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RESUMEN

Las enfermedades cardiovasculares son una de las principales causas de
mortalidad y morbilidad a nivel mundial, apareciendo como consecuencia de
la acumulacién de diversos factores de riesgo, tanto genéticos como
ambientales. De entre los factores de riesgo cardiovascular modificables, es
decir, aquellos que podemos evitar, destacan entre otros la obesidad, la
diabetes y la dislipemia, con cada vez mas incidencia tanto en los paises
desarrollados como en aquellos en vias de desarrollo. Por tanto, en los
Ultimos afos, la busqueda de estrategias que permitan entender mejor estas
patologias, asi como que nos ayuden a prevenirlas, han adquirido una gran

importancia.

En esta tesis hemos analizado el uso de intervenciones nutricionales, para
prevenir y reducir la apariciéon de diferentes factores de riesgo cardiovascular,
ayudando por tanto a prevenir, no solo la aparicién de las enfermedades
cardiovasculares, sino también de otras diversas patologias. Asi, hemos
demostrado que la sustitucion de sacarosa de las dietas por un edulcorante
natural a base de pinitol, ayuda a mejorar el metabolismo glucémico, asi
como la secrecién de insulina en pacientes con intolerancia a la glucosa.
Ademas, hemos visto que la introduccion en la dieta de una bebida rica en
acidos grasos omega-3, ayuda a mejorar el metabolismo lipidico de
voluntarios con sobrepeso, mientras que si incorporamos una bebida con
fitoesteroles, ayudamos no solo a reducir los niveles de colesterol, sino que
favorecemos la reduccion del estado pro-inflamatorio caracteristico de la

obesidad.

Ademas, teniendo en cuenta que la obesidad se caracteriza por la
acumulacién de grasa en diferentes localizaciones del organismo, en esta
tesis hemos analizado también la composicion del tejido adiposo, y su papel
en la patologia cardiovascular. La acumulacion de tejido adiposo visceral se
ha asociado con un efecto mas nocivo para el organismo que el tejido
adiposo subcutaneo, y en esta tesis demostramos que se trata de un
depdsito de grasa mucho mas rico en proteinas de oxidacién, coagulacién e
inflamacion que la grasa subcutanea. Corroborando el efecto protector
asociado al tejido adiposo subcutaneo, demostramos también una mayor

expresion de genes implicados en el proceso de angiogénesis en este tejido
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comparado con la grasa visceral, en la que tan sélo aumentaba la via del
VEGF, no sélo en la grasa total, sino en las células madre (ASC) que esta
contiene. Sin embargo, estas diferencias disminuyen ante la presencia otro

factor de riesgo como es la diabetes.

Ademas, en esta tesis demostramos por primera vez la presencia de células
madre en el tejido adiposo cardiaco, analizando sus propiedades en funcion
de su localizacion. Distinguimos asi entre el tejido adiposo epicardio
acumulado en la zona del apex (eWAT) y sus calulas derivadas eASC vy tejido
adiposo perivascular, que se acumula a lo largo de las arterias coronarias
(PVAT) y sus células derivadas pASC. Aunque observamos una mayor
velocidad de crecimiento en las eASC, demostramos que las pASC, que se
encuentran mas proéximas a la arteria coronaria, poseen un mayor potencial
angiogénico que las eASC, viéndose alterado en presencia de
comorbilidades en el donante. Por ultimo, en esta tesis exponemos Ila
importancia de las particulas extracelulares (microvesiculas y exosomas)
secretadas al medio por las ASC, que producen un aumento en la velocidad
de migracién de las células endoteliales HMEC-1, convirtiéndose en una

terapia emergente en el campo de la medicina regenerativa.

En resumen, en esta tesis analizamos la importancia de controlar y reducir
los diferentes factores de riesgo cardiovascular, y como estos factores de
riesgo afectan a la composicién y funcionamiento del tejido adiposo, en
funcién de la localizaciéon en la que este tejido se acumule. Ademas,
proponemos la introduccién de exosomas y microvesiculas como sustitucion

a las células madre en el campo de la medicina regenerativa.
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1. LAS ENFERMEDADES CARDIOVASCULARES

Las enfermedades cardiovasculares (ECV) son un conjunto
heterogéneo de enfermedades y trastornos que pueden afectar a los
vasos sanguineos y/o al corazon con etiologia y localizacién diversas
y que se ven afectadas por la combinacion de diferentes factores de
riesgo. Dada la complejidad y a la multitud de procesos que
intervienen en patologia cardiovascular, no existe una terapia Unica
para su prevencion o tratamiento, aunque si esta demostrado que la
mayor parte de los eventos cardiovasculares estan intimamente
relacionados con el estilo de vida y otros factores modificables. Por
ello, y con el fin de reducir la cada vez mayor incidencia de
enfermedades cardiovasculares, asi como de mejorar el prondstico de
aquellos pacientes ya diagnosticados, han aparecido una serie de
guias para la prevencion de las ECV compuestas por una serie de
directrices, dirigidas a cambiar ciertos habitos de la vida asi como la
estandarizacion del uso de diversos farmacos que ayuden a reducir la

aparicion clinica de una enfermedad cardiovascular (F. Piepoli, 2017).

Segun datos de la Organizacién Mundial de la Salud (OMS) las ECV
constituyen la principal causa de muerte entre la poblacién mundial
(WHO, 2016). Se estima que en 2015, 17,7 millones de personas
murieron a causa de una enfermedad cardiovascular, lo que
representa un 31% de las muertes registradas. De acuerdo con el
Instituto Nacional de Estadistica, estos datos son muy similares a los
observados en el territorio espanol, donde las enfermedades
cardiovasculares causaron un total de 124.197 muertes en el afio
2015, lo que corresponde a un 29% del numero total de muertes
(Figura 1) y un 80% de las enfermedades prematuras. Ademas,
segun datos de la Fundacion Espanola del Corazon, las ECV suponen

un gasto medio de 9.000 millones de euros en Espana y de 192.000
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millones de euros en la Uniéon Europea, suponiendo un 7,1% del gasto

sanitario total.

Causas de muerte en Espaia 2015
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Figura 1. Causas de muerte en Espafia durante el afio 2015. Grafico elaborado a
partir de los datos publicados por el Instituto Nacional de Estadistica (INE) (“INE
(Instituto Nacional de Estadistica),” 2017).

1.1 Tipos de enfermedades cardiovasculares

Entre las enfermedades cardiovasculares se incluyen las siguientes
(Figura 2) (Mackay & Mensah, 2004):

Cardiopatia coronaria: Es una de las ECV mas frecuentes. Se
caracteriza por la oclusion de alguno de los vasos sanguineos que
irrigan el miocardio debido principalmente a una acumulacién de

lipidos o coagulos en las paredes vasculares.

Ictus: Consiste en una oclusion o ruptura de alguno de los vasos que

irrigan el cerebro.

Disecciéon o aneurisma aortico: Consiste en la dilatacion y rotura de

la aorta.

Enfermedad arterial periférica: Es causada por alteraciones en las

arterias que irrigan las extremidades.
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Enfermedad
coronaria del
corazén

Enfermedad
reumaticadel

corazon . ., )
Diseccionfaneurisma

aortico

Cardiopatia
congénita

Enfermedad arterial
periféricay embolias

Otras patologias:
pulmonares

Cardiopatias inflamatorias
Hipertension
Enfermedades valvulares
Cardiomiopatias

Trombosis venosa
profunda

Figura 2. Caracterizacion y localizacion de las diferentes enfermedades
cardiovasculares

Enfermedad reumatica del corazén: Se trata de lesiones en el
miocardio o en las valvulas cardiacas originadas por una infeccion

bacteriana.

Cardiopatia congénita: Se trata de defectos o malformaciones

genéticas o gestacionales del corazén.

Trombosis venosa profunda y embolias pulmonares: Estas dos
patologias son causadas por la formacion de un coagulo en las venas
de las piernas, que pueden desprenderse y alojarse en los vasos del

corazon o en los pulmones.

Otras enfermedades cardiovasculares: Existen otras
enfermedades, mas minoritarias que también estan relacionadas con
los vasos sanguineos y el corazén como pueden ser las
enfermedades valvulares, las cardiomiopatias inflamatorias o los

tumores vasculares del cerebro y corazén entre otras.
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1.2 La patologia cardiovascular

La mayoria de las enfermedad cardiovascular tienen lugar como
causa subyacente la aparicién del proceso de arterosclerosis. Esto
ocurre principalmente en la cardiopatia isquémica, el accidente
cerebrovascular y la arteriopatia periférica. Ademas, este proceso
ateroscerotico suele ir acompanado por un estado inflamatorio que
afecta a los vasos de mediano y gran calibre, dando asi lugar a la

patologia cardiovascular (Dominguez, 2016).

1.2.1 Aterosclerosis

Se trata de una enfermedad cronica y progresiva, que afecta a las
arterias de diferentes lechos vasculares y que se caracteriza por el
engrosamiento de la capa intima y media dando lugar a una pérdida
de la elasticidad. Se produce una acumulacién de lipidos, tejido
fibroso y células inflamatorias que da lugar a la formaciéon de una
placa de ateroma produciendo un estrechamiento de la pared arterial,
estenosis (Figura 3) y que puede complicarse con la rotura de la placa
y la formacion de un trombo en su superficie (trombosis), lo que facilita
su crecimiento causando eventos isquémicos distales (Lahoz &
Mostaza, 2007).

intima

Lamina elastica interna
Media

Lamina elastica externa
Adventicia

Figura 3. Estructura de la pared arterial. Del interior hacia el exterior del vaso
encontramos la capa (o tunica) intima (compuesta por células endoteliales y pericitos),
la lamina elastica interna, la capa media (compuesta por células musculares lisas), la
lamina elastica externa y la capa adventicia (compuesta principalmente por
fibroblastos y la matriz extracelular).
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La aterosclerosis se inicia en edades tempranas, de forma
asintomatica y se desencadena por factores tanto sistémicos como
locales, dando lugar a un deterioro progresivo de la funcién vascular.
Asi, ademas del depdsito lipidico en la pared del vaso, se sabe que la
inflamacién vascular, el estrés oxidativo, y la disfuncién endotelial
poseen un papel muy importante en la formacién y desarrollo de la
placa aterosclerética (L. Badimon, Vilahur, & Padro, 2010; Ibanez,
Vilahur, & Badimon, 2007).

1.2.2 Angiogénesis y vasculogénesis en la ECV

Durante afios, un gran numero de investigadores han centrado sus
estudios en la presencia de neovasos en la lesion aterosclerdtica.
Estos microvasos proceden de la densa red vasa vasorum presente
en la adventicia y que se muestra muy desarrollada durante la
aterosclerosis. La angiogénesis y la vasculogénesis son los procesos
responsables del desarrollo del sistema circulatorio en el desarrollo
embrionario. En etapas posteriores, el proceso de angiogénesis esta
implicado en el desarrollo de diversas patologias, como son la artritis y
el crecimiento tumoral, pero también tiene un papel terapéutico muy
importante no s6lo ayudando a la revascularizacion, sino que también
produce una mejora del riego sanguineo asi como en la funcién del
miocardio, por ello se considera que la angiogénesis es una de las
terapias mas prometedoras para las diferentes enfermedades
cardiovasculares, principalmente las enfermedades isquémicas donde
la revascularizacion puede mejorar el flujo sanguineo en zonas donde
éste se ha visto comprometido por la oclusion parcial o total de una o

varias arterias (Rivard & Isner, 1998).

El proceso de vasculogénesis utiliza células madre o progenitoras,
diferenciadas a células endoteliales, para la formacion de los vasos.

En cambio, el proceso de angiogénesis utiliza vasos preexistentes, a
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partir de los cuales se generan nuevos vasos. En este proceso estan
involucrados un gran numero de factores de crecimiento, asi como

diferentes tipos celulares (Demir, Seval, & Huppertz, 2007) (Figura 4).

Progenitores Vasculogénesis Angiofarterogénesis
endoteliales
Progenitores de SMC@
*/ PDGF
'/ PIGF
:> :> Ang-1
TGF-B
VEGF, Ang-2.
Flk-1, Tie-1, CD34, VEGF, shh, Grdl, Notch, integrinas, HIFs, Vasculatura
AC133, Id-1 Ephrin, Tie, Ang-1 proteinasas madura
Hemangioblastos
Flk-1, Scl, AML Células madre Células T M@ Células Dendriticas Plaquetas

’ hematopoyéticas @ ﬁ;g 5& ”
Le oo =

coagulacion
Neutrofilos Mastocitos
Flt-1, Tie-2 Quemodquinas y Citoquinas

Figura 4. Esquema de la formacién de la vasculatura madura. Los progenitores
endoteliales se diferencian a células endoteliales arteriales o venosas, que se unen
dando lugar a capilares primitivos. Estos capilares se ramifican y estabilizan gracias a
la accién de las células musculares lisas. Ademas, las células hematopoyéticas se
diferencian a leucocitos y plaquetas dando lugar a una contribucion indirecta paralela
al proceso de angiogénesis. Adaptada de (Carmeliet, 2003).

La angiogénesis patoldgica y la terapéutica comparten gran parte de
procesos y caracteristicas. En ambas situaciones, una cascada de
funciones celulares altamente coordinadas dirige la formacion de
Nnuevos vasos sanguineos en respuesta a una demanda creciente de
oxigeno y nutrientes. La principal diferencia entre estos dos procesos
es que la angiogénesis patolégica no suele alcanzar una correcta
resolucion en el establecimiento de una perfusion vascular, creando
vasos inestables y hemorragicos (Carmeliet, 2003; Simons & Ware,
2003).

La angiogénesis es un proceso complejo, que requiere una regulacién

coordinada entre sus potenciadores e inhibidores, mas conocidos
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como factores pro- y anti-angiogénicos. Normalmente, el factor
desencadenante de la angiogénesis es una situacion de hipoxia, que
suele venir acompafada con la inflamacion del tejido y con un estrés
oxidativo. En las células existen sensores de oxigeno, como el factor
inducible de hipoxia-1a (HIF-1a), y factores de crecimiento que

responden a estos estimulos (Figura 5).
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Figura 5. Etapas del proceso de angiogénesis. Imagen de Bio-Techne R&D systems.

En la primera fase del proceso angiogénico se produce una dilatacion
de capilares y vénulas quiescentes gracias a la expresion de varias
citoquinas que aumentan la permeabilidad y activan las células
endoteliales. A continuacion se desencadena la degradacion de la
membrana basal por la accion de diversas enzimas proteoliticas, las
metaloproteinasas de matriz (MMPs, del inglés, matrix
metalloproteinases). En la segunda fase se produce la activacion y
migracion de las células endoteliales, que invaden el tejido colindante
y proliferan formando la estructura de la nueva vasculatura.
Finalmente tiene lugar un reclutamiento de pericitos y células
musculares vasculares lisas (VSMC, del inglés, Vascular Smooth
Muscle Cells), que ayudan a la estabilizacién de los nuevos vasos

formados. En este punto se crea la nueva membrana basal y la matriz
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extracelular, se estrechan las uniones celulares y de induce de nuevo
la quiescencia de los vasos, permitiendo asi el paso del flujo
sanguineo (Carmeliet & Jain, 2000; Wietecha & DiPietro, 2013).

1.2.3 Inflamacion

La inflamacién es la respuesta del sistema inmunitario frente a una
alteracion, como puede ser una infecciéon o una lesion. Existen dos
tipos de respuesta inflamatoria, la respuesta aguda o innata y la
respuesta cronica o adaptativa. Este proceso se inicia con infiltracion
de células heterogéneas inflamatorias asi como la contribucion de
diversas enzimas que alteran el gradiente de quemoquinas
produciendo una respuesta inflamatoria. La infiltracion de estas
células inflamatorias en la pared vascular juega un papel muy
importante en el desarrollo de la enfermedad aterosclerética. Tras el
reclutamiento de estas células, se empieza a formar la placa
aterosclerética que crece por la interaccion entre las células
inmunitarias, las endoteliales, las plaquetas y las células musculares
lisas, todo ello acompafiado de un remodelamiento de la matriz
extracelular. La principal diferencia entre la respuesta aguda o innata
es la naturaleza de las células inflamatorias que aparecen en los
tejidos danados. Los neutréfilos son los primeros en llegar a la zona
de lesion y son caracteristicos de la respuesta inflamatoria aguda,
mientras que la respuesta crénica incluye la presencia de monocitos y
linfocitos (Back, Weber, & Lutgens, 2015; Golia et al., 2014).
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2. FACTORES DE RIESGO CARDIOVASCULAR

Las ECV son consecuencia de la interaccidén entre factores genéticos
y ambientales. Existen diversos estudios como el Framingham Heart
Study (Dawber, Kannel, & Lyell, 1963) que han detectado diferentes
condiciones que estan relacionadas con la aparicion de una
enfermedad cardiovascular y cuya deteccidén, permite modificarlos
para prevenir el desarrollo de la enfermedad, o bien, si esto no es
posible, detectar a los sujetos de alto riesgo cardiovascular (Wilson et
al., 1998). El riesgo de sufrir un evento cardiovascular depende en
gran medida de los llamados factores de riesgo cardiovascular
(FRCVs), a mayor numero de factores de riesgo, la probabilidad de
sufrir un evento cardiovascular aumenta. Segun datos del estudio
“Lifetime Risk Pooling Project’” (Benjamin et al., 2018), al estudiar a un
grupo de pacientes de 55 afios, se vio que aquellos varones blancos
con 2 o mas factores de riesgo cardiovascular tenian un riesgo del
26,6% de sufrir una ECV, comparado con aquellos que tenian menor
numero de factores de riesgo que tan solo tenian un riesgo del 4,0%.
En cuanto a varones negros, el riesgo era de 27,9% comparado con

un 9,9% respectivamente.

Los factores de riesgo cardiovasculares pueden dividirse en
modificables y no modificables. Entre los factores de riesgo
modificables se encuentran patologias como la diabetes, la
hipertension, la dislipidemia, la obesidad, y habitos adquiridos como el
tabaquismo y el sedentarismo. Respecto a los factores de riesgo no
modificables destacan la edad, el sexo y la predisposicidon genética
(McClelland et al., 2015; WHO, 2016). Ademas de los factores de
riesgo clasicos citados, existen también nuevos factores de riesgo
cardiovascular incluyendo moléculas que no habian sido relacionadas

con la patologia cardiovascular y factores asociados a cambios en el
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estilo de vida (L. Badimon & Vilahur, 2012; Fundacion Espanola del
Corazén, 2011) (Figura 6).

Edad
No modificables | Género
Predisposicion genética

Factores de .
Riego Clasicos Diabetes
Dislipemia

o Obesidad
Modificables Hipertensién
Tabaquismo
Sedentarismo
Nuevos factores
de riesgo

|
{ ! !

Marcadores de Inflamacién Marcadores de hemostasis y trombosis Otros factores
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Vascular y celular FactoresV, VIl y VIl Contaminacién
Ligando CD40 soluble Dimero-D Drogas
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Fragmento 1+2 de la protrombina
Genotipo del PAI-1

Figura 6. Clasificacion de los factores de riesgo cardiovascular. Adaptada de (L.
Badimon & Vilahur, 2012)

En esta tesis nos centraremos sobe todo en los siguientes factores de

riesgo modificables: La obesidad, la dislipemia y la diabetes.

2.1 Obesidad

La obesidad es una enfermedad crénica y compleja que se produce
cuando un individuo ingiere mas nutrientes de los que necesita, de
forma que se produce una acumulaciéon de grasa excesiva 0
hipertrofia del tejido adiposo en el cuerpo, es decir, cuando la reserva
natural de energia almacenada en forma de grasa corporal se
incrementa hasta un punto tal que empieza a asociarse con

numerosas complicaciones y comorbilidades, incluyendo un
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incremento de la mortalidad. Algunas de las principales patologias
asociadas a la obesidad pueden ser la aparicién de enfermedades
cardiovasculares, enfermedades 6seas o de las articulaciones e
incluso el aumento de la probabilidad de padecer diversos canceres
(endometrio, mama, ovarios, préstata, higado, vesicula biliar, rifones
y colon) (Arnold, Renehan, & Colditz, 2017; Must et al.,, 1999; Ray,
Bhattacharya, & De, 2017). La obesidad tiene diversas causas, siendo
los factores sociales, culturales, metabdlicos y genéticos los mas
importantes, que condicionan su tratamiento de forma decisiva. Se
trata de un trastorno que se inicia en la infancia y progresa en la edad
adulta dando lugar diversos problemas de salud (Must et al., 1999;
Ray et al., 2017).
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Figura 7. Mapa mundial de la prevalencia (%) de obesidad y el sobrepeso en adultos
mayores de 18 afos en 2017 de la Organizacion Mundial de la Salud (WHO, 2017).

La obesidad es una de las grandes epidemias del siglo XXI afectando
a un gran numero de paises, no solo a paises desarrollados, sino que
también afecta a paises en vias de desarrollo (Figura 7). Segun datos
de la OMS, en 2016 un 39% de la poblacion sufria sobrepeso y un
13% obesidad (11% en hombres y 15% en mujeres), lo cual
representa un aumento de la obesidad de un 3% desde 1975.
Ademas, se ha observado en los ultimos afios un importante aumento

en la prevalencia de la obesidad infantil (Poskitt, 2014). Esta tendencia
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al alza en las cifras de obesidad ha llevado a que, junto con el
hambre, la desnutricion y las enfermedades infecciosas, la obesidad
sea considerada como una de las mayores amenazas sanitarias de
los ultimos afos. En Europa la situacion es similar, con una alta
variacion en los niveles de obesidad y sobrepeso dependiendo del
nivel de desarrollo del pais, se estima que alrededor de un 50% de la
poblacion europea sufre sobrepeso y alrededor del 20% sufre
obesidad (WHO, 2017).

Para clasificar a un individuo en funcién de su peso pueden utilizarse
varias medidas, la circunferencia de la cintura o la cadera, la relacion

cintura/cadera, el ratio peso-altura, o la mas utilizada, el indice de

Peso (Kg)

masa corporal IMC = altara(m?)’

Se define sobrepeso a un IMC entre
25 y 30kg/m?y se considera obesidad un IMC = 30Kg/m? (Tabla 1)
(Klein et al., 2004; Litwin, 2008)

Tabla 1. Clasificacion internacional de los adultos
segun su IMC.

Clasificacion IMC (kg/m®)
Infrapeso <18.50
Delgadez severa <16.0
Delgadez moderada 16.00 — 16.99
Delgadez leve 17.00 — 18.49
Peso normal 18.56-24.99
Sobrepeso 25.00 — 29.99
Obesidad > 30.00
Obesidad tipo | 30.00 — 34.99
Obesidad tipo Il 35.00 — 39.99
Obesidad tipo lll >40.00
IMC; Indice de masa corporal. Adaptada de la OMS (WHO,
2017).

El efecto de la obesidad en la enfermedad cardiovascular no es sélo
debido a su papel como factor de riesgo clave en el desarrollo de la
enfermedad arteriosclerética y la enfermedad coronaria, sino que junto
a la diabetes, es uno de los componentes principales del sindrome
metabdlico y ejerce una gran influencia sobre otros factores de riesgo

como son la hipertension arterial y la dislipidemia (Grundy et al., 2005;
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Hubert, Feinleib, McNamara, & Castelli, 1983; Reisin & Alpert, 2005).
La importancia de la obesidad radica en que el tejido adiposo de un
oérgano endocrino, es capaz de sintetizar y liberar una gran cantidad
de moléculas a la sangre que afectan a la homeostasis cardiovascular,
como son la interleucina-6 (IL-6), la adiponectina, el factor alfa de
necrosis tumoral (TNF-a) y el inhibidor-1 del activador del
plasminégeno (PAI-1) (Hotamisligil, Arner, Caro, Atkinson, &
Spiegelman, 1995; Lundgren, Brown, Nordt, Sobel, & Fujii, 1996;
Steppan et al.,, 2001; Wajchenberg, 2000). Diversos estudios
demuestran la relacion entre el aumento de peso corporal con un
incremento de la presion sistdlica y la presion diastélica que se
traducen en un mayor riesgo de sufrir una enfermedad coronaria, es
mas, un aumento de una unidad en el BMI se relaciona con un
incremento del 4%del riesgo de sufrir un ictus isquémico y un 6% en el
caso del ictus hemorragico (Kurth et al., 2002; Poirier et al., 2006).
Segun datos del estudio INTERHEART, realizado en 2004 sobre
30.000 pacientes de 52 paises diferentes, representando a los 5
continentes, se observd que la obesidad era uno de los factores de
riesgo modificables con mayor peso en el desarrollo del infarto de
miocardio, y ademas se confirmé la importancia de la adiposidad
abdominal como factor de riesgo per se del infarto agudo de miocardio
(Yusuf et al., 2004).

Sin embargo, no todos los individuos que padecen obesidad o
sobrepeso padecen también una enfermedad cardiovascular, es mas,
se ha visto que en pacientes con sobrepeso u obesidad moderada
existe una menor incidencia de enfermedades cardiovasculares y una
menor mortalidad. ElI fendmeno por el cual la obesidad pueda estar
asociado tanto con un efecto perjudicial como beneficioso, se conoce
como “la paradoja de la obesidad” (Amundson, Djurkovic, & Matwiyoff,

2010; Schetz et al., 2019). Esto es debido, como veremos mas
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adelante, a la diferente composicion y funcionalidad del tejido adiposo

en funcion de su localizacion (Jensen, 2008).

2.3 Dislipemia

Se define dislipemia como una concentracion anormal de lipidos en la
sangre. Niveles altos de colesterol LDL (cLDL), asi como de
triglicéridos (TG), o una reduccion en los niveles de colesterol HDL
(cHDL), estan directamente relacionados con el aumento de riesgo de
sufrir una enfermedad cardiovascular (Miller, 2009). Se trata de una
alteracion que puede ser genética, como es el caso de la
hipercolesterolemia familiar, 0 que se desarrolla a lo largo de los afios,

la dislipidemia adquirida.

Las lipoproteinas son unas estructuras formadas por fosfolipidos y
proteinas que ayudan al transporte de los lipidos en el torrente
circulatorio. Las lipoproteinas estdan compuestas por un nucleo
hidrofébico, formado por ésteres de colesterol (CE, del inglés,
cholesterol esters) y TG, que se encuentra rodeado por una capa
superficial hidrofilica, formada por colesterol libre, 0 no esterificado
(FC, del inglés, free colesterol), fosfolipidos y proteinas,
principalmente apolipoproteinas, que dan integridad a la estructura
(Figura 8) (Ridker, 2014).
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Figura 8. Estructura general de las lipoproteinas.

Las lipoproteinas se pueden dividir en varias clases basandose en su
tamano y composicion lipidica; quilomicrones, VLDL (lipoproteinas de
muy baja densidad; del inglés, very low density lipoproteins), IDL
(lipoproteinas de densidad intermedia; del inglés, intermediate low
density lipoproteins), LDL (lipoproteinas de baja densidad; del inglés,
low density lipoproteins), y HDL (lipoproteinas de alta densidad; del
inglés, high density lipoproteins) (Feingold & Grunfeld, 2015) (Tabla
2).

Tabla 2. Caracteristicas y composicion de las lipoproteinas.

Tamano Densidad Lipidos TG Fosfolipidos Colesterol Proteinas
0,

(nm) (g/ml) % %o % Total % %

Quilomicrén 75/1200 <0.98 98-99 85-90 7-9 4-8 1-2
VLDL 30-80 0.98-1.006 85-90 55 15 20 10-15
IDL 25-35 1.006-1.019 75-80 25 15-20 35 15-20

LDL 18-25 1.019-1.063 75 10 20 45 25

HDL 5-15 > 1.063 50 5 25 20 50

VLDL: Lipoproteinas de muy baja densidad; IDL: Lipoproteinas de intensidad intermedia; LDL:
Lipoproteinas de baja densidad; HDL Lipoproteinas de alta intensidad; TG: Triglicéridos

17



INTRODUCCION

2.3.1 Colesterol-HDL

Las primeras asociaciones del cHDL y la enfermedad coronaria
surgieron en el “Framingham Heart Study” (Kannel, Dawber,
Friedman, Glennon, & Mcnamara, 1964), cuando se empez6 a hablar
del cHDL como “colesterol bueno”. Los efectos beneficiosos del cHDL
se atribuyeron en un primer momento al transporte reverso del
colesterol, es decir, al transporte del colesterol de los macrofagos y
otras células sanguineas al higado para su eliminacion (Barter & Rye,
1996). Anos después, Badimon et. al. pusieron en practica este
concepto de colesterol bueno, viendo que, al administrar HDL a
conejos, se producia una inhibicion de la aterosclerosis (J. J.
Badimon, Badimon, & Fuster, 1990). A su vez, se vio que aquellos
animales que sobre expresaban la apolipoproteina-l (APO-Al),
proteina mayoritaria de las HDL, se consigue también una proteccion
ante la aterosclerosis. Otras propiedades importantes de las HDL
incluyen la estimulacion de células endoteliales progenitoras para la
reparacion celular y la modulacion de la respuesta inmunitaria.
Ademas, poseen efecto anti-trombdético, anti-inflamatorio y anti-
oxidante. Es por tanto que el cHDL, asi como las apolipoproteinas que
lo componen, pueden considerarse un buen marcador para predecir el
riesgo cardiovascular (L. Badimon & Vilahur, 2012; Rader & Hovingh,
2014).

Transporte reverso del colesterol: Como se ha citado previamente,
el transporte reverso del colesterol (TRC) es una de las principales
vias de accion de las HDL. Este consiste en captar el colesterol
proveniente de los diferentes tejidos del organismo y su transporte al
higado para su posterior eliminacion. EI TRC comienza con la
produccion en el higado y el intestino de las HDL nacientes, ricas en
ApoA-I, que extraen el FC de las membranas celulares y lo esterifica

gracias a la accion de la enzima LCAT (Lecitin Colesterol Acil
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Transferasa), dando lugar unas particulas de HDL, cada vez de mayor
tamano y mas ricas en CE; primero las HDL-3, y posteriormente las
HDL-2. En este punto, el CE puede llegar al higado por dos vias; I)
Directamente desde las HDL-2, mediante la unién de las moléculas de
CE a los receptores SR-BI; y IlI) Mediante el paso intermedio de las
VLDL y las LDL y la posterior union de los CE a los receptores de las
LDL (LDL-R). Una vez eliminadas las particulas de CE por el acido
biliar, las moléculas de Apo A-l son de nuevo liberadas dando lugar a
un nuevo ciclo de TRC (Daniels, Killinger, Michal, Wright, & Jiang,
2009; Errico et al.,, 2013; Martinez Triguero, Veses Martin, Garzon
Pastor, & Mijares, 2012) (Figura 9).
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Figura 9. Esquema general del metabolismo de las lipoproteinas.

2.3.2 Colesterol-LDL

También conocido como “colesterol malo”. Diversos estudios
constatan que, un aumento en los niveles de cLDL esta directamente
asociado con un aumento del riesgo de sufrir un infarto de miocardio y

de la muerte vascular. Ademas, se sabe que el cLDL es un agente
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causal del inicio y progresion de la placa arteriosclerética(Ridker,
2014).

2.3.3 Triglicéridos

Hace afnos que se asocian altos niveles de TG con un mayor riesgo
cardiovascular, aunque el modo en el que estos actuan siempre ha
causado gran controversia. Los TG, al contrario que el colesterol, son
degradados con gran facilidad por las células y por tanto, este
colesterol que proviene de las lipoproteinas ricas en TG (colesterol
remanente) penetra en la intima, dando lugar a un proceso de
inflamacién, asi como a la formaciéon de la placa aterosclerética y
finalmente a la ECV (Nordestgaard & Varbo, 2014; Varbo &
Nordestgaard, 2016) (Figura 10).
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Figura 10. Mecanismo de entrada de las lipoproteinas en la pared arterial y formacion
de la placa aterosclerédtica. Las moléculas de mayor tamafio como son los
quilomicrones o las HDL no logran atravesar la pared y por tanto no dan lugar a la
formacion de placa aterosclerética. Imagen adaptada de Nordestgaard and Varbo
(Varbo & Nordestgaard, 2016).

2.3.4 Tratamiento farmacolégico

De acuerdo con las guias clinicas actuales, la primera estrategia
utilizada para la reduccion de los niveles de cLDL y por tanto reducir el

riesgo cardiovascular asociado, son la dieta y el ejercicio, aunque
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suelen ir acompafados de un tratamiento farmacologico,
habitualmente las estatinas, que bloquean la sintesis de colesterol, al
inhibir la hydroxyl-methyl-glutaryl-coenzima-A (HMG-CoA) reductasa,
reduciendo el riesgo cardiovascular entre un 20 y un 30% (Goldstein &
Brown, 2016). Sin embargo, ante la necesidad de buscar nuevos
farmacos capaces de sustituir a las estatinas cuando estas no son
suficientes para conseguir una bajada de los niveles de cLDL, en el
afio 2003, se descubri6 el enzima proprotein convertase
subtilisin/Kexin 9 (PCSK-9), un inhibidor de los receptores de las LDL
(LDL-R). Los inhibidores de PCSK-9 impiden la degradacion de los
LDL-R, lo cual se ha observado que ayuda a reducir los niveles de
cLDL, convirtiéndose en una buena alternativa al uso de estatinas
(Gupta, 2015). Terapias combinadas de estatinas e inhibidores del
PCSKO9 logran reducir los niveles de cLDL en hasta un 60% (Sabatine
et al., 2017) (Figura 11).
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Figura 11. Mecanismo de actuacién de los inhibidores del PCSKO.

Otra alternativa para reducir el riesgo cardiovascular consiste en
aumentar los niveles de cHDL. Se sabe que un aumento del cHDL de
6,5 mg/dl conlleva una reduccion del 8% del riesgo cardiovascular,
mientras que la reduccion de 6,5 mg/dl de cHDL implica un aumento
del 11% de sufrir un evento cardiovascular (Santos-Gallego &

Badimon, 2012). Igual que ocurria con la reduccién del cLDL, existen
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intervenciones no farmacolégicas que ayudan al aumento de los
niveles de cHDL. Por ejemplo, la practica frecuente de ejercicio
consigue aumentar los niveles de cHDL en hasta un 5%, el cese del
habito del tabaquismo permite un aumento el cHDL de 5mg/dl, la
pérdida de peso en pacientes obesos implica un aumento d 0,35mg/dI
de cHDL por cada kilogramo perdido. EI consumo moderado de
alcohol, entre 30 y 40 g diarios aumenta los niveles de cHDL entre un
5 y un 15%. Ademas, dietas ricas en acidos grasos mono- y
poliinsaturados (aceite de oliva, pescado azul, frutos secos...) ayudan
también a reducir el riesgo cardiovascular, por el contrario el consumo
de acidos grasos saturados (acido palmitico, acido estearico, la
mantequilla...) reduce el poder antiinflamatorio del cHDL aumentando
asi el riesgo cardiovascular(Badimon, Santos-Gallego, & Badimon,
2010). Sin embargo, diversos estudios divergen sobre el alcance del
efecto protector del cHDL, asi como de la utilidad de terapias que
ayuden a aumentar el cHDL como estrategia para la prevencion de la
ECV (Landmesser, 2012; Woudberg et al., 2018), ya que se ha visto
que algunos los efectos beneficiosos de las HDL aisladas de
pacientes sanos no son reproducibles cuando estas son aisladas de
pacientes diabéticos, o que han sufrido alguna patologia

cardiovascular (Besler et al., 2011).

2.2 Diabetes

La diabetes es una enfermedad cronica degenerativa (Nathan, 2015)
caracterizada por la hiperglicemia y que es causada por el defecto en
la secrecion o accion de la insulina, o por una combinacion de ambos
(American Diabetes Association, 2011). Los cambios en cuanto al
estilo de vida que la poblacién esta sufriendo en los ultimos afos,
especialmente la incorporacion de alimentos y dietas ricas en grasas y

la falta de ejercicio fisico han provocado un incremento dramatico del
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desarrollo de esta enfermedad a nivel mundial, convirtiéndose en una
epidemia en los ultimos afios y siendo por tanto uno de los mayores
retos en cuanto salud actualmente, no sélo por su impacto sobre el
paciente, sino también en los sistemas sanitarios y la sociedad en

general (Hossain, Kawar, & El Nahas, 2007).

Se ha demostrado que los pacientes con diabetes tienen una
incidencia de ECV mucho mayor respecto a los que no lo son; esta
incidencia se multiplica por 2 en el caso de los hombres y por 3 en el

caso de las mujeres (Kannel & McGee, 1979).

Segun datos de la Federacién internacional de diabetes (IDF, del
inglés; Intrnational diabetes federation) el 9% de los adultos tienen
diabetes, concentrandose principalmente en paises con ingresos
medios y bajos (Figura 12). La IDF estima que en el ano 2045 estas
cifras se incrementaran llegando a los 9.500 millones de afectados, lo
que se traduce en un 9,9% de la poblacion mundial (International
Diabetes Federation (IDF), 2017).
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Figura 12. Mapa mundial de la estimacion de prevalencia de diabetes ajustada por la
edad (20-79 afios) en 2017 de la Federacion Internacional de Diabetes (International
Diabetes Federation (IDF), 2017).
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En Europa la situacion es representativa de lo que ocurre a nivel
mundial. Se calcula que el 8.8% de los adultos en este continente
padecen esta enfermedad, con una distribucion desigual, siendo
Turquia el pais con mayor incidencia de diabetes, enfermedad que
afecta al 12.1% de la poblacion, comparado con Irlanda donde la DM
afecta tan solo al 4.3% de la poblacidon (International Diabetes
Federation (IDF), 2017). En el caso de Espafia la incidencia de esta
enfermedad es superior a la media, afectando a un 10,4% de la
poblacion. Ademas, segun datos del estudio Di@betes, se reflejo que
casi la mitad de los afectados, el 6% de los casos, desconocian que

padecian esta patologia (Cabezas-Agricola, 2017).

La diabetes puede subclasificarse segun la OMS dependiendo de las
causas e incidencia, existiendo principalmente tres tipos de diabetes:
diabetes tipo 1 (DM-1), diabetes tipo 2 (DM-2) (Figura 13) y la
diabetes gestacional (DMG), siendo la DM-2 la forma mas prevalente
de diabetes (Jaacks, Siegel, Gujral, & Narayan, 2016). La DM-1 se
caracteriza por la destruccion inmunolégica de las células beta del
pancreas, encargadas de la produccién de insulina (Atkinson &
Eisenbarth, 2001). Los pacientes con DM-2 se caracterizan por una
secrecion deficiente de insulina por parte de las células beta del
pancreas y una disminucion de la glucosa disponible en los tejidos.
Habitualmente, al desarrollo de DM-2 le precede una resistencia a la
insulina que suele estar acompanada con otros factores de riesgo
como la dislipidemia, la hipertension y factores protrombadticos (Eckel,
Alberti, Grundy, & Zimmet, 2010; Grundy et al., 2005; Mohammadi et
al., 2017; Reisin & Alpert, 2005).
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Figura 13. Mecanismo de actuacion de los diferentes tipos de diabetes.

2.2.1 El sindrome metabdlico

La definicion de sindrome metabdlico (MetS) varia en funcién de las
diversas organizaciones y grupos de expertos que analicen el
problema, lo que esta consensuado que el MetS implica una
acumulacion de desajustes metabodlicos que produce en los sujetos
afectados un aumento del riesgo de sufrir entre otras enfermedades,
diabetes mellitus tipo 2 y enfermedades cardiovasculares (Reisin &
Alpert, 2005). Entre estos desajustes metabdlicos se encuentran la
hipertrigliceridemia, hipertension, reduccion de los niveles de cHDL, la
obesidad (en especial la obesidad central) y la resistencia a la
insulina. Segun la IDF, se ha determinado que la presencia de al
menos 3 de los siguientes factores de riesgo es suficiente para
diagnosticar el MetS: perimetro de cintura = 102cm en los varones o =
88 cm en las mujeres; TG = 150 mg/dl (1.69 mmol/l); cHDL < 40 mg/dI
(1.04 mmol/l) en hombres o 50 mg/dl (1.29 mmol/l) en mujeres;

presion arterial sistolica/diastolica = 130/85 mmHg ; glucosa en
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ayunas = 100 mg/dl (5.6 mmol/l) o un tratamiento farmacoldgico para
alguno de estos parametros (Calabuig et al., 2017; Mohammadi et al.,
2017). Los principales factores de riesgo para el desarrollo del MetS
son la inactividad fisica y las dietas ricas en grasas y carbohidratos
(Figura 14).

Dietas ricas en grasas

I Inactividad fisica | y carbohidratos

Sobrepeso/Obesidad

Res_lstenf:la <—— | Colesterol
a lainsulina

Diabetes Mellitus tipo 2
Enfermedad cardiovascular

Figura 14. Principales factores de riesgo del sindrome metabdlico. Adaptada a partir
de (O’Neill & O’Driscoll, 2015).
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3. PREVENCION DE LAS ENFERMEDADES
CARDIOVASCULARES

El riego de mortalidad cardiovascular ha ido disminuyendo en los
ultimos afos gracias a los avances terapéuticos que han tenido lugar.
Aun asi, la incidencia de las ECV es cada vez mayor debido al
envejecimiento de la poblacién, asi como a la necesidad de un mayor
control de los factores de riesgo y de una mayor prevencion y
concienciacion social. En este aspecto, unos habitos de vida
saludables pueden ayudar a la prevencion de la aparicion de una
enfermedad cardiovascular, incluyendo una dieta sana y variada y una
actividad fisica regular (L. Badimon et al., 2010; Banegas, Villar,
Graciani, & Rodriguez-Artalejo, 2006).

Un ejemplo de plan estratégico para la prevencion cardiovascular tuvo
lugar en Finlandia, pais que en la época de los 1960s tuvo las
mayores tasas mundiales de muerte por enfermedad cardiovascular
(Puska, Laatikainen, Korpelainen, & Vartiainen, 2016). Mediante
estrategias de educacion sanitaria (creacion de programas para
perder peso y dejar de fumar en los lugares de trabajo, creacion de
series de TV que fomentaban habitos de vida saludables, educacion
escolar, ley antitabaco, etc.), asi como la creacion de acuerdos con la
industria del consumo para reducir niveles de sal y grasa en los
alimentos, asi como el etiquetaje de los alimentos, se consiguié una
importante reduccién en la mortalidad causada no solo por ECV, sino
también otras enfermedades cronicas como puede ser el cancer

(Pekkanen, Nissinen, Puska, Punsar, & Karvonen, 1989).

De esta forma, las Guias Europeas Para La Prevencion De La
Enfermedad Cardiovascular En La Practica Clinica recomiendan una
serie de estrategias de prevencién primaria destinadas a lograr

cambios en el estilo de vida (mejora de la dieta, evitar el abuso de
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alcohol y tabaco, aumento del ejercicio fisico, etc.) para asi reducir la

incidencia de enfermedades en la poblacién (Massimo et al., 2017).

3.1 Importancia de Ila nutricion en la enfermedad

cardiovascular

La modificacién de la dieta es la primera estrategia para la prevencién

y el tratamiento de las enfermedades cardiovasculares.

Fue en los afos 60 cuando Ancel Keys se empezé a preguntar porque
la tasa de infartos en hospitales de diferentes paises era tan variable.
Por ello, analizé la sangre de varios pacientes de un hospital de Italia
y lo comparé con pacientes de Estados Unidos y descubrié que los
niveles de colesterol eran muy diferentes entre ambos, por lo que
supuso que el colesterol tenia un papel causal en el infarto de
miocardio (Keys, 1961). Ademas comparo los habitos alimenticios en
ambas regiones, e incluyendo otros paises en el proyecto nombrado
“Seven counties study” (del inglés, estudio de los siete paises) (Keys,
1994). Se empezo asi a estudiar como la relacion entre la dieta, los
habitos de vida y los factores ambientales podian afectar a la diferente

incidencia de las ECV.

Igualmente, con la introduccién de la dieta mediterranea, basada en el
uso del aceite de oliva como principal fuente de grasa, asi como en el
mayor consumo de frutas, verduras y pescados en comparacioén con el
consumo de carnes y dulces, se demostré como unos buenos habitos
alimenticios estaban intimamente relacionados con el descenso de
diversas patologias, como son las enfermedades cardiovasculares y el
cancer, remarcando asi la importancia de una buena alimentacion
para prevenir la aparicion de multitud de enfermedades (Carlos et al.,
2018). El consumo regular de aceite de oliva, ayuda a la reduccion de

la enfermedad cardiovascular mediante la reduccién de la presion
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arterial, la mejora en el perfil lipidico, la funcion endotelial, la
inflamacién y la trombosis, asi como factores relacionados con el
sindrome metabdlico como son la obesidad y la diabetes (Buckland &
Gonzalez, 2015).

3.2 Acidos grasos Omega-3

Lo acidos grasos omega-3 (w-3) son acidos grasos poliinsaturados
derivados del acido linoléico y que son esenciales para el organismo.
Los principales acidos grasos w-3 incluidos en la dieta son, el acido
alfa-linoléico, el acido eicosapentanoico, el acido docosapentanoico y
el acido docosahexaenoico (Figura 15). Se caracterizan por tener un
doble enlace o insaturacion en el tercer o sexto carbono

respectivamente (Innis, 2014).
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Figura 15. Clasificacion y origen de algunos de los acidos grasos poliinsaturados mas

comunes de la dieta. El acido linoleico (w-6) y el acido a-linoleico (w-3) tienen origen
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vegetal, en cambio el acido eicosapentanoico (w-3) y el acido docosahexaenoico (w-

3) poseen un origen animal, principalmente del pescado.

El acido palmitico es un acido graso saturado de cadena larga, es el
acido graso mayoritario en las dietas occidentales y ha sido
directamente relacionado con la patologia CV debido a su relacion con
el desarrollo de resistencia a la insulina e intolerancia a la glucosa,
alteraciones metabdlicas relacionadas no sélo con la diabetes, sino
también con el desarrollo de la obesidad, por lo que la sustitucion de
este acido graso por otros mas beneficiosos ha cobrado una gran
importancia en los ultimos afos (Snook, Park, Williams, Tsai Y-H, &
Lee, 1999). La relacion entre la ingesta de w-3 y el riesgo de sufrir un
evento CV empezo6 a estudiarse ya en los anos 70. A dia de hoy se
sabe que las dietas enriquecidas en acidos grasos w-3 procedentes
de plantas y pescado, poseen propiedades anti-inflamatorias, anti-
arritmicas, anti-trombadticas, ayudan a reducir la presiéon arterial,
mejoran el perfil lipidico de la sangre, y retardar el crecimiento de la
placa aterosclerética entre otros efectos beneficiosos. Ademas, los
acidos grasos w-3 se han asociado con una reduccion de los niveles
de TG (Jain, Aggarwal, & Zhang, 2015; Padro et al., 2015).

3.3 Fitoesteroles

Los fitoesteroles (PhyS, del inglés, Phytosterols) son componentes
naturales de las plantas, no nutritivos y que poseen una estructura
similar al colesterol, excepto por la cadena lateral (Figura 16). No son
sintetizados por el organismo, sino que han de ser incluidos en la
dieta. Las principales fuentes de PhyS son los aceites vegetales,
margarinas, panes, cereales y verduras. Una dieta normal incluye
entre 200 y 400 mg de los diferentes PhyS al dia, aunque esta
cantidad puede incluso doblarse en dietas especificas como la dieta

vegetariana o la dieta japonesa, asi como por la ingesta de
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suplementos alimentarios ricos en PhyS. El consumo de estas dietas
ricas en PhyS ayuda a reducir los niveles de cLDL, ya que actia como
un inhibidor competitivo de la absorcion del colesterol (Gylling &
Simonen, 2015; Weingartner, Bohm, & Laufs, 2009).

Colesterol 24

Campesterol 24

B-Sitoesterol 24

I8N

HO

Esterol
22
Stigmaesterol 24

Figura 16. Estructura del colesterol y de los principales fitoesteroles encontrados en
las plantas.

En el ano 2001, el NCEP (del inglés, National Colesterol Education
Program Expert Panel) recomendd el uso de alimentos enriquecidos
en PhyS como una estrategia Optima para la prevencién primaria y
secundaria de las ECV. La dosis recomendada de PhyS para reducir
los niveles de cLDL y asi reducir el riesgo de padecer un evento
cardiovascular es de 2 mg al dia. Aun asi, se ha visto que dosis
mayores no conducen a una mayor mejora del perfil lipidico (Racette
et al., 2010).
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4. EL TEJIDO ADIPOSO

El tejido adiposo (TA) se encuentra ampliamente distribuido por todo
el organismo y constituye entre el 15 y el 20% del peso corporal de los
hombres, entre el 20 y el 25% del de las mujeres. Se trata de un tejido
con mucha plasticidad, ya que puede aumentar hasta 10 veces su
tamano, llegando a constituir hasta el 40% del peso corporal en
individuos obesos (L. Badimon, Onate, & Vilahur, 2015; E. Chang,
Varghese, & Singer, 2018; Corvera & Gealekman, 2014). El TA ha
sido ampliamente estudiado como depdsito de energia en el
organismo, asi como de barrera de proteccion de determinados
organos. Sin embargo, en los ultimos afos ha cobrado importancia su
papel como tejido endocrino, asi como su papel como reservorio de
células madre (Kershaw & Flier, 2004). Inicialmente, se consideraba
que la principal fuente de células madre mesenquimales (MSC; del
inglés, Mesenchymal stem cells) venia de la médula 6sea, sin
embargo, se ha visto que en el tejido adiposo, ademas de ser mucho
mas accesible, hay un mayor porcentaje de MSC (un 2% del total de
células del TA frente al 0,001-0,004% de la medula 6sea) (Y.-H.
Chang & Wu, 2015). En una operacion de extraccién de médula 6sea
con anestesia local se obtienen aproximadamente 40 ml, que
equivalen a 2.4x10* células madre. En cambio, con la misma
anestesia local en una liposuccion se obtienen 200 ml de lipoaspirado,
que corresponden a 2x10° células madre, por lo que el rendimiento es

mucho mayor (Strem et al., 2005).

El tejido adiposo puede subclasificarse en tejido adiposo blanco (TA-
B) y tejido adiposo marrén o pardo (TA-M), ambos con diferentes
localizaciones, diferente composicion y diferentes funciones (Tabla 3;
Figura 17A). Mientras que el TA-B es la principal reserva energética
del organismo, el TA-M es el principal sistema de disipacion de

energia. Ambos tejidos actuan por tanto de una forma coordinada,
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consiguiendo asi un equilibrio energético en el organismo (L. Badimon
& Cubedo, 2017; L. Badimon et al., 2015; Corvera & Gealekman,
2014).

Tabla 3. Caracteristicas de los tejidos adiposos blanco y marrén.

Tejido adiposo blanco Tejido adiposo marrén
Adipocitos blancos & N\
I ) Adipocitos
- Una sola vacuola \j
- Un nacleo lateral pardos
Composicion - Un nucleo

Estroma (SVF):Formado por macréfagos, central
leucocitos, fibroblastos, células - Vacuolas lipidicas y

. . mitocondriales
progenitoras y endoteliales

- Almacenamiento de energia

Funcién - Regulacion térmica

- Reservorio de MSC

- Organo endocrino

SVF; fraccién vascular del estroma, del inglés, Stromal Vascular Fraction: MSC; células mesenquimales, del

inglés, Mesenchimal Stem Cells.

4.1 El tejido adiposo pardo o marrén

El tejido adiposo marron fue descubierto por primera vez en la
glandula interescapular en los humanos o en la glandula de
hibernaciéon de los mamiferos. No fue hasta 1958 cuando, dada la
presencia de este tejido también en animales que no hibernaban, se
concluyé el papel termorregulador del tejido adiposo marréon. Se
estudié entonces la localizacion del TA-M en los humanos, viendo que
estaba ampliamente distribuido en los bebes, cubriendo sobe todo la
zona del cuello y los hombros y que este iba desapareciendo a lo
largo de los afos. Finalmente, en los individuos adultos el TA-M
remanente se distribuye por la zona del cuello, supraclavicular,
paraaodrtica y pericardica y la glandula suprarrenal (Lidell, Betz, &
Enerback, 2014; Schulz & Tseng, 2013).
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4.2 El tejido adiposo blanco

El tejido adiposo blanco constituye la principal reserva energética del
organismo, aunque también actia como elemento protector de
algunos 6rganos. Ante un alto gasto o un bajo aporte energético, el
TA-B es capaz de movilizar los depdsitos de lipidos, logrando una
liberacion de acidos grasos y glicerol que son transportados a los
diferentes tejidos a través de la sangre. En cambio, cuando se
produce un aporte energético alto, el exceso se acumula en el TA-B
en forma de TG. ElI TA-B es capaz de liberar un gran numero de
factores, participando asi en numerosos procesos biolégicos. Ademas,
el tejido adiposo blanco ha cobrado gran importancia en los ultimos
afios ya que actua como un gran reservorio de MSC (Esteve Rafols,
2014).

A B Grasa visceral
Epicardica

Adipocito Mesentérica
Omental

Retroperitoneal
Célula inmune Gonadal

Célula madre

Nucleo

Capilar Grasa subcutanea

Fibroblasto Abdominal

Gluteal

Femoral

Preadipocito

Macréfago

Figura 17. Tejido adiposo blanco. (A) Composicién del tejido adiposo blanco. (B)
Localizacion y distribucion de los diferentes depdsitos de tejido adiposo blanco.
Adaptada de (Wronska & Kmiec, 2012)

Ademas, se sabe que el TA-B esta intimamente relacionado con los
procesos de angiogénesis e inflamacion. Durante el desarrollo

embrionario, la adipogénesis y la angiogénesis actuan de forma
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simultanea, por lo que no es raro pensar que el tejido adiposo también
tenga importancia en el proceso de angiogénesis en la edad adulta.
Como hemos visto, la obesidad es un factor de riesgo importante en el
desarrollo de la enfermedad cardiovascular y el tejido adiposo de un
individuo obeso es también diferente del tejido adiposo de un individuo
de peso normal. Mientras que el tejido adiposo normal esta compuesto
por adipocitos y células inmunes con potencial anti-inflamatorio
(Macrofagos M2, Células T CD4 positivas y eosindfilos), a medida que
el individuo aumenta su peso los adipocitos se vuelven cada vez mas
hipertroficos, hipodxicos y disfuncionales liberando moléculas pro-
inflamatorias que a su vez atraen células pro-inflamatorias como
neutrofilos, células T CD8 positivas, células B, mastocitos e interferon-
v-Th1 (Figura 18).

Sin embargo, no todos los TA-B son iguales, sino que poseen
diferentes caracteristicas dependientes de su localizacién (Figura
17B). Ademas, como hemos visto anteriormente, la obesidad no
siempre esta asociada a un efecto perjudicial, sino que el tejido
adiposo puede también tener un efecto protector, dependiendo
principalmente de su localizacion y composicion (Schetz et al., 2019).
Asi, como respuesta a una ingesta excesiva, el tejido adiposo se
vuelve hipoxico y disfuncional y aumenta de tamafio. Este aumento
puede ocurrir de dos maneras; aumento del numero de adipocitos
(hiperplasia), caracteristico principalmente del tejido adiposo
subcutaneo, o aumento del tamafo de los adipocitos (hipertrofia), que
se da tanto en el tejido adiposo subcutaneo como en el visceral (Choe,
Huh, Hwang, Kim, & Kim, 2016). La hiperplasia del tejido adiposo
suele estar considerada como un mecanismo “sano” de expansion del
tejido adiposo, ya que produce una activacion de las células madre
progenitoras. En cambio, la hipertrofia de los adipocitos suele estar

relacionado con procesos de inflamacion y estrés oxidativo, pudiendo
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incluso llevar a la destruccion de los adipocitos (Oikonomou &

Antoniades, 2019).
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Figura 18. Consecuencias fisiolégicas de la obesidad en el tejido adiposo. Adaptada
de (Rocca et al., 2018).

4.2.1 Tejido adiposo Subcutaneo

La distribucion del tejido adiposo subcutaneo (TA-S) depende del sexo

y la edad. En los hombres, la acumulacion de TA-S se da

principalmente en el abdomen, en cambio en las mujeres la

distribucion del TA-S es equiparable en caderas y abdomen. A medida
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que transcurren los afios esta distribucion varia, llegando equilibrarse
el porcentaje de grasa en la zona abdominal y las caderas de los
hombres mayores de 50 anos, y aumentando el porcentaje de grasa
abdominal de las mujeres (Marcadenti & de Abreu-Silva, 2015). La
acumulacion de grasa en el compartimento subcutaneo se asocia a un
efecto metabdlico neutro o incluso beneficioso (McLaughlin,
Lamendola, Liu, & Abbasi, 2011), sin embargo, dentro del propio TA-S
existen diferencias dependiendo de la localizaciéon, sobre todo en
personas con sobrepeso u obesidad encontrando que los niveles de
expresion de determinados genes se encuentra afectada (Rehrer et
al., 2012).

4.2.2 Tejido adiposo Visceral

El tejido adiposo visceral (TA-V) se encuentra acumulado en la zona
omental y mesentérica, esta asociado con la obesidad central y se

relaciona con el desarrollo de complicaciones metabdlicas.

La relacién entre la obesidad y la ECV ha sido ampliamente estudiada,
sin embargo, el riesgo de sufrir un evento cardiovascular esta
intimamente relacionado con la localizacién del exceso del tejido
adiposo, siendo el tejido visceral el que posee una mayor implicacion
en la enfermedad cardiovascular comparado con la adiposidad

subcutanea.

Se sabe también que el TA-V que recubre cada o6rgano concreto
posee unas caracteristicas anatdmicas y funcionales diferentes,
ademas, debido a su proximidad el érgano puede desempefiar un

efecto sistémico (Calabuig et al., 2017).

e Tejido Adiposo Epicardico (TA-E):

El corazon esta formado por diferentes capas de musculo y tejido.

La capa mas interna, en contacto con la sangre y el interior de las

37



INTRODUCCION

diferentes cavidades es el endocardio. Sobre este se encuentra el
tejido musculoso del corazoén, el miocardio y en la parte mas
externa se encuentra el pericardio, que es una membrana
fibroserosa de dos capas que envuelve el corazon, aislandolo y
protegiéndolo del resto de 6érganos y estructuras del exterior. El
pericardio esta formado por el pericardio seroso (el mas interno,
también conocido como epicardio) y pericardio fibroso, la zona

mas externa y resistente (Figura 19) (Netter, 2006).
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inferior

Avrteria coronaria
derecha

Figura 19. Anatomia interna y externa del corazén.

Existen diferentes depdsitos de grasa sobre el corazén, con diferentes
propiedades y composicion, aunque la distincion y nomenclatura de
estos tejidos adiposos aun no esta clara y existe controversia al
respecto. Los términos epicardico y pericardico han sido utilizados en
la literatura indistintamente en muchos casos, y es ahora cuando se
ha empezado a establecer la clara distincion entre ellos (Bertaso,
Bertol, Duncan, & Foppa, 2013; Fitzgibbons & Czech, 2014; Selthofer-
Relati¢ & BosSnjak, 2015).

lacobelis, G definia la grasa epicardica como aquella que se

encuentra entre la pared externa del miocardio y la capa visceral del
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pericardio, y la grasa pericardica la que se localiza entre el pericardio
visceral y parietal (lacobellis, 2009). Por su parte, Chhabra y
Gurukripa Kowgli definieron el TA-E como el que se localiza
principalmente en los surcos atrioventricular e interventricular, y junto
a las arterias coronarias, y en menor medida en la pared libre del
ventriculo derecho y el apex, donde predomina el tejido adiposo
pericardico (TA-P). Ademas, la vascularizacion del TA-E proviene de
la circulacion coronaria, mientras que el suministro sanguineo del TA-
P proviene de fuentes no coronarias (Chhabra & Gurukripa Kowlgi,
2015). Sin embargo, en linea con la definicion de lacobellis, en esta
tesis definimos el tejido adiposo epicardico perivascular (TA-PV) como
aquel que recorre las arterias coronarias, mientras que el tejido
adiposo acumulado en la zona del apex (evitando las zonas irrigadas
por los grandes vasos) lo definimos como tejido adiposo ventricular del
miocardio (TA-VM).

El 80% del corazén esta cubierto por TA, correspondiendo a un 20%
del peso total del érgano en condiciones normales, aunque este
porcentaje aumenta significativamente con la obesidad asi como con
la edad (Guglielmi & Sbraccia, 2017).Como otros tejidos adiposos
blancos, los tejidos adiposos cardiacos actuan como depdsito de
lipidos, secretando hormonas como o6rgano endocrino, y como
secretor de citoquinas y quemoquinas inflamatorias. En este aspecto,
y debido a su proximidad al miocardio, el TA-VM y el TA-PV juegan un
papel muy importante en el desarrollo de enfermedad coronaria, en la
inflamacién croénica, la aterosclerosis y en el desarrollo de
cardiomiopatias (Bertaso et al., 2013; Sacks & Fain, 2007).

4.2.3 Tipos de células existentes en el tejido adiposo blanco

Las células especializadas del tejido adiposo son los adipocitos, que
constituyen entre el 60-70% del tejido adiposo adulto. Sus principales

funciones son el metabolismo lipidico y la senalizacion paracrina,
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autocrina y endocrina, mediante la secrecion de adipoquinas, que les
permiten modular la actividad metabdlica del tejido adiposo pero
también de 6rganos como el higado, el cerebro y el musculo (Figura
20) (Esteve Rafols, 2014; Kershaw & Flier, 2004).

Cambios en el balance metabdlico entre los procesos de lipdlisis y
lipogénesis pueden producir un aumento de los &acidos grasos
circulantes, que al venir acompanados de un aumento de peso puede
llegar a desencadenar resistencia a la insulina. Esto es debido a que
los acidos grasos son, no solo moléculas energéticas, sino que
también actuan como senales reguladoras de la expresion génica de
proteinas implicadas en el metabolismo lipidico, pudiendo crear un
estado protrombodtico y asociandose a procesos de inflamacion
(Samad & Ruf, 2016). Por esto, el exceso de acidos grasos circulantes
(lipotoxicidad), asociado a un mayor consumo de calorias respecto a
su gasto, es uno de los mayores vinculos entre la obesidad y el
desarrollo del sindrome metabdlico y la enfermedad cardiovascular
(Bodis & Roden, 2018; Lafontan, 2014).
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Figura 20. Procesos fisioldgicos y metabdlicos regulados por el TAB mediante la
secrecién de adipoquinas. Adaptada de (Esteve Rafols, 2014)
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El resto del tejido adiposo se denomina fracciéon vascular del
estroma (SVF, del inglés Stromal Vascular Fraction), que incluye
células madre y progenitoras, macrofagos, fibroblastos, pericitos,
células endoteliales, células musculares lisas, células sanguineas y
preadipocitos (L. Badimon & Cubedo, 2017). Es por esta gran
variedad celular que el tejido adiposo es capaz de producir y
responder a un gran numero de sefiales endocrinas, metabdlicas e
inmunoldégicas, asi como estar implicado en otras muchas funciones
(L. Badimon et al., 2015).

Los pericitos, las células endoteliales y las células musculares lisas,
forman la vasculatura del tejido adiposo. Se ha observado que el tejido
adiposo ejerce un gran control en el metabolismo del organismo a
través de las células del sistema inmune residentes en él (Lemoine,
Ledoux, & Larger, 2013). En condiciones normales, estas células
estan implicadas en la eliminacién de los adipocitos necroticos, el
remodelado de la matriz extracelular, la angiogénesis, la adipogénesis
y el mantenimiento de la sensibilidad a la insulina. Sin embargo, en
individuos obesos el nimero de células del sistema inmune aumenta,
éstas adquieren un fenotipo proinflamatorio, y liberan un gran nimero
de citoquinas encargadas de reclutar y activar a otras células del
sistema inmune que pueden inducir una resistencia a insulina en el
tejido adiposo (Bai & Sun, 2015).

Por ultimo, en el SVF se encuentran las células madre derivadas del
tejido adiposo (ASC, del inglés Adipose-derived Stromal/Stem Cells) y
los preadipocitos. Las ASC ayudan a mantener la homeostasis del
tejido y contribuyen a la renovacién celular asi como a la reparacion
del tejido dafiado, pero también estan implicadas en la expansioén del
tejido adiposo que se da en situaciones patologicas como la obesidad

(L. Badimon & Cubedo, 2017). En respuesta a determinados
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estimulos, estas células pueden diferenciarse a diferentes linajes. Las

ASC presentan las siguientes caracteristicas (L. Badimon et al., 2015):
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1.

Adherencia al plastico. Las células deben adherirse al
plastico mientras son mantenidas en condiciones estandar de
cultivo.

Potencial de diferenciacion: Las ASC son capaces de
diferenciarse a los linajes adipogénico, osteogénico, endotelial
y condrogénico entre otros.

Marcadores de superficie: Las ASC no presentan un unico
marcador de superficie caracteristico, sino que expresan los
marcadores  caracteristicos de las células madre
mesenquimales. De esta forma, las ASC deben ser positivas
para los marcadores de superficie CD29, CD44, CD105, CD73
y CD90 y negativas para los marcadores CD45, CD34 y CD14.
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Las enfermedades cardiovasculares son la principal causa de
mortalidad y morbilidad en el mundo. Los nuevos cambios
socioculturales que se han dado lugar en los ultimos afios han llevado
a que el estilo de vida en la poblacion haya ido cambiando,
aumentando el sedentarismo y las dietas hipercaléricas o poco
equilibradas, asi como incorporando nuevos habitos perjudiciales
como el mayor consumo de alcohol o el tabaquismo. Estos cambios
han dado lugar al incremento de diversas alteraciones metabdlicas
como la obesidad, la diabetes, la hipertensién o la dislipidemia, que a
su vez actiuan como importantes factores de riesgo modificables de la
enfermedad cardiovascular.

La busqueda por tanto de nuevas estrategias que permitan reducir
estos factores de riesgo y con ello reducir la incidencia de las
enfermedades cardiovasculares es fundamental. Con este fin cobran
gran importancia las intervenciones nutricionales, que permiten la
prevencion o reduccion de las diversas alteraciones metabdlicas
mediante el cambio de habitos alimenticios o la suplementacion
alimentaria con componentes naturales.

No obstante, se ha demostrado que ademas del importante papel que
juegan los anteriormente citados factores de riesgo, el tejido adiposo
blanco, tradicionalmente relacionado con la homeostasis energética,
también juega un papel importante en el desarrollo de la enfermedad
cardiovascular, estando estrechamente relacionado con Ilos
mecanismos de regulacién del metabolismo glucidico, el remodelado
vascular y de la formacion de neovasos, asi como con la coagulacion
sanguinea. Ademas, es un gran reservorio de células madre
mesenquimales con gran importancia para la regeneracion
espontanea de tejidos lesionados y posiblemente para la terapia

celular.
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Por tanto, debido a Ila importancia de Ila diabetes, Ia
hipercolesterolemia y la obesidad en la enfermedad cardiovascular,
esta tesis doctoral busca profundizar en los posibles mecanismos de
prevencion y reduccién de la enfermedad cardiovascular asi como
ampliar el conocimiento sobre el papel fundamental que el tejido
adiposo tiene en el organismo. La hipétesis de este trabajo se basa
en que el control nutricional mediante la suplementacion con
compuestos naturales de una dieta saludable tendra efectos rapidos y
directos sobre la reduccién del riesgo cardiovascular, altamente
influenciado por la composicién y localizacion del tejido adiposo.

Para dar respuesta a nuestra hipotesis, se establecieron los siguientes

objetivos:

Objetivo 1. Investigar el efecto de la suplementacién con productos
naturales de la dieta para la prevencion de la enfermedad

cardiovascular.

* Investigar el efecto de la suplementacién alimentaria con
fitoesteroles en voluntarios obesos que no hayan padecido
enfermedad cardiovascular clinica.

* Investigar el efecto de la suplementacién alimentaria con
omega-3 en voluntarios obesos que no hayan padecido una
enfermedad cardiovascular clinica.

* Investigar el efecto producido por la sustitucion en la dieta del
azucar comun con un edulcorante natural sobre los niveles de
glucosa en sangre, en individuos sanos, intolerantes a la

glucosa o que padecen diabetes mellitus tipo 2.
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Objetivo 2. Investigar la composicion y funcionalidad de los diferentes
depositos de grasa del cuerpo humano.

* Investigar el perfil transcriptomico del tejido adiposo en
funcionde su localizacion y la presencia de factores de riesgo.

e Estudio del papel angiogénico de las células madre derivadas

de tejido adiposo de diferentes depdsitos de grasa.
e Estudio de las microvesiculas secretadas por las células madre

derivados de tejido adiposo de diferentes localizaciones.
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1. DISENO EXPERIMENTAL

Para alcanzar los objetivos propuestos en esta tesis se siguié el

siguiente esquema experimental

FACTORES DE RIESGO EN LA ENFERMEDAD CARDIOVASCULAR
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Figura 21. Disefio experimental.
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2. POBLACIONES DE ESTUDIO

En esta tesis se han estudiado diferentes poblaciones de voluntarios y

pacientes:

2.1 Estudio del efecto de la leche suplementada con omega-

3 o fitoesteroles

Se realizo el estudio en un total de 32 individuos de entre 25 y 70
afios que presentaban sobrepeso u obesidad de grado 1 (IMC = 25-35

Kg/m?). Los criterios de exclusion fueron los siguientes:

- Enfermedad crénica incluido cancer, hiperlipidemia,
diabetes mellitus tipo 2 (DM2), hipertension o algun tipo de
enfermedad cardiovascular, hepatica o renal.

- Uso de farmacos para la reduccion de lipidos, como los [3-
bloqueantes.

- Uso de diuréticos.

- Intolerancia a la lactosa.

- Estar realizando algun programa de pérdida de peso.

Este estudio es un estudio de doble ciego, aleatorio con dos brazos de
tratamiento. En primer lugar los voluntarios fueron sometidos a un
periodo de adaptacion de dos semanas en el que se les pedia hacer
vida y dieta normal. Posteriormente, los voluntarios se dividen en dos
grupos (N=16), al primer grupo se le administra leche suplementada
con Omega-3 y al segundo grupo, leche suplementada con
fitoesteroles. Los voluntarios debian ingerir 250 ml de leche diaria
durante 28 dias. Posteriormente fueron sometidos a un periodo de
lavado en el que ingirieron la misma cantidad de leche sin
suplementar, de modo que los niveles lipidicos volvieron al estado

basal e iniciaron un nuevo periodo de 28 dias en el que debian ingerir
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la leche suplementada que no habian ingerido durante el primer
periodos, leche con fitoesteroles el primer grupo, y leche con omega-
3 el segundo grupo. Los voluntarios fueron sometidos a un
seguimiento telefénico durante todo el estudio. Ademas, al inicio y final
de cada periodo del estudio se tomaron muestras de sangre de todos

los voluntarios (Figura 22).

Omega-3 Phytosterol
milk ik
Vi "\ s -‘\
Runin  / Sequence 1 Wash-out  / Sequence 2 y
—(2weeks) ﬁ‘\ (4 weeks) >ﬂ (4 weeks) ﬁ\ (4 weeks) H
n=32 n;16_ _'/ \ £16_ —I/
Phytosterol Omega-3
milk milk

ﬂ Blood withdraw

Figura 22. Esquema de las intervenciones del estudio.

2.2 Estudio del efecto del edulcorante Fruit-Up®

Fueron incluidos en este estudio un total de 118 voluntarios de entre
18 y 32 afios y cuyo IMC estaba comprendido entre 19-40 Kg/mZ.
Todos los pacientes presentaban un perfil proteico y hematoldgico
normal, y ademas con una funcién hepatica, renal y coronaria también
normal. Los voluntarios fueron agrupados en tres grupos con

diferentes criterios de exclusion:

* Voluntarios sanos (N=40)

* Intolerantes a la glucosa (N=40): glicemia en ayunas entre 100

and 125 mg/dl en al menos dos ocasiones y/o un rango de HbA1
del 5,7-6,4%.

e Diabetes mellitus tipo 2 (N=38): Los criterios de inclusion se

establecieron de acuerdo a la “American Diabetes Association
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guidelines (American Diabetes Association, 2012)”: glicemia en
ayunas = 126 mg/dl en al menos dos ocasiones, o glicemia 2 h
después de comer de 75 g, carga oral de glucosa = 200 mg/dl, o
HbA1c =2 6,5%. Los criterios de exclusion fueron la diabetes
mellitus tipo 1, neoplasma maligno, triacilgliceroles (TG) >400
mg/dl, complicaciones macro-vasculares, pacientes con una
diabetes mellitus tipo 2 poco controlada (HbA1c= 8%) o que
hayan sido tratados con insulina o inhibidores intestinales de la

disacaridasa.

Este estudio es un estudio de doble ciego, aleatorio con dos brazos de
tratamiento. En primer lugar los voluntarios fueron sometidos a un
periodo de adaptacion de dos semanas en el que se les pedia hacer
vida y dieta normal. Posteriormente, cada grupo de voluntarios se
subdivide en dos grupos (N=20 para voluntarios sanos € intolerantes a
la glucosa y N=18 para voluntarios con DM2), al primer grupo se le
asigna una bebida enriquecida con sacarosa que funcionara como
placebo y al segundo grupo se le administra una bebida enriquecida
en pinitol. Los voluntarios debian ingerir dos tomas de 250 ml la
bebida edulcorada asignada (enriquecida en sacarosa o pinitol)
durante 6 semanas. La composicion en macronutrientes y
carbohidratos de la bebida enriquecida en sacarosa era muy similar a

la bebida enriquecida en pinitol pero excluyendo los inositoles.

Para la validacion de este estudio se incluyd un estudio animal para el
cual se utilizaron 10 ratas Male Zucker diabetic fatty (ZDF; 350 g + 30
g; 12 semanas). Se trata de un modelo animal de diabetes mellitus
tipo 2. Estas ratas fueron alimentadas con una dieta en carbohidratos,
proteina y grasa para que desarrollaran dicha enfermedad. Se
subdividieron en dos grupos (N=5) y a cada uno de ellos se le

administro aleatoriamente una solucion de sacarosa o pinitol durante 4
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semanas. La cantidad de inositoles administrada era equivalente a la

dosis de los humanos (4 g de pinitol/dia).

2.3 Estudio del efecto de la diabetes en el tejido adiposo de

pacientes obesos.

En este estudio se analizdé el tejido adiposo de pacientes con

diferentes factores de riesgo (N=38).

- Pacientes no obesos y no diabéticos (N=11)
- Pacientes obesos tipo 3 y no diabéticos (N=13)

- Pacientes obesos tipo 3 y diabéticos (N=14)

Las grasas subcutanea y visceral de pacientes obesos fueron
obtenidas simultaneamente durante el procedimiento de cirugia
bariatrica de bypass gastrico en Y de Roux por laparoscopia. Ademas,
previo a la cirugia, a los pacientes de les exigia una pérdida de entre
el 5y el 8 % de su masa corporal. Por otro lado, los pacientes no
obesos fueron sometidos a diferentes intervenciones quirurgicas:
lipectomia abdominal, colecistectomia, hernia de hiato o
apendectomia. Ademas, se obtuvieron muestras de suero y plasma en
el momento de la operacion. En todos casos los pacientes seguian la
medicacién correspondiente indicada por las guias. El protocolo de
este estudio fue aprobado por el comité Etico del Centro Médico

Teknon de Barcelona de acuerdo con la Declaracion de Helsinki.

2.4 Estudio de la importancia de la localizaciéon del tejido

adiposo cardiaco.

En este estudio se analizaron diferentes depdsitos de grasa alrededor

del corazon en pacientes con insuficiencia cardiaca (N=30).
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Muestras de grasa de diferentes localizaciones, asi como secciones
de las diferentes arterias coronarias fueron obtenidas durante cirugias
de trasplante de cardiaco en el Hospital de la santa creu y sant Pau.
Los pacientes padecian distintas patologias cardiovasculares y
estaban tratados con las medicaciones correspondientes segun las

guias clinicas:

- Cardiomiopatia isquémica (40%)

- Cardiomiopatia no-isquémica (34%)
- Cardiomiopatia congénita (13%)

- Cardiomiopatia familiar (10%)

- Otras ECV (3%)

El consentimiento informado de los pacientes fue exigido en todos los
casos. El protocolo de este estudio fue aprobado por el comité Etico

del hospital de acuerdo con la Declaracién de Helsinki.
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3. MODELO ANIMAL =

En 1962, Lois M. Zucker y Theodore F. Zucker en un cruce entre ratas
Merck M y ratas Sherman descubrieron las ratas Zucker obesas.

Estas ratas presentan una mutacion autosémica recesiva simple
(sustitucién de una glicina por una prolina en la posicién 269) en el
gen que codifica para el receptor de la leptina localizado en el
cromosoma 5, lo que reduce 10 veces su afinidad por la leptina
(Zucker, 1965).

En condiciones normales, el tejido adiposo libera leptina a Ia
circulacion que actua a nivel cerebral disminuyendo la ingesta e
incrementando el consumo de energia. Sin embargo, en las ratas
Zucker esta via no funciona correctamente, por lo que a pesar de
presentar niveles elevados de leptina circulantes, al cabo de 4
semanas desarrollan hiperfagia y una obesidad temprana. Ademas,
presentan hiperlipidemia e hipertensién, y desarrollan resistencia a
insulina. Se detectd en un subgrupo de estas ratas Zucker una
mutacién espontanea que hacia a las ratas incapaces de compensar
la resistencia a la insulina convirtiéndolas por tanto en ratas Zucker
diabéticas (ZDF, del inglés, Zucker Diabetic Fatty) (Tofovic & Jackson,
2003). En este estudio se utilizaron ratas ZDF, alimentadas con una
dieta rica en proteina, carbohidratos y grasa (LabDiet® 5008 Formulab,
P.O. Box 19798 St. Louis, MO, USA) y agua at libitum. Todos los
experimentos fueron aprobados por el Comité Etico de
Experimentacion  Animal del |Institut Catala de Ciéncies
Cardiovasculars y cumplen con los criterios establecidos en la guia
“Guide for the Care and Use of Laboratory Animals publicada por the
United States National Institutes of Health” (National Research Council
(US) Committee for the Update of the Guide for the Care and Use of

Laboratory Animals., n.d.). Los animales se mantuvieron estabulados
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en un ambiente controlado a 20.0-22.0°C, 60 % de humedad relativa y
ciclos de dia/noche de 12 horas.

A las 16 semanas, tras 4 semanas de experimento, los animales
fueron anestesiados con una combinacidon de ketamina, medetomidina
y brupenorfina a una dosis de 75 mg/kg, 0.5 mg/kg y 0.1 mg/Kg
respectivamente mediante inyeccion intraperitoneal y sacrificados
mediante sobredosis con pentobarbital (400 mg/kg)por puncion
cardiaca. Una porcion de diferentes 6rganos fue entonces extraido y
congelado de forma inmediata a -80°C hasta su posterior uso.

Se obtuvieron muestras de sangre de la vena lateral de la cola que
fueron utilizadas para los analisis protedbmicos asi como para la
determinacion de los niveles de glucosa circulantes. Para ello los
animales se mantuvieron en ayunas durante 4 horas y se analiz6 una
muestra de sangre con un medidor Glucocard™ Memory 2 (Menarini
Diagnostics, Florencia, lItalia). La sangre obtenida para analisis
protedmicos se introdujo en tubos de separacion de suero (TAPVAL®,
Montlab) se incub6 a 37°C para promover la formacion del coagulo.
Posteriormente se centrifugd a 1.800 xg a 4°C durante 15min. El suero
aislado se repartié en alicuotas y se almacend a -80°C hasta su
analisis.

La determinacién de los distintos parametros bioquimicos en suero de
colesterol total, colesterol HDL, colesterol LDL, triglicéridos,
transaminasa glutamico oxalacética (GOT), transaminasa glutamico
piruvica (GPT), urea, creatinina y proteina total se realizé con un
analizador CLIMA MC-15 (RAL) y los reactivos especificos para cada

caso siguiendo las indicaciones del fabricante.
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4. ANALISIS PROTEOMICO

La principal estrategia para llevar a cabo los estudios protedmicos
consiste en separar las proteinas de una muestra (célula, tejido o
fluido) por electroforesis bidimensional (2-DE; Figura 23), en la que
las proteinas se separan primero por su punto isoeléctrico y luego por
su peso molecular, obteniendo un mapa de puntos proteicos en el que
cada punto corresponde a una proteina o a una variante de una
proteina. Posteriormente se realiza un analisis comparativo del perfil
protedmico entre los diferentes grupos a estudiar. Una vez realizado
este analisis, se hace una seleccion de los puntos con un perfil
diferencial y se identifican mediante espectrometria de masas (MS)

(Vivanco, Lopez-Bescos, Tuion, & Egido, 2003).
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Figura 23. Esquema del analisis protedmico. Secuencia detallada de la electroforesis
bidimensional, el analisis protedmico diferencial y la identificacion proteica por
espectrometria de masas.
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4.1.0btencion de las muestras

Para el analisis protedmico se han utilizado muestras de suero y

plasma humano asi como de tejido adiposo.

Para el analisis de suero y plasma se extrajeron muestras de sangre a
los voluntarios tras 12 horas de ayunas en tubos Vacutainer® sin
anticoagulante o tubos Vacutainer® con EDTA para el aislamiento del

suero y del plasma respectivamente.

Los tubos de suero fueron incubados a 37°C durante media hora para
que la muestra se coagule, posteriormente se volvieron a incubar a
4°C otra media hora para que el coagulo se retraiga y finalmente se
centrifugaron a 3000 rpm, 4°C, 35 minutos mas, para separar el suero.
En el caso de las muestras de plasma, los tubos de EDTA fueron
directamente centrifugados a 2500 rpm y 4°C durante 20 minutos, de
forma que se separa el plasma sanguineo del hematocrito, las
plaquetas y las células blancas. Una vez aislados el suero y el plasma,

fueron alicuotados y congelados a -80°C hasta su utilizacion.

Para el analisis protedmico de muestras de tejido adiposo el tejido fue
recogido en quiréfano en un ambiente estéril, lavado con PBS (del
inglés, Phosphate buffered saline) e inmediatamente congelado en N,

liquido y almacenado a -80°C hasta su utilizacion.

4.2 Preparacion De La Muestra

Se han utilizado diferentes protocolos de preparacion de muestra en

funcion del tipo de muestra a analizar.
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4.2.1. Subfraccionamiento del suero y plasma humano para la

extraccion de proteinas mayoritarias

Para el analisis de suero y plasma humano se requiere previamente la
eliminacion de las proteinas mayoritarias que pueden interferir en el
analisis. Primero las muestras de suero y plasma fueron sonicadas (6
ciclos de 15 seg. de sonicado, seguido de 30 seg. de descanso en
hielo) y se filtraron (0,22 ym) mediante centrifugacion para eliminar

impurezas.

Para la eliminacion de proteinas mayoritarias se utilizaron 2 métodos

diferentes.

A. Método para eliminar albumina e inmunoglobulinas (IgGs)
(Albumina e IgG removal kit, GE Healthcare): Se hace pasar la
muestra por una resina que elimina de forma selectiva estas
dos proteinas del suero humano. La albumina e IgGs son
retenidas en la resina y descartadas, mientras que las

proteinas minoritarias se eluyen por centrifugacion.

B. Método para eliminar las 6 o 14 proteinas mayoritarias,
albumina, transferrina, IgGs, IgAs, haptoglobina y a1-
antritipsina en el caso de las 6 mayoritarias y albumina,
transferrina, 1gGs, |IgAs, haptoglobina, a1-antritipsina,
antitripsina, fibrindgeno, a2-macroglobulina, a1-acido
glicoproteina, IgM, apolipoproteina Al, apolipoproteina All,
complemento C3 vy transtiretina en el caso de las 14
mayoritarias (Multiple Affinity Removal Spin Cartridge, Agilent
Technologies): Este método consiste en un cartucho con una
resina formada por diferentes anticuerpos que se unen a
dichas proteinas mayoritarias, de modo que el resto de
proteinas se eluyen por centrifugacion. Una vez eluidas todas

las proteinas minoritarias, las proteinas mayoritarias se eluyen
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también con otro tampén de modo que pueden ser
recuperadas o descartadas segun las necesidades del

experimento.

4.2.2. Concentracion de proteinas del suero

Las muestras se concentraron y se eliminaron las sales mediante
centrifugacion con filtros de 5 kDa de corte. Durante esta fase el
tampén de la muestra se cambi6é a un tampén urea (urea 8 My 2%

Chaps), 6ptimo para solubilizar las proteinas del suero para la 2-DE.

4.2.3. Extraccion de proteinas de HDL humanas

Las HDL se obtuvieron mediante ultracentrifugacion en gradiente de
KBr a partir de la fraccion total del suero (Havel, Eder, & Bragdon,
1955). La concentracién de proteina de la fraccién de HDL se
cuantific6 por el método del BCA y posteriormente las HDL se
deslipidaron mediante la precipitacion de proteina con 7 volumenes de
acetona pura fria durante 2 horas a -20°C. Posteriormente las
proteinas se solubilizaron con un tampoén ureal/tiourea (urea 7 M,
tiourea 2 M y 2% de CHAPS) en caso de que fuesen preparadas para
2-DE o0 en un tampén de Tris 125 nM si fueron preparadas para
Western-Blot.

4.2.4. Extraccion de proteinas de las LDL humanas

Las LDL humanas se aislaron también mediante técnicas de
ultracentrifugacion en gradiente de KBr a partir de la fraccion total de
suero y se deslipidaron siguiendo el protocolo descrito por Karlsson et
al. (Karlsson, Leanderson, Tagesson, & Lindahl, 2005)con algunas
modificaciones. Se parti6 de 1 mg de LDL (1 g/l apoB) y se deslipidd
incubando 90 min a -20°C con 14 ml de una mezcla de tributil
fosfato:acetona:metanol (1:12:1), seguido de una ultracentrifugacién a

2800 xg durante 15 min. Posteriormente, la proteina precipitada se
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lavéo de forma secuencial con 1 ml de tributil fosfato, acetona y
metanol, y se dejo secar al aire. Los precipitados se hirvieron 3 min en
una solucién de DTT 0.325 M, 4% de CHAPS vy tris 0.045 M; se
dejaron enfriar a temperatura ambiente, se diluyeron (1:15) en la
solucion urea/tiourea (urea 7 M, tiourea 2 M y 2% de CHAPS) y

finalmente se incubaron 15 min a 35°C.

4.2.5 Extraccion de la fraccion soluble proteica del plasma.

Para obtener la fraccion soluble proteica del plasma (LPDP, del inglés,
Lipid depleted plasma), las muestras fueron centrifugadas a 25000 xg
durante 45 minutos a temperatura ambiente para asi eliminar las
microvesiculas. Las muestras fueron entonces sonicadas vy filtradas en
un filtro de 22 uym para eliminar impurezas y las 14 proteinas
mayoritarias eliminadas utilizando una columna especifica de afinidad
(Multiple Affinity Removal Spin Cartridge, Agilen Technologies) y la
muestra disuelta en un tampén de urea (urea 8M y 2% de CHAPS) en
caso de que fuesen preparadas para 2-DE o en un tampoén de Tris 125

nM si fueron preparadas para Western-Blot.

4.2.6 Extraccion de proteinas del tejido adiposo

Para la extraccion proteica de la muestra, el tejido adiposo fue
triturado en un mortero y diluido en un buffer de lisis (8.4 M Urea, 2.4
M  tiourea, CHAPS 50g/L y 50mM DTT). Las muestras fueron
sonicadas en hielo (6 ciclos de 15 segundos) y la mezcla agitada en
una noria durante 1 h a temperatura ambiente. Posteriormente la
dilucién se centrifugé a 60000 rpm durante 90 minutos y la fase
acuosa se recogio en un nuevo tubo y se almacené a -80°C hasta su

utilizacion.
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4.2.7 Cuantificacion de proteinas

En todos los casos, la concentracion de proteina de las muestras
preparadas para 2-DE se cuantificaron utilizando un método
comercial, el 2D Quant Kit (GE Healthcare). Este es un método
especifico para muestras que contienen urea y funciona mediante la
precipitacion de las proteinas dejando las sustancias que pueden
interferir en solucién. Dichas proteinas precipitadas se cuantifican por
su unién especifica al cobre, de tal forma que el cobre no unido es el
que reacciona por lo que la lectura de densidad esta inversamente
relacionada con la concentracion de proteina. EI umbral de

sensibilidad de este ensayo es de 0,5ug.

En el caso de cuantificacion de proteina para western-blot, técnica
para la que la muestra no debe estar disuelta en un tampoén de urea,
se utilizé el Pierce BCA Protein Assay Kit (ThermoScientific), basado
en una reaccién de quelacion en la que el Cu?* es reducido a Cu'* por
proteinas en un medio alcalino. La adicion de BCA produce producto
final de color morado que es detectado por colorimetria 562nm en un

lector de placas (Spectra Max 190, Molecular Device).

4.3 Electroforesis Bidimensional

Dependiendo del el fin para el que se realice la electroforesis se parte
de una cantidad de proteina diferente. Para comparar el perfil
protedmico de diferentes muestras se utilizaron geles analiticos, en los
que se cargaron entre 100 y 150 ug de proteina, en cambio, cuando
los geles son utilizados para la identificacion de proteinas por
espectrometria de masas, se utilizaron geles preparativos, en los que

se cargaron un minimo de 300 ug.
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4.3.1 Primera dimensidén

En la primera dimension, las proteinas se separan por su punto
isoeléctrico en un isoelectroenfoque (IEF) en tiras de acrilamida con
un gradiente de pH inmovilizado. El rango de pH de la tira depende del

tipo de muestra analizada (Tabla 4).

Tabla 4. Condiciones de la 2-DE para los diferentes tipos de muestra.

Muestra Tampén Hidratacion 12 Dimension 22 Dimensioén

. 0, . 0,
Plasma 8M urea; 2% chaps; 1,6%

humano anfolitos; 0,02% azul de Pasiva 4-7 10%
bromofenol
7M urea; 2M tiourea; 2%
LPDP chaps; 1,6%DTT; 0,2%
anfolitos; 0,02% azul de Pasiva 4-7 10%
bromofenol
7M urea; 2M tiourea; 2%

HDL chaps; 1,6%DTT; 0,2%

humanas anfolitos; 0,02% azul de Pasiva 4-7 12%
bromofenol
7M urea; 2M tiourea; 2%

LDL chaps; 1,6%DTT; 0,2%

humanas anfolitos; 0,02% azul de Pasiva 4-7 10%
bromofenol
Tejido 7M urea; 2M tiourea; 2%

. chaps; 1,6%DTT; 0,2% . o
adiposo , folitos; 0,02% azul de Activa 7 12%
humano

bromofenol

2-DE, electroforesis bidimensional; LPLP, fraccion soluble proteica del plasma; HDL, lipoproteinas de alta
densidad; LDL, lipoproteinas de baja densidad; DTT, Ditiotreitol.

Es necesario que las tiras sean hidratadas antes de ser utilizadas para
la separacion de las proteinas segun su pH. Existen diferentes tipos
de hidrataciéon en funcién de la muestra que se quiera analizar, en

esta tesis se utilizaron la hidratacion activa y la hidratacion pasiva:
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- Hidratacion activa: se aplica una corriente de 50V durante
12 horas de forma constante para facilitar que las proteinas
entren en el gel de la tira.

- Hidratacion pasiva: no se aplica ningun tipo de corriente a
la tira, sino que las proteinas se van difundiendo
pasivamente hacia el gel de la tira durante 12 horas a

temperatura ambiente.

Una vez hidratadas las tiras, se aplican diferentes aportes energéticos
para que las proteinas se separen a lo largo de la tira segun su pH
(Tabla 5).

Tabla 5. Proci;rama de voltajes del IEF.

Hidratacion Paso 1 Paso 2 Paso 3 Mantenimiento

250V; 15min 10000V; 3h Hasta 55000V;

Activa/Pasiva .
lento lento lineal

500V; 24h rapido

4.3.2 Segunda dimensién

En la segunda dimension las proteinas son separadas en funcion de
su peso molecular en geles de poliacrilamida en presencia de SDS
(SDS-PAGE). Se utilizaron diferentes porcentajes de acrilamida en
funcion del tipo de muestra (Tabla 4). Tras el IEF, antes de realizar la
segunda dimension, las tiras se equilibraron primero en una solucion
reductora (Tris-HCL 50 mM, pH 8,8, urea 6M, SDS 2%, glicerol 30 %
y 2% DTT) y después en una solucién alquilante (50 mM Tris-HCL pH
8,8; urea 6 M, SDS 2%, glicerol 30% y 2% iodoacetamida), cada paso
durante 15 minutos, a fin de proteger las proteinas frente a procesos
oxidativos y evitar la aparicion de rayas verticales en los geles

(streaking).

Para la visualizacion de las proteinas, los geles se tifieron con una
tincion fluorescente (Flamingo fluorescent stain; BioRad). Al final del

proceso, los geles se escanearon con un equipo Typhoon 9500 (GE
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Healthcare) que permite ver fluorescencia, y asi visualizar las

proteinas y obtener el patrén protedmico de cada muestra analizada.

4.4 Analisis Diferencial

En todos los casos, los diferentes grupos analizados se procesaron en
paralelo para asi garantizar una minima variabilidad entre grupos. Los
patrones protedmicos de las diferentes muestras se compararon
mediante el programa de analisis PDQuest (version 8.0; Bio Rad), que
utiliza un gel patrén en el que se incluyen todos los geles analizados.
El programa asigna a cada punto proteico un valor relativo, en funcién
de la suma total de todos los puntos proteicos del gel, tras la
sustraccion de la sefial de fondo. Posteriormente se hace la
comparacion manual de todos los geles, de forma que se especifiquen
los puntos proteicos equivalentes en los diferentes geles analizados
(Matching).

4.5 Identificacion De Las Proteinas.

Tras el analisis diferencial, las proteinas fueron identificadas mediante
espectrometria de masas (MS). Este proceso se realiza en los

siguientes pasos:

- Los puntos proteicos del gel se recortan y aislan
automaticamente con un Ettan Spot Picker (GE
Healthcare).

- Los trozos de gel son lavados con una solucién de Ambic
25 mM.

- Se deshidratan los trozos de gel primero con una solucion
Ambic 25 mM/ACN 50% y después con ACN (Acetonitrilo)
100%.

- Se secan las muestras haciendo vacio (Speed Vac).
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- Las proteinas se digieren enzimaticamente con un volumen
de gel de tripsina porcina modificada (Promega), que corta
el extremo C-terminal de todos los residuos de lisina y
arginina de las proteinas.

- Se limpian los restos de sales de los péptidos obtenidos
mediante digestidon enzimatica y se concentran utilizando
filtros ZipTuipU-C18 (Merck-millipore).

- Estos péptidos se mezclan con una matriz (-ciano-4-hidroxi-
cinaminico 5 mg/mL) y se depositan en placas Prespotted
AnchorChip plates (Bruker Daltonics) y se deja secar para
que se cristalice.

- Laplaca se introdujo en el equipo para su analisis.

Para la identificacion de las proteinas, se utilizé un espectrometro de
masas tipo MALDI-TOF (matrix-assisted laser desorption/ionization
time-of-flight; AutoFlex Il Smartbeam MALDI-TOF/TOF de Bruker
Daltonics), formado por una fuente de ionizacién del tipo
desercion/ionizacion mediante laser asistida por matriz (MALDI) y un
analizador de masas “tiempo de vuelo” (TOF), en el que la separacion
de iones se basa en el tiempo que tardan estos en recorrer un
determinado espacio. De esta forma se obtuvo, para cada muestra, un
espectro en el que se representa la intensidad de cada ion, en funcion
de su relacion masal/carga (m/z). Esta relacion es conocida como
huella peptidica, y se contrastd con la base de datos Swiss-Prot 57.15,
dando lugar a la identificacion de la proteina. Ademas, para evitar
errores de identificacion, se hizo una doble fragmentacién MS/MS en

los picos de interés.
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4.6 Técnicas De Validacion

La validacion de los resultados obtenidos por protedmica se realizé
principalmente mediante la utilizacion de dos técnicas, el ELISA y el
Western-Blot.

4.6.1 Cuantificacion de los niveles de proteina séricos

- ELISA (delinglés, Enzyme-Linked ImmunoSorbent Assay;
ensayo por inmunoabsorciéon ligado a enzimas); es un método de
analisis cuantitativo, ya que permite medir la concentracién de una
determinada proteina en una muestra. En todos los casos se utilizaron
ELISAS comerciales tipo sandwich (Tabla 6), es decir, la placa esta
cubierta con el anticuerpo correspondiente, de modo que al afadir la
muestra la proteina de interés queda retenida. Posteriormente se
afiade otro anticuerpo que también reconoce a nuestro antigeno y se
une a él. El segundo anticuerpo tiene unido una enzima que
reaccionara con otro sustrato especifico, para dar lugar a un cambio

de color detectable por colorimetria.

Tabla 6. Kits ELISA utilizados

Limite de

Proteina Referencia
deteccién
Apo E Ray-Bio / ELH-Apo E 1.5 ng/mL
Apo A-l Assay Pro / EA5201-1 0.7 pg/mL
LCAT Bio Vendor / RD191122200R 0.27 ng/mL
IGF-I Mediagnost / IFG-I ELISA E20 2.0 ng/mL

Apo; Apolipoproteina, LCAT; Lecitin Colesterol Acil Transferasa, IGF-I;
del inglés, Insulin-like growth factor

- Multiplex; se trata de un inmunoensayo utilizado para el
analisis masivo de proteinas mediante el uso de particulas
magnéticas. Cada particula magnética esta asociada a un
codigo de color y se conjuga con los anticuerpos especificos

del analito permitiendo asi la medida simultanea de varios
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analitos en el mismo pocillo. En todos los casos se utilizaron

ensayos multiplex de la casa Bio-Rad (BioPlex; Tabla 7)

Tabla 7. Diferentes Kits BioPlex utilizados.

Nombre Referencia Analitos

APRIL / TNFSF13, BAFF / TNFSF13B, sCD30 /
TNFRSF8, sCD163, Chitinase-3-like 1, gp130 /
SIL-6RB, IFN-02, IFN-B, IFN-y, IL-2, sIL-6Ra, IL-
37-Plex 8, IL-10, IL-11, IL-12 (p40), IL-10 (P70), IL-19, ,
Inflamacién T71ALO0TM " o0 1L-22, | IL-26, IL-27. , IL-28, IL-29, IL-32.
IL-34. IL-35. TNFSF14 MMP-1, MMP-2, MMP-3.
Osteocalcina, Osteopontina, Pentraxina-3,
STNF-R1, STNF-R2, TSLP, TNFSF12

10-Plex Péptido-C, Grelina, GIP, GLP-1, Glucagon,

Diabetes 171A7001M Insulina, Leptina, PAI-1, Resistina, Visfatina
2-plex . . .

Diabetes 171A7002M Adipsina, adiponectina

4.6.2 Western-blot (WB)

Se trata de un método de analisis semicuantitativo, ya que se mide la
cantidad relativa de una proteina en los diferentes individuos. Para
esta técnica la muestra es tratada de forma equivalente a como se
habia hecho en la 2DE, pero en este caso la muestra es resuspendida
en un tampon de Tris-HCL 125 mM y se la afnade una solucion de
carga al 6% con/sinB-mercaptoetanol, en funcién de si eran
condiciones desnaturalizantes o no desnaturalizantes (Tris_HCI
125mM, SDS 2% (p/v), Glicerol 5% (v/v), azul de bromofenol 0,003%
(p/v) y H20; pH 6,8). En el caso de las condiciones desnaturalizantes
las muestras fueron incubadas durante 5 minutos a 95°C antes de ser
sometidas a una electroforesis unidimensional en geles SDS-PAGE.
Las proteinas del gel fueron transferidas a membranas de
nitrocelulosa durante 2 h a 400 mA y a 4°C. Para confirmar que las
proteinas se habian transferido correctamente, las membranas fueron
tefidas con una solucion de Ponceau (tris 0.1M, NaCL 1M, 0.05%
Tween-20 y pH 7.4).
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Las membranas fueron bloqueadas durante minimo 1 h a temperatura
ambiente en agitacion, con 10 ml de solucién de bloqueo (5% de leche
desnatada o de albumina de suero bovino en tampén TBS 1X y
Tween-20 al 0.05%) para evitar uniones inespecificas. Seguidamente
se incubaron con el anticuerpo primario diluido en la solucién de
bloqueo durante toda la noche en agitacién suave y a 4°C. Los
anticuerpos primarios utilizados se detallan en la Tabla 8.
Posteriormente, las membranas se lavaron con la soluciéon de TBS-
Tween y se incubaron con el anticuerpo secundario correspondiente
(todos de Dako), diluido 1/1000 nuevamente en la solucién de

bloqueo, durante 1h a temperatura ambiente.

La senal de la proteina se detectd mediante quimioluminiscencia
utilizando el sistema de la reaccién peroxidasa (SuperSignal
chemiluminiscence system, Pierce), y la imagen se obtuvo con el
ChemiDoc™XRS system (Bio Rad). Finalmente las bandas se
analizaron con el programa ImagelLab (Bio Rad), normalizando entre
muestras por cantidad proteina total y entre diferentes membranas

afiadiendo a cada una de ellas un pool de muestras comun.

Tabla 8. Anticuerpos utilizados para WB

Anticuerpos primarios

Antigeno Referencia Especie Dilucién
SAP Abcam / ab27313 Mouse 1:2000
Complemento C4A Novus / NBP2-14,893 Rabbit 1:1000
TF Goat 1:1000
Endostatina Abcam / ab84250 Rabbit 1:1000

Anticuerpos secundarios

Anti-goat HRP Dako Rabbit 1:10000
Anti-Rabbit HRP Dako Goat 1:10000
Anti-Mouse HRP Dako Rabbit 1:10000
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5. TEJIDO ADIPOSO

5.1 Obtencion de las muestras

En esta tesis de han utilizado muestras de tejido adiposo subcutaneo,
visceral, pericardico y epicardico de diferentes pacientes. Los tejidos
visceral y subcutaneo se obtuvieron en operaciones de By-pass gastrico
en la clinica Teknon, Barcelona. Las muestras de tejido adiposo cardiaco
en cambio, se obtuvieron a partir de corazones de pacientes
trasplantados justo en el momento de extraccion en el hospital de la

Santa Creu i Sant Pau, Barcelona.

Las muestras de tejido adiposo destinadas al aislamiento de proteina y
RNA fueron congeladas instantaneamente en nitrégeno liquido, y

conservadas a -80°C hasta su utilizacion.

Para la obtencién de células madre derivadas del tejido adiposo (del
inglés, Adipose Stem Cells; ASC), el tejido adiposo fue transportado en
medio de cultivo (Dulbecco’s Modified Eagle Medium-DMEM con un 2%
de penicilina/estreptomicina, Gibco, Life Technologies), hasta el

aislamiento de las células.

5.1.1 Obtencion de las células madre del tejido adiposo (ASC)

Se aislaron ASC de la grasa tanto coronaria como del apex del corazon
de pacientes sometidos a un trasplante de corazon, asi como de la grasa

subcutanea y visceral de pacientes sometidos a by-pass gastrico.
Se utilizaron las siguientes soluciones:
-PBS 1x (del inglés, Phosphate buffered saline).

- Medio de digestion (DMEM + Colagenasa I-A, 1mg/ml; Sigma Aldrich)
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-Medio completo (DMEM + 20% de suero fetal bobino — FBS + 1% de

penicilina/estreptomicina; Gibco, Life Technologies).
El protocolo que se sigui6 fue el siguiente (Figura 24):

i. El tejido adiposo se limpio de restos de sangre en una solucion de PBS
con antibidtico y se eliminaron los posibles vasos sanguineos. Se peso el

tejido.

ii. Se introdujo el tejido en medio de digestion y se procedié a la

realizacion de una digestion mecanica ayudada de tijeras y bisturi.

iii. Se procedid a la digestion de las muestras en un horno giratorio

precalentado a 37°C durante 1 hora.

iv. Una vez transcurrido el tiempo de digestion, la colagenasa se inactivo
afiadiendo FBS.

v. Cada una de las muestras fue transferida a un nuevo falcon. Para ello
previamente se hizo pasar la muestra por un filtro de 100um para

eliminar los restos de tejido.

Adipocitos
y Filtrado

_Disgregar ’\ Digestion

SVF /R ﬁ* ggj |

Figura 24.Esquema del procedimiento utilizado para el aislamiento de las ASC a partir de
una muestra de tejido adiposo. ASC; células derivadas del tejido adiposo, del inglés,
Adipose Stem Cells. SVF; fraccion vascular del estroma, del inglés, Stromal Vascular
Fraction.

vi. Se centrifugd la muestra 10 minutos, 1200rpm, 22°C para separar los
adipocitos, que quedan flotando en la parte superior, de la SVF que se

queda al fondo en forma de pellet.
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vii. Los adipocitos son aislados en un tubo cuidadosamente y congelados
a -80°C. Una vez eliminado el sobrenadante, el pellet de SVF es
resuspendido en medio completo.

viii. Las células fueron cultivadas bajo unas condiciones determinadas en
una camara de hipoxia (Hypoxic/Anoxic Workstation H35 de Don Whitely
Scientific Ltd.) con una mezcla de gases de 1%0;, 5% de CO, y 94% de
No.

ix. Al dia siguiente, se realizaron dos lavados con PBS para eliminar los
restos de células no adheridas, las células adheridas seran las ASC que
se encuentran en P0. Se dejan crecer cambiando el medio cada 2/3 dias.
x. Una vez las células llegan a subconfluencia (75-90%), las células
fueron levantadas y resembradas en un flask de 75 cm? para la
expansion de las células. Para levantar las células se utilizdé una solucion
de Tripsina-EDTA (Sigma-Aldrich).

xi. Una vez llegaron a subconfluencia nuevamente, las células fueron
nuevamente levantadas y congeladas en N; liquido hasta su posterior
utilizacion. Las células fueron congeladas en medio de congelacién (FBS

+ Dimetil sulfoxido 7,5%; 1x10° cel/ml de medio).

5.1.2 Aislamiento de las microvesiculas derivadas de las ASC

Para el aislamiento de las microvesiculas derivadas de las ASC, se
sembraron las células y se recogio el sobrenadante celular tras 48 horas

de cultivo (Figura 25).
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45 min; 20000 xg: Tamb

Restos celulares
= Sobrenadante Sobrenadante
_) Centrifugacion ¥ o
15min; 900xg; 4°C Ultra-centrifugacion

D T T O Pellet
PBS-Citrato
rnsnnns s 110
G*
@, o
O Sobrenadante

Microvesiculas

Figura 25. Esquema del procedimiento utilizado para el aislamiento de las microvesiculas
a partir de medio de cultivo.

Primero se realiz6 una centrifugacion de 15 minutos, a 900xg y T
ambiente, para asi eliminar los restos celulares. Se descarto el pellet y se
ultracentifugd el sobrenadante a 20000 xg durante 45 minutos. Tras
eliminar el sobrenadante, el pellet se lavé con una solucion de PBS-
citrato (Fosfato 1.4 mmol/l, NaCl 154 mmol/l, citrato trisddico 10.9 mM,
pH 7.4) y se repitid la centrifugacion a 20000 xg, durante 45 minutos.
Finalmente este pellet se resuspende en el tampén adecuado para la
finalidad de las microvesiculas (MRNA&mMIRNA: Quiazol; Citometria de

flujo: PBS-citrato; cultivo celular: Medio de cultivo).
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6. ENSAYOS DE BIOLOGIA CELULAR

6.1 Otros tipos de células utilizados

6.1.1 HMEC

Las HMEC, o células humanas endoteliales micro-vasculares (del inglés,
Human microvascular endotelial cells) provienen de una linea celular
inmortalizada adquirida del centro de control de enfermedades de
Atlanta. Estas células son cultivadas con medio MCDB131 (Invitrogen) y
suplementado con FBS 10%, Glutamina 2 mM (Invitrogen) y gentamicina

50 mg/ml (Invitrogen).

6.2 Citometria de Flujo

La citometria de flujo es un método analitico que permite la medicion
rapida de ciertas caracteristicas fisicas y quimicas de células o particulas
suspendidas en liquido que producen una sefal de forma individual al
interferir con una fuente de luz. Una de las caracteristicas analiticas mas
importantes de los citometros de flujo es su capacidad de medir multiples
parametros celulares, como el tamafio, forma y complejidad asi como
cualquier componente celular o funcion que pueda ser marcada con un
fluorocromo.

El fundamento de esta técnica se basa en hacer pasar una suspension
de particulas por delante de un haz de luz laser focalizado. El impacto de
cada célula con el rayo de luz produce sefales que corresponden a los
diferentes parametros de la célula y que son recogidos por distintos
detectores.

En este estudio se analizé la presencia de marcadores de superficie
caracteristicos de las células mesenquimales tanto en el SVF como en

las células en P3. Para ello se analizaron un minimo de 100.000 células
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tanto en el caso del SVF como en el caso de las células en pase 3. Las
células fueron resuspendidas en buffer de citometria formada por una
solucion de PBS con 0.1% de albumina sérica bovina (Nzytech) y 0.1%
de azida sodica (Sigma-Aldrich). Las muestras se incubaron con los
anticuerpos correspondientes durante 30 minutos a 4°C, protegidos de la
luz, se anadieron 250 uL de buffer de citometria y se analizaron en un
citometro de flujo Coulter EpicsXL con el programa Expo 32 ADC XL 4
color (Beckman Coulter). En el caso de las células del SVF se afadié un
paso previo al analisis de lisado de los eritrocitos. Para ello se afiadieron
250 pL de QuickLysis (Cytognos) y se incubd la muestra durante otros 15
minutos. Se analizaron marcadores caracteristicos de las ASC, asi como
anticuerpos negativos de estas mismas células. Ademas, se realizaron

controles de isotipo para cada anticuerpo (Tabla 9).

Para el analisis de microvesiculas el protocolo es diferente. En primer
lugar se hace un marcaje con Anexina V para asi poder calcular el
numero total de microvesiculas. A su vez, puede medirse algun otro
anticuerpo. En esta tesis hemos analizado conjuntamente Anexina V y
factor tisular (TF). Para ello, las yVs fueron extraidas en PBS-citrato e
incubadas con los anticuerpos conjugados anti-Anexina V y anti-TF. Las
muestras se diluyeron con “Annexin Binding Buffer” (BD Bioscience; del
inglés, buffer de unién a Anexina) para asi parar la reaccion y
posteriormente fueron analizadas con el citometro FACSCantollTM (BD

Bioscience).
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Tabla 9. Anticuerpos utilizados para la caracterizacion por citometria de flujo de las células madre
mesenquimales provenientes del tejido adiposo.

Anticuerpo Referencia Tipo de
marcador
CD14 - FITC 14F-100T Immunostep Negativo ASC
CD 29 Integrina B1 PE 555443 BD Bioscience Positivo ASC
CD31 PECAM-1 Negativo ASC
CD 34 - PC5 A07777 Beckman Coulter Negativo ASC
CD 44 Receptor de la fibronectina FITC 555478 BD Bioscience Positivo ASC
CD 45 Antigeno leucocitario comun PE-Cy™5 555484 BD Bioscience Negativo ASC
CD 73 Ecto-5’-nucleotidasa FITC 561254 BD Bioscience Positivo ASC
CD 90 Antigeno-1 de las callas FITC 555595 BD Bioscience Positivo ASC
del timo
CD105 Endoglina PE 560839 BD Bioscience Positivo ASC
Isotipo FITC - 555748 BD Bioscience -
Isotipo PE - 555749 BD Bioscience -
Isotipo PC5 - A07798 Beckman Coulter -
Isotipo PE-Cy™5 - 555750 BD Bioscience -
Anexina V ANXVCFB Immunostep Positivo MVs
TF Factor tisular FITC 4508CJ Sekisui -

6.3 Viabilidad y proliferacion celular

La viabilidad celular se midid6 mediante el kit “MTS CellTiter 96 Aqueous
One Solution cell proliferation assay kit” (Promega). Se trata de un
ensayo colorimétrico, que permite la cuantificacion de las células que son
metabodlicamente activas, y por ello capaces de metabolizar el sustrato
MTS (3-[4,5,dimetiltiazol-2-il]-5-[3-carboximetoxi-fenil]-2-[4-sulfofenil]-2H-
tetrazolio) en presencia de un intermediario aceptor de electrones
(metasulfato de fenazina). De la reduccion de este compuesto surge el
Formazan, que es un compuesto soluble y que a una longitud de onda
de 490 nm puede ser cuantificada. Por tanto, la cantidad de formazan es
directamente proporcional al numero de células vivas en cultivo.

En esta tesis analizamos la viabilidad de las células ASC cardiacas asi
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como las HMEC al ser suplementadas con pVs procedentes de ASC de
diferentes tejidos y pacientes. Para ello se sembraron en triplicado
10*células en una placa de 96 pocillos y se dejaron crecer con su medio
durante 24 horas. En el caso de las ASC cardiacas se afiadieron
directamente sobre el medio 10 ul del reactivo MTS a cada pocillo y se
incubd la reaccién a 37°C durante 2 horas. En el caso de las HMEC, se
eliminé el medio, se lavaron todos los pocillos con PBS y se anadié
medio de cultivo suplementado con medio condicionado de las ASC
dejandola incubar otras 24 horas. Se afadieron entonces 10ul del
reactivo MTS a cada pocillo y se incubé la placa a 37°C durante 2 horas.
La cuantificacion de la absorbancia a 490 nm se realizd en
espectrofotometro Spectramax 250 con el programa SoftMax (Molecular

Devices)

6.4 Ensayo de migracion celular in vitro

Se analizé la velocidad de migracion de las células HMEC tratadas con
MVs procedentes de ASC. Para ello se utilizaron placas especificas de
migracion (Culture-Insert p-Dish 35mm low, lbidi). Estas placas permiten
sembrar dos regiones separadas de una placa dejando una separacion
de 500 pm entre ambos campos gracias a un inserto de silicona
biocompatible que forma dos pocillos rectangulares. En este ensayo se
sembraron 2.5x10°células por campo y se dejaron adherirse y crecer
durante 24 h. Tras 24 horas de cultivo de las células HMEC, el inserto fue
retirado con ayuda de unas pinzas estériles. Entonces se elimin6 el
medio y se hizo un lavado con PBS para eliminar las posibles célula
muertas. Entonces se anadié medio suplementado con pVs de modo
que ambos campos compartian el mismo medio y podian empezar a
migrar un campo celular hacia el otro. Se realizaron fotos con un
microscopio invertido ECLIPSE TS5100 (Nikon) y una camara Moticam

10 (Motic) a las 0, 6, 8, 10 y 24h. El area cubierta por células se analizé
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utilizando el programa ImageJ (Figura 26).

Paso 1. Paso 2. Paso 3.
Sembrar células Retirar el inserto Anadir el medio
C-1 en y lavar varias tratamiento y
ambos lados del veces el medio empezar la
inserto. con PBS 1x migracién

Figura 26. Ensayo de Migracion. Detalle del procedimiento de siembra en placas
Ibidi Culture-Insert. Adaptado de www.ibidi.com

6.5 Ensayo de crecimiento celular

La cinética de crecimiento y el tiempo de duplicacion celular se
estudiaron mediante un ensayo denominado “Doubling time” (del inglés,
tiempo de duplicacién). Para ello, se sembraron 2x10* células en placas
de 6 pocillos en medio normal de cultivo (DMEM LG, 10% FBS, 1%P/S).
Cada 2 dias se tripsinizaron y se contaron mediante camara de
Neubauer las células de 2 pocillos (duplicado)hasta un total de 10 dias.
Se relaciond entonces el numero de células obtenidas con el numero de
dias de cultivo desde la siembra, para obtener una curva decrecimiento
celular. Posteriormente se calculé el tiempo de duplicacién celular (PDT,
del inglés, Population Doubling Time) mediante la férmula PDT= Te/[(log
N2 — logN1)/log2], donde Te es el tiempo (en dias), N1 es el numero de
células al inicio y N2 es el numero de células al final de la fase de

crecimiento.

6.6 Angiogénesis in vitro

Para analizar el potencial de una célula a formar nuevas estructuras

tubulares in vitro se utiliza una matriz tridimensional que permite a estas
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células agruparse formando tubos y nodos. La matriz tridimensional
utilizada en esta tesis es el Matrigel®, una mezcla comercial que deriva
de células de sarcoma de ratén y esta compuesto por laminina, colageno
IV, enactina y proteoglicanos, por lo que su composicién es similar a la
matriz extracelular de muchos tejidos. Se utiliz6 una composicién de
matrigel con una menor concentracién de factores de crecimiento
(Corning® Matrigel® Growth Factor Reduced Basement Membrane Matrix;
Corning) ya que la composicion del producto original incluye gran
cantidad de factores que podrian enmascarar pequefias diferencias en el
potencial angiogénico de las células analizadas.

Se trata de un ensayo sencillo y cuantificable para evaluar la capacidad

de angiogénesis in vitro.

EGM-2+10% Matrigel®

37°C
30 minutos

Figura 27. Angiogéesis in vivo. Representacén esquematica del proceso de formacién de
tubos en una matriz tridimensional de Matrigel®.

Para la realizacion de este ensayo se cubrieron placas de 24 mm con
una fina capa de Matrigel®, siempre en hielo ya que a 4°C es a la Unica
temperatura que esta matriz es liquida, y se incubaron a37°C durante
30min para su solidificacion. Seguidamente se sembraron las células con
1mL del medio EGM-2 (del inglés, Endothelial Cell Growth Medium 2,
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Lonza; Tabla 10) y se metieron las placas a la incubadora de CO, a 37°C
durante 30min para permitir la adhesion de las células a la matriz.
Pasado ese tiempo se afadioé otro mL de medio suplementado con 10%
de Matrigel® (Figura 27). La formacion de tubos se analizé a las 24 horas
mediante la captacion de imagenes con un microscopio invertido
ECLIPSE TS5100 (Nikon) y una camara Moticam 10 (Motic). Se analiz6

la longitud de los tubos utilizando el programa ImageJ.

Tabla 10. Composicion del medio EGM-2 utilizado para los ensayos de angiogénesis in vitro.

Componente Porcentaje Para 100 mL
Medio Base - 98 mL
FBS 2% 2mL
Hidrocortisona 0.04% 40 pL
hFGF-B 0.4% 400 pL
VEGF 0.1% 100 pL
R3-IGF-1 0.1% 100 pL
Acido ascérbico 0.1% 100 pL
hEGF 0.1% 100 pL
Gentamicina 0.1% 100 yL
Heparina 0.1% 100 yL

FBS: Fetal bovine serum; hFGF-B: human basic fibroblast growth factor; VEGF: Vascular endothelial
growth factor; R3-IGF-1: Insulin-like growth factor receptor 3; hEGF: Human endothelial growth
factor.
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7. ANALISIS DE LOS NIVELES DE mRNA Y miRNA

7.1 Obtencion del mMRNAy miRNA

7.1.1 Extraccion de mRNA a partir de muestras de sangre

Para extraer mRNA a partir de muestras de sangre, se utilizaron tubos
PAXgene™ (PreAnalytix, Qiagen/BD). Los tubos PAXgene™ contienen
un anticoagulante que estabiliza la muestra y permite preservar el mMRNA
durante amplios periodos de tiempo. El mRNA se cuantificé y conservo a

-80°C hasta su utilizacion.

7.1.2 Obtencion de mRNA a partir de tejido

Para la extraccion de mRNA a partir de tejido (corazén, duodeno, yeyuno
e ileon), las muestras fueron machacadas y pulverizadas en N; liquido
con ayuda de un mortero. Posteriormente, el RNA fue aislado utilizando
el reactivo Tripure™ Isolation Reagen (Roche Molecular Biochemicals) de

acuerdo con las instrucciones del proveedor.

En la extraccion de mRNA de tejido adiposo, las muestras fueron
igualmente machacadas y pulverizadas con N; liquido, pero en este caso
la extraccion se realizo utilizando el reactivo Qiazol seguido del RNeasy
isolation kit segun las instrucciones del proovedor (Figura 28). En ambos

casos el mMRNA se cuantificé y conservé a -80°C hasta su utilizacion.

7.1.3 Obtencion de mRNA y microRNA a partir de un cultivo celular

Para aislar el RNA y el miRNA a partir de un cultivo celular, se utilizaron
el RNeasy isolation kit (Qiagen) para el mMRNA (Figura 28), y el mirVANA
miRNA isolation kit (Thermofisher Scientific)para el microRNA siguiendo
las instrucciones del fabricante. EI mRNA se cuantifico y conservo a -

80°C hasta su utilizacion. EI miRNA por el contrarié se conservo a -20°C.
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Figura 28. Extracciéon de RNA. Esquema resumen del proceso de extraccion del RNA a
partir de células y tejido adiposo.

7.2 Cuantificacion del RNA

La concentracion tanto de mRNA como de miRNA se determiné con el
espectrofotometro NanoDrop ND-1000 (NanoDrop Technologies), que

permite determinar la concentracion y pureza. Los acidos nucleicos
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presentan una absorbancia maxima a 260nm, por otro lado, las proteinas
tienen un maximo de absorcion a 280nm (principalmente por residuos de
triptofano). La pureza del mRNA y miRNA se verifico6 mediante el

cociente 260/280 (valor 6ptimo entre 1,7 y 2,0).

7.3 Sintesis del DNA complementario

7.3.1 Sintesis de cDNA a partir de mRNA

El DNA complementario (cDNA) se sintetizo a partir de 1ug de RNA por
transcripcion reversa, utilizando el kit High Capacity cDNA Reverse
Transcription (Applied Biosystems). Se utilizaron cebadores de
secuencias aleatorias (Random Primers) y la enzima Multiscribe™ RT
como transcriptasa reversa (Tabla 11). En algun caso se realizé la

sintesis de 0.5ug, ajustando la cantidad de los reactivos.

Tabla 11. Reactivos utilizados en la reaccion de Transcripcion Reversa

Tampon de retrotranscripcion 10X 2,0 ul
Mezcla dNTPs 25X (100mM) 0,8 pl
Random Primers 10x 2,0 ul
MultiScribe'"' RT 1,0 pl
H20 libre de RNasas 4,2 pl
RNA 1 ugen 10 pl
TOTAL 20 pl

Se utilizd el termociclador GeneAmp® PCR System 9700 (Applied

Biosystem) con el programa especificado en la Tabla 12.

Tabla 12. Programa utilizado en el termociclador para la sintesis de DNA
complementario

Etapa 1 Etapa 2 Etapa 3 Etapa 4
Temperatura 25°C 37°C 85°C 4°C
Tiempo 10 min 120 min 5 min 0
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7.3.1 Sintesis de cDNA a partir de miRNA

Realizamos la sintesis de cDNA a partir de 10ng de miRNA. Esta sintesis

consta de 4 pasos:

- PolyA: Poliadenilacion del extremo 3’ del RNA para ayudar a su
estabilizacion y asi mejorar la eficacia de la trascripcion. Los
reactivos necesarios se indican en la tabla 13.

Tabla 13. Reactivos de la reaccion polyA

Compuesto Volumen/muestra

10X PolyA Buffer 0.5uL
ATP 0.5uL
PolyA Enzyme 0.3 uL
RNase free H20 1.35uL
RNase Inhibitor 0.05 uL
miRNA 2uL

Total 5.0 uL

Esta mix se incuba a 37°C para que la reaccion de poliadenilacién tenga
lugar y posteriormente se para la reaccion dejando la muestra 10 minutos
a 65°C. La muestra se conserva a 4°C hasta que se contintua con la

siguiente reaccion.
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- Ligacion: Sobre el tubo se la reaccion de polyA afadimos 10uL de la
siguiente mix:

Tabla 14. Reactivos de la reaccién de ligacion.

Compuesto Volumen
5X DNA Ligase Buffer 3uL
50% PEG 8000 4.5uL
25X Ligation adaptor 0.6uL
RNA Ligase 1.5uL
RNase free H20 0.4uL
Total 10uL

Esta mix se incuba a 16°C para que la reaccion de ligacion tenga lugar y

posteriormente se conserva a 4°C hasta que se continda con la siguiente

reaccion.

-Trascripcion reversa: Sobre el tubo se la reaccion de ligacion

afiadimos 15 uL de la siguiente mix:

Tabla 15. Reactivos de la transcripcion reversa.

Compuesto Volumen
5X RT Buffer 6uL
dNTP mix (25nM each) 1.2uL
20X Universal RT Primer 1.5uL
10X RT Enzyme Mix 3uL
RNase free H20 3.5uL
Total 15uL

Esta mix se incuba a 42°C durante 15 minutos para que la reaccion de

transcripcion tenga lugar y posteriormente se para la reaccion dejando la
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muestra 10 minutos a 85°C. La muestra se conserva a 4°C hasta que se

continda con la siguiente reaccion.

- miR-Amp reaction: Reaccion de amplificacion.

Tabla 16. Reactivos de la reaccion de amplificacion

Compuesto Volumen/muestra
2X miR-Amp Master Mix 25 uL

20X miR-Amp Primer Mix 2.5uL
RNase free H20 17.5uL
Total 45 uL

Esta mix se incuba 5 minutos a 95°C para que se produzca la activacion
de la enzima, posteriormente se realizan 14 ciclos de desnaturalizacion-
anillamiento (95°C-3seg seguido se 60°C-30seq) y se para la reaccion a

99°C a 10 minutos. La muestra se conserva a -20°C hasta su utilizacién.

7.4 PCR a tiempo real

7.4.1 PCR para muestras de mRNA

La expresion relativa de mRNA de los genes estudiados fue determinada
mediante PCR a tiempo real con el método de SensiFAST™ Probe Hi-
ROX kit (Ecogene), el equipo de deteccion ABIPRISM 7900HT vy el
programa SDS 2.4 (Applied Biosystems). De esta forma se mide a tiempo
real la amplificacion del gen de interés y se mide su expresién por
fluorescencia. Se utilizaron placas de 384 pocillos, en las que se
cargaron en duplicado 9ul por pocillo de la mezcla de muestra y gen que

se detalla a continuacion (Tabla 17).
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Tabla 17. Reactivos utilizados en la reaccion en cadena de la polimerasa (PCR)

SensiFast™ Probe Hi-ROX PCR Master Mix 2X 10 pl
TagMan® Assay 20X 1l
H20 libre de RNasas 7 ul
cDNA 2.l
TOTAL 20 pl

En todos los analisis de PCR a tiempo real se utilizaron como genes
endogenos control el GAPDH (Gliceraldehido-3-fosfato deshidrogenasa)
en muestras humanas y el RPLPO (Proteina acidica 60S ribosomal POQ)
en muestras de rata, para normalizar la expresion de los diferentes genes
ya que se considera que la expresion de estos genes es constante e
independiente de las condiciones experimentales. Se utilizd el siguiente

programa de amplificacion:

- Activacion de la enzima: 2 min a 95°C
- Amplificacién: 40 ciclos:

1) 95°C, 10 seg

I1) 60°C, 30 seg

7.5.2 PCR para miRNA

En el caso de los miRNA es necesario hacer una diluciéon 1/10 de la
muestra. Al igual que en el caso de RNA se utiliza el equipo de
deteccion ABIPRISM 7900HT y el programa SDS 2.4 (Applied
Biosystems), pero en este caso los reactivos son diferentes y estan

descritos en la Tabla 18.
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Tabla 18. Reactivos utilizados en la reaccion en cadena de la polimerasa (PCR) para
miRNA.

Compuesto Volumen
TagMan® Fast Advanced Master Mix (2X) 10uL
TagMan® Advanced miRNA Assay (20X) TuL
RNase-free water 4uL
cDNA 5ulL
Total PCR Reaction Mix 20uL

Cargamos en duplicado una placa de 96 pocillos con 9uL de muestra en
cada pocillo y corremos la PCR con las siguientes condiciones:

-Activacion de la enzima: 95°C, 20 segundos
- Amplificacién: 40 ciclos;

1) 95°C, 3seg

II) 60°C, 30 seg.
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RESUMEN

La suplementacion con fitoesteroles y omega 3 induce un
novedoso efecto regulatorio en las vias metabdlicas e

inflamatorias: Un estudio proteémico

La enfermedad cardiovascular (ECV) sigue siendo una de las

principales causas de muerte y discapacidad en todo el mundo.
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Ademas del tratamiento farmacolégico, las intervenciones
nutricionales o las suplementaciones alimentarias se estan
convirtiendo en una estrategia de salud para la prevencion de las
ECV. Los fitoesteroles (PhyS) son componentes naturales que se ha
demostrado que reducen los niveles de colesterol; mientras que los
acidos grasos poliinsaturados (PUFA), principalmente los acidos
grasos omega-3 (w3), han demostrado reducir los niveles de
triglicéridos. El objetivo de este articulo es investigar si las proteinas
que componen las lipoproteinas principales (lipoproteinas de baja
densidad (LDL) y lipoproteinas de alta densidad (HDL)) asi como las
proteinas en la fraccion de plasma libre de lipidos (LPDP), estan
reguladas por la ingesta de leche suplementada con PhyS u Omega-3
en voluntarios sanos con sobrepeso. Para ello se ha utilizado un
enfoque de biologia de sistemas basado en la protedmica. El estudio
fue un ensayo cruzado longitudinal, que incluyé a treinta y dos
voluntarios sanos con un indice de masa corporal (IMC) de 25-35
kg/m2 (Ensayo clinico: ISRCTN78753338). Se analizaron muestras
basales antes de cualquier intervencion y después de 4 semanas de
ingesta de leche suplementada con PhyS uOmega-3. Se realizaron
perfiles protedmicos mediante electroforesis bidimensional (2-DE)
seguido de espectrometria de masas (MALDI / TOF), ELISA, Western
blot, analisis bioquimico convencional y bioinformatica in silico. La
ingesta de leche con PhyS no indujo cambios en la fraccién proteica
del plasma asociada a lipidos, mientras que la leche con w3 aumento
significativamente el contenido de Apo E de las LDL (p = 0.043) e
indujo un aumento coordinado en varias proteinas asociadas a las
HDL; Apo A-l, lecitin colesterol aciltransferasa (LCAT), paraoxonasa-1
(PON-1), Apo D y Apo L1 (p <0.05 para todos). Curiosamente, la
ingesta de leche con PhyS indujo una reduccion en diversas
moléculas inflamatorias. Este cambio no fue observado tras la ingesta

de leche suplementada con w3. El componente P sérico amiloide
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(SAP), se redujo en la fraccion proteica LPDP (p = 0.001) de los
sujetos que tomaron leche suplementada con PhyS. Ademas, la
expresion del ligando de quimioquina 2 (CCL2), detectada mediante
analisis de reaccion en cadena de la polimerasa inversa (RT-PCR) en
las células blancas de la sangre, se redujo significativamente (p =
0,013). No se observaron cambios en el proteoma de plasma libre de
lipidos con leche suplementada con w3. Nuestro estudio proporciona
resultados novedosos y destaca que la leche suplementada con PhyS
induce la atenuacion de las vias proinflamatorias, mientras que la
leche con w3provoca una mejora en las vias metabdlicas de los

lipidos.
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Abstract: Cardiovascular disease (CVD) remains one of the major causes of death and disability
worldwide. In addition to drug treatment, nutritional interventions or supplementations are
becoming a health strategy for CVD prevention. Phytosterols (PhyS) are natural components that have
been shown to reduce cholesterol levels; while poly-unsaturated fatty acids (PUFA), mainly omega-3
(w3) fatty acids, have shown to reduce triglyceride levels. Here we aimed to investigate whether
the proteins in the main lipoproteins (low density lipoproteins (LDL) and high density lipoproteins
(HDL)) as well as proteins in the lipid free plasma fraction (LPDP) were regulated by the intake
of PhyS-milk or w3-milk, in overweight healthy volunteers by a proteomic based systems biology
approach. The study was a longitudinal crossover trial, including thirty-two healthy volunteers with
body mass index (BMI) 25-35 kg/m? (Clinical Trial: ISRCTN78753338). Basal samples before any
intervention and after 4 weeks of intake of PhyS or w3-milk were analyzed. Proteomic profiling
by two dimensional electrophoresis (2-DE) followed by mass spectrometry-(MALDI/TOF), ELISA,
Western blot, conventional biochemical analysis, and in-silico bioinformatics were performed. The
intake of PhyS-milk did not induce changes in the lipid associated plasma protein fraction, whereas
w3-milk significantly increased apolipoprotein (Apo)- E LDL content (p = 0.043) and induced a
coordinated increase in several HDL-associated proteins, Apo A-I, lecitin cholesterol acyltransferase
(LCAT), paraoxonase-1 (PON-1), Apo D, and Apo L1 (p < 0.05 for all). Interestingly, PhyS-milk intake
induced a reduction in inflammatory molecules not seen after w3-milk intake. Serum amyloid P
component (SAP) was reduced in the LPDP protein fraction (p = 0.001) of subjects taking PhyS-milk
and C-C motif chemokine 2 (CCL2)expression detected by reverse transcription polymerase chain
reaction (RT-PCR) analysis in white blood cells was significantly reduced (p = 0.013). No changes
were observed in the lipid-free plasma proteome with w3-milk. Our study provides novel results
and highlights that the PhyS-milk induces attenuation of the pro-inflammatory pathways, whereas
w3-milk induces improvement in lipid metabolic pathways.

Keywords: phytosterols; omega 3; HDL; LDL; inflammation; lipid metabolism
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1. Introduction

Cardiovascular disease (CVD) is a very common pathology that is the main cause of
death and disability worldwide. The reduction of CVD risk is one of the major challenges of
cardiovascular medicine.

Nowadays, the incidence of overweight and obesity is increasing, becoming an important risk
factor for a number of diseases including atherosclerosis and CVD [1]. Moreover, several studies
have demonstrated, and it is generally acknowledged, that lifestyle and nutritional habits are closely
associated with the presentation of CVD [2-4].

A very common therapeutic strategy for the prevention of CVD is nutritional intervention or
supplementation. The cardioprotective effects of poly-unsaturated fatty acids (PUFA) intake have been
examined in several studies, which have established that diets enriched in omega 3 poly-unsaturated
fatty acids (w3-PUFA) from plants and fish have an important role in the prevention of CVD [5,6].
Some of the beneficial effects of PUFA rich foods include a reduced susceptibility to suffer from
ventricular arrhythmia, antithrombogenic and antioxidant effects, retardation of atherosclerotic plaque
growth, improved blood lipid and lipoprotein profile, and also anti-inflammatory and hypotensive
effects. PUFA supplemented foods have been shown to reduce triglyceride (TG) levels [7]. Additionally,
dietary supplementation with phytosterols (PhyS) has been shown to reduce the risk of CVD and it is
a common nutritional strategy to reduce cholesterol levels [8].

Among the different lipid-associated plasma fractions, low-density lipoproteins (LDL) and
high-density lipoproteins (HDL) are widely studied. In primary prevention, high levels of
LDL-cholesterol (LDL-C) are related with a higher incidence of cardiovascular events in the continuum
of CVD, whereas HDL-cholesterol (HDL-C) levels are commonly known as a risk-reducing factor [9].
It is now accepted that the importance of HDL in the progression of CVD, resides on their quality rather
than their quantity, highlighting the importance of their composition, structure, and function [10-13].
Indeed, apolipoprotein A-T (Apo A-I), the major protein component of HDL, has cardiovascular
protective properties [14,15]. Also, low levels of apolipoprotein E (Apo E) have been related to
hyperlipidemia and atherosclerosis [16].

In addition to apolipoproteins, HDL-associated enzymes such as paraoxonase-1 (PON-1) and
lecitin cholesterol acyltransferase (LCAT) exert antioxidant and cardioprotective effects [17]. In fact,
the association of LCAT, PON-1, and Apo A-I have been shown to increase the time span of HDL
protection against LDL oxidation [18].

Beside lipid metabolism, another key hallmark in the pathogenesis of atherosclerotic disease is
inflammation. One of the main protein families involved in systemic inflammation are pentraxins [19].
Pentraxins are serum proteins with a relatively uncommon pentameric structure, which have a
common amino acid domain in the C-terminal region (pentraxin signature), and besides their role in
inflammation they also have a role in immunity and homeostasis [20,21]. Depending on the length of
the amino acid chain, pentraxins are divided in two subfamilies, long pentraxins and short pentraxins.
Members of the short pentraxins include C-reactive protein (CRP) and serum amyloid P component
(SAP), which are acute-phase proteins secreted mainly by hepatocytes in response to pro-inflammatory
stimuli. In fact, the role of CRP as a risk marker for atherosclerosis has been widely studied [21].

Our group has previously demonstrated that the intake of low fat milk supplemented with PhyS
reduces plasma cholesterol levels; whereas w3 supplementation reduces plasma TG and very-low
density lipoprotein (VLDL) cholesterol levels [7]. Additionally, PhyS and w3 supplementation induce a
differential shift in the LDL lipidomic profile [7]. In the present study, we aimed to further characterize
and extend PhyS and w3 induced changes by analyzing the differential proteomic profile of the
lipid-associated plasma protein fraction (LDL and HDL) and the soluble protein fraction of plasma
(LPDP) in a subgroup of subjects of our previously reported study, in order to broaden our in-depth
understanding of the effect of these food supplements and evidence further effects at a molecular level
that could provide CVD protection.
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2. Materials and Methods

2.1. Study Population

This is a sub-study of a previously reported double-blinded randomized two-arm longitudinal
crossover trial [Clinical Trial: ISRCTN78753338] [7]. All subjects were submitted to two 28-day
intervention periods in which volunteers were instructed to consume 250 mL of w3-supplemented
milk (131.25 mg EPA + 243.75 mg DHA /250 mL of milk) or PhyS-supplemented milk (1.6 g of plant
sterols/250 mL of milk), separated by a 4 weeks wash-out period (Figure 1a). Both products were
prepared by CAPSA Food (Spain) and with no identification of the product administrated. PhyS-milk
was commercially available, whereas w3-milk was prepared for the study. Before the initiation of
the intervention, individuals were submitted to a 2 weeks run-in period. During the run-in and
wash-out periods, participants received a commercially available plain low-fat milk (without PhyS or
w3), with the same composition to that used for preparing the PhyS- and w3-enriched milks. These
basal samples are used as self-control to avoid variability between volunteers. The trial demonstrated
that milk-supplementation with 1.6 g of PhyS significantly reduces LDL-C and milk with 375 mg of
w3 significantly reduces TG levels [7].

*  Blooa *  Blooa *  Blooa * Blooa
4 extraction 4 extraction 4 extraction 4 extraction
......................... >
28 days 28 days 28 days
S — -
PhyS/w3-milk intake 03/PhyS-milk intake
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Plasma
Changes in lipid-
associated and lipid-free
plasma proteomic

fractions
Lipid-free
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PhyS-milk Induced
changes [ RT-PCR . w ’
W3-milk
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Figure 1. Study design. (a) Blood samples were obtained before and after the 28 day milk
supplementation treatment period. A 28 day wash-out was made between treatments; (b) The study
workflow of the present study comprised two phases: (I) the discovery phase in which a proteomic
approach was used to identify changes in the proteomic profile of the different plasma fractions after
the intake of supplemented milk (N = 5); and (II) the validation phase, where different selected proteins
were validated by ELISA (N = 32) and inflammatory changes were analyzed by reverse transcription
polymerase chain reaction (RT-PCR; N = 12).
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Healthy volunteers between the ages of 25 and 70 years (N = 32), attending to regular medical
controls, were eligible for participation if they had overweight or grade 1 obesity (BMI 25-35 kg/m?;
Table 1). Subjects were excluded if they reported existing chronic illnesses including cancer, overt
hyperlipidemia, diabetes mellitus, hypertension, or heart, liver, or kidney disease. Volunteers were
excluded if they were under anti-inflammatory medication or any blood thinning treatment during
the study or during the 2-weeks run-in period. Other exclusion criteria were: use of lipid-lowering
drugs, p-blockers, or diuretics, history of CVD, lactose intolerance, or being in a weight-loss program.
To confirm health status, all subjects underwent a complete physical examination conducted by the
physician of the study. Those consuming a PhyS-enriched spread and/or fish oil supplements or with
strong aversion to milk derived products were also excluded. Compliance was controlled by telephone
and personal interview and with a written formulary on each period. The Human Ethical Review
Committee of the Hospital Sant Pau in Barcelona approved the study. Informed written consent was
obtained from all participants. Reporting of the study conforms to the STROBE (strengthening the
reporting of observational studies in epidemiology)-guidelines.

Table 1. Demographic and biochemical profile.

Product PhyS-Milk w3-Milk
Women/Men 19/13 19/13
Age (Years) 505+ 1.6 505+ 1.6
Parameter Baseline After PhyS-milk Baseline After w3-milk
BMI 28.2 + 0.7 28.1 4+ 0.7 283+ 0.7 282+ 0.7
Ch (mg/dL) 216.0 + 6.0 2045+ 5.6* 2164 + 6.1 213.78 5.9
TG (mg/dL) 110.2 +£10.3 115.2 +15.1 116.3 +£14.3 99.5 +8.7*
HDL-C (mg/dL) 545+ 3.1 54.5 4+ 3.0 57.0 +29 56.4 +2.8
LDL-C (mg/dL) 137.7 £ 49 1272 +47* 136.4 £ 5.0 137.7 £ 5.0
VLDL-C (mg/dL) 22.0£2.0 23.0 £3.0 232+29 19.8 £1.7*
Non-HDL-C (mg/dL) 159.5 £ 5.8 150.0 £ 5.8* 1594 £ 6.0 157.3 £ 6.0

* Significant decrease after the intake of PhyS/w3-milk (p < 0.05); Data are given as mean £ SEM.
BMI = body mass index; Ch = cholesterol; HDL = high density lipoproteins; LDL = low density cholesterol;
PhyS = phytosterols; TG = triglyceride; VLDL = very-low density lipoproteins.

2.2. Study Phases

The study was subdivided in two phases: (1) A discovery phase where the proteomic profile of
the LDL fraction (N = 5), HDL fraction (N = 10) and lipid-free plasma fraction (N = 5) was investigated
by bi-dimensional electrophoresis, followed by mass spectrometry (MS)identification (Figure 1b-I) in
those subjects that showed the highest response in LDL-C and TG plasma levels after the intervention;
and (2) a second phase in which the detected changes were validated by complementary methodologies
(reverse transcription polymerase chain reaction (RT-PCR) and ELISA; Figure 1b-II).

Twelve hours fasting blood samples were collected on days 1 and 28 (baseline and endpoint of the
first treatment period) and on days 56 and 84 (baseline and endpoint of the second treatment period), as
previously described [7]. Blood samples were collected without anticoagulant or in EDTA-containing
Vacutainer tubes for serum and plasma preparation, respectively. Serum and plasma fractions were
separated by centrifugation at 3000x g for 20 min at 4 °C and stored at —80 °C until analysis.

2.3. Sample Preparation

Lipoprotein fractions were prepared in KBr density gradients (1.019-1.063 for LDL and 1.063-1.210
for HDL) [7,22-24]. Lipoprotein purity was routinely analyzed by electrophoresis (2 uL sample) in
agarose gels using a commercial assay (SAS-MX Lipo 10 kit; Helena Biosciences, Gateshead, UK), as
described by the providers. In addition, LDL purity was checked by analyzing the LDL profile in
samples of randomly selected subjects (one subject per ultracentrifugation batch) by chromatography
analysis by microgel filtration using a Superose 6 PC 3.2/30 column and an Agilent 1200 HPLC system,
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as previously described. Briefly, 10 uL of undiluted LDL sample fraction were loaded in the system
and run with a constant flow of 100 uL/min. The retention time for the LDL fraction (130 min) was
compared with that for HDL (134 min). The method of Karlsson et al. [25] was used for LDL protein
mapping, with minor modifications as previously described [26]. Briefly, 1 mL of LDLs (1 g/L Apo B)
was delipidated by mixing with 14 mL of ice-cold tributylphosphate:acetone:methanol (1:12:1) and
incubating for 90 min at —20 °C, followed by centrifugation at 2800x g for 15 min. Protein pellets
were washed sequentially with 1 mL of tributyl phosphate, acetone, and methanol, and then air dried.
Precipitates were boiled in solution containing 0.325 M DTT, 4% chaps, and 0.045 M Tris for 3 min,
cooled at room temperature, diluted (1:15) in urea/thiourea/chaps solution, and incubated at 35 °C
for 15 min. For proteomic studies, HDL samples were prepared as previously described [22-24,26] by
precipitation with pure ice-cold acetone and were solubilized in a urea/thiourea buffer (7 M urea, 2 M
thiourea, 2% CHAPS).

In order to analyze only the soluble proteins present in plasma, microparticles were removed from
LPDP samples by centrifugation at 25,000 x g for 45 min at room temperature. For proteomic studies,
LPDP was sonicated in ice and filtrated (0.22 um) by centrifugation to avoid the presence of impurities.
The 14 most abundant plasma proteins were depleted by using a specific affinity cartridge as reported
by the providers (Multiple Affinity Removal Spin Cartridge, Agilent Technologies, Santa Clara, CA,
USA). LPDP fractions were concentrated and de-salted by centrifugation with 5 kDa cutoff filter
devices and sample buffer was exchange to a urea containing buffer (8 M urea, 2% CHAPS). Protein
concentration was measured with 2D-Quant Kit (GE Healthcare, Little Chalfont, UK). All processed
samples were stored at —80 °C until use.

2.4. Differential Proteomic Profiling Analysis

2.4.1. Two-Dimensional Gel Electrophoresis (2-DE)

A protein load of 100 ug (analytical gels) and 300 ug (preparative gels) of the urea/thiourea/chaps
LDL or HDL extracts or of the urea/chaps LPDP extracts was applied to 17-cm dry strips (pH 4-7 linear
range; BioRad, Hercules, CA, USA). The second dimension was resolved in 10-12% SDS-PAGE for
LPDP and LDL or HDL samples, respectively. Gels were developed by fluorescent staining (Flamingo;
BioRad, Hercules, CA, USA). For each independent experiment, 2-DE for protein extracts from baseline
and post-PhyS/w3-milk intake were processed in parallel to guarantee a maximum of comparability.
Analysis for differences in protein extracts was performed with the PD-Quest 8.0 (BioRad, Hercules,
CA, USA). Each spot was assigned a relative value (AU) that corresponds to the single spot volume
compared to the volume of all spots in the gel, following background extraction and normalization
between gels, as previously reported [22].

2.4.2. Mass Spectrometry Analysis

Proteins were identified after in-gel tryptic digestion and extraction of peptides from the gel pieces
by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) using an AutoFlex III
Smart beam MALDI-TOF/TOF (BrukerDaltonics, Billerica, MA, USA), as previously described [23,26].
Samples were applied to Prespotted Anchor Chip plates (BrukerDaltonics, Billerica, MA, USA)
surrounding the calibrants provided on the plates. Spectra were acquired with flex control on reflector
mode, (mass range: 850-4000 11/ z, reflector 1:21.06 kV; reflector 2:9.77 kV; ion source 1 voltage: 19 kV;
ion source 2:16.5 kV; detection gain: 2.37x) with an average of 3500 added shots at a frequency
of 200 Hz. Each sample was processed with FlexAnalysis (version 3.0, BrukerDaltonics, Billerica,
MA, USA) considering a signal-to-noise ratio over 3, applying statistical calibration and eliminating
background peaks. For identification, peaks between 850 and 1000 11/z were not considered. After
processing, spectra were sent to the interface BioTools (version 3.2, BrukerDaltonics, Billerica, MA, USA)
and a MASCQOT server search on the Swiss-Prot 57.15 database was done (Taxonomy: Homo Sapiens,
Mass Tolerance 50 to 100, up to 2 trypsin miss cleavages, Global Modification: Carbamidomethyl (C),
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Variable Modification: Oxidation (M)). Identified proteins were accepted when a mascot score higher
than 50 was obtained by peptide mass fingerprint and confirmed by peptide fragmentation working in
the reflection mode.

2.5. Western Blot Analysis

Protein extracts were resolved by 1-DE under reducing conditions and electrotransferred to
nitrocellulose membranes in semi-dry conditions (Trans-Blot Turbo system; BioRad, Hercules, CA,
USA). Serum amyloid P (SAP) detection was performed using a mouse monoclonal antibody against
total SAP (ab27313, 1:200 dilution, abcam, Cambridge, UK). Band detection was performed using a
chemiluminiscent substrate dye (Luminata Forte Western HRP Substrate, Merck Millipore, Billerica,
MA, USA) and a molecular imager ChemiDoc XRS System, Universal Hood II (BioRad, Hercules, CA,
USA). Band quantification was performed with Image Lab 4.0 software (BioRad Laboratories, Hercules,
CA, USA). Protein load was normalized with total protein staining, as previously described [23].

2.6. Quantification of Total Protein Systemic Levels

Total Apo E, Apo A-1, and LCAT levels in the serum samples from the basal condition and after
the intake of w3-milk were measured by using a commercial sandwich-based ELISA kit in the whole
cohort (N = 32; Table 1). The detection limit of the assays were: 1.5 ng/mL for Apo E (ELH-Apo E;
Human Apo E ELISA Kit; RayBiotech, Norcross, GA, USA); 0.7 ug/mL for Apo A-I (EA5201-1; Human
Apo A-T ELISA Kit; AssayPro, St. Charles, MO, USA); and 0.27 ng/mL for LCAT (RD191122200R;
LCAT ELISA Kit; BioVendor, Brno-Retkovice a MokrdHora, Czech Republic).

2.7. Gene Expression Analyses

RNA was extracted from total blood samples in a randomly selected group of volunteers using a
commercial kit (PreAnalytiX, PAX gene, Quiagen/BD Company, Hilden, Germany) and DNA synthesis
was performed using a commercial RT First Strand kit. PAX gene tubes avoid RNA degradation during
the transport and storage of blood samples. mRNA levels were analyzed by real-time PCR using
TagMan gene expression assays and the Prism 7900HT Sequence detection System (all from Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instruction. All expression
analyses were normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.8. Bioinformatic Analysis

The statistically significant neural network and canonical pathway in which the identified proteins
were involved were generated through the use of IPA (Ingenuity System, www.ingenuity.com).

2.8.1. Functional Analysis of a Network

The functional analysis of a network was used to identify the biological functions and/or diseases
that were most significant to the molecules in the network. The network molecules associated with
biological functions and/or diseases in the Ingenuity Knowledge Base were considered for the analysis.
Right-tailed Fisher’s exact test was used to calculate a p-value determining the probability that each
biological function and/or disease assigned to that network is due to chance alone.

2.8.2. Canonical Pathway Analysis

Canonical pathway analysis was used to identify the pathways from the IPA library that were
most significant to the data set. The significance of the association between the data set and the
canonical pathway was measured in two ways: (1) a ratio of the number of molecules from the data set
that maps to the pathway divided by the total number of molecules that maps to the canonical pathway
is displayed; and (2) Fisher’s exact test was used to calculate a p-value determining the probability
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that the association between the genes in the data set and the canonical pathway is explained by
chance alone.

2.9. Statistical Analysis

Data are expressed as mean and standard error unless stated. N indicates the number of subjects
tested. Statistical analysis was performed with Stat View 5.0.1 software (SAS Institute, Cary, NC, USA).
Differences between the basal condition and after 4 weeks of intake of supplemented milk were tested
using repeated measurements ANOVA analysis. A p-value < 0.05 was considered significant.

3. Results

3.1. Four Weeks w3-Milk Intake Induces Changes in the Proteomic Profile of the Lipoprotein Plasma Fraction

The intake of PhyS-milk did not induce any significant change in the LDL proteome
(Supplementary Table S1). Only a trend to increased apolipoprotein A-IV (Apo A-IV) levels was
observed (p = 0.080). On the contrary, the intake of w3-milk (Supplementary Table S2) induced a
1.5-fold significant increase in the Apo E content in LDL (p = 0.043; Figure 2a). To analyze if the observed
changes in Apo E in the LDL fraction were also found in total serum Apo E levels, a commercial ELISA
was run in serum samples of the whole cohort of individuals (N = 32). No changes were observed
in total Apo E serum levels (Figure 2b). However, a significant increase in Apo E serum levels was
observed (p = 0.015; Figure 2c) only when individuals (N = 11) that showed a reduction in TG plasma
levels (30.3% mean decrease) after the intake of w3-milk were examined.
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Figure 2. Changes in the apolipoprotein (Apo) E profile. (a) Box-Plot diagram and representative 2-DE
images showing the low density lipoprotein (LDL)-associated Apo E proteomic profile before and after
the intake of w3-milk. A significant increase of Apo E levels (p = 0.043) is observed. Box-Plot diagrams
showing serum Apo E levels (ng/mL) in basal conditions and after 4-weeks intervention with w3-milk,
measured by a commercial ELISA. No change was observed when all the volunteers were analyzed
((b); N =32; p =0.105). Apo E concentration of subjects with reduced triglyceride (TG) levels showed a
significant increase after w3-milk intake ((c); N = 11; p = 0.015).
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The intake of w3-milk induced a coordinated increase in the content of several key HDL protein
components. Among the observed protein changes, w3-milk induced a significant increase of the
main HDL protein component, Apo A-I (p = 0.009; Figure 3a). Furthermore, there was a coordinated
increase of two important enzymes involved in HDL metabolism, LCAT (p = 0.044; Figure 3b) and
PON-1 (p = 0.047; Figure 3c¢). In addition, w3-milk also increased the HDL content of Apo D (p = 0.008;
Figure 3d) and Apo L1 (p = 0.038; Figure 3e). In silicobioinformatic analysis revealed that all the
w3-milk induced changes in the plasma proteome were related to HDL metabolism-related pathways
(Supplementary Figure S1).
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Figure 3. Impact of the intake of w3-milk on the high density lipoprotein (HDL) profile. Box-Plots
and 2-DE representative images showing the significant changes induced in HDL proteins by w3-milk:
(a) Apo A-I (p = 0.009); (b) lecitin cholesterol acyltransferase (LCAT) (p = 0.044); (c) paraoxonase-1
(PON-1) (p = 0.047); (d) Apo D (p = 0.008); and (e) Apo L1 (p = 0.038).

In order to analyze if the observed HDL-associated protein changes were translated into changes
in total serum protein levels, Apo A-I and LCAT serum levels were measured with commercial ELISAs
in the whole study population. This analysis revealed a lack of differences in both Apo A-I and
LCAT (Figure 4a) total serum levels after w3-milk intake when compared to basal levels. However,
and as observed with Apo E, if only those subjects with a reduction on TG levels were analyzed,
a non-significant trend to increased Apo A-I levels (p = 0.099) and a significant increase in LCAT
levels (p = 0.0397; Figure 4b) after the intake of w3-milk was observed. These results highlight that
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the changes observed on the lipid-associated plasma protein fraction after the intake of w3-milk are
associated to the changes on the HDL proteomic profile.
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Figure 4. Changes on lecitin cholesterol acyltransferase (LCAT) serum levels after w3-milk intake.
Box-Plot diagrams showing LCAT concentration (iug/mL) in basal conditions and after the intake of
w3-milk, measured by a commercial ELISA. (a) No change was observed when all the volunteers were
analyzed (N = 32; p = 0.346). (b) There was a significant increase in LCAT serum levels in subjects that
showed a reduction in TG levels after w3-milk intake (N = 11; p = 0.0397).

3.2. Inflammation Associated Changes after PhyS-Milk Intake

Proteomic analysis of the lipoprotein-depleted-plasma (LPDP) fraction revealed that the intake of
PhyS-milk induced a non-significant decreasing trend in the levels of the pro-inflammatory protein
SAP when compared to the basal samples (p = 0.075; Figure 5a; Supplementary Table S3). This result
was confirmed after Western blot (WB) validation where a 1.21-mean fold decrease in SAP levels was
detected in LPDP samples after the intake of PhyS-milk (p = 0.001; Figure 5b).
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Figure 5. Serum amyloid P (SAP) proteomic profile. (a) Box-Plot diagram and 2-DE representative
image showing a SAP decreasing trend in the soluble protein fraction of plasma (LPDP) proteomic
profile after the intake of PhyS-milk (p = 0.075); (b) Box-Plot and representative western blot image
showing changes in SAP in the LPDP samples after PhyS-milk intake (N = 5; 1.21-Fold change;
p =0.001).

On the contrary, no changes were observed in the LPDP fraction after the intake of w3-milk

(Supplementary Table S4).
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Due to the observed changes in the inflammation-associated pentraxin SAP after the intake
of PhyS-milk, we investigated if PhyS-milk could induce changes in the expression of the key
pro-inflammatory chemokine in inflammatory cells, C-C motif chemokine 2 (CCL2). This analysis
revealed a significant reduction of the CCL2 transcripts after the intake of PhyS-milk (p = 0.03; Figure 6).
In addition, a trend towards increased expression levels of the Interleukin 10 receptor (IL-10R; p = 0.06)
was also observed.
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L
Basal PhyS-milk

Figure 6. C-C motif chemokine 2 (CCL2) gene expression. Box-plot diagram showing the significant
decrease in CCL2 gene expression after the intake of PhyS-milk in the peripheral blood leukocyte
fraction of a randomly selected group of subjects (N = 12; p = 0.026).

4. Discussion

Nutritional intervention is a useful strategy for the prevention of many diseases, especially in
those in which obesity is a risk factor [27]. Phytosterols (PhyS) are natural components derived from
plants and vegetable oils with a similar structure to cholesterol that are not synthesized in humans [28].
Through their ability to interfere with cholesterol metabolism, PhyS have been shown to effectively
reduce cholesterol levels, and possibly beneficially affect CVD risk prevention [29].

Our group and others have demonstrated that the intake of plant stanols and sterols, in different
food-platforms, reduces serum levels of total cholesterol. However, controversy exists regarding
plant sterols-mediated protection as some studies have suggested a potential deleterious effect in
relation to cardiovascular risk [30-32]. The explanation of these contradictory results seems to be
related to the amount of stanol supplementation. In fact, it has been shown that the increase in stanol
supplementation beyond the maximum recommendable dose of 3 mg/day is not associated with a
higher reduction of cholesterol levels [33]. Importantly, in our study, an intake of 1.6 g PhyS/day
(value within the recommended dose range) with low fat milk for four weeks reduced total cholesterol,
non-HDL-C, and LDL-C, and also reduced the susceptibility of LDL to oxidation [7]. It is important to
highlight, that in the present study, each patient is his/her own control as all the analyzed variables
have been compared to the baseline levels measured in each subject after a wash-out run-in period
with plain low-fat milk. Indeed, the aim of the clinical trial was to compare the effects of both PhyS-
and w3-milk interventions. Although we cannot exclude a potential effect inherent to the participation
in the study, the two-arm crossover design with the two bioactive products minimizes the potential
influence of this effect in the results.

Here, we have observed a significant decrease in the pro-inflammatory pentraxin SAP in the
soluble fraction of plasma (LPDP) of the healthy-overweight volunteers after the intake for four
weeks of PhyS-milk. SAP plays an important role in innate immunity and in the atherosclerotic
process [34]. Pentraxins have been detected within advanced human atherosclerotic plaques suggested
to play an active role in atherogenesis [35]. Indeed, we have previously demonstrated an important
increase in SAP levels in the early phase post acute myocardial infarction (AMI), and an even higher
increase of this protein 3 days after the event [36]. SAP deficiency prevents atherosclerosis [37] and
it is involved in other key biological processes for the cardiovascular system, such as inflammation,
fibrosis, and coagulation [34,38]. Specifically, pentraxins have been shown to contribute to the chronic
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low-grade inflammatory state that characterizes obesity [39]. Therefore, the intake of PhyS-milk can
reduce the cardiovascular risk associated to overweight and obesity by reducing the pro-inflammatory
protein SAP.

Moreover, we have also found a significant decrease in the expression of the gene encoding for
C-C motif chemokine 2 (CCL2), also known as monocyte chemotactic protein-1(MCP-1), and a trend to
decreased the IL10-R, two important cytokines with pro- and anti-inflammatory properties respectively
involved in CVD, after dietary intervention with PhyS-milk. In fact, it was shown that the intake of
PhyS produces an anti-inflammatory reaction by acting on cytokines’ activity [40]. CCL2/MCP-1 is
a key driver of adipose tissue inflammation in obesity [41]. Indeed, it is directly implicated in the
propagation of the chronic low-grade inflammatory state associated to obesity [42—44] through its role
as a monocyte attractant, which is the major cell that differentiates into macrophages and foam cells in
the atherosclerotic lesion [40]. On the other hand, IL-10 is an anti-inflammatory protein by suppressing
the synthesis of pro-inflammatory cytokines and also by inhibiting the activation of macrophages [45].
Therefore, our results highlight that PhyS-milk consumption may induce a shift towards a decreased
inflammatory state through its effect on two key cytokines, CCL2/MCP-1 and IL-10, having thus a
potential effect in the context of obesity where inflammatory pathways are exacerbated.

The cardiovascular benefits of fish oils are well known and directly attributed to the effects of
w3 fatty acids (FA) [46]. Beneficial effects of w3 and w6 FA have been compared and the results
suggest that higher levels of w3 FA are protective against atherosclerosis. Therefore, modern western
diets are directed towards a reduction of the w6/ w3 FA ratio to protect against atherosclerosis [47,48].
Previous studies of our group have shown that the ingestion of this w3-milk reduces the levels of
triglycerides (TG) and palmitic acid [7]. Palmitic acid is a major component of the western diet and
is associated with insulin resistance and glucose intolerance, becoming an important risk factor of
diabetes and CVD [49]. Importantly, these metabolic alterations are often present in obese individuals.
Our proteomic approach has shown that regular intake of w3-milk results in a significant increase
of Apo E protein level in LDL. It had been suggested that w3 FA effects in reducing TG levels are
dependent on Apo E [47]. Indeed, the beneficial effects of w3 FA are partially blunted in Apo E deficient
(Apo E~/7) mice, suggesting that Apo E is necessary for the cardioprotective effects exerted by w3 [50].
Accordingly, diverse studies have shown that Apo E~/~ mice suffer hypercholesterolemia and an
association between Apo E levels and CVD has also been reported in humans [51,52]. Even more,
it has been shown that in the absence of some isoforms of Apo E, the beneficial cardioprotective
effect of w3 PUFA may be partially lost [53,54]. Of note, our results highlight an association between
Apo E increase in LDL and an improved TG profile in obese subjects after four weeks intervention
with w3-milk.

Importantly, herein we describe for the first time that the intake of w3-milk induces a coordinated
increase of several HDL associated proteins. Diverse studies show that the antioxidant effect of HDL is
associated to a coordinated action of different proteins that allow HDL to protect LDL from oxidation
for a longer period [18,55]. This correlates with the importance of HDL composition, emphasizing on
HDL quality rather than HDL quantity. Apo A-Iis the major protein component of HDL and therefore
the cardioprotective benefits of HDL are often associated to this protein. High levels of Apo A-I are
associated to a reduced vascular lesion and to an increase in the HDL plasma level [56]. It is widely
known that Apo A-I is implicated on cholesterol transport from peripheral tissues to the liver for
its clearance by the formation and stabilization of the HDL, but many additional proteins are also
implicated in this process [9]. Lipid-free Apo A-I produces the nascent HDL particles and LCAT
catalyzes HDL maturation by the esterification of free cholesterol (FC) into cholesteryl esters (CE),
being both particles accumulated into the core of the HDL particle. Then, cholesterol ester transfer
protein (CEPT) transfer CE particles for the mature form of HDL (HDL2) to VLDL and LDL to be
finally excreted and eliminated [57,58]. LCAT is essential for cholesterol esterification, but also needs
the presence of other proteins to be activated. Thus, Apo A-I and Apo E are the best LCAT activators in
plasma and PON-1 protects LCAT from its inactivation [58]. PON-1 appears predominantly associated
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to HDL, especially to HDL3 and it is activated and stabilized by Apo A-I. PON-1 is an atheroprotective
protein with an important role as an anti-oxidant [57]. Interestingly, in the present study we have
found that w3-milk intake significantly increases the HDL content of key proteins involved in HDL
metabolism such as Apo A-I and LCAT. Those changes are specifically associated to a reduction in
TG plasma levels after the intake of w3-milk. Thus, it is conceivable that w3 by increasing Apo A-I
and LCAT levels enhances both cholesterol esterification and transport, significantly improving the
lipoprotein profile (Figure 7). Furthermore, the w3-milk-induced increase observed in PON1 could
not only enhance LCAT activity but could also improve the anti-oxidant abilities of HDL particles. In
addition, we observed an increase in Apo D HDL levels after the intake of w3-milk. Apo D has been
implicated in the reduction of TG plasma levels and also binds to LCAT improving its esterification
activity [59]. Thus, the increase observed in Apo D after w3-milk intake could contribute not only to
the reduction in TG plasma levels but also to a decrease in VLDL-C levels (Figure 7). Furthermore,
our study has shown that w3-milk intake increases Apo L1 HDL content in overweight subjects. Apo
L1 is mainly studied in chronic kidney disease, but studies in our group showed that a coordinated
decrease in HDL content of both LCAT and Apo L1 seem to predispose to the presentation of acute
ischemic events in hypercholesterolemia patients [24]. Therefore, the coordinated increase in both
HDL-associated proteins after w3-milk intake could reduce the CVD risk in high risk subjects such as
those with overweight and metabolic syndrome.
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Figure 7. Simplified diagram of the lipid metabolism canonical pathway. Maturation of HDL and free
cholesterol (FC) esterification are catalyzed by LCAT. Apo A-I and Apo E activate LCAT, and PON-I,
which is also activated by Apo A-I, avoiding LCAT inactivation. Apo D binds to LCAT to improve its
esterification activity. Finally, cholesterol is transported to the liver for its elimination by fecal excretion.
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5. Conclusions

In summary, our study supports the concept of supplementing diets with w3 FA and PhyS to
prevent CVD by inducing a coordinated change of the lipid-associated plasma protein fraction profile
and by reducing inflammation. These changes are then translated into a significant improvement of
the lipid profile. This is of great importance in obese subjects, since they are more predisposed to suffer
metabolic alterations and therefore increased risk of CVD. A healthy lifestyle and appropriate nutrition
are key factors in the prevention of CVD, and the results of the present study support the notion that
diet supplementation with PhyS and w3 FA has beneficial effects against CVD in overweight and obese
individuals by acting on two hallmarks of CVD progression, inflammation, and lipid metabolism.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/6/599/s1,
Figure S1: In silico analysis of HDL protein changes, Table S1: Lipid and inflammation proteins, Table S2:
Lipid and inflammation proteins, Table S3: Protein composition in lipoprotein depleted plasma after PhyS-milk
intake, Table S4: Protein composition in lipoprotein depleted plasma after w3-milk intake.
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Supplemental Table S1. Lipid and inflammation proteins. Average protein
composition after 4-weeks intervention with low-fat milk supplemented with

Phytosterols

Protein Basal* PhyS* PhyS/B P-value
Apo A-1 30.5 26.7 0.79 0.22
Apo A-IV 14 1.9 1.64 0.08
Apo CIII 6 3.7 0.43 0.18
ApoD 8.1 44 0.60 0.14
Apo E 235 25.6 0.96 0.89
Apo] 22 24 0.92 0.50
Apo L1 0.7 0.7 1.30 0.22
AAT 2.46 2.4616 1.00 0.99
ApoD 8.80 9.11 1.04 0.55
Apo L1 3.17 2.69 0.85 0.13
ApoM 147 1.79 1.21 0.12
Apo AIV 1.39 1.34 0.96 0.59
Apo AI 1038.53 799 0.77 0.46
Apo E 6.24 6.05 0.97 0.72
C3 Complement 0.07 0.07 0.92 0.69
flll';;“"ge“ gamma 000 0.02 0.93 0.50
HPT 0.26 0.26 0.99 0.95
LCAT 0.81 0.94 1.17 0.22
PON-1 3.80 3.52 0.92 0.18
Serum albumin 7.56 8.01 1.06 0.64
Serum Amyloid A-4 0.28 0.39 1.39 0.08
TTR 0.20 0.25 1.20 0.12

* Protein intensity corrected by total-cholesterol levels, expressed as mean value of all

subjects x10° AU

AAT=alpha-1 antitrypsin;
LCAT=lecitin cholesterol

HPT=haptoglobin;

Apo=apolipoprotein;

HDL=high density lipoproteins;

acyltransferase;

LDL=low density

lipoproteins; PhyS=phytosterols; PON-1=paraoxonase-1; TTR=transthyretin.

Supplemental Table S2. Lipid and inflammation proteins. Average protein
composition after 4-weeks intervention with low-fat milk supplemented with

Omega 3

Protein Basal* w3* w3/B P-value
Apo A-1 105.4 170.5 1.8 0.50
Apo A-IV 7.3 59 0.83 0.23
Apo CIII 441 29.2 0.63 -
ApoD 20.7 35.3 1.3 0.14
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Apo E 120.8 1389 15 0.04
Apo] 11.9 21.5 17 0.14
Apo L1 2.7 2.8 1.00 0.89
AAT 12.19 17.64 1.45 0.13
ApoD 40.07 45.29 1.13 0.008
Apo L1 11.30 16.54 1.46 0.04
ApoM 6.99 7.58 1.08 0.23
Apo AIV 729 8.22 1.13 0.22
Apo Al 3577.60 4733.38 1.32 0.009
’_] ApoE 3248 4226 1.30 0.22
% C3 Complement 0.35 1.03 2.95 0.25
Fibrinogen gamma chain 1.30 2.12 1.63 0.28
HPT 3.79 4.79 1.26 0.15
LCAT 19.24 22.40 1.16 0.04
PON-1 35.23 49.10 1.39 0.05
Serumalbumin 2.58 1.39 0.54 0.24
SerumAmyloid A-4 0.98 1.56 1.60 0.24
TTR 0.07 0.47 6.35 0.11

* Protein intensity corrected by triglyceride levels, expressed as mean value of all subjects x10°

AU

AAT=alpha-1 antitrypsin;

Apo=apolipoprotein;

HDL=high

density

lipoproteins;

HPT=haptoglobin; LCAT=lecitin cholesterol acyltransferase; LDL=low density lipoproteins; PON-

1=paraoxonase-1; TTR=transthyretin.

Supplemental Table S3. Protein composition in lipoprotein depleted plasma after PhyS-milk

intake.

Protname Basal* PhyS* PhyS/B P Value

Alpha-1-antitripsin 5.47 14.57 2.66 0.18

Alpha-1B-glycoprotein 260.46 233.79 1.11 0.47

Alpha-2-antiplasmin 40.03 33.43 0.83 0.14

Apo A-I 2.81 9.18 3.27 0.14

Apo A-IV 122.39 129.95 1.06 0.72

Apo E 16.46 15.34 0.93 0.47

Apo] 181.43 176.98 0.98 0.47

Beta-2-glycoprotein 1 48.15 63.03 0.76 0.47

Complement Clr 8.81 49 0.56 0.47

Complement factor I 6.15 10.02 1.63 0.47

Fetuin A 555.66 482.87 1.15 0.47

Hemopexin 1069.61 1033.66 0.97 0.47

HPT 218.92 147.46 1.48 0.72

Kininogen 5.27 4.37 1.20 0.07

mTTR 49.71 55.35 111 0.47

Protein AMBP 18.02 18.28 1.01 0.47

2
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RBP4 131.19 106.29 1.23 0.47

SAP 15.08 11.03 0.73 0.07
Serumalbumin 24.55 20.23 1.21 1.00
Vitronectin 24.21 16.29 0.67 0.72
Zinc-alpha-2-glycoprotein 66.74 72.36 1.08 1.00

* Protein intensity, expressed as mean value of all subjects x10° AU
AMBP=alpha-1-microglobulin/bikunin precursor; Apo=apolipoprotein; HPT=haptoglobin; PhyS=phytosterols;

mTTR=transthyretin monomer; RBP4=retinol binding protein 4; SAP=serum amyloid P.

Supplemental Table S4. Protein composition in lipoprotein depleted plasma after w3-milk intake.

Protname Basal w3 w3/B P Value
Alpha-1-antitripsin 2.16 2.83 0.76 0.59
Alpha-1B-glycoprotein 243.38 304.44 0.80 0.72
Alpha-2-antiplasmin 34.94 34.38 0.98 0.72
Apo A-1 3.17 4.66 0.68 0.11
Apo A-1V 133.11 150.49 1.13 1.00
Apo E 23.31 22.98 0.99 0.27
Apo J Total 213.17 215.08 1.01 1.00
Beta-2-glycoprotein 1 58 55.25 0.95 0.72
Complement Clr 12.33 12.29 1.00 0.18
Complement factor I 6.99 7.02 1.00 0.72
Fetuin A 490.18 549.62 112 0.47
Hemopexin 897.6 1184.26 0.76 0.14
HPT 178.94 200.2 112 0.07
Kininogen 4.63 6.68 0.69 0.47
mTTR 58.14 64.96 1.12 1.00
Protein AMBP 24.17 21.1 115 0.07
RBP4 118.88 142.04 0.83 0.14
SAP 18.99 17.17 0.90 0.47
Serumalbumin 27.02 24.69 091 0.07
Vitronectin 25.09 21.37 117 0.72
Zinc-alpha-2-glycoprotein 61.02 72.09 1.18 0.47

* Protein intensity, expressed as mean value of all subjects x10° AU
AMBP=alpha-1-microglobulin/bikunin precursor; Apo=apolipoprotein; HPT=haptoglobin; mTTR=transthyretin

monomer; RBP4=retinol binding protein 4; SAP=serum amyloid P.
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is of HDL protein changes. Bioinformatic analysis using the Ingenuity

. In silico analys:

Supplemental Figure S1

Systems Pathway Analysis software showing specific changes in the Lipid Metabolism neural network.
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RESUMEN:

Efectos de un edulcorante a base de algarroba en el metabolismo

de la glucosa

Los paciente con diabetes mellitus tipo 2 (DM-2) tienen una mayor
incidencia de eventos cardiovasculares. La ingesta de dietas altas en
glucosa, especialmente el consumo de bebidas azucaradas, ha sido

asociado con el desarrolle de DM-2, asi como de la enfermedad
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cardiovascular. Hemos investigado los efectos de la ingesta de
bebidas edulcoradas, obtenidas a partir de carbohidratos naturales
que contienen Pinitol (PEB), comparado con la ingesta de bebidas
azucaradas a partir de sacarosa (SEB) en el contexto de la
intolerancia a la glucosa y la diabetes. Para esto, el estudio se dividio
en tres fases: (1) fase de descubrimiento, en la que se investigo el
perfil protedmico del plasma de voluntarios sanos e intolerantes a la
glucosa mediante técnicas de electroforesis bidimensional seguida de
espectrometria de masas (MALDI-TOF-TOF); (2) una fase de
verificacion donde se investigaron potenciales mecanismos asociados
a los cambios proteicos observados en el estudio protedmico. En esta
fase se incluyé un tercer grupo de voluntarios con DM-2; (3) Los
resultados se validaron en un estudio intervencional con un modelo

animal de ratas con DM-2.

La ingesta diaria, durante seis semanas, de una bebida edulcorada
enriquecida en Pinitol, produjo un aumento significativo en la
expresion de dos proteinas relacionadas con la via de secrecion de la
insulina, el Insulin-like growth factor acid labile subunit (IGF1BP-ALS;
incremento de 1,3; P=0,028) y el complemento C4A (incremento de
1,83; P=0,028), en pacientes con intolerancia a la glucosa, pero no en
voluntarios sanos. Los cambios en C4A se observaron también en las
muestras de suero de ratas Zucker diabetic fatty (ZDF) tras cuatro
semanas de ingesta de la bebida rica en Pinitol, comparado con los
niveles basales (P=0.042). Ademas, aumento la expresion del gen del
transportador de glucosa GLUT-2 en el yeyuno de las ratas
suplementadas con Pinitol, comparado con las ratas suplementadas
con sacarosa (P=0,003). Este cambio presentaba una correlacion con

los cambios observados en la proteina C4A.

Nuestros resultados sugieren que la sustitucién de sacarosa con un

edulcorante hecho a partir de extractos naturales de la algarroba,
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induce cambios en la via de secrecién de la insulina, que pueden
ayudar a reducir los niveles de glucosa protegiendo las células beta.
Estos mecanismos pueden tener un papel importante en la prevencién

de la resistencia a la insulina y la progresion de la diabetes.

119



RESULTADOS

g nutrients b1

Article
Effects of a Carob-Pod-Derived Sweetener on
Glucose Metabolism

Carmen Lambert ¥, Judit Cubedo "%, Teresa Padr6 -2, Gemma Vilahur 12, Sergi Lopez-Bernal !,

Milagros Rocha 3, Antonio Hernandez-Mijares 34 1,2,5,%
1

and Lina Badimon
Program ICCC-Cardiovascular Research Center, Institut de Reserca, Hospital de la Santa Creu i Sant Pau,
IIB-Sant Pau, 08025 Barcelona, Spain; clambert@santpau.cat (C.L.); jcubedo@santpau.cat (J.C.);
tpadro@santpau.cat (T.P.); gvilahur@santpau.cat (G.V.); slopezb@santpau.cat (S.L.-B.)

Centro de Investigacion Biomédica en Red de Enfermedades Cardiovasculares, Ciber CV,

Instituto de Salud Carlos III, 28029 Madrid, Spain

Service of Endocrinology, University Hospital Dr Peset, Foundation for the Promotion of Health and
Biomedical Research in the Valencian Region (FISABIO), 46020 Valencia, Spain;

Milagros.Rocha@uv.es (M.R.); hernandez_antmij@gva.es (A.H.-M.)

Department of Medicine, University of Valencia, 46010 Valencia, Spain

5 Cardiovascular Research Chair, UAB, 08025 Barcelona, Spain

*  Correspondence: Ibadimon@santpau.cat; Tel.: +34-93-556-5880; Fax: +34-93-556-5559

t  These authors contributed equally to this work.

Received: 19 December 2017; Accepted: 16 February 2018; Published: 27 February 2018

Abstract: Background: Patients with type 2 diabetes mellitus (T2DM) have a higher incidence of
cardiovascular (CV) events. The ingestion of high-glycemic index (GI) diets, specially sweetened
beverage consumption, has been associated with the development of T2DM and CV disease.
Objective: We investigated the effects of the intake of a sweetened beverage, obtained from natural
carbohydrates containing pinitol (PEB) compared to a sucrose-enriched beverage (SEB) in the
context of impaired glucose tolerance (IGT) and diabetes. Methods: The study was divided in
three different phases: (1) a discovery phase where the plasma proteomic profile was investigated
by 2-DE (two-dimensional electrophoresis) followed by mass spectrometry (matrix-assisted laser
desorption/ionization time-of-flight —MALDI-TOF/TOF) in healthy and IGT volunteers; (2) a
verification phase where the potential mechanisms behind the observed protein changes were
investigated in the discovery cohort and in an additional group of T2DM volunteers; and (3) the
results were validated in a proof-of-concept interventional study in an animal model of diabetic rats
with complementary methodologies. Results: Six weeks of pinitol-enriched beverage (PEB) intake
induced a significant increase in two proteins involved in the insulin secretion pathway, insulin-like
growth factor acid labile subunit IGF1BP-ALS; 1.3-fold increase; P = 0.200) and complement C4A
(1.83-fold increase; P = 0.007) in IGT subjects but not in healthy volunteers. Changes in C4A were
also found in the serum samples of Zucker diabetic fatty (ZDF) rats after four weeks of PEB intake
compared to basal levels (P = 0.042). In addition, an increased expression of the glucose transporter-2
(GLUT2) gene was observed in the jejunum (P = 0.003) of inositol-supplemented rats when compared
to sucrose supplementation. This change was correlated with the observed change in C4A (P = 0.002).
Conclusions: Our results suggest that the substitution of a common sugar source, such as sucrose,
by a naturally-based, pinitol-enriched beverage induces changes in the insulin secretion pathway
that could help to reduce blood glucose levels by protecting 3-cells and by stimulating the insulin
secretion pathway. This mechanism of action could have a relevant role in the prevention of insulin
resistance and diabetes progression.

Keywords: impaired glucose tolerance; type 2 diabetes mellitus; sweetener; insulin-like growth
factor; C4A complement
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1. Introdution

Diabetes is a chronic degenerative disease [1], characterized by hyperglycaemia caused by defects
in insulin activity, secretion, and/or metabolism [2], that has become an epidemic and is now one
of the biggest health challenges [3]. Type 2 diabetes mellitus (T2DM) represents the vast majority
of cases worldwide [2] and millions of people are at high risk of developing T2DM, or suffering
impaired glucose tolerance (IGT), which is a prediabetes state [4]. The relationship between T2DM
and cardiovascular disease (CVD) is well established, since patients with diabetes mellitus have an
increased risk of developing CVD [5,6]. Recent prospective studies have linked a food high-glucose
index (GI) diet in the pathogenesis of CVD, T2DM, and obesity [7,8], and carbohydrate intake with
an elevated risk of mortality [9]. Several studies have shown a link between the consumption of
beverages with artificial and/or natural sweeteners and the risk of developing T2DM [10], related
metabolic disorders [11] and CVD [12,13]. Beverages with carbohydrate-based sweeteners promote
weight gain and contribute to an increased risk of T2DM not only through obesity but also due to
the glycaemic effects derived from the consumption of large amounts of rapidly absorbable sugars.
Interest has focused on recommending the intake of low-GI beverages with natural sweeteners to both
prevent the development of diabetes and effectively manage diabetic patients [14,15]. A continuous
association between fasting blood glucose levels and CVD, in both diabetic and non-diabetic patients,
has suggested that all individuals may benefit from blood glucose level lowering strategies.

A new carbohydrate-based beverage extracted from carob pods containing pinitol, has been shown
to improve the postprandial glycaemic response in healthy individuals as opposed to sucrose-based
beverages [16,17]. Normal western diets provide between 0.5 g and 0.7 g of inositol per day, mainly
through vegetables and fruits [18]. Reduced pinitol levels were observed in impaired glucose
tolerance and diabetic patients [19]. To prevent or ameliorate diabetes mellitus (DM), the normal
supplementation dose of inositol is between 2 g/day and 4 g/day [20]. The aim of the present study
was to identify by proteomic approaches and experimental proof-of-concept studies, the potential
mechanisms behind improvement in the glycaemia response pattern associated with the regular and
chronic ingestion of a pinitol-enriched beverage.

2. Materials and Methods
2.1. Human Study

2.1.1. Subjects and Study Design

Two groups of volunteers were studied. Healthy volunteers (HV; N = 40) and overweight
volunteers with impaired glucose tolerance (IGT; N = 40). A third group of T2DM (N = 38) patients was
also included in the validation phase. All subjects were recruited at the University Hospital Dr. Peset,
Valencia and the study was designed as previously described [16,17,21,22].

Briefly, the subjects included in the study had an age range of 18-72 years; a body mass index
(BMI) range of 19-40 Kg/m? and clinically normal biochemical parameters. The inclusion criteria for
IGT subjects was fasting glycaemia levels between 100 mg/dL and 125 mg/dL on at least two previous
occasions and/or a HbAlc range of 5.7-6.4%. Type 2 diabetes was defined according to the American
Diabetes Association guidelines [2]. Exclusion criteria were type 1 diabetes, malignant neoplasm,
triacylglycerols (TG) > 400 mg/dL, macrovascular complications, patients with poorly controlled type
2 diabetes (HbAlc > 8%) or who were being treated with insulin or intestinal disaccharidase inhibitors.

The study was conducted according to the guidelines laid down in the Declaration of Helsinki,
and all procedures involving human subjects were approved by the university hospital Dr. Peset Ethics
Committee on 28 March 2012 (Project code: FRUIT UP/01; Committee code: 11/12). Written informed
consent was obtained from all patients.

This was a randomized, double-blind study, as previously described [17,21,22]. Each group of
volunteers was then divided into two subgroups. One subgroup received a sucrose-enriched beverage
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(SEB) as a placebo and the other received a carob-pod, pinitol-enriched beverage (PEB; Fruit Up®;
ADM&WILD-Valencia SAU, Valencia, Spain) [17,21,22]. The PEB consisted of a complex mixture
of naturally-occurring soluble carbohydrates (including mono-, di-, oligo-saccharides and polyols,
mainly pinitol, myoinositol plus D-chiro-inositol-soluble fibre) and minor compounds (organic acids,
minerals, aminoacids) derived from carob pods. The sucrose-based beverage contained very similar
amounts of non-polyol soluble carbohydrates, macronutrient composition and total number of calories
to the PEB, but excluded inositols (Table 1). The sweetness and energy supply of inositols compared
to other common sweeteners is showed in Supplementary Table S1. This trial was registered on
clinicaltrials.gov under the study number NCT01754792.

Table 1. Pinitol/sucrose-enriched beverage characterization.

PEB SEB
Pinitol (g) 4.00 -
Myoinositol + D-chiro-inositol (g) 0.45 -
Sugars(g) 34.90 425
-Glucose 6.23 -
-Fructose 4.83 -
-Sucrose 37.29 42.5
-Others 0.58 -
Oligosaccharides (g) 0.05 -
Soluble fibre (g) 1.65 -
Total carbohydrates (g) 41.18 42.50
Total available carbohydrates (g) 39.12 42.50
Total calories (kcal) 155.0 170.0

Nutritional composition of the pinitol/sucrose-enriched beverage per 500 mL (daily dose).

The anthropometric and biochemical profile of the study population has been previously
reported [16,17,21,22] for healthy subjects, IGT subjects and in T2DM patients. (For further information,
see Supplementary Material).

2.1.2. Blood Collection and Sample Preparation

Venous blood samples from the volunteers were collected by the volunteers at 8-10 am after
12 h overnight fasting at the moment of inclusion (T0) and after six weeks (T6) of intake of the
supplemented beverages (Figure 1a; baseline and endpoint of the study). Blood samples were
collected in anticoagulant-free Vacutainer tubes for serum preparation. Serum fractions were
separated by centrifugation at 3.000x g at 4 °C for 20 min, aliquoted and then stored at —80 °C
in Valencia [16,17,21,22]. Sample aliquots were transported in dry ice to Barcelona for the present
mechanistic study. All samples were kept without thawing at —80 °C until used.

2.1.3. Sample Preparation

For proteomic studies, serum samples were prepared as previously reported [23-25]. Briefly,
samples were sonicated (six cycles of 15 s each) in ice and filtrated (0.22 pm) by centrifugation to avoid
the presence of impurities. The six most abundant serum proteins were depleted using a specific affinity
cartridge with binding capacity for albumin, IgGs, IgAs, transferrin, antitrypsin, and haptoglobin
(Multiple Affinity Removal Spin Cartridge, Agilent Technologies, Santa Clara, CA, USA), as reported
by the providers. Serum depleted samples (called the total serum fraction) were concentrated and
desalted by centrifugation with 5 kDa cutoff filter devices and sample buffer was exchanged to a
urea-containing buffer (8 M urea, 2% CHAPS). The protein concentration in the serum extracts was
measured with a 2D-Quant Kit (GE Healthcare, Little Chalfont, UK). All processed samples were
stored at —80 °C until used.
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Figure 1. Human study design (a) Blood samples were obtained before and after six weeks of daily
sucrose/ pinitol-enriched beverage supplementation; (b) Study workflow. A proteomic approach was
used to identify changes in the proteomic profile of the different plasma fractions of healthy and
impaired glucose tolerance (IGT) volunteers after the intake of the sucrose/pinitol-enriched beverage

(N = 6 each group).
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2.1.4. Proteomic Analysis

The proteomic serum profile of six volunteers from each group and condition were randomly
selected and analyzed by two dimensional gel electrophoresis (2-DE) and mass spectrometry (MS)
(Figure 1b).

Two-Dimensional Gel Electrophoresis

A protein load of 100 pg (analytical gels) and 300 ug (preparative gels) of the urea/chaps serum
extracts was applied to 17-cm dry strips (pH 4-7 linear range; BioRad). The second dimension was
resolved in 10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). Gels were
developed by fluorescent staining (Flamingo; BioRad, Hercules, CA, USA). For each independent
condition, 2-DE for protein extracts from the baseline and the post-intake of placebo or Fruit-Up® were
processed in parallel to guarantee maximum comparability. Analysis for differences in the protein
profiles was performed with the PD-Quest 8.0 software (BioRad, Hercules, CA, USA). Each spot was
assigned a relative value that corresponds to the single spot volume compared to the volume of all the
spots in the gel, following background extraction and normalization between gels [26].

Mass Spectrometry Analysis

Proteins were identified after in-gel tryptic digestion and the extraction of peptides from the gel
pieces, as previously described [24,27], by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) using an AutoFlex III Smartbeam MALDI-TOF/TOF (Bruker Daltonics, Billerica, MA,
USA). Samples were applied to Prespotted AnchorChip plates (Bruker Daltonics, Billerica, MA, USA)
surrounding the calibrants provided on the plates. Spectra were acquired with flexControl in reflector
mode (mass range: 850-4000 m/z, reflector 1: 21.06 kV; reflector 2: 9.77 kV; ion source 1 voltage: 19 kV;
ion source 2: 16.5 kV; detection gain: 2.37x), with an average of 3500 added shots at a frequency of
200 Hz. Each sample was processed with flexAnalysis (version 3.0, Bruker Daltonics, Billerica, MA,
USA) considering a signal-to-noise ratio over three, applying statistical calibration and eliminating
background peaks. For identification, peaks between 850 n1/z and 1000 m/z were not considered.
After processing, spectra were sent to the BioTools interface (version 3.2, Bruker Daltonics, Billerica,
MA, USA) and a MASCOT server search on Swiss-Prot 57.15 database was carried out (taxonomy:
homo sapiens, mass tolerance 50 to 100, up to two trypsin miss cleavages, global modification:
carbamidomethyl (C), variable modification: oxidation (M)). Identified proteins were accepted when
a mascot score higher than 52 was obtained by peptide mass fingerprint and confirmed by peptide
fragmentation was working in the reflector mode.

Quantification of Protein Serum Levels

A commercial sandwich-based ELISA (enzyme-linked immunosorbent assay) kit was used to
measure total IGF-I (Insulin-like growth factor-I) levels in the serum samples before and after the
intake of PEB by the control (N = 20) and IGT volunteers (N = 20). In addition, a group of diabetic
patients was included (N = 19). The detection range of the kit was 2.0-50 ng/mL (IGF-I ELISA E20,
Human Insulin-Like Growth Factor-I ELISA Kit; Mediagnost, Budapest, Hungary).

2.2. Animal Study

The study protocol was approved by the institutional ethics committee “Animal Experimentation
Committee of the Cardiovascular Research Centre (CSIC-ICCC)” conforming to the position of the
American Heart Association (AHA) on Research Animal Use adopted by the AHA on 11 November
1984. All procedures fulfilled the criteria established by the “Guide for the Care and Use of Laboratory
Animals” published by the United States National Institutes of Health (NIH; NIH Publication No.85-23,
revised 1996).
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Animals were housed in the ICCC (Instituto Catalan de Ciencias Cardiovasculares) animal
facilities in a dedicated room with controlled temperature (22 £ 1 °C), humidity (60%), and lighting
(12 h light—dark cycles).

2.2.1. Animal Model

Male Zucker diabetic fatty (ZDF) rats (350 g & 30 g; 12 weeks-old; N = 10) supplied by Charles
River (Barcelona, Spain) were used as an animal model of severe T2DM. ZDF rats progress to T2DM due
to insulin resistance and express abnormalities such as early hyperinsulinemia (that quickly decreases
as the p-cells fatigue), hyperglycemia, glucose intolerance, hyperlipidemia, mild nephropathy and
hyperleptinemia [28].

ZDF rats were fed a diet with high protein, carbohydrate and fat levels to develop diabetes
(LabDiet® 5008 Formulab, P.O. Box 19798 St. Louis, MO, USA). The study was conducted in rats
under a pinitol-free diet to avoid potential interactions. Animals were provided with food and water
ad libitum.

2.2.2. Experimental Design

ZDF rats were randomized into two parallel groups (1:1) receiving the low-glycemic index pinitol
solution (PEB; intervention group) or a sucrose solution (SEB; control group).

Animals were administered a 1.15 g/kg carob-pod pinitol preparation, equivalent to a daily dose
of pinitol in humans, as tested in previous studies [16]. The dose of sucrose was calculated in order to
ensure that all animals received the same amount of non-polyol carbohydrates and total energy as
those obtained by PEB intake (0.90 g/kg). Animals were administered daily for four weeks (28 days)
by gastric gavage of either sucrose or pinitol solution. On days 1 and 28 (after a 4-h time period of food
deprivation) blood was collected from the tail vein, for the blood glucose level analysis (Glucocard™
Memory 2 meter, Menarini Diagnostics, Firenze, Italy; Figure 2). Animals were kept conscious in order
to avoid potential transient hyperglycemia caused by sedation [29].

Dail . .
a aily gavage administration > [ Day2s
-e) SEB or PEB

. N

Blood Blood Tissue
- Extraction " Extraction sampling
-Duodenum
\1, GLUT2/GLUT5 7 -Jejunum
-Ileum

I WB protein analysis I

GLUT4 —> Heart

I Gene expression analysis I

Figure 2. Zucker diabetic fatty (ZDF) rat study design. Blood samples were obtained at baseline and
after 28 days of sucrose/pinitol-enriched beverage administration. Tissues were obtained, frozen in
liquid nitrogen and stored at —80 °C until used.

Upon completion of the experiment on day 28, the animals were deeply anesthetized with a
mixture of ketamine (75 mg/kg) + medetomidine (0.5 mg/kg) + buprenorphine (0.1 mg/kg) and
euthanized with an intracardiac injection of a pentobarbital overdose (400 mg/kg). A portion of
duodenum, jejunum, ileum, large intestine and the heart were extracted and cleaned to avoid bacterial
RNAse interference, immediately frozen in liquid nitrogen and stored at —80 °C until processed.
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2.2.3. Western Blot Analysis

Protein extracts were resolved by 1-DE under reducing conditions and electrotransferred
to nitrocellulose membranes in semi-dry conditions (Trans-Blot Turbo system; BioRad, Hercules,
CA, USA). C4A complement detection was performed using a rabbit policlonal antibody against
a recombinant fragment corresponding to a region within amino acids 23-302 of the protein
(NBP2-14,893, 1:1000 dilution, Novus bio, Littleton, CO, USA). Band detection was performed
using a chemiluminiscent substrate dye (SuperSignal® West Dura Extended Duration Substrate,
Thermo Scientific, Waltham, MA, USA) and a molecular imager ChemiDoc XRS System, Universal
Hood II (BioRad, Hercules, CA, USA). Band quantification was performed with Image Lab 4.0 software
(BioRad laboratories, Hercules, CA, USA). The protein load was normalized with total protein staining,
as previously described [27].

2.2.4. Glucose Transporter mRNA Expression

We evaluated the potential effect of the intake of PEB on the expression of three main glucose
transporters: GLUT2, GLUT4 and GLUTS5. Due to the tissue specificity and pinitol absorption,
we measured GLUT2 and GLUTS5 in the duodenum, jejunum and ileum, and GLUT4 in the heart.
To this end, the aforementioned samples were pulverized in liquid nitrogen and mRNA was
isolated using the TripureTM Isolation Reagent (Roche Molecular Biochemicals, Pleasanton, CA, USA)
according to the manufacturer’s instructions and then gene expression was assessed by real-time PCR
analysis; GLUT2 (Rn00563565, Thermo Fisher Scientific, Waltham, MA, USA), GLUT4 (Rn01752377,
Thermo Fisher Scientific, Waltham, MA, USA) and GLUT5 (Rn00582000, Thermo Fisher Scientific,
Waltham, MA, USA).

2.3. Statistical Analysis

Data are expressed as mean and standard error (SEM) unless stated. N indicates the number of
subjects tested. Statistical analysis was performed with Stat View 5.0.1 software (SAS Institute, Cary,
NC, USA). Differences between the basal condition and after six weeks of intake of the pinitol-enriched
beverage were tested using a repeated measurement Willcoxon analysis. Differences between groups
were tested with a nonparametric Mann—-Whitney test. A p-value < 0.05 was considered significant.

3. Results

3.1. Pinitol-Enriched Beverage Intake Induces Serum Proteomic Changes in Proteins Related to the Insulin
Secretion Pathway

Six weeks of pinitol-enriched beverage intake induced a significant decrease in glucose levels
both in IGT and healthy subjects (P = 0.03). On the contrary, sucrose intake induced an increase in
glucose levels in both groups of volunteers (P = 0.03; Table 2; Supplemental Figure S1).

Table 2. Biochemical characteristics of the subjects selected for the proteomic study.

Healthy Subjects IGT Subjects
SEB (N =6) PEB (N = 6) SEB (N = 6) PEB (N = 6)
To T6 PValue TO0O T6 PValue TO0O T6 PValue TO Té6 P Value
Cholesterol (mg/dL) 192 202  0.022* 183 178 0.398 197 203 0.602 189 194 0.798

cLDL(mg/dL) 112 125 0.004 * 109 108 0.706 104 130 0.266 122 125 0.824
cHDL (mg/dL) 54 52 0.283 55 52 0.047 * 54 53 0.734 42 43 0.812

TG (mg/dL) 126 125 0.934 88 89 0.802 111 101 0.379 121 128 0.797
Urea (mg/dL) 24 26 0.168 32 34 0.445 41 35 0.028 * 43 35 0.01*

Glucose (mg/dL) 87 92 0.057 98 89 0.003 * 100 103 0.003 * 120 105  <0.001*

TO corresponds to the day of inclusion in the study and T6 six weeks after the intake of pinitol-enriched beverage
(PEB) or sucrose-enriched beverage (SEB). * Significant change TO vs. T6. P value < 0.05.
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In order to investigate the proteins involved in the observed glucose-lowering-effect of PEB,
we analyzed the serum proteomic profile of both IGT and healthy subjects at baseline and after six
weeks of pinitol or sucrose-enriched beverage intake.

Among the identified proteins, IGF1BP-ALS (IGF1—insulin-like growth factor 1; BP—binding
protein; ALS—acid labile subunit; MW = 63kDa; pl = 6.13) was detected in the 2-DE analysis as a
cluster of two different spots that showed an increased change in IGT volunteers after PEB intake
compared to sucrose intake (P = 0.028; Figure 3a). On the contrary, no differences were detected in the
healthy subjects (Supplemental Table S1).
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Figure 3. Changes in the proteomic profile. (a) Line diagram and representative 2-DE (two-dimension
electrophoresis) images showing IGF1BP-ALS (Insulin-like growth factor-1 binding protein acid
labile subunit) change after six weeks of sucrose/pinitol-enriched beverage intake. Change in
IGF1BP-ALS level was higher in IGT patients compared to healthy subjects (N = 6; P = 0.200) is
observed in IGT patients; (b) Representative 2-DE images of C4A complement alpha and gamma
chain. Alpha chain corresponds to the 27% of the total C4A complement identified complement.
Gamma chain represents the 77% of the total C4A complement identified protein (c) Line diagram
showing total C4A complement change of both healthy and IGT volunteers after the intake of the
pinitol-enriched beverage. A significant change increase of the C4A complement level (N = 6; P = 0.02)
is observed on IGT patients; (d) Line diagram showing C4A complement gamma chain of both healthy
and IGT volunteers after the intake of the pinitol-enriched beverage. A significant change increase of
C4A complement level (N = 6; P = 0.02) is observed in IGT patients.
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Together with changes in IGF1BP-ALS, complement C4A also showed a significant shift in its
distribution profile in IGT subjects, but not in healthy subjects. C4A was identified as two different
chains, the gamma chain (MW = 33 kDa; pI = 6.37), which corresponds to 77% of total protein intensity,
and the alpha chain (MW = 84kDa; pI = 5.33), that represents 23% of total protein intensity (Figure 3b).
Total C4A levels showed a significant increase (P = 0.028; Figure 3c) in IGT subjects after six weeks of
dietary supplementation with PEB compared to sucrose intake. No differences were found in the alpha
chain, whereas a significant increase in the IGT subjects after the intake of the PEB was observed in the
gamma chain (P = 0.028; Figure 3d) when compared to sucrose intake. On the contrary, no differences
in C4A expression were detected in the healthy group (Supplemental Table S1).

3.2. Potential Mechanisms Involved in the Peb Glucose Modulating Effect

Since the acid labile subunit (ALS) was found increased in the proteomic analysis, and ALS binds
IGF-1 [30], we measured the total IGF-1 serum levels in the three study populations. Interestingly, both
the IGT and T2DM subjects showed significantly lower basal serum levels of IGF-1 when compared to
healthy subjects (N > 19 in each group; P < 0.001; Figure 4). However, no differences were observed
in IGF-1 serum levels after PEB intake in any of the three groups. This means that PEB intake, while
regulating ALS, has no influence on IGF-1 levels.

P<0.001
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Figure 4. Changes in IGF-1 levels. Box-plot diagram showing the significant decrease in IGF1
concentration (ng/mL) in IGT and T2DM volunteers when compared to healthy subjects (N = 20;
20; 19 respectively; P < 0.0005).

To better understand the mechanisms related to the observed glucose reduction produced after
the intake of a pinitol-enriched beverage, ZDF rats, as an animal model of diabetes, were included in
the study.

Changes in C4A serum levels were confirmed in ZDF rats by Western blot analysis, showing a
significant increase in this protein after four weeks of pinitol intake compared to basal levels (P = 0.042;
Figure 5a). Leptin-receptor-deficient ZDF rats acquire a very severe phenotype, reaching an average of
400 mg/dL glucose. Interestingly, sucrose feeding induced an increase in 100 mg/dL, while the pinitol
solution did not impair glycaemia (Figure 5b). To further explore the potential mechanisms behind
the observed Fruit-Up®-mediated effects, we analyzed the gene expression levels of three different
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glucose transporters (GLUT2, GLUT4 and GLUTS5) at their major sites of expression. A significant
increase of GLUT2 after dietary supplementation with the pinitol solution when compared to sucrose
intake was observed in the jejunum (P = 0.003; Figure 5c). However, no change was observed either in
GLUT4 (Figure 5d), or in GLUTS5 (Figure 5e). The observed change in C4A protein levels showed a
direct correlation with GLUT2 expression levels in the jejunum (P = 0.002; Figure 5f).
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Figure 5. Results validation. (a) C4A profile in ZDF rat samples. Box-plot and representative western
blot image showing changes in C4A intensity in ZDF rats supplemented with a pinitol-enriched
beverage (N = 5; 1.21-fold change; P = 0.04); (b) In ZDF rats, the blood glucose level change after
SEB intake was significantly higher than blood glucose level changes after four weeks of PEB intake
(N =5; P =0.01); (c) Changes in GLUT2 levels. Box-plot diagram showing the change of the gene in
the small intestine. A significant reduction in GLUT2 gene expression in the jejunum of ZDF diabetic
rats supplemented with pinitol was achieved when compared with the intake of a sucrose-enriched
beverage (N = 9; P = 0.003); (d) No change was observed in GLUT4 after pinitol-enriched beverage
intake; (e) No change in GLUT5 was achieved after pinitol-enriched beverage intake; (f) A significant
positive correlation was observed between the increase of C4A intensity and the level of GLUT2
achieved (P = 0.002).
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4. Discussion

The refined sugar intake steadily increased in the last years and it is nowadays the most commonly
used sweetener for foods and beverages contributing to the high glycaemic indices of this diet [31].
High glycaemic index diets have been linked to the development of diverse metabolic diseases such as
obesity, decreased insulin sensitivity, an elevated risk of developing diabetes [32] and are a risk factor
for coronary heart disease [33]. Thus, the reduction of glucose levels is one of the main objectives to
prevent and treat diabetes [34].

Previous studies with pinitol-enriched beverages have demonstrated a significant reduction in
the post-prandial glycaemic response and glucose levels both after 24 h [16,35] and after 12 weeks of
daily consumption [17] in healthy volunteers, when compared with a sucrose-based beverage. Also,
its daily oral ingestion positively impacts insulin resistance [22].

Here, we have analyzed the serum proteomic profile in IGT and in healthy subjects after the intake
of the pinitol-enriched beverage (PEB), to investigate the mechanisms associated with the improvement
in the glycaemic response previously observed. With this aim, pair comparisons of protein-intensity
values between basal conditions (before intervention) and after six weeks of PEB/SEB intake were
performed for each individual. This proteomic study was based on 24 subjects randomly chosen
among the total study population (six/study group) and the suitability of the groups was based on
the consistent response of the plasma glucose levels to the interventions. Importantly, a significant
change in the two proteins closely related with 3-cell insulin secretion, IGF1BP-ALS and C4A, was
observed only in IGT volunteers. IGT patients have an altered glucose metabolism compared to
healthy subjects, supporting the view that IGT patients have different responses to glucose metabolism
than healthy subjects. However, the findings of this proteomic approach should be further assessed in
new prospective studies specifically designed to this aim.

There are multiple -cell-related factors involved in impaired insulin secretion, such as the
reduction of -cell mass, glucotoxicity and lipotoxicity [36]. Insulin is packed into (3-cells in small
granules like propreinsulin, the first inactive form of insulin, with an hexameric crystalline structure,
formed by six insulin units [37]. Most diabetic patients have already lost 70-80% of their original
{3-cell mass [38]. Each -cell contains more than 10,000 granules, so its protection is an important
strategy to prevent impaired insulin secretion [39,40]. These granules are then secreted from 3-cells as
proinsulin, which is composed of an insulin chain attached to C-peptide (Figure 6). IGF-1 reduces (3-cell
inflammation, protecting from apoptosis and promoting proliferation [41]. Therefore, the relationship
of IGF-1 with the prognosis of T2DM has been widely studied. In fact, low levels of IGF-1 are related
with obesity and impaired glucose tolerance [42]. In addition, IGF-1 is related with C-peptide secretion
and [3-cell regeneration (Figure 6) and low IGF-1 levels are associated with reduced insulin secretion
and can be an important marker of 3-cell function [43]. In this context, the search for strategies to
maintain the levels of IGF-1 is very important to preserve (3-cell function. In line with this, we found
decreased IGF-1 serum levels in IGT and T2DM subjects. Importantly, IGF-1 is mainly found in a
complex with one of its binding proteins (BP) and with the acid-labile subunit (ALS) [44]. ALS is an
essential component to maintain the integrity of IGF-1 [44]. IGF-1 as a free molecule has a half-life
shorter than 12 min, whereas this rises to 12 h when forming a complex with ALS and its BPs [30,45,46].
In this respect, ALS deficiency in humans has been characterized by a severe reduction in IGF-1
levels and insulin insensitivity [44]. Here, we have observed that the regular consumption of the
pinitol-enriched beverage induced a significant increase in ALS levels in those volunteers suffering
impaired glucose resistance. These results suggest that the intake of a pinitol-enriched beverage might
help maintain IGF-1 levels by increasing levels of ALS, therefore improving IGF-1 stability in patients
with impaired glucose metabolism. Indeed, nowadays it is recognized that the importance of a protein
in a pathology lies not only in the total levels, but also in its stability, conformation and ability to make
up complexes.
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Figure 6. Suggested mechanism of pinitol-induced effects on the insulin secretion pathway. Pinitol is
a glucose mimetic molecule, which is absorbed in the small intestine and distributed though the
bloodstream to the whole organism. An increase in the acid labile subunit (ALS) and C4A complement
proteins induce a protection of 3-cells. Pro-preinsulin granules are packed inside pancreatic 3-cells
and secreted outside the cell as insulin, in response to nutrient intake.

Besides changes in IGF1BP-ALS, an increase in C4A complement was also observed. C4A is
a non-enzymatic component of the complement system, which takes part in the initial steps of
the complementary pathway. The complement system is involved in several processes including
the dysregulation of adipose tissue metabolism, inflammation, endothelial dysfunction and insulin
resistance [47,48]. The relationship between C4A and the progression and prognosis of T2DM has
not been widely studied. However, the relationship between C4A levels and insulin-dependent DM
has been previously demonstrated [49,50]. In fact, low levels of this protein appear after high glucose
intake [51]. Also, higher levels of C4A are associated with higher levels of C-peptide (Figure 6),
indicative of enhanced insulin secretion [52,53]. C4A protein has been also suggested to protect
f-cells [53] and it is involved in innate immunity [50,54,55]. With all this in mind, we sought to
investigate the potential mechanism behind the increase in C4A protein levels induced by the intake
of a pinitol-enriched beverage. For this purpose, we used leptin-receptor-deficient ZDF rats as an
animal model of highly severe T2DM and compared those receiving PEB with those treated with
sucrose solution, used as control group. While in those rats receiving sucrose a significant increase
in blood glucose levels was observed, in those rats that received the PEB, glucose levels remained at
the baseline. Higher levels of C4A were also found in ZDF rats after the intake of a pinitol solution
when compared to sucrose intake, confirming the results of the proteomic study in humans and
suggesting a potential implication of this protein in the regulation of blood glucose levels induced
by the administration of the pinitol solution. 3-cell protection achieved by C4A has been related to
glucose transport across the plasma membrane [53]. Interestingly, we observed a significant increase
in the expression of the glucose transport 2 (GLUT2) in jejunum after the regular intake of pinitol.
This glucose transport is located in multiple organs and tissues, the small intestine, the pancreas,
the liver and the brain. GLUT2 plays a very important role in glucose homeostasis control by an
inter-organ communication system [56], including the passive movement of glucose through the
cellular membrane of 3-cells [57,58]. Importantly, we found that the increase in GLUT2 expression
in the jejunum of ZDF rats, where pinitol is absorbed to be further distributed through the whole
organism, was directly associated with the increase in C4A protein levels after pinitol intake, which
suggests a protective effect on the pancreatic beta cells [53], explaining the significant difference
in glucose levels after PEB and SEB interventions. In severely advanced T2DM states, as occurs
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in our animal model, multiple alterations within several metabolic signalling pathways, including
the desensitization of GLUT2 translocation and the disruption of the insulin regulation of glucose
absorption may developed. The enzyme glucokinase and GLUT2 comprise the glucose sensing system,
regulating insulin secretion from pancreatic 3-cells in response to nutrient intake and, therefore,
preventing excessive blood glucose transport after a sugar-rich meal [59,60]. Of note, regular intake of
the pinitol-enriched beverage was demonstrated to exert an insulin-mimetic activity in healthy subjects
without affecting insulin secretion [16]. In fact, previous recent studies have shown the favourable
effects of pinitol on the treatment of insulin-related disorders because of its insulin-like function (e.g.,
reduces blood glucose levels in T2DM patients) [35,61]. In this regard, we observe that the regular
intake of pinitol induces a coordinated increase in C4A and GLUT2 in ZDF rats, helping to improve
their metabolic system.

Diabetes mellitus is associated with -cell destruction, so its regeneration and protection remain
key strategies for the prognosis of the disease [62]. Our results suggest for the first time that the
substitution of a normal sugar source with a naturally-based, pinitol-enriched beverage in IGT subjects
could help to attenuate glucose metabolism disruption by inducing a coordinated change in C4A
complement and IGF1BP-ALS, two important molecules with direct implications on 3-cell survival.
Furthermore, changes in C4A complement seem to be related to an increase in the expression of
the glucose transporter GLUT2 (Figure 6). Future studies on the differential pattern of glucose
transporters in various tissues, including liver and pancreas, would help the better understanding
of the mechanisms directly associated with the beneficial effects on glucose metabolism after PEB
intake. Therefore, we propose that the substitution of sucrose by carob pod sweetener may help efforts
to normalize an impaired glucose metabolism, and to reduce the risk associated with the intake of
processed sugars.

Limitations of the Study

The manuscript referred to a proteomic discovery design aimed at identifying the differential
protein signatures associated with the glycaemic pattern after the regular and chronic ingestion of a
pinitol-enriched beverage. Specifically, the main goal of the study was to highlight proteins potentially
involved in the glycaemic response to the intervention with pinitol. However, further studies are
needed to better explain mechanisms and pathways associating the pinitol intervention with changes
in glucose metabolism. Thus, measuring GLUT2 in pancreas tissue would provide extra information
on the beta-cell response to pinitol intake. Unfortunately, we do not have pancreas tissue to perform
this analysis.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/3/271/s1,
Figure S1: Cell line chart showing the individual glucose change of each subject after 6 weeks of PEB or SEB
supplementation, Table S1: Sugars characterization, Table S2: Changes in the proteomic profile after SEB intake.
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Figure S1. Cell line chart showing the individual glucose change of each subject after 6
weeks of PEB or SEB supplementation.

Table S1. Sugars characterization [1,2].

Product Relative Sweetness * Kcalories/g
Pinitol 50% 2.5 Kcal/g
Sucrose 100% 3.9 Kcal/g
Fructose 150% 3.7 Kcal/g
Glucose 40% 3.8 Kcal/g

* Taking sucrose as 100% of sweetness.

Table S2. Changes in the proteomic profile after SEB intake.

Healthy Subjects IGT Subjects
T0 Té6 A% TO Té A%
C4A alpha 6.2+0.8 89+1.6 44.6 125+1.6 12.0+2.0 -4.0
C4A gamma 472+12.4 56.2+10.2  19.2 59.6+7.0 48.3+16.3 -19.1
C4A Total 53.4+12.3 652+102 221 722+75 60.3+16.3 -16.4
IGFBP1-ALS 31.3+3.7 559+252 785 36.9+2.4 40.4+1.9 9.4

*Data expressed as mean value x10* + SEM. No significance was observed either in the healthy group
or in the IGT group after the intake of a sucrose-enriched beverage.

[1] Dinicola, S.; Minini, M.; Unfer, V.; Verna, R,; Cucina, A.; Bizzarri, M. Nutritional and acquired
deficiencies in inositol bioavailability. Correlations with metabolic disorders. Int. . Mol. Sci. 2017, 18.

[2] Aeberli, I; Hochuli, M.; Gerber, P. A.; Sze, L.; Murer, S. B.; Tappy, L.; Spinas, G. A.; Berneis, K. Moderate
amounts of fructose consumption impair insulin sensitivity in healthy young men: A randomized
controlled trial. Diabetes Care 2013, 36, 150-156, DOI:10.2337/dc12-0540.
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RESUMEN:

Las células madre del tejido adiposo cardiaco presentan diferente
expresion génica y capacidades funcionales dependiendo de su

localizacion.

La composicion y funcion del tejido adiposo que cubre el corazon es
poco conocida. En este estudio, hemos investigado el tejido adiposo
epicardico que cubre el miocardio en el apex y el tejido adiposo que
cubre el surco LAD en el corazén humano, para asi identificar la
actividad funcional como depdsito de células madre. Para ello, e aislo
tejido adiposo epicardico del area que cubre el musculo miocardico en
el apex (VMAT) y del area que cubre el surco arterial epicardico de la
LAD (PVAT) en corazones humanos extraidos durante la cirugia de
trasplante de corazon. Las células madre adiposas (ASCs) de ambos
depodsitos de tejido adiposo se aislaron inmediatamente y se

caracterizaron fenotipicamente mediante citometria de flujo. Los
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diferentes comportamientos de estas ASC y sus microvesiculas
liberadas (MVs) se analizaron mediante analisis molecular y celular.
Las ASC tanto del VMAT (mASC) como del PVAT (pASC) se
caracterizaron por la expresién de los marcadores de superficie
CD105, CD44, CD29, CD90 y CD73. Los genes relacionados con el
proceso de angiogéniesis VEGFA, COL18A1 y TF, asi como el
miRNA126-3p y miRNA145-5p se analizaron en las ASC de ambas
localizaciones. Ambas ASC fueron capaces de formar estructuras
tubulares en superficies tridimensionales de matrigel. Por otro lado, las
pASCs mostraron un mayor nivel de expresion de VEGFA y menor de
COL18A1 que las mASCs, sugiriendo una mayor activacion de la via
del VEGF en las ASC perivasculares. Ademas, las MV extracelulares
liberadas por las mASCs, indujeron una mayor cicatrizacion de las
heridas producidas en células endoteliales microvasculares humanas.
En este estudio se demuestra por primera vez que las ASCs
residentes en el tejido adiposo epicardico humano, muestran una
funcion angiogénica especifica del depodsito. Ademas, hemos
demostrado que las células madre residentes pueden regular la
funcion de las células endoteliales mediante la liberacion de

microvesiculas y otras particulas extracelulares.
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Abstract

Background: The composition and function of the adipose tissue covering the heart is
poorly known. In this study we have investigated the epicardial adipose tissue (EAT)
covering the cardiac ventricular muscle and the EAT covering the left anterior
descending artery (LAD) on the human heart, to identify their resident stem cell
functional activity.

Methods: EAT covering the cardiac ventricular muscle was isolated from the apex
(avoiding areas irrigated by major vessels) of the heart (ventricular myocardium
adipose tissue, VMAT) and from the area covering the epicardial arterial sulcus of the
LAD (PVAT) in human hearts excised during heart transplant surgery. Adipose stem
cells (ASCs) from both adipose tissue depots were immediately isolated and
phenotypically characterized by flow cytometry. The different behavior of these ASCs
and their released secretome-microvesicles (MVs) were investigated by molecular and

cellular analysis.

Results: ASCs from both VMAT (mASCs) and the PVAT (pASCs) were characterized
by the expression of CD105, CD44, CD29, CD90 and CD73. The angiogenic-related
genes VEGFA, COL18A1 and TF, as well as the miRNA126-3p and miRNA145-5p
were analyzed in both ASCs types. Both ASCs were functionally able to form tube-like
structures in three dimensional basement membrane substrates. Interestingly pASCs
showed higher level of expression of VEGFA and reduced level of COL18A1 than
mASCs. Furthermore, MVs released by mASCs, significantly induced human

microvascular endothelial cell migration.

Conclusion: Our study indicates for the first time that the resident ASCs in human
epicardial adipose tissue display a depot specific angiogenic function. Additionally, we
have demonstrated that resident stem cells are able to regulate microvascular

endothelial cell function by the release of MVs.

Key Words. Epicardial adipose tissue. Perivascular adipose tissue. Ventricular

myocardium adipose tissue. Adipose stem cells. Microvesicles. Angiogenesis.
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Background

Cardiovascular diseases (CVDs) are the leading cause of death and disability
worldwide, and coronary artery disease makes up the greatest proportion of those
deaths. Acute myocardial infarction leads to an irreversible loss of proper cardiac
function; implantation of adult stem cells into the ischemic damaged myocardium has
been investigated for its potential to repair/regenerate the injured tissue within the
infarct zone [1-4].

Adipose tissue (AT) has long been considered an energy storage and endocrine organ.
However, in the last decades, adipose tissue has also been considered a rich source of
mesenchymal cells and is currently the focus of interest in the field of inducible
spontaneous regeneration and cell therapy. Adipose-derived stem cells (ASCs) are
easily obtained, show a strong capacity for ex vivo expansion and differentiation to
other cell types (as cardiomyocytes [5] or endothelial cells [6,7]) release a large variety
of angiogenic factors, and have immunomodulatory properties. All these properties
have encouraged its use to induce ischemic tissue recovery. However, their clinical use
of bone marrow stem cells has been hampered by the recognition of loss of function
effects of ageing, cardiovascular risk factors (CVRFs) and metabolic disorders [8].
Indeed, regarding spontaneous endogenous repair, our group has shown that the
presence of CVRFs, as type 2 diabetes mellitus, negatively affects the pluripotency and
self-renewal capacities of adipose stem cells (ASCs) [9], and as well ASCs obtained
from obese patients display an impaired angiogenic potential [10,11]. Indeed, the
spontaneous regenerative capacity for ASCs self-renewal seems to be regulated by the
anatomical WAT depot.

Beside the commonly known CVRFs that are known to elevate the risk of suffering
CVDs, excess adiposity is considered a CVRF for CVD [12]. The relationship between
obesity and the development of any CVDs lies not only in the amount of fat, but also in
its localization. AT is highly heterogeneous tissue due to its different types (white,
brown, and ‘brite’) and its different body localizations (subcutaneous, visceral,
epicardial, and perivascular, etc.). Composition, structure, and function of adipose
tissue are highly dependent on individual metabolic factors that we are still learning.
Ectopic AT covering different organs may have different anatomic and functional
characteristics, and due to its proximity to various internal organs may exert organ-
specific regulatory functions [13].

AT that directly surrounds the heart is known as epicardial adipose tissue (EAT). EAT,
a thoracic fat depot that exists on the surface of the myocardium and is contained

entirely beneath the pericardium, has acquired increasing interest because of its
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proximity to the myocardium and coronary arteries and their branches [12]. EAT has
been reported to exert an endocrine role by deregulation of adipokine secretion [14,15],
and to have direct effects on local inflammation and coronary atherosclerosis [16—18].
EAT is also a source of ASCs and it has been reported that these cells may have a
higher cardiomyogenic potential as compared to pericardial and omental ASCs
subtypes [19].

ASCs not only have interest for their capacity to differentiate into differentiated cells, as
cardiomyocytes, but also for their capacity to stimulate angiogenesis promoting
progenitor cell differentiation and paracrine proangiogenic and immunomodulatory
effects [20]. The proangiogenic effects of conditioned medium derived from ASCs
supports this paracrine view of stem cells function [4]. Previous studies indicated that
microvesicles (MVs) released by ASCs mediate their proangiogenic effects by cell-to-
cell communication stimulating formation and stabilization of vessel formation [21].
However, little is known about epicardial ASCs, in particular those located closely to
the vessels [AT around vessels is known as perivascular AT (PVAT)] and those
resident in the EAT directly superimposed on the cardiac muscle (VMAT) covering the
apex of the heart. The contribution to these two stem cell reservoirs to cardiac cell
function and to cardiac endogenous repair processes after ischemic injury in unknown.
As the coronary arteries and their major branches are imbedded in PVAT, this creates
a perfect environment for the local interaction between ASCs present in this fat and the
coronary vessels it surrounds. Angiogenesis is essential for repair of wounded or
ischemic organs, and insufficient angiogenic switch in ischemic heart can limit
revascularization, healing, and regeneration [22].

Here, we hypothesized that EAT from two different locations in the human heart may

contain a repository of stem cells (ASCs) with different pro-angiogenic functions.
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Materials and Methods

Sample collection/ Patients

VMAT and PVAT were obtained from the excised hearts of 30 patients undergoing
cardiac transplant surgery at the Hospital de Sant Pau i la Santa Creu (Table 1). Only
samples from three patients were excluded, two of them due to internal cell
contamination and the other one due to an endocarditis. Tissue was obtained with
informed consent of patients. The protocol was approved by the Research Ethics
Committee of our hospital and was conducted in accordance with the Declaration of
Helsinki. Patients until the moment of transplant surgery were treated as recommended
by clinical practice guidelines. Left anterior descending (LAD) coronary arteries were
collected and PVAT isolation. Arteries were fixed in 4% paraformaldehyde and stored
at -80°C embedded in OCT until histological analysis.

Simultaneously epicardial adipose tissue directly overlying the ventricular myocardium
at the apex of the heart (VMAT) was collected. All studies were run in parallel with
samples from both locations from the same patients. Both VMAT and PVAT were
carefully dissected, and frozen in liquid N, and kept at -80°C until used or placed in
tubes with 10ml of Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Life
Technologies, Grand Island, NY, USA) supplemented with 1% penicillin/streptomycin
(P/S, Gibco, Life Technologies, Grand Island, NY, USA) to be immediately processed
to isolate ASCs.

ASCs isolation and characterization

PVAT and VMAT tissues were washed with sterile phosphate buffered saline (PBS)
supplemented with 1% of P/S. Tissue was digested into a type | collagenase solution (1
mg/ml; Sigma-Aldrich, St. Louis, MO, USA) and incubated for 1 hour in a 37°C pre-
warmed orbital shaker. Collagenase activity was neutralized with the same amount of
fetal bovine serum (FBS; Biological Industries, Kibbutz Beit-Haemek, Israel) and the
suspension filtered through a 100um strainer to eliminate remaining tissue fragments.
Then, the suspension was centrifuged at 1200 rpm for 10 min to separate the
adipocytes and to obtain the stromal vascular fraction (SVF). Isolated SVF cells were
counted and separated into two aliquots to be analyzed by flow cytometry and to be
plated onto a 25-cm? culture flasks. After twenty-four hours, non-adherent cells were
removed and the medium replaced. Cells were expanded in a humidified environment
at 37°C with 1% O,, 5% CO, and maintained at sub-confluent levels prior to phenotypic
profile analysis. The cells were characterized as stem cells by using the following

criteria: adherence to plastic, cell surface antigen phenotyping and differentiation into
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multiple cell lineages. All analyses were performed between passages 3 to 4. A
simplified scheme of the procedure is shown in the Figure 1A.

For cell cytometry characterization, cell surface antigen phenotypying was performed
on SVF and ASCs obtained from SVF at passage 3 (P3). The following cell-surface
epitopes were marked with anti-human antibodies: CD105, CD44, CD29, CD90, CD73,
CD45 and CD14. Cells (1x10°) at passage 3 or 1 mL of the SVF were suspended in
flow cytometry buffer (PBS, 0.1% BSA, 0.1% sodium azide) and incubated for 30 min
at 4°C with the corresponding antibodies. After that, reaction was stopped by adding
500 pL of flow cytometry buffer or 250 pL of Quicklysis reagent (Cytognos) in the case
of the SVF. Quicklysis was incubated for 15 min at room temperature to eliminate
erythrocytes and the reaction was stopped by adding 250 pL of flow cytometry buffer.
Cellular events (at least 30000 in the case of ASCs and between 10000 and 60000 in
the case of the SVF) were acquired and analysed by Fluorescence-activated cell
sorting using Coulter EPICS XL flow cytometer (Beckman Coulter) running Expo32
ADC XL 4 colour software (Beckman Coulter).

Adipogenic and osteogenic differentiation was also evaluated for further
characterization as previously described [11]. Briefly, cells were seeded in 6-wells and
24-wells plates for the differentiation assay and for RNA isolation or cell staining
respectively. Cells were allowed to growth to sub-confluence (approximately 80% of
confluence) and then allowed to differentiate during 21 days with the corresponding
conditional medium or normal medium without supplements as a negative control
(Supplementary table 1). After 21 days, RNA from the differentiated cells was isolated
and also cells were stained with oil-red to detect adipogenic differentiation and Alizarin

red to detect osteogenic differentiation.

Growth kinetics of ASCs

To determine the growth kinetics of ASCs, 2x10* cells per well were seeded in ten
wells of 6-well plates. Cells from 2 duplicate wells were harvested and counted every
other day during 10 days (cells were counted on days 2, 4, 6 and 10). ASCs number
was plotted against the number of days cultured. Population doubling time (PDT) was
calculated using the formula PDT= Te/[(log N2 - log N1)/log2], where Te is time (days)
in the exponential-growth phase, N1 is the number of cells at the beginning, and N2 is

the number of cells at the end of the experiment.
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MTS viability/proliferation analysis

Cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfopheny)-2H-tetrazolium (MTS) assay (CellTiter 96
Aqueous One Solution cell proliferation assay kit; Promega). For this assay, 15x10° of
ASCs or 1x10* human microvascular endothelial cells (HMEC-1) were seeded in
triplicates into 96-well plate. ASCs were cultured for 24 hours and then treated with 10
ul of MTS. HMEC-1 were cultured for 24 hours, then treated with ASCs derived MVs for
other 24 hours, and finally, 10 wl of MTS per well were added and incubated for
additional 2 hours, while MTS tetrazolium is reduced to formazan (490 nm absorbance)
by the metabolically active cells. The absorbance was then quantified with the
spectrophotometer Spectramax 250 and analysed with the SoftMax software
(Molecular Devices). Formazan production was directly related with the number of cells

alive in the culture.

Tube-like formation assay

Tube-like formation assay in three dimensional basement membrane culture was
employed to assess the angiogenic potential of ASCs. Briefly, 1x10° cells were seeded
in a matrigel coated plate and incubated with endothelial cell growth medium (EGM-2
BulletKit, Lonza, USA) for 24h to allow the formation of tube-like structures. Total tube-
covered area was quantified using Image J software (National Institutes of Health,
USA).

ASCs conditioned medium collection

Cells at passage 3 or 4 were allowed to growth until reaching sub-confluence, then
cells were washed exhaustively with PBS to remove FBS and serum-free medium was
added. After 48h, the ASCs conditioned medium was collected and centrifuged at 1200

rpm for 10 min to remove cellular debris and kept at -80°C until used.

Microvesicles isolation

ASCs derived microvesicles (MVs) were isolated by ultracentrifugation of P3 cell
supernatants as previously described [23]. Briefly, fresh supernatants were firstly
centrifuged at 900 g for 15 minutes to eliminate cell debris and then at 20,000 g for 45
minutes to isolate the MVs as a pellet. MVs concentration was determined by flow
cytometry. For that, MVs were washed with a PBS-citrate buffer and centrifuged again

at 20,000 g for 30 minutes. MVs were extracted with PBS-citrate buffer and incubated
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with Annexin V (CF Blue ANXV, Immunostep) and anti-TF antibody (FITC conjugated
4508CJ, Sekisui). Samples were then diluted with Annexin V binding buffer (BD
Bioscience) to stop the reaction and then analyzed on a FACSCantoll™ flow cytometer
(BD Bioscience). The formation of MVs after cell activation is initiated by increase of
intracellular calcium resulting in an elementary rearrangement of the phospholipid
asymmetry with translocation of phosphatidyl-serine from the inner to the outer surface
leaflet of the plasma membrane as a consequence of activation of scramblase and
floppase/ABC1 and inhibition of translocase/flippase activities. Presence of
phospatidylserine at the surface of the MPs membrane enables the use of the
AnnexinV for MVs detection by flow cytometry. MVs gate limits were established
following two criteria: 1) calibration using a Flow-Check Size Range Calibration Kit
(Polysciences) and 2) using an in vitro platelet-derived microparticle population as
positive control. The lower detection limit was placed as a threshold above the

electronic noise of our flow cytometer.

Cell Migration

HMEC-1 were used for the cell migration assays. Briefly, 2.3x10* eASCs were seeded
into 100mm dish and cultured with MCDB 131 medium supplemented with 10% of FBS
for 48h to allow cells to secrete MVs. The day after, 2.5x10° HMEC-1 cells were
seeded into a Culture-Insert 2 well dish (ldibi) and kept with MCDB 131 supplemented
with 10% of FBS overnight. MVs from the eASCs supernatant (eMVs) were isolated
and before performing the experiment, the insert was removed by using sterile
tweezers and the dish washed with PBS to remove cell debris. Cells were treated with
600 pl of: A) Conditional medium from ASCs after 48h of culture; B) Conditional
medium from ASCs without eMVs after 48h of culture; and C) eMVs enriched medium
after 48 of culture. In all conditions medium was supplemented with 2% of FBS. Cell
migration and wound repair were controlled every two hours for 10h. Wound areas
were analyzed by using Image J software. Protein, RNA and microRNA were isolated
from the ASCs, microRNA from the eMVs and RNA and microRNA from the HMEC-1

cells after 24 hours of cell migration.

Gene expression analysis

Total RNA was isolated from ASCs in silica-membrane columns with the Qiagen

RNesasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
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MirVana miRNA isolation kit (Life Technologies) was used to extract microRNA from
the cells, and miRNeasy Serum/Plasma Kit for the microRNA isolation from MVs,
according to the manufacturer’s instruction.

RNA and microRNA quantity was determined with Nanodrop ND-1000
spectophotometer (Nanodrop Technologies). Isolated total RNA was reverse-
transcribed into cDNA using High Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA, USA), and microRNA with the TagMAn advanced miRNA assay (Life
Technologies). Gene expression analysis was carried out by quantitative PCR using
TagMan® Gene Expression assays (Applied Biosystems; Supplementary table 2),
and the Applied Biosystems Prism 7900HT Sequence Detection System (Applied
Biosystems) according to manufacturer’s instructions. Gene expression data are
expressed as target gene mMRNA expression relative to the correspondent

housekeeping gene expression.

Western Blot analysis

Protein was extracted from total cell lysates by using RIPA buffer (50 mM Tris—HCI pH
8, 150 mM NaCl, 1% NP-40, 0.5% sodium Deoxycholate, 0.1% SDS) or from 48 hours
cell supernatant. Protein concentrations were measured with Pierce BCA Protein
Assay Kit (ThermoScientific). Twenty-five micrograms of protein were resolved by 1-DE
under reducing conditions onto 10% SDS-PAGE gels and electrotransferred to
nitrocellulose membranes. After blocking for non-specific binding with 5% of Bovine
Serum Albumin (BSA; MP Biomedical) or Blotto, membranes were incubated with
primary antibodies, including TF (4501-Sekisui Diagnostics), Endostatin (ab109660-
abcam) and VEGF (ab51745-abcam). Band detection was performed using a
chemiluminiscent substrate dye (SuperSignal® West Dura Extended Duration
Substrate, Thermo Scientific, Waltham, MA, USA) and a molecular imager ChemiDoc
XRS System, Universal Hood Il (BioRad, Hercules, CA, USA). Band quantification was
performed with Image Lab 4.0 software (BioRad laboratories, Hercules, CA, USA).
Protein load was normalized with total protein staining, and normalization between
different membranes was performed with a common pool in every gel, as previously
described [24].

Statistical analysis

Non-parametric Wilcoxon or Mann-Whitney analyses were performed to analyze

differences between tissues. Data are expressed as mean = SEM unless stated. The

149



RESULTADOS

level of significance was set at p<0.05. All analyses were conducted with StatView

software.
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Results

Sample characterization

Heart adipose tissue and LAD coronary arteries were collected at the operating room
during heart transplantation surgery. LAD coronary arteries were classified according to
the AHA classification from intimal thickening (IT) to type VI and total occlusion (TO)
(S. Figure 2A-H). ASCs were isolated immediately after tissue dissection, harvested
and characterized by their adherence to plastic, their ability to differentiate into multiple
cell lineages and the expression of different cell surface markers. ASCs were positive
to CD29, CD44, CD73, CD90 and CD105, characteristic mesenchymal stem cells
surface markers and negative for the hematopoietic marker CD45 and the monocyte
marker CD14 (Figure 2A). These results show that the adipose tissue covering the

human heart is a repository for stem cells.

Proliferation and viability of ASCs from the different adipose tissue depots

The proliferative rate of ASCs obtained from VMAT (mASCs) was always higher than
that ASCs obtained from PVAT (pASCs) (Figure 2B), however, the main change was
observed during the first 4 days, thus, the calculated doubling time of mASCs and
pASCs was almost the same during the days 6 and 8 (Figure 2C). Interestingly, the
cellular viability MTS assay demonstrated a significantly higher viability in mASCs than
in pASCs (P=0.001; Figure 2D) after 24 hours in culture.

In vitro angiogenic related gene expression of apex EAT and PVAT derived ASCs

In order to evaluate the angiogenic potential of mMASCs and pASCs different angiogenic
related genes were measured. pASCs showed a significantly higher mMRNA expression
of VEGFA compared with apex derived ASCs (N=15; P=0.04; Figure 3A), and a
significant reduced mRNA level of COL18a1 (N=15; P=0.02; Figure 3B). Instead
pASCs and mASCs showed similar mRNA expression levels of TF (N=12; P=0.24;
Figure 3C), FGF2 (N=6; P=0.46; Figure 3D) and TIE2 (N=7; P=0.31; Figure 3E).

Protein levels of TF and endostatin were also measured by western Blot and a non-
significative higher level of TF on pASC compared to mASC (P=0.093; S. Figure 2A)
was observed. Endostatin levels were measured both in cells and secretome, but no
differences were observed between tissues (S. Figure 2B-C)

Ability of both ASCs to form tube-like structures was investigated. Both mASCs and
pASCs had similar capacity to induce tube-like formation in matrigel cultures (S. Figure
3A and 3B, N=9; P=0.21). The ability to form tubes by pASCs derived from LADs with
mild atherosclerosis (N=4; IT to grade Ill) and pASCs derived from LAD with severe
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atherosclerosis (N=5; grade IV occlusion to TO) was not significantly different (S.
Figure 3C)

Effect of obesity and diabetes on eASCs released microvesicle function

Because of the impact of obesity in adipose tissue accumulation and fat characteristics,
we investigated whether mASCs derived microvesicles (mMVs) could exert a
regulatory effect on human microvascular endothelial cell proliferation. First, we
observed that mMASCs from obese non-diabetic patients release less mMVs than those
ASCs from obese diabetic patients (P=0.06; Figure 4A). Interestingly, obese and
diabetic mASCs-released mMVs have significantly higher levels of Annexin V than
those released by non-obese non-diabetic patients (P=0.03; Figure 4A). Annexin V
binds to phosphatidylserine that is usually exposed in the outer leaflet of the plasma
membrane of cells that are activated or apoptotic and released in the microvesicles.
Next, we analyzed whether these MVs were also positive for TF, because previous
studies in our group have described that TF rich microvesicles increase angiogenesis
in ischemic tissue [25]. The mMVs from mASCs of non-obese and non-diabetic
patients (total or Annexin V positive) contain significantly higher TF amount than those
of mMASCs from obese non-diabetic patients (P=0.004 and P=0.02 respectively; Figure
4A). mMVs from mASCs of obese non-diabetic patients also contain less TF than
mMVs from mASCs of obese diabetic patients (P=0.02; Figure 4A).

We then analyzed the microRNA (miRNA) composition of those eMVs. We analyzed
two different miRNA that have been implicated in ASCs and the angiogenic process as
miRNA 126-3p and miRNA 145-5p [26,27]. We found than mMVs from mASCs of non-
obese non-diabetic patients had significantly higher content of miRNA 126-3p than
those mMVs from mASCs of obese diabetic patients (P=0.05; Figure 4B). Non-
significant change was observed on miRNA 145-5p (Figure 4C).

To evidence the effects of MASCs secreted mMVs on human microvascular endothelial
cells function, we first performed a MTS viability assay and no significant effects on cell
viability after treatment with mMVs was observed, however HMEC cells treated with
mMVs from non obese non diabetic patients showed a non significant improvement on
HMEC viability (S. Figure 4A).

The effect of mMASCs secreted mMVs on HMEC-1 migration showed that, after 10
hours of incubation, those wounds treated with mMVs-free secretome were significantly
less able to repair the wounded area compared with those treated with mMVs rich
medium (P=0.05; Figure 4D), with the highest effect seen when HMEC-1 cells were
treated with mMVs released by mASC from obese diabetic patients (S. Figure 4B-D).
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To evidence the effect of mMVs on receptor HMEC-1 cells we analyzed the mRNAs
and the miRNAs expressions in the receptor cells that had been incubated with the
supernatants of EAT-ASCs. We observed no change on TF expression (Figure 5A)
nor in miRNA 126-3p (Figure 5C) and miRNA 145-5p (Figure 5D), but a significant
increase on VEGFA (Figure 5B) expression induced by both total CM (P=0.01) and
mMVs free medium (P=0.01), implying effects independent of MVs but associated to

soluble factors.

These results indicate that obesity and diabetes impact on the pro-angiogenic capacity
of resident stem cells and explain the low spontaneous regenerative efficacy of stem

cells in patients with metabolic syndromes.
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Discussion

The EAT has emerged as a depot with a distinctive biological significance in cardiac
function. Moreover, it is a reservoir of ASCs, with yet undefined effects on the potential
regeneration of ischemic tissue. Here, we show that ASCs contained in different EAT
locations obtained from patients with advanced heart failure requiring transplant have

distinct functional properties.

The relationship of the adipose tissue with CVD has been widely studied [28,29].
Around 80% of the heart is covered by visceral ectopic adipose tissue depots, which in
lean subjects is considered cardioprotective because of the secretion of anti-
inflammatory and anti-atherogenic adipokines. However, an excess and thickness of fat
around the heart, usually measured by imaging techniques, has been associated to
CVD [16,30]. Although imaging has brought a growing interest on the presence of heart
EAT, it has not been possible to functionally study this adipose tissue as widely as it

has been done with other more accessible depots [31].

The ectopic visceral adipose tissue covering the heart can be sub-classified by
location, as perivascular fat and fat directly overlying the myocardium, with blood
supplies directly derived from the coronary arteries and their branches [32,33]. The
function of the stem cells found in these adipose tissue depots has not been studied in-
depth. This study has focused on the identification, isolation and comparison, for the
first time, of the ASCs covering the LAD (PVAT) and the ASCs covering the ventricular
myocardium at the apex (VMAT) of hearts explanted during heart transplant
operations. These ASCs were characterized by their adherence to plastic as well as by
the expression of different stem cell markers (CD90, CD105, CD44, CD29 and CD73)
and the absence of the leukocyte marker CD45 and the innate immune system marker

CD14. Thus, both fat locations have a significant amount of resident stem cells.

We have observed that mASCs have a higher proliferative rate and growth kinetics
than pASC, which might suggest that mASCs are cells with an active participation in
local regenerative activity and homeostasis. Due to the angiogenic activity of adipose
tissue [34], we investigated the genomic angiogenic-profile of these cells. Even though
there are many proteins involved in the angiogenic process, VEGF is undoubtedly the
most important angiogenic factor. It is a potent mitogen for endothelial cells (ECs),
involved both in the development of the vascular system and the induction and
maintenance of the neovasculature in tumors. VEGF binds to any of the tyrosine kinase

receptors (VEGFR1 or VEGFR2), which induce the phosphorylation of the tyrosine
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residues, thus activating intracellular signaling pathways involved in EC proliferation,
migration and survival [35,36]. On the other hand, COL18A1 is a gene that encodes the
anti-angiogenic protein endostatin in its C-Terminal domain [37]. Endostatin inhibits EC
proliferation and migration and induces EC apoptosis by the blocking the binding of
VEGF with the tyrosine receptor KDR (VEGFR-2) [38]. We found that pASCs, express
a higher amount of VEGFA, as well as a reduced expression of COL18A1, compared
with the mASCs, suggesting a coordinated regulation of angiogenesis through these
two proteins by EAT derived ASCs, which is increased on pASC, in direct contact with
the LAD compared with mASC. By contrast, no differences by location were achieved
in other genes as TF, TIE2 and FGF-2. The role of these genes in angiogenesis is well
established [39-41]; in fact, FGF-2 induce the formation of new capillary like tubules on
HMEC cells [42]. However, in line with our results, in previous studies no differences
were observed when comparing the expression of FGF-2 in ASC from different
sources, but changes on this proteins were obtained as a result of the age of the donor
[43]. TIE-2 is related with the ANGPT system [44]; thus, a deep study on this pathway

is needed for the better understanding of this new source of epicardial ASC.

Few studies have analyzed the presence and function of heart adipose tissue-derived
stem cells, neither in animal [45,46] nor in human [19] models, and in none of them
their angiogenic potential has been analyzed and compared. Previous studies in our
group have showed how ASCs derived from the subcutaneous adipose tissue,
independently of the BMI, have no ability to form tubes in a matrigel-based experiment
[11], but here we demonstrate for the first time, that both mASCs and pASCs, when
seeded in a 3D matrigel surface and cultured with EGM-2 medium, are able to form
capillary-like ring structures, independently of cardiac fat location and of
atherosclerosis severity in the LAD indicating a proangiogenic function. More studies
are needed to analyze the influence of different co-morbidities on heart adipose tissue
and its derived ASC.

Angiogenesis is mediated not only by VEGFA [47] and COL18A1 [48], but also by
many other genes, such as fibroblast growth factor (FGF), angiopoietin | and II
(ANGPT I-11) [41] and NOTCH [49] among others, and target cells include endothelial

cells (EC) and vascular smooth muscle cells (VSMCs) [50,51] were involved.

In fact, a coordinated reaction between different cellular types and metabolic factors is
needed for the correct development the angiogenic process [52]. It would also be of
great interest to analyze the adipokines secreted by these EATs and resident ASCs to
further characterize both epicardial heart depots and their potential implication on

myocardial self-regeneration.
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Spontaneous regeneration of damage tissue may be accomplished not only by ASCs
differentiation and also by ASC-released microvesicles (MVs) and exosomes [53,54].
MVs are small particles with a diameter ranging from 0.10 to 1.00 um released by many
cell types, including ASCs [55]. The potential of MVs released by ASCs to improve
HUVEC migration, proliferation and angiogenesis has been reported [56,57]. Many
studies support the concept of a proangiogenic effect of MVs depend on their
composition, conferring to them a dynamic storage pool of bioactive molecules that
play essential roles in cell-cell cross talk. In this way, MVs can provide intercellular
communication by delivery of miRNAs to influence transcription and altering genetic
processes. miRNA126-3p is one of the more important miRNAs in angiogenesis [58],
and it has been described to be present in MVs. In line with these results, we have also
demonstrate that heart mASCs from non-obese and non-diabetic heart failure patients
release mMVs, rich in miRNA126-3p, that improve microvascular endothelial cells
(HMEC-1) viability and are more effective than mASCs conditioned medium (CM), or
mMVs depleted medium in inducing angiogenesis. mMVs also increase HMEC-1
migration rate, independently on the presence of CVRFs, and HMEC-1 wounds in vitro
are closed faster when treated with mMVs from obese diabetic patients. In this regard,
it has been reported that MVs released from subcutaneous ASCs of obese subjects
have impaired pro-angiogenic potential and harbour reduced VEGF, MMP-2 and miR-
126 content than those released by ASCs of non obese subjects, reducing their
capability to promote EC migration and tube-like structure formation [26]. In addition,
previously we have found that TF rich MVs increase neovascularization in ischemic
tissue [23], and here we observed that mMASCs have high levels of TF that may induce
the angiogenic properties of these MVs and are decreased in obese and diabetic
patients. HMEC-1 treated with eASCs supernatant (CM, MVs free medium or MVs rich
medium) increase the expression of VEGFA, suggesting a potential way of action of
ASCs extracellular particles (not only MVs, but also exosomes and other secreted
factors). TF induces angiogenesis by ETS1 transcription factor [59] and VEGF is a
target gene of ETS1 [60]. However, more experiments on this field should be carried
out to elucidate the precise mechanism of action of each different extracellular particle

depending of ASCs origen.

Limitations

As a limitation we have to report the low number of cases in this study but the number

of heart transplants in one single hospital is low. Organ donations are distributed

among patients waiting lists in many different hospitals. The methods and technologies
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here reported have to be performed immediately with hearts directly obtained by
research investigators waiting at the surgical room to receive the excised heart. At the
annex of the operating room the hearts are sampled and taken from the operating room
within minutes in the appropriated buffers to the cell biology laboratory for further
processing. Therefore only in-hospital transplants could be used. Many other genes

and pathways would be analysed if more heart were available.
Conclusions

In the present study we demonstrate for the first time that hearts from patients with
advanced heart failure requiring transplant, have ASCs in their different heart adipose
tissue depots, and that these ASCs have distinct functional properties. Additionally, we
have demonstrated the potential role of mASCs-derived microvesicles on endothelial
cell migration that could represent a promising strategy to stimulate spontaneous
regeneration and repair in rarefaction areas of the damaged myocardium. Tissue
activation and mobilization of resident ASCs could be a potential mean to reduce

progression of disease in failing hearts.
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Table 1. Clinical characteristics of the study patients

Variables Patients
N 30
Age (Years) 54 +3
Sex (M/W) 19/11
BMI (Kg/m?) 27410
Obesity (%) 33.3%
Overweigh (%) 20%
Preserved FE (%) 20%
CVRFs 2+1
Smoking (%)* 23 %
HTA (%)** 47%
DM (%)** 17%
DLP (%)** 57%

* Five years ex-smokers were considered non-smokers. ** Treated as per
guidelines. CVRF’s, cardiovascular risk factors. HTA, hypertension. DM,
Diabetes Mellitus. DLP, Dyslipidemia. Values are expressed as mean + SD or as

percentages, when indicated.
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Figure 1. Study design. Ventricular myocardium adipose tissue (VMAT) and perivascular (PVAT)
adipose tissue were obtained during heart transplant surgery. ASC were immediately isolated and
phenotypically characterized by flow cytometry.
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every day after and plotted in a line-curve graph. C) Population doubling time (PDT) of mASC and

pASC measured every two days from 10 days. D) MTS viability assay. (**p<0.01)
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Figure 3. Box-plot diagram showing ASC genomic profile. A) Differential protein expression of
VEGFA in mASC and pASC. B) Differential protein expression of COL18a1 in mASC and pASC. C)
Differential protein expression of TF in mASC and pASC. D) Differential protein expression of FGF2
in mMASC and pASC. E) Differential protein expression of TIE2 in mASC and pASC. (*p<0.05;
**p<0.01)
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Figure 5. Effect of mASC derived MVs on HMEC-1. Genomic changes of HMEC-1 cells produced
by the treatment with mASC total medium, mMVs depleted medium or mMVs rich medium. A)
HMEC-1 VEGFA gene expression. B) HMEC-1 TF gene expression. C) HMEC-1 miR126 gene
expression. D) HMEC-1 miR145 gene expression. *p<0.05)
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Supplementary data.

Supplementary table 1. Adipogenic and osteogenic conditional medium composition.

Adipogenic Osteogenic Negative control

DMEM 82% 88% 89%

FBS 10% 10% 10%

P/S 1% 1% 1%
Dexametasone 1uM 100 nM -
Indometacine 200 uM - -
Insulin 10 pg/ml - -
IBMX 0.5 mM - -
B-glycerophosphate disodium - 10mM -
Ascorbic acid - 0.05mM -

DMEM, dulbecco modified Eagle’s medium; FBS, Fetal bovine serum; P/S, Penicillin/Streptomycin; BMX,
3-isobutyl-1-methylxanthine

Supplementary table 2. Tagman gene expression assays

Gene Reference
GAPDH Hs02758991_g1 RNA housekeeping gene
F3/TF Hs00175225_m1
VEGFa Hs00900055_m1
Col18A1 Hs00181017_m1
miR 186-4p 477940 _mir miRNA housekeeping gene
miR 126-3p 477887 _mir
miR 145-5p 477916_mir

VEGFA-Vascular endothelial growth factor A; COL18A1- Collagen type XVll-alpha 1 chain;
F3 — Factor 3, Tissue factor; GAPDH; Glyceraldehyde 3-phosphate dehydrogenase;
GAPDH-).
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Supplementary Figure 1

A B

Supplementary Figure 1. A-H) LAD coronary arteries classification. According to the American
heart association, LAD coronaries were classified from intimal thickening (IT) to type VI and total

occlusion (TO).
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Supplementary Figure 2. Change in protein levels measured by Western blot. A) Tissue factor

protein expression in mASC compared with pASC. B) Endostatin protein expression in mASC
compared with pASC. C) Endostatin protein expression in mASC supernatant compared with pASC

supernatant.
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Supplementary Figure 3

w
(¢}

22666
20066
1.75E6 1
1.50E6
12566 I
1.00€6
7.50E6
5.00E5
2.50E6 1

i

-
-

i

SN &

Tube lenght (%Area)

g

Tube lenght (%Area)
g8

g

g
o 8

¥
g3

$
g

s

MASe
PASE

o
&
~

Supplementary Figure 3. Tube-like formation assay. A) Representative image of 3D-matrigel-
tube formation in mASC and pASC. B) Box plot comparing the tube length from the mASC and the
pASC. C) Bar chart comparing the tube formation potential of pASC from non-occluted LAD

coronaries and from occulted LAD coronaries.
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Supplementary Figure 4
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Supplementary Figure 4. Influence of different CRF on mMVs proliferation potential. A) MTS
viability assay. Change on HMEC-1 viability when treated with mMVs from patients with different
number of CVRFs. B) Healing rate line diagram of HMEC-1 cells treated with mASC total medium,
mMVs depleted medium or mMVs rich medium from non-obese and non-diabetic patients. C)
Healing rate line diagram of HMEC-1 cells treated with mASC total medium, mMVs depleted medium
or mMVs rich medium from obese and non-diabetic patients. D) Healing rate line diagram of HMEC-1
cells treated with mASC total medium, mMVs depleted medium or mMVs rich medium from obese
and diabetic patients (*P=0.05).

170



RESULTADOS

ARTICULO 4

“Cardiovascular risk factors and differential transcriptomic profile
of the subcutaneous and visceral adipose tissue and their derived

stem cells”

Carmen Lambert', Gemma Arderiu’, Blanca Ofate’, Carlos Ballesta?,
1,3,4,8

Juan Ybarraz, Lina Badimon

'Cardiovascular Research Center (CSIC-ICCC) and Biomedical Research Institute
Sant Pau (IIB-Sant Pau), Barcelona;

2 Centro médico Teknon, Barcelona

3 Ciber CV, 28029 Madrid, Spain

4 Cardiovascular Research Chair UAB; Barcelona, Spain

Articulo en preparacion

RESUMEN:

Factores de riesgo cardiovascular y perfil transcriptomico de los
tejidos adiposos subcutaneo y visceral y sus células madre

derivadas.

Los factores de riesgo cardiovascular, individualmente o en conjunto,
se han asociado con un mayor riesgo cardiovascular. Entre todos los
factores de riesgo modificables, la obesidad afecta a alrededor del
13% de la poblacién y se caracteriza por la acumulacion de grasa
alrededor del cuerpo. Sin embargo, la ubicacion de este tejido adiposo
sigue siendo importante para medir el riesgo cardiovascular y no todos
los depdsitos de grasa inducen el mismo riesgo. En nuestro estudio
hemos investigado el efecto de diferentes factores de riesgo

cardiovascular, sobre la composicion del tejido adiposo subcutaneo y
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visceral y su reservorio ce células madre. Se utilizé un enfoque
transcriptomico para comparar los diferentes perfiles angiogénicos e
inflamatorios de los depédsitos de grasa subcutanea y visceral de
individuos obesos, asi como sus células madre adiposas (ASC).
Finalmente, se aislaron las microvesiculas derivadas de ASC y se
analizé su potencial regenerativo. De los 21 genes analizados, sélo 3
aparecieron disminuidos en el tejido adiposo subcutaneo en
comparacion con el visceral. Ademas, encontramos que, tanto en el
tejido adiposo visceral como en sus ASC, se observa una regulacion
positiva de la via del VEGFA. Finalmente, se estudi6 el papel de las
microvesiculas secretadas por las ASC en el proceso de regeneracion
celular mediante un ensayo de migracion con células endoteliales, en
el que se constaté la importancia de las particulas extracelulares en el
proceso de regeneracion. En resumen, el tejido adiposo subcutaneo
de pacientes obesos, expresa un mayor numero de moléculas
angiogénicas que su grasa visceral, independientemente de la
presencia de otros factores de riesgo cardiovascular. Ademas, hemos
demostrado el papel fundamental de las microvesiculas extracelulares

de ASC en las propiedades angiogénicas del tejido adiposo.
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Abstract

Background. Cardiovascular risk factors, individually or as a cluster, have been
associated with an increased cardiovascular risk. Among all the modifiabled risk
factors, obesity affect around the 13% of the total population being characterized by fat
accumulation around the body. However, the location of this adipose tissue remains
important in order to measure the cardiovascular risk and not all the fat depots induce
the same risk. In our study we have investigated the effect of different CVRFs, on the
subcutaneous and visceral adipose tissue composition and their mesenchymal

reservoir.

Methods. A transcriptomic approach was used to compare the different angiogenic
and inflammatory profile of the subcutaneous and visceral fat depots from obese
individuals as well as their derived adipose stem cells (ASC). Influence of other risk
factors in fat composition was also measured. Finally, ASC derived microvesicles were
isolated and their potential regenerative potential analyzed by molecular and cellular

analysis.

Results. From the 21 angiogenic-related genes analyzed, only 3 appeared decreased
on the subcutaneous adipose tissue compared with the visceral. ASC from both fat
depots were also isolated and compared, finding a significant up-regulation of the
VEGF-pathway on the visceral derived ASC. Finally, the ASC released microvesicles
were used to improve the wound-healing rate on human microvascular endothelial

cells.

Conclusions. The subcutaneous adipose tissue from obese patients, expresses a
greater number of angiogenic molecules than their visceral fat, independently on the
presence of other CVRFs. Also, we have demonstrated the pivotal role of ASC

extracellular MVs on the angiogenic properties of the adipose tissue.
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Introduction

The adipose tissue (AT) is widely distributed all around the organism, and constitute
between 15 and 25% of the total body mass, achieving up to 40% of body mass on
obese individuals due to its plasticity in adulthood "2 AT is of mesenchymal origin, and
it can be subdivided in white AT (WAT) and brown AT. AT is a heterogeneous organ
due not only to the existence of different AT types, but also because of its multi-depot
distribution. Although WAT is distributed throughout the body, its principal deposits are
peripheral subcutaneous tissue (SAT) that is present on hips and thighs, where it acts
as an energy storage system, and the visceral or intra-abdominal region (VAT), where
it protects against possible trauma. There is substantial evidence that accumulation of
VAT shows a higher angiogenic potential and more acute inflammatory profile,
conferring a much higher cardiovascular risk than SAT, instead, a protective role
against cardiometabolic disease has been attributed to SAT *°. Moreover, not all the
VAT depots exhibit the same behaviour in relation to obesity-associated inflammation
and metabolic disturbances, three different VAT depots (mesenteric, omental, and
periaortic), from patients with cardiovascular disease (CVD), show important
differences in their inflammatory profile °.

VAT and SAT show different adipokine expression profiles, distinct functions,
morphologies, distributions, vascular density, and innervations "®, but both are
composed by mature adipocytes and several other cells including preadipocytes,
endothelial cells, and inflammatory cells, being considered as a large and accessible

2,9,10

reservoir of mesenchymal stem cells , which all together compose the stromal

vascular fraction (SVF) '.

AT is connective tissue specializes in accumulating fat into adipocytes, being therefore
considered an energy storage and endocrine organ. However, in the last decades,
adipose tissue has also been considered a rich source of adult stem cells, denoted as
adipose-derived stem cells (ASCs) 2. ASCs are currently the focus of interest in the
field of inducible spontaneous regeneration and cell therapy *'. Although ASCs have
been shown to participate in tissue repair, their precise mechanism of action is still
unknown. Many groups have focused on the ASCs isolated from the AT, and it is

believed that their most relevant mechanism proceeds via paracrine actions "*~'8,

There are some studies, both in human and animal models, reporting the different
behavior of ASCs depending their origin (VAT or SAT) and their role on angiogenesis,
there is little agreement on the functional depot specificity effect of the WAT &'119-21,

The aim of this study was to identify and validate genes transcribed by VAT and SAT of
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the same obese individuals, not only by their total fat tissue, but also in their isolated
ASCs. We also investigated the effect of comorbidities (CVRF) in addition to obesity on
WAT angiogenic capacity.

Besides this general data, all the WAT characteristics and properties are depot-
specific. Therefore, it is important to study each depot individually for the better

understanding of this paracrine organ 8%,
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Materials and Methods
Patient recruitment and adipose tissue sampling

Subcutaneous abdominal white adipose tissue (sWAT) and visceral white adipose
tissue (VWWAT) were obtained via surgical resection from young individuals with morbid
obesity (BMI > 40 kg/m? n = 22) that underwent bypass gastric surgery. In these obese
patients, WAT was obtained simultaneously from subcutaneous and visceral depots
during surgery. Additionally we collected adipose tissue from young non-obese
individuals (BMI <25 kg/m? n=15) who underwent abdominal lipectomy. Informed
consent was obtained from all donors and the study protocol was approved by the
Centro Medico Teknon Ethical Committee that is consistent with the principles of the
Declaration of Helsinki. Patients used regular medication as recommended in the

guidelines if it was necessary (Table 1).

RNA and cDNA isolation from adipose tissue.

Flash frozen adipose tissue was crushed using mortar and pestle, and then RNA
extraction was performed using a combination of organic extraction with Qiazol
Reagent (Qiagen) and silica-membrane columns with the Qiagen RNesasy Mini Kit
(Qiagen). RNA quantity was determined with Nanodrop ND-1000 spectophotometer
(Nanodrop Technologies). RNA quality was measured using 2100 Bioanalyzer
technology (Agilent Technologies) with the Agilent RNA 6000 Nano Kit (Agilent
Technologies) and assessed by the RNA integrity number (RIN). Only RNA samples

with RIN values over 6 were chosen for real time PCR experiments.

First strand cDNA synthesis was performed using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Life Technologies) from 500 ng of tissue

extracted RNA according to manufacturer's instructions.

Transcriptomic analysis and qPCR

A custom gene expression low density array designed by Applied Biosystems (Life
Technologies) to characterize inflammation and angiogenesis was performed by
quantitative PCR using TagMan® Gene Expression assays (Table 2) using 200 ng of
every sample following manufacturer’'s instructions. TagMan™ fluorescent real-time
PCR primer used for TF (Hs00175225_m1), VEGFA (Hs00900055 m1), miR126-3p
(477887_mir), miR145-5p (477916_mir) and GAPDH (Hs99999905 m1), GUSB
(Hs99999908 m1) and miR186-5p (477940_miR) (Applied Biosystems) which were
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used as endogenous control. PCR data was analyzed with RQ Manager 1.2.1 and
DataAssist 2.0 softwars (Applied Biosystems, Life Technologies) against the endogens

controls to obtain expression values for every gene (2°%).

Bioinformatic analysis

The statistically significant neural network and the canonical pathway in which the
studied genes were involved were generated with IPA software (Ingenuity System,
www.ingenuity.com). The functional analysis of a network was used to identify new
target genes involved in the predicted pathways analysed. The network molecules
associated with biological functions and/or diseases in the Ingenuity Knowledge Base

were considered for the analysis.

ASCs isolation and characterization

Subcutaneous and visceral omental adipose tissues were washed with sterile
phosphate buffered saline (PBS) supplemented with 100 U/ml of penicillin and 100
pg/ml of streptomycin. Tissue was digested into a type | collagenase solution (1 mg/ml;
Sigma-Aldrich, St. Louis, MO, USA) and incubated for 1 hour in a 37°C pre-warmed
orbital shaker. Collagenase activity was neutralized with the same amount of fetal
bovine serum (FBS; Biological Industries, Kibbutz Beit-Haemek, Israel) and the
suspension filtered through a 100 pm mesh filter to eliminate remaining tissue
fragments, then the solution was centrifuged at 1200 rpm for 10 min to separate the
adipocytes and to obtain the stromal vascular fraction (SVF). Isolated SVF cells were
counted and either analyzed by flow cytometry or plated onto a 25 cm2 culture flasks.
After 24 hours, non-adherent cells were removed and the medium replaced. Cells were
expanded in a humidified environment at 37°C with 5% CO,, and maintained at
subconfluent levels prior to phenotypic profile analysis. The identity of ASCs was
defined by using the following criteria: adherence to plastic, cell surface antigen
phenotyping and differentiation into multiple cell lineages. All analyses were performed
between passages 3 to 4.

For cell cytometry characterization, cell surface antigen phenotype was performed on
ASCs of the SVF at passage 3 (P3). The following cell-surface epitopes were marked
with anti-human antibodies: CD 105, CD 44, CD 29, CD 90, CD 73, CD 45 and CD 14.
1x10° cells at P3 or 1 mL of the SVF were suspended in flow cytometry buffer (PBS,
0.1% BSA, 0.1% sodium azide) and incubated for 30 min at 4°C with the corresponding
antibodies. After that, reaction was stopped by adding 500 pL of flow cytometry buffer
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or 250 pL of Quicklysis reagent (Cytognos) in the case of the SVF. Quicklysis was
incubated for 15 min at room temperature to eliminate erythrocytes and reaction
stopped by adding other 250 uL of flow cytometry buffer.

Cellular events (at least 30,000 in the case of P3 cells and between 10,000 and 60,000
in the case of the SVF) were acquired and analysed by Fluorescence-activated cell
sorting using Coulter EPICS XL flow cytometer (Beckman Coulter) running Expo32

ADC XL 4 colour software (Beckman Coulter).

MTS viability/proliferation analysis

Cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfopheny)-2H-tetrazolium (MTS) assay (CellTiter 96
Aqueous One Solution cell proliferation assay kit; Promega). For this assay, 15x10°
cells were seeded in triplicates into 96-well plate, and 24 h later, 10 ml of MTS per well
were added and then incubated for other 2 hours while MTS tetrazolium is reduced to
formazan (490 nm absorbance) by the metabolically active cells. The absorbance was
then quantified. Formazan production was directly related with the number of cells alive

in the culture.

Microvesicles isolation

ASCs derived microvesicles (MVs) were isolated by ultracentrifugation of P3 cell
supernatants as previously described % Briefly, fresh supernatants were firstly
centrifuged at 900 g for 15 minutes to eliminate cell debris and then at 20,000 g for 45
minutes to isolate the MVs as a pellet. MVs concentration was determined by flow
cytometry. For that, MVs were washed with a PBS-citrate buffer and centrifuged again
at 20,000 g for 30 minutes. MVs were extracted with PBS-citrate buffer and incubated
with Annexin V (CF Blue ANXV, Immunostep) and anti-TF antibody (FITC conjugated
4508CJ, Sekisui). Samples were then diluted with Annexin V binding buffer (BD
Bioscience) to stop the reaction and then analyzed on a FACSCantoll™ flow cytometer

(BD Bioscience).

Cell Migration and wound healing Assay

For the cell migration assay, human microvascular endothelial cells (HMEC-1) (ATCC)
were used. Briefly, 2.3x10* ASCs were seeded into 100 mm dish and cultured with
MCDB 131 medium supplemented with 10% of FBS for 48h to allow cells to secrete
MVs. The day after, 2.5x10° HMEC-1 cells were seeded into a culture-Insert 2 well dish
(Idibi) and kept with MCDB 131 supplemented with 10% of FBS overnight. MVs from
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the ASCs supernatant were isolated and before performing the experiment, the insert
was removed by using sterile tweezers and the dish washed with PBS to remove cell
debris. Cells were treated with 600 pl of: A) Conditional medium from ASCs after 48h of
culture; B) Conditional medium from ASCs without MVs after 48h of culture; and C)
ASCs derived MVs rich medium. In all conditions medium was supplemented with 2%
of FBS. Cell migration and wound repair were controlled every 2 hours for 12 hours.
Wound areas were analyzed by using Image J software. Protein, RNA and microRNA
were isolated from the ASCs, microRNA from the MVs and RNA and microRNA from

the HMEC-1 cells after 24 hours of cell migration.

Gene expression analysis from ASCs

Total RNA was isolated from ASCs in silica-membrane columns with the Qiagen
RNesasy Mini Kit (Qiagen) according to the manufacturer’s instructions.

MirVana miRNA isolation kit (Life Technologies) was used to extract microRNA from
the cells, and miRNeasy Serum/Plasma Kit for the microRNA isolation from MVs,
according to the manufacturer’s instruction.

RNA and microRNA quantity was determined with Nanodrop ND-1000
spectophotometer (Nanodrop Technologies). Isolated total RNA was reverse-
transcribed into cDNA using High Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA, USA), and microRNA with the TagMAn advanced miRNA assay (Life
Technologies). Gene expression analysis was carried out by quantitative PCR using
TagMan® Gene Expression assays (Applied Biosystems), and the Applied Biosystems
Prism 7900HT Sequence Detection System (Applied Biosystems) according to
manufacturer’s instructions. Gene expression data are expressed as target gene

mRNA expression relative to the correspondent housekeeping gene expression.

Western Blot analysis

Protein was extracted from total cell lysates by using RIPA buffer (50 mM Tris—HCI pH
8, 150 mM NaCl, 1% NP-40, 0.5% sodium Deoxycholate, 0.1% SDS) or from 48 hours
cell supernatant. Protein concentrations were measured with Pierce BCA Protein
Assay Kit (ThermoScientific). Twenty-five micrograms of protein were resolved by 1-DE
under reducing conditions onto 10% SDS-PAGE gels and electrotransferred to
nitrocellulose membranes. After blocking for non-specific binding, membranes were
incubated with primary antibody; TF and beta-actin. Band detection was performed
using a chemiluminiscent substrate dye (SuperSignal® West Dura Extended Duration
Substrate, Thermo Scientific, Waltham, MA, USA) and a molecular imager ChemiDoc

XRS System, Universal Hood Il (BioRad, Hercules, CA, USA). Band quantification was
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performed with Quantity-One software (BioRad laboratories, Hercules, CA, USA).

Protein load was normalized with beta actin.

Statistical analysis

Data are expressed as mean and standard error unless stated. N indicates the number
of subjects tested. Statistical analysis was performed with Stat View 5.0.1 software
(Abacus Concept). Kolmogrow-Smirnov test was performed to assess sample
normality and then, non-parametric Willcoxon or Mann Withney analysis or parametric
t-test analysis was performed depending on the compared samples and gene

expression distribution. A P-value < 0.05 was considered significant.
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Results

Influence of obesity on the subcutaneous adipose tissue and ASCs profile

A custom gene expression assay was first performed to assess the differential gene
expression of 24 genes in subcutaneous adipose tissue (sWAT) obtained from obese

or non-obese individuals (Figure 1A; Supplemental table 1).

A significant up-regulation of genes involved in inflammation, immunity and cell
proliferation was observed in the sWAT of obese compared to non-obese individuals;
AGER, CAPG, CD34, CD68, IFI30, NOTCH3 AND SPP1 (Table 3; Figure 1B). On the
contrary, three genes involved in angiogenesis and one involved in energy
homeostasis were down-regulated in sWAT of obese compared to non-obese
individuals; DLL4, PLIN2, VEGFA and PNPLA2 (Table 3; Figure 1B). Also, a direct
correlation between BMI and the gene expression was observed in AGER, ANGPT2,
CD68, IFI30, NOTCH3 and SPP1 (Supplementary Figure 1 A-F), whereas an inverse
correlation was achieved for DLL4, PLIN, PNPLA2 and VEGF (genes that were down-
regulated due to obesity) (Supplementary Figure 1 G-J).

Ingenuity Pathway Analysis (IPA®) data was used to identify new targets of the
networks affected by this changes. The main affected network was related to the
“cardiovascular system development and function, tissue and cell morphology”, with a

score of 38 and 16 of our studied genes involved (Supplementary Figure 2A).

Next, we investigate the angiogenic potential of the ASCs from the sWAT of those
obese and non-obese subjects and we found non-significant changes on the analyzed

genes due to obesity (Figure 2).

Influence of fat location on the genomic profile of the adipose tissue and their
ASCs

Subcutaneous and the visceral adipose tissue and their derived ASCs, obtained
simultaneously from the obese patients during bariatric surgery, were investigated

(Figure 3A; Supplemental table 1).

This sWAT from obese individuals was previously compared with sWAT from non-
obese (Figure 1). sWAT showed higher expression levels compared to VWAT of
different genes involved in inflammation and angiogenesis, ANGPT1, ANGPT2, CAPG,
CD68, NOTCH3, PECAM1, PTX3, SERPINF1, SPP1, TEK and TNC as well as in
PNPLA2, which are involved in energy homeostasis. In contrast, AGER, PGF and
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VEGFA were non-significantly less expressed in sWAT compared with vVWAT (Figure
3B; Table 4).

To elucidate whether obesity was the main cause of these changes or on the contrary
other CVRFs were involved, we decided to exclude those obese subjects without any
other CVRFs, and evaluate again the genes of study discovering that most of these
genes maintain the trend previously observed in sSWAT and vVWAT, except for PTX3,
which lost the significance and IFI30, which achieved a significant higher expression in
sWAT compared with VWAT (Table 4).

Next, we investigated each CVRFs independently. First, we compared expression
levels in subcutaneous and visceral fat of obese/diabetic and obese/non-diabetic
subjects. There was no significant difference due to diabetes in SWAT nor in VWAT
gene expression (Supplemental Table 2). However, comparative analysis of sWAT
and VWAT from obese diabetic patients showed one gene that was significantly higher
expressed in sSWAT, NOTCHS3. In contrast, when obese non-diabetic patients were
analyzed, eleven genes were significantly modified, all of them overexpressed in the
sWAT; ANGPT1, ANGPT2, CD68, DLL4, NOTCH3, PECAM1, PNPLA2, PTXS3,
SERPINF1, SPP1 and TNC (Table 4).

When we studied the effect of dyslipidemia, only one gene was significantly reduced in
sWAT COL18A1. No changes regarding to dyslipidimia were observed in VWAT
(Supplemental Table 3). We also analyzed the different behavior of SWAT and VWAT
of obese DLP patients and we found nine genes overexpressed on sWAT compared
with VWAT; ANGPT1, ANGPT2, DLL4, NOTCH3, PECAM1, PNPLA2, SERPINF1,
SPP1 and TNC. On the other hand, when we compared sWAT and vVWAT of obese
DLP patients, we observed that seven genes were more expressed on sWAT
compared with VWAT; ANGPT1, ANGPT2, DLL4, NOTCH3, PECAM1, PNPLA2,
SERPINF1, SPP1 and TNC. Contrarious, only one gene was reduced in the sWAT
compared with vWAT, PTX3.

Finally, we investigated the effects of arterial hypertension (HT) on the angiogenic
potential of both sWAT and vWAT, and we observed a significant higher expression of
ANGPT1 and a significant reduced expression of TNC on the sWAT of obese HT
patients compared with obese nHT patients (Supplemental Table 4). We also analyze
the genomic changes between sWAT and vWAT of HT patients, finding a higher
expression of six genes in sWAT compared with VWAT; IFI30, NOTCH3, PLINZ2,
PNPLA2, SERPINF1, and TNC. When we analyze those obese nHT patients we
observed that VEGFA was significantly reduced in sWAT. In addition, other eight genes
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showed a higher expression on sWAT compared with vVWAT; ANGPT1, ANGPT2,
DLL4, NOTCH3, PECAM1, SERPINF1, SPP1 AND TNC (Table 4).

We further analyzed the networks in which these genes were involved using the IPA
software analysis to then investigate new targets associated to the observed changes
and found that, since the genes analyzed were the same, the same network as the
observed in the subcutaneous fat was affected; “Cardiovascular system development
and function, tissue and cell morphology”, also with a score of 38 and 16 molecules

involved (Supplemental Figure 2B).

Finally, the comparison of the differential expression of angiogenesis-related genes in
ASCs from these fat depots yielded a significant down-regulation of the proangiogenic
gene TF (P<0.001; Figure 4A) and of microRNA miR126-3p (P=0.015; Figure 4C) in
the subcutaneous derived ASCs, whereas miR145 was over-expressed (P<0.001;
Figure 4D). These changes were reduced but the significance maintained if we
separate patients by the presence or absence of diabetes in all cases but in the case of
miR126 where the significance was lost when comparing diabetic patients (Figure
4A,B and C). Also, we observed a significant increase in the expression of VEGFA in
the visceral ASCs from diabetic patients compared with non-diabetics (P=0.019;
Figure 4B).

Effect of subcutaneous and visceral ASC derived microvesicles in wound repair

In order to analyze the angiogenic potential of these ASCs on endothelial repair, a
wound healing assay with human microvascular endothelial cells (HMEC-1) treated

with the microvesicles (MVs) released by the ASCs was performed.

The number of MVs released by each cell type was measured by flow cytometry. No
differences were found in the number of MVs released by the subcutaneous derived
ASCs (sMVs) or the visceral derived ASCs (vMVs). However, we found that cells from
obese and diabetic patients released more number of Annexin V positive MVs than
cells obtained from obese non-diabetic patients (P=0.014; Figure 5A). When we
separated groups by adipose tissue location, we found that this significance was only
maintained in the sMVs (P=0.028; Supplementary figure 3A), but disappeared in the
vMVs (Supplementary Figure 3A). Moreover, we found a significant increased

expression in the miRNA-145 from the sMVs compared with the vMVs (Figure 5B)

Next, we studied how these MVs affect the HMEC-1 by using a MTS viability assay.
For these we treated HMEC-1 with normal conditioned medium (CM) from ASCs, CM

without MVs (MVs free) and finally medium rich in MVs (MVs*"), and found that, even
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thought there were non significant differences, HMEC-1 treated with subcutaneous
ASCs supernatant were more viable than those treated with visceral ASCs supernatant

(Figure 5C and Supplementary Figure 3B).

We decided to analyze the different behavior of the microvesicles released from ASCs
on a wound-healing assay. Wound healing was quantified by measuring the covered
surface during 24 hours. HMEC-1 cells were treated with CM, MVs free medium and
MVs™. Wound repair was evaluated at 0, 6, 8 and 10 and after 24 hours we collected

the ASCs for microRNA extraction. All results were corrected by the number of MVs.

We observed that, in obese patients, after 6 and 10 hours of cell migration, the MVs
enriched medium induced an improved healing compared with the MVs depleted
medium from both subcutaneous ASCs (N=11; 10h: P=0.055 Figure 5D) and visceral
ASCs (N=6; 6h: P=0.037; 10h: P=0.010; Figure 5D). The same trend was observed if
we subdivided groups by the presence of obesity and diabetes, only achieving
significance in the cells treated with vMVs rich medium from diabetic patients,
compared with both the CM and the MVs depleted medium (P=0.049 both;
Supplementary Figure 4A-B).

We then performed a genomic analysis of the RNA and the microRNA from the
receptor HMEC cells and the ASC derived MVs. Beside the changes observed in the
wound-healing rate due to the presence of MVs, the genomic profile of HMEC-1 was
not significantly modified. HMEC-1 treated with both CM and MVs™ from either
subcutaneous or visceral derived ASCs stimulated the expression of TF, whereas MVs
free medium induced a reduction (Figure 6A). VEGFA expression was stimulated in all
the tissues and with all treatments (Figure 6B). When comparing between treatments,
the expression of VEGFA was reduced on those cells treated with a medium rich in
vMVs compared both with the CM (P=0.077) and the MVs depleted medium (P=0.096;
Figure 6B). Finally, the expression of miR126-3p was blocked by the presence of
medium resulting from ASCs culture; above all if the medium came from visceral

derived ASCs (Figure 6C). However, no significant changes were observed.
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Discussion

The risk of suffering cardiovascular disease depends largely on the presence of diverse
environmental and genetic factors. Cluster of CVRFs (cCVRFs) has been associated
with an increased cardiovascular risk; the higher the number of CVRFs, the higher the
risk of suffering a cardiovascular event ?2*. Obesity is one of the most common
modifiable risk factor, in fact, in 2016, 39% of the total world population suffered

overweigh, and around the 13% obesity %,

Obesity induces an immunodeficiency
state associated to chronic inflammation and therefore, increasing the risk of suffering
diverse pathogenic conditions, including cardiovascular disease, diabetes mellitus (DM)
and cancer "% In our study we have used a transcriptomic approach to investigate
the effect of different CVRFs, individually or as a cluster, on the angiogenic and
inflammatory behavior of the adipose tissue from two different depots, the
subcutaneous adipose tissue (SWAT) and the visceral adipose tissue (VWAT). For this,
we have analyzed 21 genes involved in different angiogenesis or inflammation
pathways. Although some studies have been focused on the angiogenic and
inflammatory properties of adipose tissue derived stem cells (ASCs)"""?%®  the effects
of the different adipose tissue depots are still unclear. Additionally, we have isolated
the ASCs from these fat depots to investigate the behavior of fat tissue and its resident

stem cells.

In the sWAT, a significant reduction of the VEGFA expression and an increase in
Serpin Family F Member 1 (SERPINF1, also known as Pigment epithelium-derived
factor, PEDF) expression was observed with respect to the VWAT from same patients
in the obese group. Since PEDF can inhibit VEGF-mediated angiogenesis in the
endothelial cells (EC) by activating v-secretase, which cleaves the VEGFR after the
translocation of the C-terminal region of the receptor ', a significant inhibition of
angiogenesis ensues in obese sWAT. However, no difference was observed when we
analyze the VEGFA gene expression on the subcutaneous ASCs from both obese and
non-obese subjects, suggesting than the angiogenic potential of the sWAT could be
related with non-mesenchymal cell components of the fat tissue. Contrary to what we
could expect from previous studies *7°, the levels of the adipose tissue triglyceride
lipase PNPLA2, gene involved in maintenance and development of the WAT as well as
in energy homeostasis, was significantly lower on the subcutaneous fat of obese

patients compared to non-obese.

It is clearly accepted that sSWAT and vVWAT have different composition and different
metabolic influence and thus each depot has a different transcriptome and proteome >’

% Here, we have observed a higher pro-angiogenic gene expression in sWAT
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compared with VWAT from obese patients, as from the 21 genes analyzed, only 3 has

a higher expression in VWAT.

AT is composed by adipocytes and preadipocytes, stromal cells, macrophages and
leukocytes among others, which secrete inflammatory and angiogenic factors, being
therefore central mediators of the angiogenic process *°. Here, we have observed that
in obese patients, different angiogenic pathways are activated depending on the AT
depots analyzed. In sWAT compared with VWAT, we have evidenced that the VEGF-
mediated angiogenic pathway, which involves genes such as PGF, VEGFA and PEDF,
is partially blocked. However, other pathways such as the ANGPT and NOTCH
pathways among others were enhanced (Figure 7). Also in sWAT compared with
VWAT, there is a significant overexpression on ANGPT1 and ANGPT2 as well as their
receptor TIE2. This ANGPT-TIE2 system, gives a connection between the angiogenic
and the inflammatory pathways “°. ANGPT1 induced TIE-2 phosphorylation (p-Tie-2),
which leads to the maintenance of EC stability. The role of ANGPT1 and VEGFA on
the blood vessel growth seems to be complementary, since both genes can induce
TIE-2 phosphorylation and therefore maintain endothelial homeostasis *'. On the
contrary, ANGPT2 does not induce p-Tie-2 and therefore is considered as an ANGPT1
antagonist. However, ANGPT2, which is mainly produced by EC, promotes
angiogenesis by promoting the dissociation of pericytes from old vessels and
facilitating the liberation of diverse pro-angiogenic and pro-inflammatory molecules “*-
*2_In addition to the observed effects on the ANGPT-TIE2 system, we also observed
an increased expression of NOTCH3 and its ligand DLL4 on the sWAT compared with
the vVWAT. Notch signaling pathway is composed by four receptors (Notch1-4) and five
membrane-bound ligands (Jag1-2 and DLL1,3 and 4) . When these ligands interact
with any of the receptors, TNFa and v-secretase induce the cleavage of the intracellular
NOTCH-domain, which translocate to the nucleus, where it activates target genes
expression responsible of different cellular decisions and functions. NOTCH activation
enhanced the phosphatidylinositol 3-kinase (PI3K)/AKT pathway promoting cell

44-47
(

migration and proliferation and therefore, promoting angiogenesis Figure 7).

Besides the differential regulation of these three pathways between the different AT
depots, other genes were also differentially expressed. Platelet endothelial cell
adhesion molecule-1 (PECAM1), Endoglin (ENG) and advanced glycation end-
products (AGER) were more expressed on the sWAT compared to the VWAT. These
three genes have an important role in the PISK/AKT cell migration and proliferation
related pathways. In fact, ENG and PECAM1 have a great influence over one another,

and PECAM1 deficiently is associated with ENG reduction*®**° . Capping Actin Protein
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(CAPG) is also more expressed in sWAT than in vVWAT. CAPG is a member of the
gelsolin family, with an important role in endothelial and fibroblast cell motility as well
as in macrophages conservation °*°'. The inflammatory pathway was also differentially
regulated between both tissues, higher levels of CD68, a monocytes and macrophages
surface marker were observed in sWAT compared with vVWAT, as well as an increased
expression of the interferon-gamma-inducible protein 30 (IFI30), expressed by
macrophages *? and tenascin-C (TNC), protein with roles both in inflammation and in
cell migration and proliferation 3% |t is important to point out that all these differences
dissapeared if we only study the obese-diabetic group, due to the fact that sSWAT from
obese patients might have a protective angiogenic role, whereas when obesity is
accompanied by other metabolic diseases, sWAT could be as deleterious tissue as
VWAT. Regarding the mesenchymal stem cell reservoir in these adipose tissues, we
observed no significant changes in VEGFA expression, up-regulation in TF (F3) and
miR-126 expression and down-regulation in miR-145 expression in the VWAT-ASCs
with regards to sSWAT-ASCs. miR-126 inhibits PIK3R2 and SPRED1, genes that in turn
inhibit VEGFA *°, on the contrary, miR-145 has VEGFA as a direct target °°. However,
PIK3 is required for Tie-2 activation by ANGPT1, being Tie-2 and ANGPT1 therefore
negatively regulated by miR-126 levels *’. These results support the up-regulation of
VEGFA, seen in the total visceral fat analysis, as well as the ANGPT1 and TIE-2
reduction. But unlike to what we saw in the total fat tissue, these changes are not
affected by the presence of diabetes mellitus.

ASCs secrete MVs that may be involved in crosstalk function with target cells *®°°. In
our study we found improved wound healing and viability in the endothelial cells treated
with sWAT-ASCs derived MVs. However, this repair function was not VEGF-
dependent.

AT can be largely distributed around the human body, and therefore, its properties and
composition differ from one location to the other. In this study we have analyzed, for
the first time, the angiogenic potential of the subcutaneous and visceral adipose tissue
and their derived stem cells, as well as their extracellular MVs. Even though more
studies in this field are needed, we can conclude that the adipose tissue is a very
active organ, independently on the location. The subcutaneous adipose tissue from
obese patients, expresses a greater number of angiogenic molecules than their
visceral fat, independently on the presence of other CVRFs. However, the VEGF
pathway is partially blocked in sWAT, both compared with the visceral adipose tissue
and with the subcutaneous adipose tissue from lean healthy donors. We have also

observed that, even though adipose tissue composition is very heterogeneous, the
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adipose stem cells and their derived microvesicles have a pivotal role in the angiogenic

properties of the adipose tissue.
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Table 1.Clinical characteristics of the study patients

Variables nOB OB

N 15 22

Age (Years) 4044 39+2

Sex (M/W) 2/13 3/19

BMI (Kg/m?) 23.9+1.1 43.0+1.1

CVRF (N) 0 3
Smoking (%) 0 55
HT (%) 0 32
DM (%) 7 23
DLP (%) 0 50

nOB, non-obese. OB, Obese. CVRF’s, cardiovascular risk factors. HTA,
hypertension. DM, Diabetes Mellitus. DLP, Dyslipidemia. Values are
expressed as mean + SD or as percentages, when indicated.
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RESULTADOS

Table 3. Differential genomic expression between the
subcutaneous adipose tissue of patients and controls.

P value Ratio
AGER 0.001 1.75
ANGPT1 0.134 1.31
ANGPT2 0.094 1.39
CAPG 0.029 1.33
CD34 0.041 1.39
CD68 <0.001 213
COL18A1 0.417 0.93
DLL4 0.001 0.62
ENG 0.230 0.93
IFI30 <0.001 2.55
NOTCH3 0.005 1.70
PECAM1 0.416 0.88
PGF 0.944 1.02
PLIN2 0.002 0.67
PNPLA2 <0.001 0.62
PTX3 0.780 1.00
SERPINF1 0.939 1.04
SPP1 <0.001 4.76
TEK 0.104 0.83
TNC 0.183 1.12
VEGFA <0.001 0.46
Red, down-regulated in patients p<0.05; green, up-regulated in patients

p<0.05
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Supplementary Figure 1
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Supplementary Figure 3
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DISCUSION

La enfermedad cardiovascular (ECV) es, junto con el cancer, la
principal causa de mortalidad tanto en paises desarrollados, como en
paises en vias de desarrollo (WHO, 2016). El envejecimiento de la
poblacion, asi como los cambios en el estilo de vida y la pérdida de los
denominados “habitos cardiosaludables”, han llevado a aumentar cada
afio la incidencia de las diversas ECVs (Bertomeu & Castillo-Castillo,
2008).

La etiologia de las ECVs es multifactorial y compleja, ya que
intervienen factores tanto ambientales como genéticos, que en la
mayoria de los casos suelen presentarse asociados entre si. Aparecen
asi los denominados “Factores de Riesgo Cardiovascular’, que
permiten estimar la probabilidad de un individuo de sufrir un evento
cardiovascular, asi como prevenir su aparicion. En esta tesis nos
centraremos en los factores de riesgo modificables, es decir, aquellos

que podemos evitar (Banegas et al., 2006).

Por tanto, la busqueda de mecanismos que ayuden a la prevencion,
evitando asi el desarrollo de una enfermedad cardiovascular, asi como
permitiendo una mejora en la salud de un individuo, sigue teniendo
gran importancia en la investigacion, no solo en la ECV, sino en

cualquier otra patologia.

Ademas, el papel del tejido adiposo como protagonista principal en el
desarrollo de enfermedades metabdlicas, como la obesidad y la
diabetes, importantes factores de riesgo cardiovascular, asi como su
funcion como principal reservorio de células mesenquimales del
organismo, han llevado a que en los ultimos afos gran parte de las

investigaciones se hayan centrado en este tejido.

Los trabajos que forman parte de esta tesis se centran la prevencién
cardiovascular, investigando posibles intervenciones nutricionales que

ayuden a reducir los factores de riesgo cardiovascular de un individuo,
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DISCUSION

principalmente la dislipemia, la obesidad y la diabetes. Ademas, se
estudia la composicion de diferentes depdsitos de tejido adiposo, con
el fin de buscar posibles marcadores que nos ayuden a prevenir la
ECV. Por ultimo, se estudia el papel de las células madre derivadas
de tejido adiposo (ASC), asi como las microvesiculas extracelulares
que estas células secretan al medio, como potenciales mediadores en
el proceso de regeneracion cardiaca.

En esta tesis doctoral se estudia primero, mediante técnicas
protedmicas aplicadas a diferentes muestras de suero y plasma
humano, el papel nutricional de diferentes compuestos naturales como
son, los acidos grasos omega-3, los fitoesteroles (PhyS) y el pinitol, en
la prevencion de la obesidad y la diabetes. Para ello se utilizan
diferentes cohortes de voluntarios con diferentes factores de riesgo,
pero que no habian sufrido previamente un evento cardiovascular.

El consumo de azucares en las dietas puede deberse al consumo de
alimentos en los que el azucar es uno de los componentes principales,
como puede ser el caso de las frutas (fructosa) o la leche (lactosa), o
alimentos en los que se adiciona el azucar (azucares anadidos), como
son las bebidas edulcoradas, zumos, caramelos, tartas, galletas,
helados, entre otros. Segun datos de la sociedad americana del
corazon (AHA, del inglés, American Heart Association), el consumo
maximo de azucar en mujeres deberia ser de 100 calorias al dia y de
150 calorias al dia en hombres. Sin embargo, el consumo medio de
azucar en EEUU durante los anos 2001 y 2004, ascendia a mas de
350 calorias al dia, llegando a superar la 500 calorias de azucar al dia
en individuos de entre 14 y 18 afos, y siendo las bebidas edulcoradas
la principal fuente de azucar en la dieta (Johnson et al., 2009). La
relacién entre las dietas con un alto indice glicémico y el desarrollo de
problemas metabdlicos como la resistencia a la insulina, la diabetes y
el sobrepeso u obesidad ha sido ampliamente estudiado, siendo la

reduccion de los niveles de glucosa uno de los principales
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DISCUSION

mecanismos de prevencion y tratamiento de la diabetes (Hodge,
English, O’Dea, & Giles, 2004; Macdonald, 2016).

Los poli-alcoholes han emergido en la actualidad como un buen
sustituto de los azucares, debido a su potencial antidiabético (Derosa,
Limas, Macias, Estrella, & Maffioli, 2014). Entre estos alcoholes
encontramos el Pinitol (3-O-methyl-D-chiro-inositol), cuyo papel en el
control glicémico ha sido previamente estudiado (Banuls et al., 2016;
Davis et al., 2000). En esta tesis hemos visto como, la sustitucion de
el azucar refinado con un edulcorante a base de Pinitol, ayuda a
mejorar el metabolismo de la glucosa en individuos con intolerancia a
la glucosa, asi como en un modelo de rata diabético. Se observo el
cambio en la expresion proteica de IGF1BP-ALS y el complemento
C4A, proteinas implicadas en la proteccion de las células f
pancreaticas (Kingery, Wu, Zhou, Hoffman, & Yu, 2012; Thankamony
et al., 2014). Esto es de gran importancia ya que, los pacientes
diabéticos, se caracterizan por haber perdido alrededor del 80% de las
células B, principal reservorio de insulina del organismo (Cnop et al.,
2005). Ademas, también se observd el aumento de los niveles del
transportador de glucosa 2 (GLUT2), que favorece la secrecién de
glucosa de las células B tras la ingesta de nutrientes, reduciendo asi
los niveles de glucosa en sangre (Tobin et al., 2008).

El sobrepeso, y en mayor medida la obesidad, son uno de los
principales desencadenantes de la resistencia a la insulina, pudiendo
desembocar en una enfermedad diabética si esta no es controlada.
Por ello es necesario, no solo buscar estrategias que mejoren el
prondstico de pacientes diabéticos o intolerantes a la glucosa, sino
también el estudio de mecanismos que ayuden a prevenir la obesidad,
o al menos a reducir los efectos deletéreos que esta produce, con el
fin de prevenir un problema metabdlico mayor.

Por ello en esta tesis, se realizd también un estudio longitudinal en

pacientes con sobrepeso, al ser su dieta suplementada con acidos
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grasos omega 3 y fitoesteroles, para ver como estos nutrientes
afectaban a su metabolismo.

Los resultados obtenidos muestran que en pacientes con sobrepeso,
la ingesta de una bebida suplementada con omega-3, produce una
mejora en las vias relacionadas con el metabolismo lipidico mediante
el aumento de diferentes proteinas, incluyendo la Apo-E, Apo-A1,
Apo-D, Apo-L1, LCAT y PON-1. En cambio, al ingerir estos mismos
voluntarios con sobrepeso, bebidas suplementadas con fitoesteroles,
se produce una reduccion del perfil inflamatorio de estos individuos,
mediante la regulacién de diferentes moléculas, incluyendo SAP y
CCL2.

Los efectos beneficiosos de los acidos grasos omega-3 han sido
ampliamente estudiados. En 1976, Bang et al. publicaron un estudio
demostrando los efectos cardioprotectores de la dieta de los
esquimales, debido a su alto contenido en acidos grasos poli-
insaturados (Bang, Dyerberg, & Hjorne, 1976), pero no fue hasta
1986, cuando Keys et al. realizaron un estudio transversal, en el que
incluyeron individuos de 7 paises diferentes, poniendo en manifiesto el
papel beneficioso de las dietas japonesa y mediterranea, ambas ricas
en omega-3, y su papel protector ante la aparicion de enfermedades
cardiovasculares (Keys et al., 1986). Actualmente, sabemos que los
acidos grasos saturados tienen un efecto danino en la salud, sin
embargo, los acidos grasos mono-insaturados y poli-insaturados
ejercen un efecto protector (Calder, 2015). Ademas, los acidos grasos
omega-3 en particular, son reconocidos por sus multiples efectos
beneficiosos, no sélo en la enfermedad cardiovascular, sino en otras
muchas patologias, incluyendo el cancer (Jing, K., Wu, T., Lim, 2013),
enfermedad reumatica (Akbar, Yang, Kurian, & Mohan, 2017), y la

epilepsia (Tejada et al., 2016) entre otras.
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La relacién de los acidos grasos Omega-3 con el metabolismo lipidico,
aunque previamente estudiado, ofrecia resultados algo ambiguos
(Pizzini et al., 2017), por lo que la necesidad de seguir investigando en
este campo era clara. Los cambios protedmicos observados tras la
ingesta de leche suplementada con omega-3 ponen en manifiesto la
estrecha relacion entre este acido graso poli-insaturado y el

metabolismo lipidico.

El papel protector de las HDL ha sido ampliamente estudiado, sin
embargo, cada vez es mas aceptado el hecho de que la importancia
de las HDL radica, no en la cantidad, sino en la calidad (composicion,
funcionalidad...) de estas moléculas (L. Badimon & Vilahur, 2014; L.
Badimon, Vilahur, & Cubedo, 2016). El principal componente de las
HDL es la apolipoproteina A-1 (Apo-A1), correspondiendo a un 70%
del contenido proteico total y jugando un papel fundamental en el
transporte reverso del colesterol (Cubedo, Padro, & Badimon, 2014).
Ademas, encontramos la enzima LCAT (Lecitin Colesterol Acil
Transferasa), aumentada tras la ingesta de leche rica en omega-3, y
que posee un papel esencial en el proceso de esterificacion del
colesterol, aunque necesita la accién de otras moléculas para ser
activado (Trajkovska & Topuzovska, 2017). Apo-A1 y Apo-E son los
principales activadores de la enzima LCAT. Por su parte, la enzima
anti-oxidante PON-1 (Paraoxonase-1), es el principal estabilizador de
LCAT, previniendo asi su inactivacion (Pizzini et al., 2017). Por tanto,
una accion coordinada de, al menos, estas cuatro moléculas, es

necesaria para un correcto funcionamiento del metabolismo lipidico.

Ademas de la importante relacion entre la obesidad y el metabolismo
lipidico, existe también un estado de inflamacion crénico asociado a la
obesidad, dando lugar asi a un aumenteo del riesgo cardiovascular.
Los fitoesteroles son compuestos naturales, de origen vegetal, que

poseen una estructura similar al colesterol pero que no pueden ser
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sintetizados por el ser humano, sino que ha de ser ingerido a través
de la dieta. Debido a su similitud al colesterol, los fitoesteroles son
capaces de bloquear la absorcién de este, reduciendo asi los niveles
de colesterol en sangre (Jones, MacDougall, Ntanios, & Vanstone,
2011). Sin embargo, el papel protector de estos esteroles va mas alla
de la reduccion del colesterol, jugando también un importante papel
anti-inflamatorio en el organismo (Rocha et al., 2016). De hecho, en
esta tesis demostramos el papel de los fitoesteroles en la atenuacion
de las vias inflamatoriasen voluntarios sanos con sobrepeso, mediante
la reduccion de la pentraxina SAP (del inglés, Serum amyloid P), asi
como el aumento de la quemoquina CCL2 (del inglés C-C motif
chemokine-2), ambas implicadas en el proceso inflamatorio. Las
pentraxinas, y mas en concreto SAP, han sido ampliamente
relacionadas, no soélo con el proceso aterosclerético, sino también con
los procesos de fibrosis, coagulacion e inflamacion. En concreto, se
sabe que las pentraxinas son uno de los principales efectores del
proceso de inflamacién cronica asociado a la obesidad (Du Clos,
2013; Vilahur & Badimon, 2015). Al igual que SAP, la quemoquina
CCL2 también esta implicada en los procesos de inflamacion cronica
relacionados con la obesidad, de hecho, los niveles de CCL2 se
encuentran aumentados, no solo en el tejido adiposo de pacientes
obesos, sino también en las muestras de suero de estos individuos
(Panee, 2012).

Por tanto, los cambios observados en el perfil proteico de los
voluntarios de estudio, corroboran la importancia de reducir los niveles
de azucar ingeridos, principalmente en pacientes con intolerancia a la
glucosa, sustituyendo las fuentes comunes de azucar, por un
edulcorante natural rico en pinitol. Ademas, se incide de nuevo en el
beneficioso efecto de los acidos grasos omega-3 y los fitoesteroles, en
la reduccion del riesgo cardiovascular de individuos con sobrepeso,

planteando una forma sencilla y segura de incluir estos compuestos
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en las dietas actuales, cada vez mas alejadas de la tradicional dieta
mediterranea.

Como hemos revisado, la obesidad esta asociada a un estado crénico
de inflamacién, en el que el tejido adiposo, y las adipoquinas que este
contiene, adquieren gran importancia. El tejido adiposo blanco esta
ampliamente distribuido por todo el organismo, pudiendo diferenciarse
dos tipos diferentes de grasa, la grasa visceral y la subcutanea. Por
ello, en esta tesis se ha realizado un estudio tanto proteémico como
genomico de diferentes depdsitos de grasa en individuos sanos con
obesidad. Ademas, también se ha realizado el estudio de las células
madre derivadas del tejido adiposo y de las particulas extracelulares
secretadas por este, y su papel en el desarrollo de la patologia
cardiovascular.

El tejido adiposo visceral (TA-V) es un tejido metabdlicamente mas
activo que el tejido adiposo subcutaneo (TA-S) (lbrahim, 2010), hecho
que queda corroborado en esta tesis, donde mediante una
aproximacién protedmica inicial, observamos que, el TA-V de los
pacientes obesos, poseia una mayor expresion de proteinas de
oxidacién, coagulacion e inflamacion, que el TA-S de estos mismos
pacientes. Ademas, también observamos que, como resultado de la
presencia de diabetes, el TA-V sufria modificaciones relacionadas con
las enfermedades metabdlicas, mientras que el TA-S estaba
principalmente relacionado con el sistema endocrino.

Una vez establecida la relacion entre los diferentes depdsitos de grasa
con la obesidad y la diabetes con estudios proteomicos, que siguen en
desarrollo en nuestro grupo, estudiamos la transcriptomica de estos
tejidos en relacién al desarrollo de la patologia cardiovascular. El
tejido adiposo esta altamente vascularizado (Lemoine et al., 2013) y
junto con los diferentes grupos celulares que lo componen,
intimamente relacionado con el proceso de angiogénesis (Bora &

Majumdar, 2017; Zhao, Johnson, & Liu, 2017). Por ello, a continuacién
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realizamos un analisis transcriptomico, para analizar el potencial
angiogénico e inflamatorio de los diferentes depodsitos de grasa, y su
relacion con la presencia de diferentes factores de riesgo
cardiovascular. Aunque la via del VEGF (del inglés, vascular
endothelial growth factor) sea, probablemente, la via mas estudiada
en relacion al proceso de angiogénesis (Matsumoto & Ema, 2014;
Testa, Pannitteri, & Condorelli, 2008), existen multitud de moléculas y
mecanismos por los que la formacion del vaso tiene lugar,
destacando, ademas del VEGF, la via de NOTCH y la via de las
angiopoietinas (Caporarello et al., 2017). Al comparar el TA-S de
voluntarios con peso normal y voluntarios obesos, vimos que, aunque
el VEGFA esta aumentado en el TA-S de los individuos de peso
normal, los pacientes con sobrepeso tienen activada la via de las
angiopoietinas. En cuanto a la via de NOTCH, aunque los pacientes
obesos tienen mayores niveles de NOTCH3, los voluntarios con
normo-peso tienen aumentado el receptor DLL4, uno de los
principales ligandos de esta via. Por tanto, aunque claramente la
obesidad afecta a NOTCH, seria necesario estudiar en profundidad
todas las moléculas (NOTCH 1-4) y receptores (DLL1, DLL3, DLL4,
JAGGED1 and JAGGED?2) implicadas en esta via (Liu, Fan, Wang,
Zheng, & Lu, 2014).

Para incidir en la importancia de la obesidad en la composicién vy
comportamiento del TA-S, observamos también como existe una
linealidad entre la expresion de los diferentes genes analizados con el
indice de masa corporal de los diferentes voluntarios. Sin embargo,
pese a los cambios observados en el TA-S debidos a la obesidad, al
estudiar las células madre derivadas de este TA-S (sASC), no vimos
ningun cambio significativo en los genes analizados, tan solo una
tendencia a disminuir el nivel del miRNA-145 en las sASC
provenientes de voluntarios no obesos. La inhibicion de miR-145 esta

relacionada con la via del VEGF, produciendo un mayor potencial
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angiogénico, al favorecer la migracion y proliferacion celular (Arderiu
et al., 2019).

Comparamos la expresion de diferentes genes involucrados en
angiogénesis e inflamacién entre en TA-S y el TA-V de estos
pacientes obesos sometidos a cirugia de by-pass gastrico,
observando una mayor expresion génica general en el TA-S, lo cual
corrobora la hipétesis de que el tejido TA-S es un tejido protector,
mientras que el TA-V es mucho mas perjudicial (Antonopoulos &
Tousoulis, 2017; Mandviwala, Khalid, & Deswal, 2016). De nuevo
observamos que, en el TA-S de pacientes obesos, la expresiéon de
VEGFA esta disminuida en comparacion con su TA-V, sin embargo
esta reduccioén no llega a ser significativa. VEGFA y ANGPT1 poseen
una funcién en parte complementaria, ya que ambos ayudan a la
fosforilacion de TIE2, que ayuda a mantener la homeostasis endotelial
(Linares, Chaparro, & Gisbert, 2014), pero ademas, la via de la
ANGPT-TIE2, aumentada en el TA-S, relaciona la via inflamatoria y la
angiogénica (Huang, Bhat, Woodnutt, & Lappe, 2010). En este caso,
la via de NOTCH, por medio de su receptor NOTCH3 y del ligando
DLL4, también aparece aumentada en el TA-S de los voluntarios
obesos comparado con el TA-V, al igual que otras multiples moléculas
y factores de crecimiento incluyendo PECAM1 (del inglés, Platelet
endotelial cell adhesion molecule-1), ENG (Endoglina), AGER (del
inglés, Advanced glycation end-product specific receptor) y CAPG (del
inglés, Capping actin protein). Es importante observar que, cuando
analizamos los pacientes que ademas de obesidad, sufren diabetes
mellitus tipo 2, todos estos cambios observados desaparecen, y tan
solo NOTCHS3 aparece aumentado en el TA-S. Por tanto, se reafirma
el doble papel protector y patégeno de la obesidad, dependiendo de la
localizacion del TA, asi como de las comorbilidades que le acomparfien
(Orio et al., 2016; Sangros et al., 2018).
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El tejido adiposo es un tejido complejo, formado por multitud de
moléculas y grupos celulares, entre los que se encuentran las células
madre derivadas del tejido adiposo (ASC). Analizamos también estas
ASC derivadas tanto de grasa subcutanea (sASC) como visceral
(vASC), y descubrimos un aumento significativo de las moléculas pro-
angiogénicas TF (Arderiu, Pefa, Aledo, Juan-Babot, & Badimon,
2011) y miR-126 (Fish et al., 2008) en las vVASC. Del mismo modo, el
microRNA miR-145, potente inhibidor del proceso de angiogénesis,
mediante el bloqueo de la via del VEGF (Fan, Wu, Xing, Wei, & Shao,
2012), aparece disminuido en las vVASC, comparado con las sASC,
aunque el VEGFA aparece inalterado. Estos resultados concuerdan
con el perfil angiogénico observado en el tejido adiposo total, ya que
también el VEGFA disminuia en el TA-S, aunque sin alcanzar la
significatividad. Sin embargo, al contrario de lo observado en la grasa
total, los cambios observados en las ASC son independientes de la
presencia de diabetes mellitus.

Las células madre han sido ampliamente estudiadas en el campo de
la medicina regenerativa, incluyendo la regeneracion cardiaca (Bayes-
Genis, Galvez-Monton, Prat-Vidal, & Soler-Botija, 2013), sin embargo,
pese a los avances obtenidos, sigue si ser una terapia aceptada en la
mayoria de los tratamientos, no so6lo por el componente ético que
acarrean, sino también porque pueden desencadenar multitud de
efectos secundarios, incluyendo la division celular incontrolada y la
aparicion espontanea de tumores (Volarevic et al., 2018). Debido a
esto, cada vez mas se estudia el papel del secretoma celular
(exosomas, microvesiculas (MVs) y otros factores que las células
secretan al medio), como sustituto de las células madre en el campo
de la medicina regenerativa (Yin, Loyer, & Boulanger, 2015). En linea
con ello, estudiamos el papel de las MVs secretadas por las ASC en el
proceso de migracion celular. Para ello, realizamos un ensayo de

migracion célular de células endoteliales HMEC tratadas con
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diferentes medios provenientes de las ASC, observando una mayor
cicatrizacion y migracion endotelial al tratar las células con medio rico
en MVs derivadas de ASC, y siendo este proceso independiente de
VEGF, coincidiendo por tanto con los datos obtenidos hasta ahora
tanto en el tejido total como en las células ASC aisladas.

Por otro lado, al igual que el TA-S y el TA-V poseen diferentes
localizacion, propiedades y funciones, también es necesario discernir
entre los diferentes TA-V, ya que dependiendo de la proximidad a un
determinado organo, este puede producir un efecto sinérgico,
afectando a su composicion y funcionalidad (Hill, Solt, & Foster, 2018).
Es por ello que, a la hora de estudiar el efecto del TA en la
enfermedad cardiovascular, aunque la obesidad central también
afecta a esta patologia (Fuster, Ouchi, Gokce, & Walsh, 2016; Poirier
et al., 2006), cada vez son mas los trabajos que, mediante el uso de
técnicas de imagen, ratifican la importancia del estudio del tejido
adiposo que rodea el corazon, para asi entender mejor la patologia
cardiovascular, ya que este cubre aproximadamente el 80% del tejido
cardiaco (Gaborit, Sengenes, Ancel, Jacquier, & Dutour, 2017; Lee,
Després, & Koh, 2013; Mandviwala et al., 2016). En condiciones
normales, el tejido adiposo visceral que rodea al corazén puede
ejercer un efecto protector, secretando adipoquinas con efecto anti-
inflamatorio y anti-aterogénico (Sacks & Fain, 2007), pero al igual que
ocurre con otros tejidos adiposos, la presencia de FRCVs como puede
ser la obesidad o la diabetes, produce una alteracion en la
composicion del TA, dando lugar a una hipertrofia e hiperplasia de los
adipocitos, promoviendo asi un estado pro-inflamatorio y nocivo, tanto
en el propio tejido como en las moléculas que este secreta al exterior
(Burhans, Hagman, Kuzma, Schmidt, & Kratz, 2018). Por todo esto,
en esta tesis decidimos, no sdélo analizar la composicion del tejido
adiposo cardiaco segun su localizacion, sino también ver como la

presencia de diferentes comorbilidades afecta a la composicion de
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este. Aislamos células ASC a partir del tejido adiposo acumulado en
dos localizaciones del corazén de pacientes que eran sometidos a
cirugia de trasplante cardiaco. Para ello, extrajimos la grasa
acumulada alrededor del apex (tejido adiposo ventricular del
miocardio, VMAT), asi como la grasa acumulada alrededor de la
arteria coronaria lateral anterior descendente (LAD, tejido adiposo
peri-vascular, PVAT) e inmediatamente aislamos las células ASC. Una
vez caracterizadas las células mediante el analisis de expresion de
marcadores celulares por citometria de flujo, comparamos la velocidad
de proliferacion y la viabilidad de estas células, observando una mejor
comportamiento de las células de apex (mASC).

Como sabemos, la terapia celular ha sido ampliamente estudiada en
el campo de la regeneracion, incluyendo la regeneracion cardiaca
(Singh, Singh, & Sen, 2016), y es también sabido que el tejido adiposo
es uno de los mayores reservorios de células madre mesenquimales
del organismo (De Francesco, Ricci, D’Andrea, Nicoletti, & Ferraro,
2015), por todo ello, decidimos analizar el perfil angiogénico de estas
células, analizando la expresion de diferentes genes relacionados con
el proceso de angiogénesis. Pese a la mayor viabilidad observada en
las mASC, fueron las células perivasculares (pASC) las que
expresaron niveles significativamente mayores de VEGFA, asi como
la reduccién del gen COL18a1, que codifica a la proteina anti-
angiogénica Endoglina (Park, Sorenson, & Sheibani, 2015). Ademas,
los niveles de proteina TF aparecieron también aumentados en las
pASc. Estos resultados sugieren que, posiblemente debido a su mayor
proximidad a la arteria coronaria, las pASC poseen un mayor potencial
angiogénico que las mASC.

Como habiamos visto en el tejido adiposo subcutaneo y otros tejidos
viscerales, la presencia de patologias como la obesidad y la diabetes,
afectan significativamente la composicion y propiedades del tejido

adiposo y las células que este contiene, por lo que nuevamente
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decidimos analizar el diferente comportamiento celular debido a la
presencia de comorbilidades en el donante. Se sabe que, la presencia
de 2 o mas FRCV aumenta el riesgo de sufrir un ECV un 22,6%
(Benjamin et al., 2018). En linea con esto, observamos que la
presencia de un cluster de FRCV (cFRCV, 2 o mas factores de
riesgo), producia una reduccion de los niveles de VEGFA, sobretodo
en las pASC, acompanado de un aumento de los niveles de COL18a1,
corroborando por tanto la hipotesis de que, un mayor numero de
FRCV, tiene también un efecto deletéreo sobre las ASC derivadas de
tejido adiposo cardiaco. De igual forma, la presencia de obesidad, asi
como de una enfermedad isquémica, conllevan a un deterioro en las
propiedades angiogénicas de estas células.

Pese a ser un tejido visceral, el tejido adiposo cardiaco posee
caracteristicas propias, y diferentes de otras localizaciones viscerales.
En estudios previos habiamos visto como las ASC de origen
subcutaneo, independientemente de la presencia de obesidad, no
eran capaces de formar estructuras capilares al ser sembradas en
unas superficie tridimensional de matrigel (Onate et al., 2012), sin
embargo aqui observamos como las pASV y las mASC por igual, son
capaces de formar estas estructuras tubulares, corroborando de
nuevo la heterogeneidad del tejido adiposo en funcion de su
localizacion.

Previamente, habiamos visto como las ASC subcutaneas y viscerales
secretaban al medio diferentes microvesiculas y exosomas, que
poseian también capacidades regenerativas. Debido al dispar
comportamiento observado en el tejido adiposo cardiaco comparado
con el resto de tejidos adiposos, decidimos analizar también sus
microvesiculas, para comprobar si conservaban esta capacidad
regenerativa. Aislamos las MVs derivadas de las mASC y observamos
que, aunque las mASC provenientes de pacientes con obesidad y

diabetes secretaban al medio un mayor niumero de MVs (totales y
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annexina V positivas), estas expresaban un nivel significativamente
reducido de miR-126, ampliamente estudiado, como ya habiamos
visto, por su papel pro-angiogénico (Fish et al., 2008), comparado con
las MVs provenientes de voluntarios sin obesidad ni diabetes, MVs
ricas también en TF.

Ademas, analizando la velocidad de migracion de las células
endoteliales HMEC-1, observamos que, al igual que ocurria con las
MVs provenientes del TA-S y el TA-V, cuando estas células eran
tratadas con un medio rico en MVs derivadas de mASC, la velocidad
de migracion aumentaba significativamente, comparado con las
células tratadas con medio al que se le habian eliminado todas las
MVs. Ademas, al analizar el perfil génico de estas células endoteliales
HMEC-1, tratadas 24 horas con medio proveniente de las eASC,
observamos niveles aumentados de VEGFA comparado con las
HMEC tratadas 24 horas con su medio. Este aumento de VEGFA
ocurrio en todas las condiciones (Medio condicionado, medio sin MVs
y medio rico en MVs), lo que sugiere que, no solo las MVs son
responsables del potencial regenerativo de las ASC, sino que estan
implicados el conjunto de exosomas, MVs y demas particulas

secretadas por las células al medio.

En resumen, los resultados obtenidos en esta tesis, ponen de
manifiesto el importante papel que tienen que la obesidad y la
diabetes, junto con el resto de factores de riesgo, en el desarrollo de la
enfermedad cardiovascular, afectando significativamente a la
composicion y propiedades del tejido adiposo, y sugiriendo la
necesidad de implantar intervenciones nutricionales que nos ayuden a
reducir la incidencia de estas patologias. Asimismo, los resultados
obtenidos inciden en la importancia de la localizacion del tejido
adiposo a la hora de analizar tanto tejido adiposo total, como su

contenido celular. Ademas, en esta tesis de describe por primera vez
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la existencia de células madre en los diferentes depodsitos de grasa
rodeando el corazén, que a su vez poseen diferentes propiedades.
Finalmente, teniendo en cuenta el retroceso que han sufrido los
estudios de regeneracién con células madre, y aunque es necesaria
una investigacion mas profunda en el campo, esta tesis propone la
implantacion de terapias regenerativas a partir de exosomas vy
microvesiculas, secretadas por las células madre derivadas del tejido

adiposo, que poseen capacidad angiogénica per sé.

225



226



CONCLUSIONES







CONCLUSIONES

A partir de todos los resultados presentados a lo largo de esta tesis

doctoral podemos establecer que:

e Las intervenciones nutricionales producen mejoras
significativas en la incidencia de factores de riesgo
cardiovascular.

= Dietas ricas en fitoesteroles producen una mejora en el
perfil inflamatorio.

= Dietas ricas en omega-3 inducen una mejora en el
metabolismo lipidico.

= La sustitucion de sacarosa con un edulcorante de origen
natural como es el pinitol, produce cambios en la via de
secrecion de la insulina, ayudando asi a reducir los niveles de

glucosa en pacientes con intolerancia a la glucosa.

e La obesidad afecta negativamente al perfil angiogénico e
inflamatorio de individuos sanos.
= La obesidad disminuye el potencial angiogénico mediado

por VEGF del tejido adiposo subcutaneo.

e La presencia de diabetes afecta en mayor medida a los

depédsitos de grasa visceral.

* EI perfil angiogénico del tejido adiposo varia en funciéon de su
localizacion.
= El tejido adiposo subcutaneo posee mayor potencial
angiogénico que el tejido adiposo visceral. Sin embargo la via
del VEGF esta aumentada tanto en los depédsitos de grasa
visceral como en las ASC que este contiene.
= Las ASC procedentes del tejido adiposo en contacto con la

arteria coronaria (Tejido adiposo perivascular), poseen un
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mayor potencial angiogénico que las ASC procedentes del

tejido adiposo localizado en el apex.

e Las ASC secretan al medio microvesiculas y exosomas con

potencial regenerativo.

230

= Las microvesiculas y exosomas secretados por las ASC,
independientemente de la localizacion del tejido adiposo del
que provengan, inducen una mayor capacidad de migracion y
regeneracion de las células endoteliales HMEC-1.

= El tratamiento de las células endoteliales con medio libre
de microvesiculas, produce una reduccién del potencial
regenerativo de las células endoteliales HMEC-1

= Las expresion de VEGFA de las células endoteliales
HMEC-1 aumenta significativamente al ser tratada con
sobrenadante de ASC.
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