucidate the in vivo 

feasibility of the approach [122]. 

The second main approach based on nanotechnology directed to improve heart valve diseases 

conditions is the use of NPs. Atherosclerosis processes that involve heart valve degeneration are the 

target of functionalized NPs that can be used as a vehicle for drug delivery [123–126]. In addition, NPs 

can be used to reduce the risk of thromboembolic events after heart valve surgery [127]. For instance, 

PLA matrix systems incorporated with PLGA NPs containing nitric oxide donors have been developed 

for prevention of heart valve complications through sustained and controlled release of  

nitric oxide [128].  
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8. Clinical Trials 

To evaluate the efficacy and safety of nanotechnological devices for application in regenerative 

therapy it is necessary to perform clinical trials with a large cohort of patients. A clinical trial is 

conducted through five consecutive phases defined by the FDA [129]. Briefly: (i) Phase 0: Exploratory 

study involving very limited human exposure to the drug, with no therapeutic or diagnostic goals; (ii) 

Phase 1: Studies that are usually conducted with healthy volunteers and that emphasize safety; (iii) 

Phase 2: Studies that gather preliminary data on effectiveness. Safety continues to be evaluated, and 

short-term adverse events are studied; (iv) Phase 3: Studies that gather more information about safety 

and effectiveness by studying different populations and different dosages and by using the 

drug/medical device in combination with other drug/medical device; and, (v) Phase 4: Studies 

occurring after FDA has approved a drug/medical device for marketing. These studies gather 

additional information about safety, efficacy, or optimal use. 

Here, ClinicalTrials Website [130] was used to look for nanotechnological applications that are 

currently being evaluated by a clinical trial. The clinical trials we report here have been the result of a 

search using the terms: nanotechnology, scaffold, devices in conjunction with skin, cartilage, bone, 

nerve and heart. Table 1 summarized some of the most significant outcomes of our search. 

Related to skin tissue, a clinical trial that evaluates the use of silk sericin scaffold to wound dressing 

is being carried out (NCT01539980). Another advanced wound care device that is being clinically 

tested is Integra(TM) Flowable Wound Matrix. Based on collagen technology, this invention provides 

a scaffold for cellular invasion and capillary growth (NCT01108263). In addition, a multilayer 

transdermal patch designed by electrospinning, which produces a continuous and stable nitric oxide 

release, is currently evaluated. The study tries to determine the efficacy of this novel nitric oxide 

topical donor for the treatment of cutaneous leishmaniasis (NCT00317629). Other clinical trials are 

evaluating the use of silver NP-coated charcoal dressings with the aim of preventing infection and 

enhancing recovery in patients with skin burns (NCT01598493, NCT01598480).  

In the field of cartilage regeneration, we found a clinical trial that evaluates the regenerative 

potential of a sponge-like scaffold BioCart™II seeded with chondrocytes, to treat cartilage defects of 

the femoral condyle (NCT00729716). Aa cartilage-repair device called Kensey Nash Corp is also 

being evaluated for clinical use. This device is implanted in the bone below the area of damaged 

cartilage, the aim of the inventors is that the grafted scaffold will absorb blood and bone marrow from 

the bone and produce the healing of the damaged cartilage area (NCT01183637). 

Interestingly, for bone reconstruction therapy, there is a study that aims to pre-engineer large 

synthetic bone grafts, to seed then with fat-derived progenitor cells differentiated into osteoblasts and 

to study the vascularization process in vivo (NCT01218945). Another study is a prospective trial to test 

the safety and feasibility of injectable scaffold (Ignite®) in combination with progenitor cells 

(NCT01435434). 

An ambitious clinical study that compares different nerve conduit devices for peripheral nerve gap 

repairs is actually in theirs beginnings. The hollow tube nerve conduits that are going to be evaluated 

in this trial are Neurotube, NeuroLac, NeuraGen, NeuroMatrix and NeuroFlex (NCT01573650). In 

addition, we have found a clinical trial that will evaluate nerve repair using a fibrin conduit device to 

treat patients with traumatic peripheral nerve injury of the finger (NCT01573650). 
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Table 1. Clinical trials on the use of nanotechnological devices for tissue regeneration. 

ClinicalTrials.gov 

Identifier 
Clinical trial name Nanotechnology Tissue Status/Phase

NCT01539980 

Clinical Study on Silk Sericin Wound 

Dressing for Split-thickness Skin Graft 

Donor Sites Treatment 

Device: Sericin scaffold Skin 
Phase 1 

Phase 2 

NCT01108263 
Use of INTEGRA™ Flowable Wound 

Matrix to Manage Diabetic Foot Ulcers 

INTEGRA™ Flowable 

Matrix (Collagen) 
Skin Phase 4 

NCT00317629 

Controlled Nitric Oxide-Releasing Patch 

Versus Meglumine Antimoniate in the 

Treatment of Cutaneous Leishmaniasis 

Electrospinning-controlled 

nitric oxide releasing 

patch 

Skin Phase 3 

NCT00729716 

Comparison of BioCart™II With 

Microfracture for Treatment of Cartilage 

Defects of the Femoral Condyle 

BioCart™II  

scaffold 
Cartilage Phase 2 

NCT01183637 

Evaluation of an Acellular 

Osteochondral Graft for Cartilage 

Lesions Pilot Trial (EAGLE Pilot) 

bioresorbable scaffold 
Bone/ 

Cartilage 
Phase 2 

NCT01218945 

Development of Bone Grafts Using 

Adipose-Derived Stem Cells and 

Different Scaffolds 

Bone scaffold Bone 
recruiting 

participants 

NCT01435434 

Mononucleotide Autologous Stem Cells 

and Demineralized Bone Matrix in the 

Treatment of Non-Union/Delayed 

Fractures 

Ignite®ICS injectable 

scaffold 
Bone 

Not yet 

recruiting 

NCT00948025 

A Comparative Post-Marketing Study of 

Commercially Available Peripheral 

Nerve Gap Repair Options (CHANGE) 

Device: Hollow tube 

nerve conduit, synthetic or 

biosynthetic 

Nerve 

Active, not 

recruiting 

Phase 4 

NCT01573650 
Optimization of Peripheral Nerve 

Reconstruction: A Non-Inferiority Trial 
Device: Fibrin Conduit Nerve 

not yet open 

for 

participant 

recruitment 

NCT01270139 

Plasmonic Photothermal Therapy of 

Flow-Limiting Atherosclerotic Lesions 

With Silica–Gold Nanoparticles: a  

First-in-Man Study 

Silica–gold nanoparticles. 

Iron bearing nanoparticles. 
Heart 

Has results 

Phase 1–2 

NCT00124943 

A Phase I/II Safety Trial of Intracoronary 

Administration of Systemic Nanoparticle 

Paclitaxel (ABI-007) for the Prevention 

of In-Stent Restenosis 

Nanoparticle paclitaxel  Heart 
Has results 

Phase 1–2 

In the field of cardiac tissue regeneration we have not find any data of clinical trials conducted to 

test heart scaffold devices or synthetic heart valve substitutes. We reported here two clinical trials that 

evaluate the use of nanoparticules to prevent or treat heart disease-related complications. The first one 

studies the possible beneficial implications of silica-gold NPs in the prevention of atherosclerosis and 

treatment of its complications (NCT01270139). The second clinical trial evaluates NP paclitaxel 

preliminary efficacy for the prevention of in-stent restenosis (NCT00124943). 
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9. Conclusions 

The field of nanotechnology is advancing quickly. This interdisciplinary approach is leading to a 

rapid expansion and development in the fabrication of biomimetic scaffolds for tissue engineering. 

Many studies have been conducted in the search for appropriate materials to create a scaffold that may 

play an active role in the regeneration process instead of simply being a cell carrier or tissue template. 

The advantages of nanomaterials as therapeutic and diagnostic tools are vast, due to design flexibility, 

small sizes, large surface-to-volume ratio, and ease of surface modification.  

The potential of these bio-devices has shown promising results in vitro, and some of them have also 

been successfully tested in vivo with animal models. Nevertheless, the gap between laboratory and 

medical application of these nanotechnological advances is still wide. Although some successful 

devises have already being tested in clinical trials and the data produced by these studies is highly 

encouraging, the safety of nanomedicine is not yet fully defined and more clinical studies still need to 

be conducted to translate nanotechnological devices to the clinic.  

Nanotechnologists, cell biologists and medical doctors have begun to walk the path toward a 

personalized medicine with the hope of improving the treatment of many diseases. The advanced 

applications of this approach to regenerative medicine will undoubtedly transform the fundamentals of 

diagnosis, treatment, and prevention of diseases, becoming an inevitable part of our life. 
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Objective: Infrapatellar fat pad of patients with osteoarthritis (OA) contains multipotent and highly
clonogenic adipose-derived stem cells that can be isolated by low invasive methods. Moreover, nuclear
and cytoplasmic cellular extracts have been showed to be effective in induction of cell differentiation and
reprogramming. The aim of this study was to induce chondrogenic differentiation of autologous
mesenchymal stem cells (MSCs) obtained from infrapatellar fat pad (IFPSCs) of patients with OA using
cellular extracts-based transdifferentiation method.
Design: IFPSCs and chondrocytes were isolated and characterized by flow cytometry. IFPSCs were per-
meabilized with Streptolysin O and then exposed to a cell extract obtained from chondrocytes. Then,
IFPSCs were cultured for 2 weeks and chondrogenesis was evaluated by morphologic and ultrastructural
observations, immunologic detection, gene expression analysis and growth on 3-D poly (DL-lactic-co-
glycolic acid) (PLGA) scaffolds.
Results: After isolation, both chondrocytes and IFPSCs displayed similar expression of MSCs surface
makers. Collagen II was highly expressed in chondrocytes and showed a basal expression in IFPSCs. Cells
exposed to chondrocyte extracts acquired a characteristic morphological and ultrastructural chondrocyte
phenotype that was confirmed by the increased proteoglycan formation and enhanced collagen II im-
munostaining. Moreover, chondrocyte extracts induced an increase in mRNA expression of chondrogenic
genes such as Sox9, L-Sox5, Sox6 and Col2a1. Interestingly, chondrocytes, IFPSCs and transdifferentiated
IFPSCs were able to grow, expand and produce extracellular matrix (ECM) on 3D PLGA scaffolds.
Conclusions: We demonstrate for the first time that extracts obtained from chondrocytes of osteoarthritic
knees promote chondrogenic differentiation of autologous IFPSCs. Moreover, combination of trans-
differentiated IFPSCs with biodegradable PLGA 3D scaffolds can serve as an efficient system for the
maintenance and maturation of cartilage tissue. These findings suggest its usefulness to repair articular
surface in OA.

� 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Chondral defects suppose a challenging clinical problem
aggravated by the increase in elderly population in developed
countries. Consequently, many strategies including arthroplasty,
the stimulation of reparative tissues through arthroscopic, abra-
sion, drilling or microfracture1 have been developed to treat the
injured cartilage. However, these procedures cannot reproduce
successfully the tissue characteristics of hyaline cartilage2,3. New
biological based strategies such as the replacement of damaged
ublished by Elsevier Ltd. All rights reserved.
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surface by healthy one (osteochondral grafts)4 or the implantation
of cultured expanded autologous chondrocytes have been used for
cartilage repair5. Nevertheless, the difficulties to obtain sufficient
amounts of autologous chondrocytes6 or the dedifferentiation
process that chondrocytes undergo after serial passages in mono-
layer culture7 are the main disadvantages that limit their use.

MSCs represent an attractive cell source for cartilage regenera-
tion cell therapy approach. These multipotent cells can be easily
isolated from different sources such as bone marrow, fat tissue,
umbilical cord or peripheral blood among others8 and present
a high proliferation capacity. The chondrogenic potential of MSCs
derived from bone marrow have been demonstrated; 9 however,
the extraction procedure is invasive and increases morbidity in
patients with osteochondral disease. Therefore, it is necessary to
search new sources of MSCs that could be isolated by less invasive
methods. In this respect, MSCs obtained from adipose tissue
represent a good alternative and recently, it has been shown that
Hoffa’s fat pad in patients with osteoarthritis (OA), contains mul-
tipotent and highly clonogenic adipose-derived stem cells10,11.
These cells can be obtained from the articulation of the patient in
a single surgical procedure12,13.

Last years, many protocols for inducing adult stem cells to
differentiate in vitro across germinal boundaries, a process referred
to as transdifferentiation, has been described14e16. There are
different strategies for achieving adult cell reprogramming or
transdifferentiation: somatic nuclear transfer, cell fusion, ectopic
expression of master switch genes and cell extract based
methods17. The use of nuclear and cytoplasmic extracts has been
showed to be effective in induction of cell differentiation and cell
reprogramming18,19. Among potential benefits of the extract
approach are the use of autologousmaterial to direct differentiation
and to avoid exogenous genes, recombinant proteins like exoge-
nous growth factors or viral delivery methods.

In this study, we used cellular extracts-based trans-
differentiation method to induce chondrogenic differentiation of
autologous MSCs obtained from infrapatellar fat pad (IFPSCs) of
patients with OA. Here, we demonstrate for the first time, that
IFPSCs can undergo chondrogenesis when stimulated with an
extract prepared from autologous chondrocytes obtained from
patients’ cartilage tissue.

Materials and methods

Patients

Both human IFPSCs and articular cartilage were obtained from
18 patients with knee OA during joint replacement surgery. Ethical
approval for the study was obtained from the Ethics Committee of
the Clinical University Hospital of Málaga, Spain. Informed patient
consent was obtained for all samples used in this study. None of the
patients had a history of inflammatory arthritis or crystal-induced
arthritis. Human articular cartilage was obtained from the
femoral side, selecting the non-overload compartment: lateral
condyle in varus knees andmedial condyle in the valgus cases. Only
cartilage that macroscopically looked relatively normal was used
for this study. Hoffa’s fat pad was harvested from the interior of the
capsule excluding vascular areas and synovial regions. Samples
collected at joint arthroplasty were transported to the laboratory in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St. Louis, MO,
USA) with 100 U/ml penicillin and 100 mg/ml streptomycin.

Isolation of human articular chondrocytes

Articular cartilage was minced and digested overnight in an
overnight 0.08% collagenase IV (Sigma) digestion at 37�C with
gentle agitation. Cells were centrifuged and rinsing to remove the
collagenase. The remaining cells were then plated in cultured flasks
with chondrocytes media:DMEM (Sigma) supplemented with 20%
FBS (Lonza, Basel, Switzerland), 7 ml human insulin (Actrapid;
Novo Nordisk, Bagsvaerd, Denmark), 6 ml DNase I (Sigma), 100 U/ml
penicillin and 100 mg/ml streptomycin at 37�C in a humidified
atmosphere of 5% CO2. After 24 h the medium was replaced with
fresh medium supplemented with 10% FBS. Chondrocytes were
cultured for a maximum of 3 weeks before the experiments to
avoid dedifferentiation phenomenon7.

Isolation of MSCs from IFPSCs

Fat tissue finely minced was digested using enzymatic solution
of 1 mg/ml collagenase type IA (Sigma) and incubated on a shaker
at 37�C for 1 h. After digestion, collagenase was removed by a single
wash in sterile phosphate-buffered saline (PBS), followed by two
further washes in DMEM supplemented with 10% FBS. The cell
pellet was resuspended in DMEM (Sigma) containing 10% FBS and
1% penicillin/streptomycin, added to tissue culture flasks, and
cultured at 37�C in 5% CO2. After 48 h the mediumwas removed to
discard non-adherent cells. At 80% of confluency the cells were
released with trypsineethylenediaminetetraacetic acid (EDTA)
(Sigma) and subcultured.

Characterization of articular chondrocytes and IFPSCs

The immunophenotype of articular chondrocytes and cultured
IFPSCs was analyzed by flow cytometry (FACS). MSC marker phe-
notyping was performed as previously described20. For the deter-
mination of collagen II expression cells were, first, fixed and
permeabilized with Fix and Perm� reagent (Invitrogen, Carlsbad,
CA, USA), then incubated with the primary monoclonal antibody
(AbCam, Cambridge, UK) for 20 min, washed and finally incubated
with a secondary FITC-conjugate monoclonal antibody (Sigma) for
30 min. All cells were washed in PBS and analyzed in a FACSCanto II
cytometer (BD Biosciences).

Differentiation assays of IFPSCs

Human IFPSCs were plated at 2 � 103 cells/cm2 in DMEM
(Sigma) containing 10% FBS with penicillin and streptomycin at
100 mg/ml and allowed to adhere for 24 h. The culture mediumwas
then replaced with specific inductive media to demonstrate adi-
pogenic, osteogenic and chondrogenic differentiation potential as
previously reported20. In brief, for adipogenic, osteogenic and
chondrogenic differentiation, cells were cultured for 2 weeks in
Adipogenic MSCs Differentiation BulletKit, Osteogenic MSCs
Differentiation BulletKit (Lonza, Basel, Switzerland) and NH Chon-
droDiff Medium (Miltenyi Biotec, Auburn, CA, USA), respectively.

Cell permeabilization assay and exposure to cell extract of IFPSCs

Prior IFPSCs incubation with the nuclear and cytoplasmic
extracts, the efficiency of Streptolysin O (SLO; Sigma) treatmentwas
evaluated following a modification of the protocol described in21.
Briefly, 3 � 105 IFPSCs were permeabilized with several concen-
tration of SLO and exposed to Texas red-conjugated 70,000 Mr
dextran (Invitrogen). The uptake of the dye was observed by phase
contrast and epifluorescence microscopy after 2 h and 24 h of SLO
permeabilization. Chondrocytes extract preparation and exposure
to IFPSCs were performed as described elsewhere22 with slight
modifications (See Supplementary data). 1,666 chondrocytes per
1,000 IFPSCs were used per reaction. After in vitro reprogramming
in cellular extracts, cells were cultured for 2 weeks until use. We
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used permeabilized cells not exposed to the extracts as control. Cell
viabilitywas assessed by phase contrastmicroscopy after 2weeks of
extract exposure by counting cells in four different regions of the
dish and calculating the average.

Transmission electron microscopy (TEM)

Cells were assayed for by TEM as previously reported17 and
sections were examined with a LEO 906E transmission electron
microscope.

Histological and immunohystochemical analysis

Cells seeded on glass coverslips and cell-seeded poly (DL-lactic-
co-glycolic acid) (PLGA) sections were assayed for cartilaginous
matrix production by toluidine blue and safranin O staining. Type II
collagen expression was determined by immunofluorescence as
previously described17. A primary monoclonal antibody anti-
collagen type II (Santa Cruz Biotechnology, Santa Cruz, CA, USA)was
used and photographs were taken with a Leica DM 5500B (Solms,
Germany) fluorescent microscope, software Meta Systems Isis.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA from control SLO-permeabilized cells, SLO-per-
meabilized cells exposed to the extract and from cultured chon-
drocytes (positive control) was extracted using TriReagent (Sigma).
RNA was reverse transcribed using the Reverse Transcription
System kit (Promega, Madison, WI, USA) and the PCR reaction was
performedwith ReddyMix PCRMaster Mix (Thermo,Waltham,MA,
USA). After the initial denaturation (2 min at 94�C), 33 cycles were
performed (30 s at 94�C, 50 s for annealing temperature and 1 min
at 72�C) for all set of primers except for b-actin, which was 25
cycles. Primer sequences and annealing temperatures can be found
in Table I. The PCR products were visualized on 1% agarose gels
containing 0.1 mg/ml ethidium bromide using ultraviolet light.

In vitro primary culture on scaffold

We used a biodegradable cylindrical implant constructed of
a porous cartilage phase and a porous bone phase (5 mm in
diameter � 10 mm deep). The cartilage phase of the scaffold was
cut to 3 mm in diameter and 3 mm in height under sterile condi-
tions on a Petri dish and was plated in 96-well plates. The synthetic
material is a blend of poly DL-lactide-co-glycolide, polyglycolide
fibers and surfactant (TruFit CB Plug; Smith & Nephew, London,
Table I
Sequences of the primers used in the RT-PCR reactions

Target gene Primers (forward and reverse)

Collagen type I GAG AGC ATG ACC GAT GG
GTG ACG CTG TAG GTG AA

Collagen type II GAC AAT CTG GCT CCC AAC
ACA GTC TTG CCC CAC TTA C

Collagen type X GCC CAC TAC CCA ACA C
TGG TTT CCC TAC AGC TGA

Aggrecan I GTC TCA CTG CCC AAC TAC
GGA ACA CGA TGC CTT TCA C

Sox-5 ATC CCA ACT ACC ATG GCA GCT
GAT ACC TGC ATT GCA GCT

Sox-6 GCA GTG ATC AAC ATG TGG CCT
TTC ATC ATG CGCTGC CAG TAG

Sox-9 GAG CAG ACG CAC ATC TC
CCT GGG ATT GCC CCG A

Gapdh GAA GGT GAA GGT CGG AGT C
GAA GAT GGT GAT GGG ATT TC
UK). Cells suspensions containing 6,000 cells in 50 ml of medium
were slowly dropped onto the surface of each scaffold incubated in
96-well plates for 4 h at 37�C and then analyzed under the inverted
microscope to check cell adhesion to the polymer surface. After
that, 50 ml of fresh medium was added in each well plate. Cell
culture medium was changed every 2 days.

Environmental scanning electron microscope (ESEM) analysis

After 3 days of culture, samples were fixed in 3% glutaraldehyde
during 2 h at 4�C and then were rinsed several times with sodium
cacodylate. The samples were kept refrigerated into PBS. The obser-
vations started at an initial water vapor pressure of 5.7 tors. At this
pressure, a liquid water phase was present in the sample (100% RH).
Then, vapor pressure was decreasing slowly until the surfaces of the
samples were visible (4.5 and 5 tors). Accelerating voltages varied
between 10 and 15 kV we obtained a good image resolution using
small beam current (spot size 3e3.5) and a working distance of 5e
6 mm. The ESEM used in this work was a Quanta 400 (FEI) located at
the Centro de Instrumentación Científica of the University of Granada.

Results

Cell isolation and characterization of chondrocytes

FACS characterization showed that ex-vivo cultured chon-
drocytes expressed the surface markers CD73 (99.84%), CD90
(97.25%) CD105 (99.74%) and the intracellular protein collagen type
II (60%), while lacked expression for both hematopoietic and
endothelial cell markers CD45 (<1%), CD34 (1.4%), CD133 (1.82%),
CXCR4 (2.27%), KDR (7.63%) [Fig. 1(A)].

Light microcopy observation showed that chondrocytes at day
one were attached to the flask surface as cell-clusters of rounded
shapes [Fig. 1(B)]. After a week in culture, cells displayed a polyg-
onal shape appearing some of them with a star-like morphology
[Fig. 1(C)]. These stellated-like cells occupied the entire surface and
reached confluence after 2 weeks [Fig. 1(D)].

Cell isolation and characterization of IFPSCs

Isolated IFPSCs presented a spindle shape fibroblastic
morphology. FACS characterization demonstrated a positive
expression of the surface markers CD73 (>99.80%), CD90
(>99.42%), CD105 (>99.91%) and a negative expression for CD45
(1.16%), CD34 (8.16%), CD133 (1.41%), CXCR4 (1.97%) and KDR
(1.49%) as shown previously23. In addition, IFPSCs showed a slightly
expression of collagen type II (13%) [Fig. 2(A)]. IFPSCs treated with
conditioned media displayed characteristics of adipogenic, osteo-
genic and chondrogenic differentiation after staining [Fig. 2(B)].

Cell permeabilization assay

Previous to perform the extract reprogramming experiment we
optimize IFPSCs permeabilization procedure by testing different
concentrations of the SLO toxin ranged from 0.230e305 ng/ml.
Among the tested concentration, 185 ng/ml of SLO was the most
efficient, permeabilizing 80e95% of the cells [Fig. 3]. Results showed
that 20e25% of the cells survived to the extract exposurewhile 80% of
control cells (permeabilized but not exposed to extract) were viable.

Phenotypic changes after exposition to chondrocyte extracts

Phase microscopy observation of cultured chondrocytes showed
a typical polygonal morphology with a high rate of star-like cells
[Fig. 4(A)]. On the other hand, permeabilized but not exposed to



Fig. 1. Phenotypic characterization of chondrocytes. (A) Chondrocytes were cultured for 2 weeks and then tested for mesenchymal surface markers (CD105, CD73 and CD90),
hematopoietic and endothelial markers (CD133, CD34, KDR, CD45 and CXCR4) and for collagen II by flow cytometry. White histograms identify the isotype controls (negative). (Be
D) Phase-contrast light microscopy of cultured human articular chondrocytes for 1 (B), 7 (C) and 14 days (D). Original magnification: 10� for B and 20� for C and D.
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extract cells (control IFPSCs) displayed a characteristic mesen-
chymal shape consisting in flatter cells with a spindle-like
morphology [Fig. 4(B)]. It can be appreciated that IFPSCs acquired
a chondrocyte-like phenotype after exposure to the autologous cell
extract, showing an increased number of smaller polygonal and
star-shaped cells [Fig. 4(C)].

Furthermore, toluidine blue assay demonstrated a characteristic
positive metachromatic staining in both chondrocytes and IFPSCs
treated with extracts which evidenced the synthesis of glycos-
aminoglycans (GAGs) [Fig. 4(D and F), respectively] when compared
with control cells [Fig. 4(E)].

Ultrastructural analysis

TEM showed that cultured chondrocytes possessed an
euchromatic nuclei, a cytoplasm rich in rough endoplasmic
reticulum (RER), many transport vesicles, lipid droplets (LI) and
proteoglycan granules. Moreover, ECM produced by cultured
chondrocytes contained a homogeneous population of fibrillar
collagens (FC) with typical striation [Fig. 4(G and J)]. Control
IFPSCs exhibited morphological features typical of MSCs, including
various mitochondrial profiles, small vacuoles and a nucleus with
multiple nucleoli [Fig. 4(H and K)]. In contrast, extract exposed
IFPSCs seemed to have undergone chondrogenic differentiation
characterized by nuclei with prominent nucleoli, extended cistern
of RER, Golgi apparatus (GA) and vacuoles and fine cytoplasmatic
processes [Fig. 4(I and L)]. Moreover, a characteristic feature
present in chondrocytes and found in extract exposed IFPSCs
[Fig. 4(I and L)], but not in control [Fig. 4(H and K)], was the
presence of proteoglycan granules in both cytoplasm and ECM.
Round-shaped lipid vesicles of variable size were also present in
differentiated cells.



Fig. 2. Phenotypic characterization and differentiation potential of IFPSCs. (A) IFPSCs were cultured for 2 weeks and then tested for mesenchymal surface markers (CD105, CD73 and
CD90), hematopoietic and endothelial markers (CD133, CD34, KDR, CD45 and CXCR4) and for collagen II by flow cytometry. (B) The differentiation potential of IFPSCs towards
adipogenic, chondrogenic and osteogenic lineage was confirmed by Oil Red O, toluidine blue and Alizarin Red S staining, respectively. Upper pictures show negative controls, cells
cultured in normal medium for 2 weeks and then histochemically stained. Original magnification: 10�.

E. López-Ruiz et al. / Osteoarthritis and Cartilage 21 (2013) 246e258250



Fig. 3. Reversible cell permeabilization, uptake of a Texas red-conjugated dextran by IFPSCs. Intact IFPSC (�SLO) or SLO-permeabilized IFPSC (þSLO). Cells were incubated for
30 min in HBSS containing 50 mg/ml of Texas red-conjugated 70,000 Mr dextran, resealed with 2 mM CaCl2 and cultured for 2 h and 24 h before observation by phase contrast and
epifluorescence microscopy. Original magnification: 10� for AeD and 20� for EeF.
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Transdifferentiated MSCs increased expression of chondrogenic
markers

After 2 weeks of exposure to extracts, we analyzed the expres-
sion of collagen II by immunofluorescence. Extract exposed IFPSCs
[Fig. 5(C, F and I)] showed a strong expression of collagen II protein
with a similar pattern of cultured chondrocytes [Fig. 5(A, D and G)].
Collagen type II was confined in both cytoplasm and ECM. However,
non-treated IFPSCs displayed a weak staining for the chondrogenic
marker collagen II [Fig. 5(B, E and H)].

In addition, differential expression of selected chondrogenic key
markers was evaluated by RT-PCR [Fig. 5(F)]. After 14 days, extract-
treated cells showed increased gene expression for Col2A1, Acan,
Col10, L-Sox5, Sox6 and Sox9, in comparison with control IFPSCs,
which showed a low expression for Acan and L-Sox5 and a weak
expression for Col2A1, ColX, and Sox6. Chondrocytes exhibited
higher expression levels of these genes than exposed cells. No
significant changes were observed in the expression of Col1 in all
samples. Interestingly, extract not exposed cells showed a basal
expression for Col2A1, Sox9, Acan, Sox6 and ColX.

Cell attachment and distribution in the scaffold

Chondrocytes, extract exposed cells and control cells were
seeded in the cylindrical scaffold for 5 days and outside and inside
layers of each scaffold were examined by ESEM [Fig. (6)]. All cells
were able to attach on the polymer surface by filopodia and con-
nected with each other. Chondrocytes acquired a predominantly
spherical or sometimes fusiform andwere surroundedwith a dense
matrix that extended between the cells to form a continuous
network of cell and matrix [Fig. 6(A and B)]. In contrast, control
non-exposed IFPSCs showed a flattened morphology with a high
number of prolongations and secrete some dense material
[Fig. 6(C)]. Moreover, the cross-section images clearly showed that
these control cells were able to penetratewithin scaffold [Fig. 6(D)].
Interestingly, extract exposed IFPSCs were able to grow covering
the scaffold pores and to secrete a high dense extracellular matrix
(ECM) that formed a homogeneously compact surface [Fig. 6(E and
F)]. Furthermore, histological and immunohistochemical analyses
of scaffold sections clearly showed cartilage-specific extracellular
components produced by the IFPSCs exposed to the extract (Fig. 7).

Discussion

Mature hyaline cartilage has a very low self-repair potential due
to its intrinsic properties. For this reason, researchers have focus in
the search of methods to induce complete cartilage repair. In the
last years, tissue engineering strategies combining cell therapy and
scaffolds have emerged as a promising new approach for the
treatment of articular cartilage defects24,25.



Fig. 4. Morphological analysis of control IFPSCs (permeabilized but not exposed to extract cells) and extract exposed cells. Phase-contrast light microscopy of chondrocytes (A),
control IFPSCs (B) and extracts-treated IFPSCs (C). GAG synthesized was visualized by toluidine blue staining in chondrocytes (D) and in IFPSCs under chondrogenic differentiation
(F), but not in control cells (E). TEM analysis of chondrocytes (G and J) showing a cytoplasm containing abundant RER, LI, proteoglycan granules and a homogeneous distribution of
FC. Control IFPSCs with their complement of cytoplasmic organelles, such as RER, GA and vacuoles (H and K). Finally, IFPSCs exposed to the extract showed rounded-shaped lipid
vesicles and proteoglycan granules in both cytoplasm and ECM (I and L). Original magnification 20� for AeF.
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Cellular reprogramming based on cell extracts has shown that
differentiated cells can be transdifferentiated in other differentiated
cell types or dedifferentiated into pluripotent cells17,19. Moreover,
we have demonstrated that using extracts from adult human heart
tissue MSCs induced differentiation toward cardiomyocytes26.

Recently, it has been shown that IFPSCs undergo chondrocyte
differentiation, do not seem to have any age related decline in
proliferative potential and are easily accessible with less discomfort
to the patients27,28. In this work we analyze the chondrogenic
potential of MSCs obtained from Hoffa’s fat pad of patients with OA
after the exposition to an extract, containing the intracellular
components of chondrocytes.

We observed that human articular chondrocytes obtained from
elderly patients maintained a chondrocyte phenotype in agreement
with29. Chondrocytes and IFPSCs characterization by flow cytometry
showed similar expression of MSCs surface makers CD90, CD105 and
CD73. CD90 has been suggested as a new target to induce re-
differentiation of dedifferentiated human chondrocytes in cartilage
regeneration procedures and CD105 could be used as a molecular
marker predictive of the capacity of cultured chondrocytes to form



Fig. 5. Immunofluorescence of collagen II and gene expression of chondrogenic markers. Type II collagen indirect immunofluorescence of chondrocytes (A, D and G), control IFPSCs
(B, E and H) and IFPSCs exposed to the extract (C, F and I). Expression of cartilage-specific collagen II protein with intense green staining can be appreciated on treated cells, showing
the characteristic collagen fibers framework of cartilage. Original magnification 63� for A and GeI; 10� for B; 20� for C; 40� for DeF. RT-PCR analysis of chondrogenic markers (F).
Two weeks in culture chondrocytes used as positive control (lane 3) and extracts-exposed IFPSCs (lane 1) showed increased gene expression for Col2A1, Acan, Col10, L-Sox5, Sox6 and
Sox9. Basal expression of these genes was seen in control IFPSCs (lane 2). Expression of Gapdh was used as an internal control. Experiments were performed in triplicate, were
carried out at least twice and yielded similar results.
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Fig. 6. Scanning electron micrograph of human of chondrocytes (A and B), control IFPSCs (C and D) and extracts-treated IFPSCs (E and F) after 5 days growing on the PLGA scaffold.
Numerous cells firmly adhere to the scaffold and appeared to be suspended within the lumen or crawled around the walls. Chondrocytes show a round shaped morphology and
a rough surface. Chondrocytes and extracts-treated IFPSCs appeared surrounded by matrix.
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cartilage in vivo30. Also, collagen II was highly expressed in chon-
drocytes, and showed a basal expression in IFPSCs. In fact, mature
articular joint develops from embryonicmesodermal precursors that
differentiate into chondroprogenitors and ultimately into mature
adult chondrocytes31. In addition, we found that IFPSCs were able to
differentiate into specific lineages suggesting that fat pad cell pop-
ulation, as shown previously even in OA, contains a population of
highly proliferative and multipotent MSCs32.

IFPSCs exposed to chondrocyte extracts showed characteristic
morphological changes suggesting the acquisition of a chon-
drocyte-like cell phenotype that was confirmed by the increased
proteoglycan formation33 in both toluidine staining and TEM
observations, in agreement with chondrocytes typical features34.
Further studies to demonstrate if the chondrocyte extract induce
modifications in the expression of adipogenic and/or osteogenic
markers will be of interest.
Collagen type II, a marker for hyaline cartilage together with
aggrecan, are the predominant proteins in the ECM of cartilage35.
Immunostaining of extracts-treated IFPSCs showed an increased
expression of collagen II. Similarly, PCR analysis displayed an up-
regulation of Col2a1 and others chondrocyte-marker genes
including Sox9, L-Sox5 and Acan. Sox9 is the master transcription
factor for chondrogenesis, which acts in early stages of chondrocyte
differentiation by directly induction of type II collagen36 and is
expressed in the mesenchymal condensations37. Moreover, it has
been previously demonstrated that Sox9 in concert with L-Sox5 and
Sox6, regulates cartilage formation and maintains the chondrocyte
phenotype in the mature cartilage by activating expression of
several cartilage-specific genes, including genes Col2a1, Col9a1 and
Col11a1, Acan and Comp38. In treated IFPSCs Sox9 and its cofactor L-
sox5 expressions were elevated and a slightly induction of Sox6was
found.



Fig. 7. Analysis for cartilage-specific extracellular components of PLGA scaffolds sections seeded with transdifferentiated IFPSCs. Safranin O staining (A and B) and toluidine blue
staining (C and D) revealing GAGs production. Indirect immunofluorescence visualized in green for cartilage-specific collagen II protein (E and F). 5� original magnification for: A, C,
E; 10� original magnification for: B and D; 20� F.

E. López-Ruiz et al. / Osteoarthritis and Cartilage 21 (2013) 246e258 255



E. López-Ruiz et al. / Osteoarthritis and Cartilage 21 (2013) 246e258256
Some OA characteristics are the expression of hypertrophy
markers such as collagen X with a concomitant decrease in the
synthesis of type II collagen and aggrecan39. In our study chon-
drocytes isolated from patients with OA showed increased Col10
expression, however IFPSCs exposed to the extract displayed
a marked reduction. This fact together with the increased expres-
sion of Sox9, L-Sox5, Sox6 and Col2a1, suggest the efficacy of this
methodology to promote mature chondrogenesis. Nevertheless,
the use of Col10mRNA as amarker of chondrogenic hypertrophy for
in vitro studies has been questioned40.

Type I collagen is categorized as a fibril-forming collagen and
is usually produced when cells go into fibroblastic or osteoblastic
differentiation41. In our experiment, Col1a1 transcripts were
constitutively expressed in chondrocytes and IFPSCs. After expo-
sure to the extracts this expression was not affected. Type I
collagen participates in regulating mesenchymal condensation
and the onset of chondrogenic differentiation42. Moreover, Col1
expression increase has been often closely related to chondro-
genic differentiation in vitro43. The basal expression of charac-
teristic chondrogenic markers in IFPSCs can be explained
according to their micro-environmental niche. Recently, it has
been demonstrated that non-cartilaginous knee joint tissues such
as IFP possess significant chondrogenic potentials and this may be
associated with the proximity to the niche they reside31,44,45. In
addition, IFPSCs offer number of practical advantages such as they
can be extracted from the same patient, avoiding rejection or side
effects of immunosuppressive medication administration. More-
over, they are easily accessible, with less discomfort to the
patient, as they can be obtained from osteoarthritic knee during
knee arthroscopy. Furthermore, the fat pad has a greater yield of
MSCs than bone marrow46,47.

It has been shown that in comparison with monolayer 3-D
matrices, which are developed to mimic the extracellular envi-
ronment, could maintain better chondrocyte phenotypes and play
a critical role in supporting chondrogenesis24,48. Therefore, we
growth transdifferentiated IFPSCs in 3-D PLGA scaffolds, a cylin-
drical implant constructed with a porous cartilage phase which
have been used before as cell-free for cartilage repair in surgery49.
Nano-structured PLGA surfaces have been shown to accelerate
chondrocyte adhesion and proliferation, as well as ECM produc-
tion50. Our results showed that 3D PLGA scaffold was able to
support growth and cell expansion and facilitate their free diffusion
throughout the structure. These preliminary results demonstrated
the affinity of IFPSCs for PLGA-based scaffolds and its ability to
support chondrogenic differentiation.

Transdifferentiation studies have supported the notion that cell
fate is controlled by master switch genes and that one or two
factors can be sufficient to direct cells fromone lineage to another51.
Transdifferentation of the IFPSCs into chondrocytes can involve
both the suppression and regulation of different genes in the cells,
implying that genes from both cell types are co-expressed at some
point. Further studies are necessaries to identify the factors and
molecules presents in the extract that should enhance our under-
standing of the mechanisms involved in chondrocyte differentia-
tion and development.

In conclusion, our results confirmed that extracts obtained from
chondrocytes of osteoarthritic knees promote chondrogenic
differentiation of IFPSCs. This chondrogenesis was not depended of
exogenous growth factor induction, neither of the use of viral
vectors. To our knowledge there have not been done experiments of
IFPSCs programmed differentiation into chondrocytes using this
methodology. Moreover, we show here, for the first time, that
combination of transdifferentiated IFPSCs with biodegradable 3D
PLGA scaffolds can serve as an efficient system for the maintenance
and maturation of cartilage tissue. These findings encourage in vivo
implantation studies to corroborate its usefulness to repair articular
surface in OA.
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Abstract
Background aims. Human adipose tissue-derived stem cells (hASCs) can be easily (and inexpensively) expanded in culture,
and their high plasticity allows their conversion to different cell types. We study the potential capacity of postmortem cardiac
tissue to direct cardiac differentiation of hASCs in vitro. Methods. Cardiac tissue collected from autopsies was used to obtain
cell extracts and conditioned medium, and both approaches were tested for cardiac induction. Results. Gene expression
analyses proved that post-mortem human cardiac tissue maintains genetic integrity. hASCs exposed to the cell extracts or
conditioned medium for 2 weeks achieved the appearance of myotube-like structures and were positive for cardiac markers
such as sarcomeric a-actinin, cardiac troponin I and T and desmin as proved by immunofluorescence. In addition,
differentiated cells showed increased expression of cardiomyocyte-related genes analyzed by reverse transcriptase polymerase
chain reaction (GATA-4, myocyte-enhancer factor-2c, a-cardiac actin and cardiac troponin I). Conclusions. For the first time,
post-mortem human cardiac tissue was used to induce hASC differentiation into myocardial-like cells. The methodology
described here would serve as a useful model to obtain cardiomyocyte-like cells in vitro.

Key Words: cardiomyogenic differentiation, cell extract, conditioned medium, human adipose stem cells, postmortem tissue
Introduction

Related heart diseases are the major cause of death
throughout the world (1). The development of new
cardioactive drugs is a complicated process in which
pre-clinical toxicity assays are a critical step. At the
present time, cell-based screening assays are used to
study disease mechanisms and to test the effect of
novel drugs or gene treatments. Different cell sources
have been used to obtain human cardiomyocyte-like
cells. Studies using human embryonic stem cells
(ESCs) have shown great potential for improving
drug screening. The effect that some drugs produce in
cardiomyocytes was similar to the effect produced in
cardiomyocytes derived fromESCs (2,3). In addition,
ESCs have proved to be a suitable model to test the
development of cardiac arrhythmias as a pharmaco-
logic side effect (4). To avoid ethical restrictions,
induced pluripotent stem cells (iPSCs) have become
the ideal alternative to ESCs. With the generation of
disease-specific iPSC lines from patients with various
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diseases (5), new expectations have emerged, not only
in basic research and regenerative medicine but also
in a pharmacologic context. However, the use of
ESCs or iPSCs is restricted to a few laboratories
around the world, not only because of the difficulties
secondary to a very restrictive legislation, which limit
their use, but also, and even more important, because
of the high cost of ESC and iPSC culture.

Previous studies showed the possibility of
obtaining cardiomyocyte-like cells by the use of cell
extracts from rat cardiomyocytes (6). More recently,
our group demonstrated an improvement of this
methodology using human cardiac tissue to direct
differentiation of human adipose tissue-derived stem
cells (hASCs) toward cardiomyocytes (7). In this
study, the cardiac tissue was obtained from patients
undergoing coronary artery bypass surgery, with lim-
itations to obtaining large amounts of tissue. Post-
mortem human cardiac tissue could be a suitable
alternative; it has been demonstrated that robust gene
ity of Ja�en, Ja�en 23071, Spain. E-mail: mperan@ujaen.es
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expression can be obtained using RNA from autopsy-
derived tissue 24 hours after autolysis (8).

Mesenchymal stromal cells transplanted into
infarctedmyocardium have been shown to acquire the
phenotypic characteristics of cardiomyocytes (9,10),
suggesting paracrine (i.e., cytokine and chemokine)
effects of the cardiac tissue in the implanted cells.
Conditioned media, derived by in vitro culturing
cells dissociated from the heart, have been proven to
induce differentiation of bone marrow-derived
mesenchymal stromal cells (11).

In this study, we used for the first time post-
mortem cardiac tissue to induce hASC differentia-
tion into myocardial-like cells. First, genetic integrity
of human cardiac post-mortem tissue was evaluated
by real-time polymerase chain reaction (PCR) ana-
lyses. Second, two different approaches were imple-
mented: (i) cell extract method and (ii) conditioned
medium. To confirm the cardiac phenotype achieved
by the hASCs, immunofluorescence analyses were
performed. In addition, gene expression was evalu-
ated by reverse transcriptase PCR to determine the
expression of several cardiac-specific makers.
Methods

Isolation and culture of hASCs

The hASCs used in this study were isolated from hu-
man adipose tissue and characterized as previously
shown (12). Phenotypic characterization and differ-
entiation potential of isolated hASCs are shown in
supplementary Figure 1. Cells were cultured with
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich, St Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich), 100 U/mL penicillin and 100 mg/mL
streptomycin (Invitrogen, Merelbeke, Belgium) at
37�C in a humidified atmosphere containing 5%CO2.
Samples

Myocardial tissue samples were obtained from five
forensic autopsies, �12 h post-mortem. Approxi-
mately 100 mg of tissue was taken in each case from
the lateral wall of the left ventricle and was kept
at �80�C until analysis. Each myocardial tissue
sample was used individually.
RNA extraction and determination of quantity, quality
and integrity

For molecular analysis, 30 mg of each myocar-
dial tissue sample was taken. The frozen tissue
samples were disrupted and homogenized using the
TissueLyser LT (Qiagen, Hilden, Germany), and
subsequently RNA was extracted using RNeasy
Fibrous Tissue Mini Kit (Qiagen). RNA quantity and
quality were assessed by a NanoDrop 2000c (Thermo
Fisher Scientific, Waltham, MA, USA). RNA integ-
rity was evaluated using chip-based capillary electro-
phoresis with Agilent RNA 6000 Nano Kit (Agilent
Technologies, Santa Clara CA, USA).
Reverse transcriptase and real-time PCR analysis

QuantiTect Reverse Transcription Kit (Qiagen) was
used for complementary DNA synthesis. Real-time
PCR was performed using the QuantiTect SYBR
Green PCR kit (Qiagen) on a 7500 device (Applied
Biosystems, Foster City, CA, USA). For all samples,
a relative quantitative gene expression analysis of
cardiac troponin I (TNNI3), myosin light chain 3
(MYL3) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was carried out in triplicate.
Primers were commercially supplied by Qiagen
(QuantiTect Primer Assay reference numbers:
TNNI3, QT00084917; MYL3, QT00090223;
GAPDH, QT01192646).
Differentiation of hASCs into cardiomyocyte-like cells by
cell extract method

Cell extract method was performed as described
before (7). Briefly, post-mortem cardiac tissue was dis-
aggregated by physical and enzymatic methods. Iso-
lated cells were washed twice in cold phosphate-
buffered saline (PBS) and then in cold cell lysis buffer
(50 mmol/L sodium chloride, 5 mmol/L magnesium
chloride, 100 mmol/L N-2-hydroxyethylpiperazine-
N-ethanesulfonic acid, pH 8.2, 1 mmol/L dithioth-
reitol and 0.1 mmol/L phenylmethylsulfonyl fluoride;
all Sigma-Aldrich). Cells were centrifuged at 800g, re-
suspended in 1.5 volumes of cell lysis buffer con-
taining protease inhibitor cocktail (Sigma-Aldrich)
and allowed to swell on ice for 45 min. Cells were
homogenized by pulse sonication, and the lysate
was sedimented at 15,000g for 15 min at 4�C. The
supernatant was collected and used fresh. For expo-
sure to cell extract, hASCs were harvested by trypsin
digestion and washed twice in ice-cold PBS and once
in ice-cold Hank’s Balanced Salt Solution (Gibco-
BRL, Paisley, UK). Cells were pelleted at 300,000
cells/reaction in 1.5-mL tubes and suspended in
488-mL ice-cold Hank’s Balanced Salt Solution,
placed in a water bath at 37�C for 2 min and a final
concentration of 230 ng/mL streptolysin O (Sigma-
Aldrich) was added. Samples were incubated for
30 min at 37�C. Cells were centrifuged at 300g for
5 min at 4�C in a swing out rotor. The supernatant
was removed, and 500 mL extract containing 20 mL
1mmol/L of each nucleotide triphosphate set (Roche,
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Indianapolis, Indiana, USA) was added. Cells were
incubated with the extracts for 1 h at 37�C. DMEM/
10% FBS containing 2 mmol/L calcium chloride was
added, and the cells were transferred to 25 cm2 cul-
ture flasks. Dead (floating) cells and the Ca2þ-con-
taining medium were removed 4 h later and replaced
with fresh DMEM containing 10% FBS and antibi-
otics. Damaged or dead cells, marked with trypan
blue (Sigma-Aldrich), represented 15e20% of the
total. Cells were cultured for 2 weeks until use.
Control cells were either non-permeabilized and non-
extract exposed cells or permeabilized cells not
exposed to the extracts. Cell viability was assessed by
phase contrast microscopy after 2 weeks of extract
exposure by counting cells in four different regions of
the dish and calculating the average.
Differentiation of hASCs into cardiomyocyte-like cells by
conditioned medium

To prepare cardiac tissue-derived conditioned me-
dium, 500e700 mg of post-mortem right ventricle
tissue was cut into approximately 1-mm3 pieces, and
washed three times with PBS. Tissue fragments were
placed into 75 cm2 culture flasks containing 20 mL
of DMEM containing 10% FBS, 100 U/mL peni-
cillin and 100 mg/mL streptomycin and cultured as
explants. After 2 days, the medium was collected and
centrifuged at 2000g for 10 min followed by filtering
the supernatant through a 0.22-mm filtration unit
(Millipore, Bedford, MA, USA). The medium was
stored at 4�C until use. To induce cardiac differen-
tiation of hASCs, 8 � 104 cells per well were plated
on a six-well plate and incubated in cardiac tissue-
derived conditioned medium for 2 weeks.
Immunofluorescence

Cells seeded on glass coverslips were washed three
times with PBS and fixed with 4% paraformaldehyde
in PBS for 20 min at room temperature. Cells were
then permeabilized with 0.1% Triton X-100 (Sigma)
for 15 min, washed three times with PBS and blocked
in 2% blocking buffer solution (Roche) for 1 h at room
temperature. Cells were incubated overnight in pri-
mary antibody diluted in blocking buffer solution
at 4�C, washed three times in PBS and incubated for
2 h with secondary (fluorescein isothiocyanate-
conjugated or tetramethylrhodamine isothiocyanate-
conjugated; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) antibodies diluted 1:200 in blocking
buffer solution. Afterward, they were washed three
times in PBS, and the coverslips were mounted
on slides with 4,6-diamino-2-phenylindole (DAPI)-
containing mounting solution (Ultra Cruz mounting
medium; Santa Cruz Biotechnology). Controls were
performedwithnon-treated cells. Antibodies usedwere
desmin (1:20, mouse monoclonal; Sigma), human
cardiac-specific troponin I (1:100, mouse monoclonal;
Research Diagnostics, Flanders, NJ, USA), human
cardiac-specific troponin T (1:100, rabbit polyclonal;
Abcam, Cambridge, UK) and sarcomeric a-actinin
(1:200, mouse monoclonal; Sigma). Photographs were
taken with a Leica DM 5500B (Leica Camera AG,
Solms, Germany) fluorescent microscope, using Isis
software (MetaSystems, Oberkochen, Germany).
Figures were processed with Adobe Photoshop 7.0
(Adobe Systems, San Jose, CA, USA).
Reverse transcriptase PCR

After induction of differentiation, total RNA from
treated and non-treated hASCs was extracted
using an RNeasy Mini Kit (Qiagen). Comple-
mentary DNA synthesis was carried out from 1 mg
of RNA sample using the Reverse Transcription
System (Promega, Madison, WI, USA), and the
PCR reaction was performed with ReddyMix
PCR Master Mix (Thermo Fisher Scientific). After
the initial denaturation (2 min at 94�C), 33 cycles
were performed (30 s at 94�C, 50 s for annealing
temperature and 1 min at 72�C) for all sets of
primers except for b-actin, which was 25 cycles.
Primer sequences and annealing temperatures were
50ATCATGTTTGAGACCTTCAA30 and 50CATC-
TCTTGCTCGAAGTCCA30 (45�C) for b-actin,
50ATCTCTGCTGGCCATGAAAC30 and 50GAT-
GAGGGAAGGTGGTTTGG30 (53�C) for cardiac
a-actin, 50CCCTGCACCAGCCCCAATCAGA30 and
50CGAAGCCCAGCCCGGTCAACT30 (64�C) for car-
diac troponin I, 50AGTGGTTTCCGTAGCAACTC-
CT30 and 50TAGTGCAAGCTCCCAACTGACT30

(62�C) for Mef2c and 50TCCCTCTTCCCTCCT-
CAAATTCA30 and 50GCGTGTAAAGGCATC-
TG30 (52�C) for GATA-4. The PCR products were
visualized on 1% agarose gels containing 0.1 mg/mL
ethidium bromide using ultraviolet light.
Results and discussion

RNA integrity and gene expression analysis of human
cardiac post-mortem tissues

First, we evaluated the quality and integrity of the
RNA extracted from tissues 5e12 h post-mortem
using the RNA Integrity Number (RIN). RIN is an
algorithm based on a selection of features that pro-
vides information about the RNA integrity: (i) pro-
portion of large molecules compared with smaller
ones, (ii) the state of the degradation process and
(iii) how far the degradation proceeded. The samples
are assigned to 10 different categories ranging from
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Figure 1. (A) Post-mortem cardiac tissue RNA integrity. Representative RIN graphic for RNA sample with RIN value of 9.5. (B) RIN
values for all the samples. (C) Real-time PCR gene expression analysis of TNNI3, MYL3 and GAPDH in five samples (aee) obtained from
post-mortem cardiac tissue. (D) Reverse transcriptase PCR analysis of expression of cardiomyocyte marker genes. Isolated cardiomyocytes
used as a positive control (lane 1), control hASCs (lane 2), cardiomyocyte-conditioned medium treated cells (lane 3) and cells treated with
the cardiomyocyte extracts (lane 4) expressing GATA-4 (194 bp),Mef-2c (230 bp), cardiac a-actin (400 bp) and cardiac troponin I (233 bp).
Results are representative of three independent experiments.
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1 (worst) to 10 (best) (13). Our samples showed a
high degree of RNA integrity with RIN values
ranging from 9.5 to 8.5 and with a 260/280 ratio of 2
(Figure 1A). These findings demonstrated the
viability of using post-mortem tissue as a reliable
source of genetic material. Examination of gene
expression levels at the time point of death has
become an innovative tool in autopsies because RNA
of adequate quality can be extracted from human
post-mortem tissue (14,15).

Second, we performed gene expression analysis
of cardiac markers such as TNNI3 and MYL3 by
real-time PCR. The threshold cycle represents the
PCR cycle at which an increase in SYBR Green
fluorescence above a baseline signal can first be
detected. Figure 1B shows threshold cycle values
obtained for the genes TNNI3, MYL3 and GAPDH
in the five different autopsy samples. This result is
indicative and demonstrates the maintenance expres-
sion of cardiac markers in the post-mortem tissue.
Gene expression of beta-glucuronidase (GUSB),
nitric oxide synthase 3 (NOS3), collagen 1 (COL1A1)
and collagen 3 (COL3A1) has been previously shown
using messenger RNA extracted from post-mortem
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Figure 2. (AeL) Immunofluorescence analysis of cardiac markers in hASCs after extract induction. (CeF and IeL) Cardiomyogenic
differentiation of hASCs after 2 weeks of being exposed to cellular extracts obtained from human autopsies. (A, B, G, H) Control non-
treated cells. Red label for expression of troponin I (Trop I) and a-actinin (a-act) and green label for expression of desmin and troponin
T (Trop T). Nuclei were stained with DAPI. (Original magnification �40 for A, C, G and I and �63 for B, D, E, F, H, J, K and L.)
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cardiac tissue (16). Autopsy-derived tissue 24 h old
seems to maintain genetic integrity and protein integ-
rity and could represent a suitable tissue source for in
vitro hASCs differentiation toward cardiomyocytes.
Expression of cardiac markers in hASCs after
differentiation

In this study, we tested the cardiac differentiation
potential of two different methodologies, both based
on the use of post-mortem cardiac tissue. Gene
expression analysis of messenger RNA levels and
immunofluorescence studies revealed expression of
cardiac-specific markers in hASCs after exposition to
the conditioned medium or to the cardiac cellular
extract.

Figure 1C shows cardiomyocyte-related gene
expression after cardiomyogenesis induction. Expres-
sion of early (GATA-4 or Mef2-c) and late (cardiac
a-actin and cardiac troponin I) cardiomyocyte
development markers was found in treated cells.
GATA4 and Mef2c are cardiac-specific transcription
factors, which have been reported to be implicated
in cardiac commitment and differentiation (17). In
addition, the expression of sarcomeric a-actinin and
troponin I, two cardiomyocyte-specific markers, has
been proved to be restricted to cardiomyocytes rather
than skeletal muscle (18).

Indirect immunofluorescence analyses of human
cardiac troponins (I and T), sarcomeric a-actinin and
desmin protein distribution revealed clear differences
between treated and untreated hASCs (Figures 2, 3).
After induction by the cellular extract or by the
conditioned medium, we found a high percentage of
cells (50e60%) that were positive for troponin I with
elongated nuclei, as shown by DAPI staining
(Figures 2C,D, 3D). Desmin expression was strongly
positive, with a marked filament organization in
treated hASCs (Figures 2E, 3C,E) compared with
control cells (Figures 2A,B, 3A,B). Although there
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Figure 3. (AeL) Immunofluorescence detection of cardiac differentiation markers of hASCs cultured in conditioned medium. (CeF and
IeL) hASCs after 2 weeks of being exposed to human cardiac explant-conditioned medium. (A, B, G, H) Control hASCs. Red label for
expression of troponin I (Trop I) and a-actinin (a-act) and green label for expression of desmin and troponin T (Trop T). Nuclei were
stained with DAPI. (Original magnification �40 for A, C, G and I and �63 for B, D, E, F, H, J, K and L.)

1546 M. Perán et al.
was a weak or non-significant staining for sarcomeric
a-actinin in non-induced cells (Figures 2G,H,
3G,H), higher expression of this protein was observed
in the exoskeleton of cells treated with both differen-
tiation methods (Figures 2J, 3J). Finally, troponin T
was highly expressed in treated cells exposed to the
cardiac extract (Figure 2I,K) or cultured in condi-
tioned medium (Figure 3I,K) with almost 65% of
positive cells in both methods.

Morphologic changes were also noticeable after
treatment with cardiac post-mortem tissue by both
methodologies. Closer inspection of Figures 2 and 3
showed that treated cells extended their cytoplasmic
processes with adjacent cells and achieved amyotube-
like morphology, whereas control cells maintained
their spindle-like morphology. In addition, multi-
nucleated cells were detected after the induction
(Figure 3JeL).

Cardiac tissue extracts or cell lysates from normal
and infarcted myocardial tissue of rats have been
proven to contribute to the differentiation of bone
marrow-derived stromal cells into cardiomyocyte-
like cells (19). These findings raise the hypothesis
that soluble signaling molecules produced by cardiac
cells after death are ideal inducers of hASC differ-
entiation in myocardial-like cells. There have been
20 proteins including cytokines, growth factors and
myocardial related proteins identified to be released
into the culture medium by human cardiac explants
(20). In our study, we demonstrated that the post-
mortem cardiac tissue maintains its integrity and
provides the paracrine mechanisms necessary to
promote cardiomyogenic differentiation without
direct cell-to-cell contact between cardiomyocytes
and hASCs.

Previous studies have shown that cells can be
isolated from post-mortem tissues (21,22). Viable
hepatocytes can be isolated from cadaveric human
liver after 24 h of cold ischemia (21). In addition,
stem cells isolated from post-mortem tissues (48 h
after death) are currently used for experimental and
clinical purposes (23e27). Viable and functional
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skeletal myogenic cells from humans 17 days post-
mortem have been isolated (28).

It has been suggested that cardiomyocytes
(29,30) and cardiac fibroblasts (31) secrete cytokines
and chemokines in response to various stimuli, such
as ischemia or mechanical stress to the heart. Post-
mortem cardiac tissue might respond to the stress
caused by the natural cardiac arrest and the hypoxic
state that precedes natural death liberating factors.
Ischemic myocardium produces several cytokines or
transcription factors such as vascular endothelial
growth factor and stromal cell derived factor that
promote and increase stem cell survival (32) and, as
has been proven in vivo and ex vivo, that induce
differentiation of mesenchymal stromal cells into
cardiomyocyte-like cells (33e35).

In conclusion, the results of the present study
show that post-mortem cardiac tissue can induce
hASCs to express cardiac-specific contractile proteins
in vitro. This study confirms that the soluble signaling
molecules produced by cardiac cells after death are
also ideal inducers of hASC differentiation into
myocardial-like cells. The methodology described
here would serve as a useful and inexpensive in vitro
model to obtain cardiomyocyte-like cells that could be
used for cardioactive drug toxicity assays.
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Abstract 

Background aims. Endothelial progenitors cells (EPCs) are known to play a beneficial 

role by promoting postnatal vasculogenesis in pathological events, such as isquemic 

heart disease and peripheral artery disease. However, little is known about the potential 

of EPCs to restore heart damage tissue. Here we compared the cardiac differentiation 

capacity of EPCs isolated from peripheral blood (PB) of patients suffering from acute 

myocardial infarction (AMI) with EPCs obtained from umbilical cord blood (UCB). 

Methods. EPCs from both origins were isolated by density gradient centrifugation and 

them, characterized using endothelial markers (UEA-1 lectin, CD133, and KDR) and 

endothelial cell colony-forming units (CFU-EC) assay. Cardiac differentiation capacity 

of EPCs was assessed by immunofluorescence and RT-PCR after 5-azacytidine (5-aza) 

induction.  

Results. No significant differences were observed between the number of CFU-EC in 

PB of AMI patients and samples from UCB. Moreover, 5-aza induced the appearance of 

myotube-like structures and the positive expression of sarcomeric α-actinin, cardiac 

troponin I and T and desmin in a similar pattern for both cell sources, indicating a 

comparable acquisition of a cardiac phenotype.  

Conclusion. For the first time we have compared the cardiomyogenic in vitro potential 

of EPCs derived from AMI patients and from UCB. Our data indicate that EPCs 

obtained from both origins have similar plasticity and functions and suggest their 

therapeutic efficacy in cardiac cell therapy. 

Key Words: AMI-EPCs, UCB-EPCs, cardiomyogenic differentiation, 5-azacytidine. 
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Introduction 

Myocardial infarction is the result of coronary arteries obstruction with the 

consequently reduction of blood supply to the heart muscle and the massive loss of 

cardiomyocytes that are replaced by a non-functional scar tissue [1]. Asahara et al 

(1997) showed for the first time that peripheral blood (PB) contains CD34+ bone 

marrow (BM)-derived cells, called as endothelial progenitor cells (EPCs) which can be 

characterized by the expression of several markers such as CD133, CD34, KDR or VE-

cadherin [2, 3]. These progenitor cells have the potential to differentiate into mature 

endothelial cells (EC) and to play a role in promoting postnatal vasculogenesis even in 

pathological events that require neovascularization [4-6]. The significantly increased of 

progenitor cells following myocardial infarction [3, 7, 8], indicate that circulating EPCs 

play an important role in the pathogenesis and prognosis of cardiovascular diseases [9-

12]. 

The in vitro and in vivo angiogenic properties of EPCs isolated from circulating PB and 

umbilical cord blood (UCB) have been shown before [13, 14]. Recent studies in animal 

models of ischemic cardiomyopathy suggest that transplanted EPCs can improve heart 

recovery after injury [15-17]. Moreover, improvement in myocardial function after 

transplantation of autologous BM-derived stem/progenitor cells including EPCs, have 

been reported in clinical trials [18], nevertheless a long-term follow-up of these patients 

still needs to be evaluated. Others studies suggest that EPCs isolated from mouse BM 

and from human PB could differentiate into cardiomyocytes under certain in vitro 

conditions [19-21]. In summary, although it has been demonstrated that EPCs play a 

beneficial role in treatment of ischemic disease, the potential of circulating EPCs from 

patients that have suffered an infarct to restore heart damage tissue need further 

investigation. Here, we have tested the cardiac differentiation potential of circulating 
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EPCs from PB of patients who have been diagnosed of  acute myocardial infarction 

(AMI) and compared with EPCs from UCB. 

 

Materials and Methods 

Patients  

We studied 24 patients admitted with a diagnosis of AMI, defined as an acute coronary 

syndrome with ST elevation (STEMI) with suggestive chest pain and an elevation of at 

least 3 mm in the ST segment in at least three precordial leads, with no history of 

ischemic heart disease and within 8 h of symptoms. Preinfarction angina was defined as 

the presence of at least one chest pain < 30 min, the week before the onset of the 

infarction. Patients were excluded if they had had chest pain compatible with angina for 

more than 1 week before the infarction or if they had underlying structural heart disease 

(cardiomyopathy or important valve disorders). Moreover, patients with history of 

rheumatoid arthritis, hepatic, hematological, or coagulation disorders, cancer or other 

acute or chronic inflammatory diseases such diabetes mellitus were not included in the 

study. Informed consents were obtained from all patients and heparinized blood samples 

(20 ml) were drawn from all subjects. Human UCB samples (n=25) were obtained from 

the Centro Regional de Transfusión Sanguínea y Tejidos de Málaga, Málaga, Spain, 

according to institutional guidelines. Samples were generally processed within 24-48 h 

of collection. Myocardial tissue samples were obtained from forensic cadaver autopsies 

no more than 12 hours postmortem as described previously [22].  
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Quantification of endothelial markers in mononuclear cells  

Mononuclear cells (MNC) isolated by density gradient centrifugation with Histopaque-

1077 from PB of AMI patient and from UCB, were washed and resuspended in 

phosphate-buffered saline (PBS) with 2% bovine serum albumin (Sigma), and 2mM 

ethylene diamine tetra acetic acid (EDTA, Sigma). Cells were incubated in the dark at 

4ºC for 45 min with the following fluorochrome-conjugated monoclonal antibodies: 

CD133-PE (Miltenyi), KDR-APC (R&D System, Minneapolis, MN), CD34-FITC, and 

CXCR4-APC (BD Biosciences, San Jose, CA). Cells were then washed in PBS and 

analyzed in a fluorescence activated cell sorting (FACS) Canto II cytometer equipped 

with the FACS Diva analysis software (BD Biosciences). Data obtained were expressed 

as mean ± standard error (SE) from 4 independent experiments performed in triplicate 

(P<0.05). 

Isolation and culture of EPCs 

Samples of PB from AMI patient and from UCB were processed by density-gradient 

centrifugation with Histopaque-10771 (Sigma) for 25 minutes at 1500 r/min and 

washed three times in phosphate-buffered saline (PBS) with 2% FBS. Cells were further 

processed as described before [23]. Briefly, 5×106 isolated MNC were plated per well 

of a fibronectin coated 6-well dishes (BD) in Endothelial Cell Basal Medium, EBM-2 

(Clonetics) supplemented with EGM-2 Single Quot Kit (Clonetics) which contain 

Hydrocortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic Acid, Heparin, FBS, hEGF and 

GA-1000. After 2 days of culture non-adherent cells were re-plated on fibronectin 

coated 24-well dished (BD) at a density of 1×106/well with 1 ml of fresh complete 

endothelial growth media, then cells were incubated at 37ºC at 5% CO2 with 95% 

humidity. 
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The numbers of colonies were counted under a phase-contrast microscope at days 5 and 

10 of culture. Five randomly selected microscopic fields were evaluated, and colonies 

were calculated in each PB from AMI patients or UCB sample.  

Assessment of acetylated low-density lipoprotein uptake and Ulex europaeus-lectin 

1 binding (UEA-l) 

After 7 days of cell culture, EPCs were identified by uptake of 1,1′-dioctadecyl-

3,3,3′,3′-tetramethyl indocarbocyanine percholorate-labeled acetylated-low density 

lipoprotein (DiI-ac-LDL, Molecular Probes, America) and adherence of fluorescein 

isothiocyanate-conjugated Ulex europaeus lectin (FITC-UEA-l, Vector, America). The 

adherent cells were incubated with Dil-ac-LDL at 37°C for 2 h. Thereafter, cells were 

washed with PBS and fixed with 2% formaldehyde for 10 min and washed again with 

PBS. FITC-UEA-l was added and incubated for 1 hour at 25°C. Culture was then 

washed twice and visualized with a Leica DM 5500B (Solms, Germany) fluorescent 

microscope, software Meta Systems Isis.  

Cardiomyogenic differentiation of EPCs 

EPCs were seeded in per-manox-chamber slides (Nunc, Wiesbaden, Germany) at a 

concentration of 50,000 cells. Twenty-four hours after seeding, cells were washed with 

PBS twice and were incubated for 24h in endothelial growth media serum-free 

containing 10µM 5-azacytidine (5-aza). Then, cells were washed and medium was 

replaced with fresh endothelial growth media containing FBS to prevent cell death due 

to prolonged exposure to 5-aza and incubated in a CO2 incubator. Cells were cultured 

for 2 weeks and medium was changed every 3 days [24]. 
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Immunocytochemistry  

For immunofluorescence staining, cells were fixed with 4% PFA in PBS for 20 min at 

room temperature. When staining intracellular antigens, cells were permeabilized with 

0.1% Triton X-100 for 15 min. Following, cells were blocked in 2% blocking buffer 

solution (Roche) for 1 h at room temperature. Primary antibodies were incubated 

overnight at 4ºC; when needed, secondary antibodies were incubated at room 

temperature for 2 hours. Slides were mounted using Vecta shield containing DAPI. 

Photographs were taken with a Leica DM 5500B (Solms, Germany) fluorescent 

microscope, software Meta Systems Isis.  

Antibodies used for immunocytochemistry included fluorochrome-conjugated 

monoclonal antibodies: KDR-APC (R&D System, Minneapolis, MN) and CD133-PE 

(Miltenyi) (dilution 1:200); primary monoclonal antibodies used for cardiac 

differentiation: desmin (rabbit monoclonal; Sigma), human cardiac-specific troponin I 

(mouse monoclonal; Research Diagnostics, Flanders, NJ, USA) and sarcomeric α-

actinin (mouse monoclonal; Sigma) (dilution 1:100) secondary antibodies: Fluorescein 

Isothiocyanate (FITC) or Tetramethyl Rhodamine Isothiocyanate (TRITC) (Santa Cruz, 

CA, USA) (dilution 1:200). 

Reverse transcriptase–polymerase chain reaction (RT-PCR) 

For RT-PCR analysis, total RNA from 5-aza treated UCB-EPCs and from 5-aza treated 

AMI-EPCs was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA) according 

to the manufacturer’s instructions. RNA extracted from human heart tissue was used as 

a positive control. RNA was checked on 1% agarose gel. The cDNA reaction was 

performed using 0.5–2 µg total RNA with primers from SuperScriptII-kit (Invitrogen, 

Paisley, UK) according to the manufacturer’sinstructions. Forward and reverse 
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sequence for cardiac troponin T were T 5'-AGA GCG GAA AAG TGG GAA GA-3' 

and 5'-CTG GTT ATC GTT GAT CCT GT-3' (235bp) and for β-actin 5'-ATC ATG 

TTT GAG ACC TTC AA-3' and 5'-CAT CTC TTG CTC GAA GTC CA-3' (316 bp). 

The PCR reaction was performed with Reddy Mix PCR Master Mix (Thermo, 

Waltham, MA, USA). After the initial denaturation (2 min at 94°C), 35 cycles were 

performed (20 s at 94°C, 20 s at 53°C, for cardiac troponin T and 20 s at 45°C and 1 

min at 72°C for β-actin). The PCR products were run on 1% agarose gel. 

Statistics 

Data were subjected to 1-wayANOVA followed by Fisher’s test for comparison 

between any 2 means. Differences of P<0.05 were considered significant. Values are 

expressed as mean ± SE. 

 

Results and Discussion 

The aim of the study was to isolate circulating EPCs from PB of patients who have been 

diagnosed of AMI and to compare their differentiation and plasticity potential towards 

cardiomyocyte lineage with EPCs isolated from UCB. 

In humans, bone marrow EPCs are mobilized after an acute ischemic event in response 

to growth factors, cytokines and hormones that are released from the target tissue [25, 

26]. Firstly, we analyzed by flow cytometry the percentage of expression of 

proliferative and endothelial markers in freshly isolated total MNC from both origins. 

The cell surface adhesion molecule CD34 was expressed by 1.3 ± 0.12% and 1.46 ± 

0.21% of total MNC from AMI-PB and UCB, respectively (Figure 1A) about 10-fold 

excess of CD34+ cells when compared with MNC of healthy subjects [27]. Recently, 
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Yang et al showed that CD34+ cells could represent a functional EPC population in 

bone marrow and have beneficial therapeutic effects in myocardial infarction [28]. In 

fact, others studies demonstrated mobilization of CD34+MNC in patients with AMI [8]. 

In addition, we found a higher expression of CD133 in UCB (6.1 ± 0.79%) than in 

AMI-PB (2.5 ± 0.18%) (P<0.05) (Figure 1B) that correlates with the immaturity of 

UCB-MNC as CD133 is a marker for stemness that represents a 

hematopoietic/endothelial progenitor fraction [29-31]. Furthermore, the chemokine 

receptor CXCR4 was notably expressed on freshly isolated MNC from both origins, 

with an expression of 80.2 ± 5.6% for UCB and 58.6 ± 3.1% for AMI-PB (Figure 1C). 

CXCR4 is highly expressed on hematopoietic stem cells and has previously been shown 

to play a key role in their homing and mobilization towards ischemic tissue [32]. 

Moreover, over-expression of CXCR4 in mesenchymal stem cells (MSCs) enhances in 

vivo engraftment into the ischemic heart and subsequently improves functional recovery 

via increasing myoangiogenesis [33]. Finally, we found significant differences when the 

vascular endothelial growth factor receptor KDR was studied (Figure 1D), with 6.1 ± 

0.89% expression in MNC from PB of AMI patients in comparison with a 2.5 ± 0.02% 

from the UC. In fact KDR has been proved to be responsible for VPF/VEGF-stimulated 

EC proliferation and migration [34]. These results indicate that blood from AMI 

patients seems to be a valuable source for obtaining EPCs comparable with UCB. 

Isolated MNC were further processed and since mature circulating EC attach within the 

first 48 hours of culture, we discard this population by collecting only non-adherent 

cells and replanting then to fibronectin-coated-well plates. Initially, isolated cells had a 

rounded morphology and after two days of culture formation of colonies was detected 

(Figure 2A), which consisted of rounded ball-like clusters with elongated sprouting 

cells at the periphery. These clusters were classified as endothelial cell colony-forming 
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units (CFU-EC). At day 5 CFU-EC increased in size and appear with a more defined 

morphology while on day 7, spindle-like EPCs sprouted out from the edge of the 

clusters and spread over the entire culture well surface (Figure 2A). CFU-ECs were 

counted manually in a minimum of four wells at day 5 and 10 and no significant 

differences (P = 0.5) were found between CB- and AMI-EPCs. In addition, CFU-EC 

number peaked at day 5 and significantly decreased (P <0.05) by day 10 in both cell 

sources (Figure 2B). 

Others studies have found that EPC colonies derived from UCB emerged earlier and in 

a major number than colonies obtained from healthy adult PB [35]. Since in our study 

we did not detect these variances our data suggest that the cardiac insult enhances EPC 

population in AMI patient PB. 

The attached cells were characterized, as previously shown [4], by the expression of the 

typical endothelial markers KDR and CD133. Immunofluorescence phenotyping 

revealed that both the CB-and AMI-EPCs highly expressed these endothelial markers 

(Figure 2C). In addition we tested dil-ac-LDL and UEA 1 binding as specific functional 

markers of EC. Representative imagines of UEA-1 cell surface binding and dil-ac-LDL 

incorporation are shown in Figure 2D-K, demonstrating that AMI-EPCs and UCB-

EPCs displayed, in a similar pattern, the functional phenotypes of EPCs. 

To investigate the differentiation potential towards cardiomyocytes of adult circulating 

EPCs from patients who had suffered AMI, we treated cells with DNA demethylation 

agent 5-aza. This agent has been shown to induce cardiomyocyte differentiation of 

MSCs [36-40] and in EPCs [21]. After 5-aza exposition, EPCs morphology changed 

dramatically in both PB-AMI and UCB sources from spindle-like cells towards 

elliptical and elongated shape cells with a marked size enhancement. Furthermore, cells 
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arranged in parallel and formed myotube-like structures, while control cells maintained 

their spindle-like morphology (Figure 3A-F). 

The acquisition of a cardiomyogenic differentiation phenotype was confirmed by 

immunocytochemical and RT-PCR analysis. Cardiac-specific markers, troponin I, and 

the myocyte-specific proteins sarcomeric α-actinin, desmin and cardiac troponin T were 

detected after epigenetic reprogramming of EPCs by 5-aza (Figure 3G and 3H-O). The 

potential of human UCB-MSCs to differentiate into cells with characteristics of 

cardiomyocyte have been shown before [24, 41]. Moreover, EPCs obtained from PB of 

healthy adult volunteers and patients with coronary artery disease have also been proved 

to transdifferentiate into cardiac myocytes after coculture with neonatal rat 

cardiomyocytes [19]. Since EC, vascular smooth muscle cells, and cardiomyocytes all 

differentiate from a common progenitor in the mesoderm, evidences suggest that 

reprogramming EC back to an earlier state in mesodermal development could 

recapitulate their cardiomyogenic potential [21]. This fact also could explain why EPCs 

when are cultured under appropriate culture conditions such as paracrine factors 

(growth factors and cytokines) and epigenomic agents (5-aza), or exposed to the proper 

microenvironment in vivo, differentiate into cardiomyocyte-like cells. The process of 

tissue auto-regeneration is highly complex, where implicated cells dedifferentiate, 

transdifferentiate or differentiate from stem cells sitting within the adult tissue [42]. 

Here we prove for the first time that EPC isolated from AMI patients have similar 

cardiogenic potential than EPCs isolated from UCB. In fact, Figure 3 clearly shows that 

cells isolated from both sources showed a similar pattern of cardiac markers expression. 

In agrement, intracoronary infusion of autologous EPCs in patients with AMI seams to 

enhance myocardial regeneration [43]. 
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In conclusion, our finding suggests that EPCs isolated from patients that have suffered 

myocardial insult is a valuable EPCs source with the potential to differentiate toward 

cardiac-like cells. Since the ultimate aim of cardiac regenerative medicine is to replace 

both microvasculature and lost cardiomyocytes, autologous AMI-EPCs, which posses 

vascular and cardiac tissue regenerative potential, could be an excellent candidate for 

cell based therapies. 

 

Figure legends 

Figure 1. Representative graphics of FACS analysis of isolated MNC from umbilical 

UCB-EPC and from PB of patients diagnosed of AMI. 

Figure 2. Characterization of EPCs derived from UCB or PB of AMI patients (AMI-

EPCs). (A) Morphology of the UCB-EPCs and AMI-EPCs at days 2, 5 and 7 of culture. 

(B) Assessment of CFU-EC at 5 and 10 days later of the isolation. Different letters 

stand for significant differences (One-way ANOVA; P<0.05). (C) Immunofluorescence 

of the UCB-EPCs and AMI-EPCs showing positive staining for endothelial markers 

CD133 and KDR. (D-K) Cell surface binding of UEA-1 and Dil-ac-LDL incorporation. 

Original magnification : 10x for A; 20x for G and K; 40x for C and 100x for D-F and 

H-J.  

Figure 3. Phenotypic changes and gene expression induced by 5-aza in EPCs. (A, D) 

Phase-contrast light microscopy of non-treated EPCs (control EPCs). (B, C, E and F) 

EPCs exposed to 5-aza appeared enlarged, with an elliptical shape and formed myotube-

like structures. (G) RT-PCR analysis revealed the expression of cardiac troponin T in 

cells treated with 5-aza. Human heart tissue was used as a positive control. (H-O) 

Fluorescence immunostaining of differentiated EPCs toward cardiomyocytes after 2 
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weeks of treatment. Green labels for sarcomeric α-actinin and troponin I expression and 

red label for desmin expression. Nuclei stained with DAPI. Original magnification: 10x 

for A, B, D and E; 20x C and F; 40x H-L and 63x M-O 
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