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El riñón y el hueso son los principales reguladores de la homeostasis del 

calcio y del fósforo. El riñón, a través de la captación activa o el filtrado de calcio 

y fósforo a nivel del túbulo proximal, es  capaz de regular la homeostasis de 

dichos elementos. Por su parte, el hueso actúa como principal reservorio de 

calcio y fósforo pudiendo ser movilizados si así fuera necesario. La parathormona 

(PTH), la 1,25-dihidroxivitamina D (calcitriol), y el factor de crecimiento 

fibroblástico 23 (FGF23) son las principales hormonas involucradas en la 

regulación de calcio y fósforo.	  

 

Aspectos del metabolismo mineral asociados con el concepto de 
enfermedad renal crónica 

La enfermedad renal crónica (ERC) se define como una disminución 

progresiva del filtrado glomerular que se asocia, a medida que la insuficiencia 

renal avanza, con la pérdida de las funciones ejercidas por el riñón. Entre estas 

funciones destacan la función hormonal, la regulación de la homeostasis del 

medio interno, la excreción de sustancias derivadas del metabolismo nitrogenado 

y otras funciones metabólicas. Recientemente, las distintas fases de progresión 

de la ERC han sido divididas en 5 estadios, desde ERC estadio 1, la forma más 

leve, hasta estadio 5, la forma más avanzada de la ERC. El deterioro progresivo 

de la función renal determina la aparición de un conjunto de cambios hormonales 

y metabólicos entre los que destacan las alteraciones del metabolismo del calcio, 

de la vitamina D y PTH y del equilibrio ácido base, así como la acumulación en 

sangre de un conjunto de sustancias no bien definidas que se engloban con el 

término de toxinas urémicas.  

El mantenimiento de la homeostasis del calcio y el fósforo es un proceso 

complejo que se produce fundamentalmente a tres niveles: hueso, intestino y 

riñón (1) y depende de factores endocrinos y paracrinos, dentro de los primeros 

se encuentran las denominadas hormonas calciotropas: PTH, calcitriol y FGF23 

(2).   
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En el riñón en condiciones normales, la PTH y el FGF23 favorecen la 

excreción tubular de fósforo, a la par la PTH impide la excreción de calcio. La 

PTH tambien estimula la 1-α-hidroxilasa renal y con ello la síntesis de calcitriol 

(3), que por un lado favorece la absorción intestinal de calcio y de fósforo y por 

otro, inhibe la síntesis de PTH. En individuos con función renal normal o con 

ERC grado 1, 2 ó 3, todos los mecanismos interrelacionados de regulación se 

encuentran activos, y el efecto combinado del aumento de PTH y FGF23 se 

traduce en un incremento de los niveles séricos de calcio y un descenso de los 

de fósforo	  (Ilustración	  1).	  	  

Debido al descenso de la función renal, disminuye la excreción de fósforo, 

hecho que se traduce en ligeros aumentos del fósforo sérico que tiene dos 

efectos, uno a nivel de la glándula paratiroides aumentando la síntesis de PTH (4) 

y el otro a nivel óseo estimulando la síntesis de FGF23 (5, 6). Los incrementos en 

PTH y FGF23 favorecen la excreción de fósforo a nivel del túbulo renal; estos 

cambios logran compensar parcialmente la retención de fósforo secundaria al 

descenso de función renal. Además, el FGF23 ejerce otras dos acciones 

importantes, a nivel renal inhibe la síntesis de 1-α-hidroxilasa y en consecuencia 

la producción de calcitriol y a nivel de la glándula paratiroides inhibe la síntesis y 

secreción de PTH (7, 8).  

A medida que la ERC progresa y alcanza estadios más avanzados, estos 

mecanismos de regulación van progresivamente alcanzando su nivel máximo de 

regulación y a partir de estadios avanzados de ERC grado 4 y 5 ya no son 

suficientes, la homeostasis mineral se encuentra seriamente comprometida y 

pequeñas reducciones en la función renal son capaces de provocar importantes 

desequilibrios metabólicos (9).  En estos casos se observa una bajada de los 

niveles de calcio séricos al desaparecer la señal del Calcitriol y una subida de los 

niveles de fósforo séricos, al bajar la masa renal funcionante y verse 

comprometida la excreción fósforo a pesar de la presencia de altos niveles de 

FGF23 y PTH. Los altos niveles de PTH y FGF23 característicos de estas etapas, 

además se han asociado con perdidas óseas y mortalidad (10, 11). 
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Ilustración	  1.	  Interrelaciones	  entre	  calcio	  (Ca2+)	  y	  fósforo	  (P)	  y	  sus	  hormonas,	  PTH,	  FGF23	  y	  

calcitriol	  (1,25(OH)2D3).	  (Adaptado	  de	  Silver	  y	  col.	  (12)).	  

	  

Por tanto, en la ERC avanzada, los mecanismos de la homeostasis mineral 

se ver seriamente comprometidos, mostrando un cuadro con serias 

consecuencias para el hueso y algunos tejidos blandos (fragilidad ósea, 

calcificaciones vasculares y valvulares y calcifilaxis) (1, 13-15).  

 

Durante sesenta años, el conjunto de estas alteraciones del metabolismo 

óseo y mineral asociadas con la ERC se han definido como osteodistrofia renal 

(ODR) (16); término que englobaba, no sólo la respuesta espontánea del hueso 

frente a la ERC a consecuencia del hiperparatiroidismo secundario, sino también 

a las distintas condiciones clínicas y terapéuticas del paciente (17). Actualmente, 

el término ODR ha sido reemplazado por el término “alteraciones óseas y 

minerales en la ERC” (en inglés CKD-MBD) (18) que integra todas las 

alteraciones bioquímicas, esqueléticas y calcificaciones cardíacas y vasculares que 

ocurren como consecuencia de las alteraciones del metabolismo mineral en la 

ERC. El término ODR ha quedado restringido a las alteraciones histológicas de 

morfología y arquitectura ósea propias de la ERC. 
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En esta tesis, nos centraremos en el estudio de dos de las alteraciones del 

metabolismo mineral asociadas a la enfermedad renal crónica: el 

hiperparatiroidismo secundario y la calcificación vascular, prestando atención a 

los cambios de expresión de genes y proteínas en las fases mas avanzadas de 

ambas alteraciones. Además, se estudio la relación entre las calcificaciones 

vasculares y la pérdida de masa ósea. 
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Hiperparatiroidismo secundario en la ERC  
 

Generalidades	  

Durante la progresión de la ERC, la hiperfunción de la glándula 

paratiroides es una frecuente manifestación y tiene como consecuencia el 

incremento de los niveles sistémicos de PTH. A lo largo de los años, se han ido 

identificando un cúmulo de factores que colaboran en el desarrollo y la 

progresión del hiperparatiroidismo secundario, condicionando un aumento 

importante de la morbi-mortalidad en pacientes con ERC grados 3-5 (14). 

El primer factor patogénico descrito como desencadenante del 

hiperparatiroidismo secundario fue la hipocalcemia (19). Los niveles de calcio 

pueden verse alterados por distintas causas, pero el principal responsable de esta 

hipocalcemia es el descenso en la síntesis de calcitriol como consecuencia de una 

menor producción de 1-α-hidroxilasa a nivel tubular renal debido a la pérdida de 

parénquima renal funcionante (19, 20). Este descenso de los niveles de calcitriol 

reduce la absorción intestinal de calcio favoreciendo la tendencia al descenso de 

los niveles plasmáticos del mismo. La disminución de calcio sérico estimula la 

síntesis y secreción de PTH en las glándulas paratiroides y esta hormona ejerce 

su efecto directo en el riñón y en el hueso e indirecto en el tracto digestivo a 

través del calcitriol estimulando mecanismos que intentan normalizar el calcio 

sérico. A su vez, el calcitriol de forma independiente del calcio, tiene efecto 

regulador sobre la síntesis de PTH (21, 22).  

En los años sesenta, se confirmó que la hiperfosforemia también tenía un 

papel relevante en la etiopatogenia del hiperparatiroidismo secundario (19, 23). 

En un principio, el incremento en la secreción de PTH se atribuyó a la capacidad 

del fósforo para disminuir los niveles de calcio sérico (24). Sin embargo, a lo 

largo de la década siguiente se comprobó que la estimulación de la PTH se 

produce también a otros niveles. Por un lado, el fósforo inhibe la síntesis de 1-α-

hidroxilasa renal y con ello la síntesis de calcitriol (25, 26). Además, el fósforo 

tiene un efecto directo e independiente del calcio sobre la síntesis de PTH (19, 

26, 27) y sobre la proliferación de las células de la glándula paratiroides (28, 29).  
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Factores	  reguladores	  de	  la	  PTH	  

La regulación de la PTH es un mecanismo complejo en la que intervienen 

diversos factores como calcio, calcitriol, fósforo y factor de crecimiento 

fibroblástico 23 (FGF23). 

El calcio iónico extracelular es el principal regulador de la función 

paratiroidea. Niveles bajos de calcio extracelular estimulan la secreción de PTH 

en cuestión de segundos, mientras que niveles elevados inhiben rápidamente la 

liberación de la hormona  y favorecen su degradación dentro de las propias 

células paratiroideas. Estos hallazgos hicieron sospechar sobre la existencia de un 

receptor sensor de calcio (o receptor sensible a calcio) en la membrana de las 

células paratiroideas, capaz de regular la secreción de PTH en función de los 

niveles de calcio extracelular. En 1993 dicho receptor fue clonado y 

caracterizado en glándulas paratiroides bovinas, demostrando tener no sólo 

propiedades de receptor sino también de sensar el calcio (CaSR) (30). El CaSR 

es un receptor de la familia de receptores acoplados a proteínas G formado por 

un largo dominio extracelular de 612 aminoácidos. A continuación posee un 

dominio de anclaje a la membrana formado por siete hélices transmembrana, 

característico de la superfamilia de receptores acoplados a proteínas G y 

finalmente, un dominio citoplasmático que corresponde con el extremo 

carboxilo de la molécula. 

Aún no se conocen en su totalidad los mecanismos moleculares por los 

que el CaSR ejerce sus acciones, aunque sí se ha demostrado que es capaz de 

activar múltiples cascadas de señalización. Los agonistas del CaSR activan las 

fosfolipasas C, A2 y D tanto en células renales de embrión humano (HEK293) 

transfectadas con el CaSR, como en células paratiroides bovinas en cultivo (31). 

El aumento del calcio extracelular provoca la activación de la fosfolipasa C a 

través de la subunidad Gq del receptor. La fosfolipasa C metaboliza al fosfatidil 

inositol 4,5 difosfato liberando inositol 1,4,5 trifosfato. Esto produce un aumento 

del calcio citosólico a través de la movilización de los depósitos celulares así 

como de la activación de canales de calcio voltaje-dependientes y de otros 

canales no específicos. Por otro lado, la subunidad Gi del CaSR inhibe la 
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adenilato ciclasa, y con ello disminuyen los niveles de AMP cíclico. El aumento del 

calcio iónico extracelular también produce incrementos en la liberación de ácido 

araquidónico en células HEK293 transfectadas con el CaSR pero no en las 

mismas células no transfectadas, indicando que el CaSR está implicado en la 

activación de la fosfolipasa A2 (31). Del mismo modo, el calcio iónico extracelular 

también es capaz de incrementar la formación de fosfatidilbutanol, un marcador 

de activación de la fosfolipasa D, demostrando que el CaSR está implicado en la 

activación de dicha señal intracelular. Como resultado final de la activación del 

CaSR se produce la inhibición de la liberación y síntesis de PTH.  

Además de su papel en la regulación del metabolismo de la PTH, el CaSR 

y  el calcio tienen un efecto inhibitorio sobre la proliferación celular de la 

glándula paratiroides. Existe una relación inversa entre la hiperplasia de la 

glándula paratiroides de ratas urémicas y el descenso en los niveles de ARN 

mensajero (ARNm) y proteína de CaSR, demostrando la importancia que tiene el 

CaSR en el desarrollo, progresión y función de las glándulas paratiroides en la 

ERC (32). 

El calcitriol tiene un efecto inhibitorio directo sobre la secreción de PTH, 

disminuyendo a nivel transcripcional la síntesis del ARNm de la PTH. El calcitriol 

actúa sobre la glándula paratiroides a través de su  receptor específico, el VDR, 

un receptor de alta afinidad y especificidad que pertenece a la familia de los 

receptores esteroideos/tiroideos. En el VDR se reconocen 2 dominios 

fundamentales, uno de unión al ADN y otro de unión al ligando (calcitriol). Una 

vez formado el complejo hormona-receptor, se produce la translocación del 

complejo calcitriol-VDR al núcleo de la célula formando un heterodímero con el 

receptor X-retinoico (RXR). El complejo calcitriol-VDR-RXR se une a elementos 

de respuesta a vitamina D localizados en la región promotora del gen de la PTH, 

bloqueando su transcripción (21). 

En el hiperparatiroidismo secundario de la insuficiencia renal crónica, se 

observa una disminución significativa de la expresión de VDR (33). Esta 

reducción es parcialmente responsable de una menor respuesta al calcitriol y por 

tanto de un inadecuado control inhibitorio en la transcripción del gen de la PTH; 
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el resultado es un aumento en los niveles de PTH. En el hiperparatiroidismo 

secundario severo, el crecimiento glandular es predominantemente nodular, en 

las áreas nodulares se observa una disminución en la densidad de receptores 

VDR que es en gran parte responsable de la falta de respuesta al tratamiento con 

calcitriol (34). 

El calcitriol es también un importante regulador del crecimiento celular. 

Niveles bajos de calcitriol favorecen el crecimiento de la glándula paratiroides, 

dicho efecto estaría debido, al menos en parte, a cambios en el calcio sérico. El 

déficit de calcitriol ejerce los mismos efectos que una dieta baja en calcio (29). 

Sin embargo se ha observado que el calcitriol puede ejercer efecto 

antiproliferativo independiente del calcio, este se acompaña de un freno en el 

incremento del factor de crecimiento transformante alfa (TGF-α), principal 

responsable del desarrollo de hiperplasia en la glándula paratiroides. (35). 

El fósforo es otro de los factores que actúa directamente sobre las 

glándulas paratiroides regulando la síntesis y secreción de PTH. El aumento en 

los niveles de fósforo sérico produce un importante incremento en la secreción 

de PTH (4, 27) y además, es capaz de regular a nivel post-transcripcional la 

expresión del gen de la PTH (36). En este proceso estarían implicadas diversas 

proteínas citosólicas, capaces de unirse a secuencias específicas en la región 3´ 

no traducida de la molécula de ARNm, que estabilizarían el transcrito de PTH y 

evitarían su degradación. Por el contrario, en presencia de fósforo bajo, se 

produciría un descenso de estos factores protectores y se inestabilizaría el 

ARNm, favoreciendo su degradación (37). Además, estudios recientes (38),   han 

demostrado in vivo que el fósforo también puede influenciar de forma aguda la 

secreción de PTH por mecanismos independientes del calcio y el calcitriol.   

El fósforo también ha demostrado ser un importante estímulo 

proliferativo para las células de la glándula paratiroides; numerosos estudios han 

demostrado que en animales con insuficiencia renal crónica, una dieta alta en 

fósforo ocasiona una hiperplasia de las glándulas paratiroides; esto ocurre sin que 

se observen cambios en los niveles de calcio y calcitriol (27, 29, 39). El 

mecanismo por el cual el fósforo estimula la hiperplasia de paratiroides guarda 
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relación con un aumento en TGF-a.  El aumento de este último requiere la 

activación del receptor del factor de crecimiento epidérmico (EGFR),  

glicoproteína  de membrana de 170 kDa  con actividad  intrínseca de tiroquinasa 

que se encuentra presente en condiciones normales en las glándulas paratiroides. 

En varios carcinomas humanos como asimismo en alteraciones prolifertivas no 

neoplásicas (40), se observa una expresión aumentada de TGF-α y EGFR que 

condiciona un círculo vicioso autocrino que resulta en un incremento progresivo 

de TGF-α y consecuentemente en un aumento de la hiperplasia glandular (40). 

Además del efecto de los reguladores clásicos de la función paratiroidea, 

recientemente ha sido descrito que el Factor de Crecimiento Fibroblástico 23 

(FGF23) es otro importante regulador de los niveles de PTH. El FGF23 es 

sintetizado fundamentalmente en osteocitos pero también en osteoblastos como 

respuesta a niveles elevados de fósforo y a los incrementos de calcitriol (41, 42). 

El FGF23 actúa sobre sus tejidos diana, entre ellos paratiroides y riñón, a través 

de receptores FGFR pero siempre en presencia de su correceptor, klotho (43), 

una proteína transmembrana que actúa como cofactor del FGF23 facilitando la 

unión de FGF23 a su receptor. Por tanto, la acción del FGF23 en todos los 

tejidos estará determinada no sólo por la presencia de su receptor, con el que 

forma un heterodímero, sino también por la presencia obligada de klotho. Una 

vez que FGF23 reconoce el complejo FGFR-klotho,  se une a él, desencadenando 

la activación de la vía de las MAPKs. El FGF23, miembro de una gran familia de 

factores de crecimiento fibroblástico, ha sido descrito como el más potente para 

aumentar la excreción de fósforo urinario por su capacidad de inhibir en el 

túbulo proximal la reabsorción de fosfato dependiente del transpotador Na-Pi. 

Además, el FGF23 también inhibe en el riñón la síntesis de 1-alfa-hidroxilasa con 

el consiguiente descenso en la activación del calcidiol a calcitriol. Recientemente 

se ha descrito que la glándula paratiroides es un importante órgano diana del 

FGF23 (8) en el  que FGF23 actúa directamente  activando la vía de las kinasas 

activadas por mitógeno (MAPKs), disminuyendo la expresión génica y la 

secreción de la PTH.  
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  El posible efecto del FGF23 sobre la PTH ha sido un tema controvertido. 

Se ha mencionado que el FGF23 podría estimular e inhibir la PTH, mientras que 

un trabajo con ratones transgénicos que sobre-expresaban FGF23 mostraba 

hipofosforemia y niveles bajos de calcitriol y PTH (44), otros trabajos también 

con ratones transgénicos con sobreexpresión de FGF23 mostraron hiperplasia 

de la glándula paratiroides que se correlacionaba con altos niveles de PTH (45, 

46).  

No obstante, es conocido que en pacientes con ERC los niveles de FGF23 

y de PTH se encuentran elevados (47) y que los primeros se correlacionan con 

progresión del fallo renal (48, 49), desarrollo de hiperparatiroidismo secundario 

(50), y mortalidad en pacientes diálisis (51).  

Todo ello parecería indicar que el FGF23 podría estimular la PTH, sin 

embargo, trabajos recientes han demostrado que el FGF23, tanto in vivo como in 

vitro, es capaz de inhibir la síntesis y secreción de PTH a través de la activación 

de la vía de las MAPK (8, 52). Además del riñón y de las glándulas paratiroides, 

otros posibles órganos diana del FGF23 son la glándula pituitaria y el plexo 

coroideo cerebral, ambos expresan klotho y FGFR1, pero la función de FGF23 

en estos tejidos es desconocida por el momento. 

 

Hiperparatiroidismo	  secundario	  severo	  

En el hiperparatiroidismo secundario severo, la glándula paratiroides ve 

como su sensibilidad las factores reguladores clásicos, como el Calcio o el 

Calcitriol, se ve seriamente disminuida y hay una secreción descontrolada de 

PTH. Esto ha sido relacionado en los ultimos años con el descenso en los niveles 

del CaSR y del VDR (32, 53). Ademas, en etapas avanzadas de ERC, la 

coexistencia de niveles elevados de FGF23 y PTH en pacientes urémicos con 

hiperparatiroidismo secundario sugieren que el FGF23 no es capaz de ejercer su 

supuesto efecto inhbitorio sobre la PTH cuando la regulación de la glándula 

paratiroides esta comprometida debido a la uremia. Se ha descrito 

recientemente que esta carencia es consecuencia de un descenso en los niveles 
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de klotho y FGFR1 en la glándula paratiroides urémica en estudios in vitro en in 

vivo, que colaborarían a esa “resistencia” al efecto del FGF23 (54-56).   

 

En los últimos años se han hecho grandes aportes al conocimiento de los 

mecanismos involucrados en la progresión del hiperparatiroidismo secundario, 

tanto en su fisiopatología como en sus bases moleculares. Sin embargo, el manejo 

clínico de este cuadro sigue siendo complejo y difícil, especialmente en el 

hiperparatiroidismo secundario severo en el que hay una desregulación en los 

mecanismos a cargo del control de la proliferación glandular y de la secreción de 

PTH.  



   

 30 

 

Calcificaciones vasculares 
Virchow en el siglo XIX describió por primera vez la aparición de 

calcificaciones metastásicas o ectópicas en pacientes con ERC. Contiguglia y col. 

en 1973 mostraron que el Ca procedente de los vasos de pacientes urémicos 

eran cristales de hidroxiapatita, los mismos que los del esqueleto (57).  

La calcificación vascular es un proceso íntimamente ligado al 

envejecimiento. Sin embargo, en las ultimas décadas, varios estudios comenzaron 

a mostrar que un porcentaje muy elevado de pacientes con ERC presentaban 

calcificaciones vasculares (58), con mayor frecuencia y severidad que la población 

general, incluso en pacientes jóvenes menores de 30 años (13), con el 

consecuente impacto en la morbi-mortalidad de estos pacientes. Es conocida la 

relación entre las calcificaciones vasculares y la mortalidad cardiovascular, 

principal causa de muerte en pacientes en diálisis con más del 50 % de los 

fallecimientos (59-66). 

 

El mecanismo por el cual se produce la calcificación vascular es complejo y 

no totalmente comprendido. Inicialmente se pensaba que consistía en una simple 

precipitación de Ca y P en un apropiado microambiente (67). Varias líneas de 

evidencia indicaron, sin embargo que los mecanismos pasivos discurrían a la par 

que ciertos mecanismos activos. Durante este proceso activo las células de 

músculo vascular liso (CMVL), debido a la acción de ciertos promotores de la 

calcificación, sufren un mayor grado de apoptosis, formación de vesículas y  

cambian el fenotipo de células musculares lisas de la pared arterial a células 

similares a osteoblastos, induciendo formación de matriz y también atrayendo 

factores locales envueltos en el proceso de mineralización (68-70). Sin embargo, 

en mamíferos y humanos, las concentraciones séricas de Ca y P exceden en 

varias veces la solubilidad del producto calcio-fósforo (CaxP), sin embargo, no 

existe precipitación dentro de los vasos. Este hecho remarca claramente la 

importancia del papel que juegan los inhibidores fisiológicos de la calcificación 
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que contrabalancean el efecto bien conocido de los promotores de la 

calcificación.  

La lista de promotores e inhibidores del proceso de calcificación es larga y 

se incrementa cada año (Ilustración 2) (71-73).  

 

 

Ilustración	  2.	  Promotores	  e	  inhibidores	  de	  la	  calcificación	  vascular.	  Adaptado	  de	  “Alteraciones	  

del	  metabolismo	  óseo	  y	  mineral	  en	  la	  enfermedad	  renal	  crónica:	  avances	  en	  patogenia,	  

diagnóstico	  y	  tratamiento”	  

 

La hiperfosfatemia es el factor que de forma más constante se ha asociado 

con incremento de las calcificaciones vasculares y mortalidad en pacientes en HD 

(74). Con respecto al producto CaxP parece claro que su aumento se relaciona 

con mayor mortalidad global, por cardiopatía isquémica y por muerte súbita (75, 

76).  

El papel de la vitamina D como factor de riesgo merece una particular 

atención ya que dosis altas de metabolitos de vitamina D se han asociado 

experimental y clínicamente con un incremento en las calcificaciones vasculares y 
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la mortalidad (77, 78), mientras que la administración de metabolitos activos de 

vitamina D a dosis menores.   

	  

	  

Promotores	  de	  Calcificación	  Vascular	  	  

Factores	  del	  metabolismo	  mineral	  

Fósforo	  y	  calcio	  

El fósforo sérico alto es uno de los factores de riesgo más importantes 

relacionados con la uremia, asociados a la calcificación vascular en pacientes con 

insuficiencia renal crónica y en la población general (59). Es bien sabido que los 

altos niveles de fósforo sérico agravan el hiperparatiroidismo secundario y 

también reducen la actividad de la enzima 1-alfa-hidroxilasa, que a su vez, 

disminuye los niveles séricos de calcitriol. Una cuestión importante que debe ser 

respondida es “cómo los incrementos en el fósforo sérico activan varios 

mecanismos en los vasos“ desembocando en el desarrollo de calcificaciones 

vasculares.  

El fósforo, además de ser un elemento mineral extracelular, también se ha 

descrito como un jugador importante en los mecanismos de señalización de las 

CMLV (79). No sólo colabora con el calcio en la mineralización de la  matriz, 

sino que también es capaz de actuar como un "mensajero intracelular 

secundario", activando varias vías moleculares relacionadas con la formación de 

hueso. Penetra en las células a través de un canal específico dependiente de Na 

llamado Pit-1; de hecho, el bloqueo de Pit-1 previene la calcificación vascular en 

un modelo in vitro (80). En experimentos in vitro han demostrado que niveles 

intracelulares elevados de fósforo pueden actuar directamente en la trascripción 

de genes relacionados con el hueso, como CBFA-1/RUNX2 y osteocalcina, lo 

que resulta en la activación de varias vías osteogénicas en las CMLV, dando lugar 

a los consabidos cambios fenotípicos, pasando de CMLV a células óseas  (81). 

Además, en ratas urémicas con alto fósforo sérico, se ha sugerido que la 
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calcificación vascular en la capa media es causada, al menos en parte, por 

incrementos en las formas vasculares de CBFA-1/RUNX2 y Pit-1 (82). CBFA-

1/RUNX2 promueve la expresión de una de las familias más importantes de las 

proteínas implicadas en las calcificaciones vasculares: la proteínas morfogenéticas 

óseas (BMPs), de las que se hablará mas adelante en este capitulo. 

 

Vitamina	  D	  

El descubrimiento de que las CMLV expresan el receptor de la Vitamina 

D (VDR), hizo pensar que la unión del metabolito activo de la vitamina D, 

1,25(OH)2D3, podría tener efectos sobre las propias CMLV. De hecho, la 

1,25(OH)2D3 regula al alza el VDR e incrementa la carga de calcio en las CMLV 

de rata en cultivo (83) y de aorta de conejo (84). Otros estudios mostraron que 

concentraciones de 10-9 M de 1,25(OH)2D3 inducían la proliferación de las CMLV 

(85), migración y un aumento de la expresión de osteopontina (77). También se 

demostró que una concentración de 1,2µmol/L inducía cambios morfológicos en 

las CMLV de aorta de rata, incluida la progresión de un fenotipo contráctil a uno 

“óseo” con un incremento la producción de factores que promueven la 

calcificación in vitro.  

Jono et al demostraron que la 1,25(OH)2D3 a concentraciones 

comprendidas entre 10-7 y 10-9 M induce un incremento de la calcificación dosis 

dependiente en CMLV bovinas in vitro. Esto va acompañado de un incremento 

similar en la actividad fosfatasa alcalina y una regulación a la baja del péptido 

relacionado con la PTH (PTHrp) (78). Este cambio fenotípico permite a las 

CMLV sintetizar proteínas específicas de osteoblastos que incrementan el grado 

de calcificación. Entre ellas podemos destacar la expresión de factores de 

transcripción como CBFa1, osteocalcina (86) y de moléculas solubles como el 

RANKL o  BMP4 (87).  
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Factores	  moleculares	  

Eje	  BMP-‐Wnt	  

Dentro de los factores moleculares que promueven el desarrollo de la 

calcificación vascular se deben destacar en primer lugar la familia de las Bone 

Morphogenetic Proteins (BMPs), formada por al menos 30 proteinas con 

propiedades de inducción ósea que tienen un papel importante en el desarrollo 

de la organogénesis en varios tejidos. Forman parte de la superfamilia del TGF-b 

y señalizan tras la unión a sus receptores transmembrana. Los receptores de las 

BMP (tipo I y tipo II) funcionan de manera cooperativa y tras la unión de la 

proteína al receptor tipo II, se produce la activación del tipo I. El resultado es un 

aumento de la transcripción génica a través de fosforilación de proteínas y de la 

traslocación al núcleo de factores de transcripción de la familia de los Smad. 

La expresión de BMPs se ha venido detectando detectado en placas 

ateroscleróticas calcificadas (88) desde hace mas de 18 años. Además, BMP2, 

BMP4 y BMP6 se han encontrado en áreas de calcificación vascular de origen 

uremico (89). Estudios posteriores han demostrado que BMP2 inhibe la 

proliferación de las CMLV estimuladas con suero uremico (90) tras lo que 

desciende la expresión de marcadores de célula muscular lisa, favoreciendo la 

transición fenotipica. In vitro, estimula la captación de fósforo, el fenotipo 

osteoblástico y la calcificación. El papel de BMP4 no está tan estudiado, aunque 

se ha demostrado que induce calcificación de CMLV y está implicado en la 

calcificación vascular inducida por RANKL (87).  

Entre los mecanismos moleculares que se desencadenan después de 

sobre expresión de miembros de la familia de las BMPs durante la calcificación 

vascular, se encuentra la  inducción directa de la expresión de los factores de 

transcripción osteoblásticos tales como MSX2 y CBFA-1/RUNX2, estableciendo 

una inter-regulacion entre BMPs y dichos factores que aun permanece poco clara 

(91, 92).  

Se ha demostrado  que el eje "BMP-MSX-2" también  recluta a 

componentes de la familia de proteínas Winngless / ints (Wnt's) (93), 
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tradicionalmente asociada con la formación de hueso. Recientemente, la vía de 

señalización Wnt, incluyendo sus inhibidores, también se ha añadido a la larga 

lista de factores paracrinos "promotores de la calcificación vascular" (94), debido 

a varios estudios que han detectado que junto al desarrollo de la calcificación se 

observa aparición de diversos componentes de esta vía de señalización en áreas 

calcificadas (95-98). De los estudios en los que se ha visto una expresión de los 

inhibidores de Wnt tales como secreted frizzled proteins-2 y 4 (SFRPs) y 

dickkopf-1 (DDK1) en áreas severamente calcificadas se desprende una 

interesante hipótesis que postula que dichos inhibidores de la via de Wnt pueden 

ser factores que juegan un importante papel en la comunicación vaso-hueso, que 

será tratada mas adelante en esta tesis. 

 

Estrés	  oxidativo	  

El estrés oxidativo consta de una serie de sistemas enzimaticos acoplados 

encargados de la depuración de especies reactivas de oxigeno (ROS) como el ión 

superoxido o el peróxido de hidrógeno, finalizando todas estas reacciones en la 

producción  de agua como producto final. La subida de ROS y ciertas 

modificaciones en los niveles y actividad de diversas enzimas relacionadas con 

estrés oxidativo se ha relacionado también con el eje BMP-MSX-Wnt y por ello 

con la inflamación y la calcificación vascular. Si bien recientemente se ha 

ahondado en los mecanismos del estrés oxidativo que se ven afectados y/o 

regulados durante la calcificación vascular y el estrés oxidativo y los mecanismos 

de señalización intracelular que comporta han adquirido un papel relevante, 

diversos aspectos permanecen aun poco estudiados.  

CMVL cultivadas con H2O2, presentaron calcificaciones, a través de la 

estimulación directa de CBFA-1/RUNX2 (99) con un aumento en los niveles de 

NADPH oxidasa, lo que demuestra que el estrés oxidativo puede actuar como 

un promotor de la calcificación vascular. Ademas, se ha descrito una posible 

implicación de las enzimas relacionadas con el metabolismo del óxido nitrico. 

Además, en estudios in vivo han demostrado que algunos de los antioxidantes 

pueden prevenir las calcificaciones vasculares (100). Recientes estudios han 
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arrojado luz sobre el papel del receptor de los productos avanzados de 

glicosilación (RAGE) (101) como un mediador fundamental en la respuesta 

inflamatoria que desencadena la liberación de especies reactivas de oxígeno 

durante la calcificación vascular.  

 

Otros	  factores	  

Klotho es un correceptor del factor de crecimiento de fibroblastos 23 

(FGF-23), una hormona fosfatúrica, y que controla la excreción de fósforo (102), 

entre otras funciones. Ratones KO para el gen de klotho mostraron aceleración 

del envejecimiento, con calcificación ectópica generalizada, incluyendo 

calcificaciones vasculares. Los mecanismos por los que FGF-23/klotho afectan a 

las calcificaciones vasculares no se entienden completamente, si bien estudios 

recientes sugieren que este eje controla directamente la excreción de fosfatos y 

por ello parte de la homeostasis mineral, y otros pasos importantes en el 

metabolismo de la vitamina D y la PTH indirectamente, lo que, a su vez, puede 

ser también responsable de los efectos vasculares.  

Defectos en los genes codificantes para FGF-23 y klotho provocan 

perturbaciones varias, incluyendo la calcificación vascular y la pérdida de hueso. 

	  

	  

Inhibidores	  de	  la	  calcificación	  vascular	  

Fetuína	  A	  

  En el suero, la más abundante de los inhibidores de la calcificación vascular 

son fetuin-A (alfa 2-glicoproteína-Heremans Schmid), OPG y la proteína gla de la 

matriz. La Fetuína-A es un conocido inhibidor de la osteogénesis (103), capaz de 

inhibir la calcificación vascular. Los ratones KO para Fetuína-A desarrollan 

espontáneamente una generalizada calcificación de tejidos blandos, incluyendo 

una significativa calcificación de miocardio. En estos ratones, la calcificación 
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vascular se asoció a la regulación al alza de los pro-fibrótico factor TGF-beta 

(104).  

 

Proteina	  Gla	  de	  la	  Matriz	  (MGP)	  

La MGP es una pequeña proteína se secreta al medio extracelular y que 

sufre fundamentalmente dos modificaciones post-traslacionales dependientes 

algunas de ellas de la vitamina K (105). Aunque su mecanismo molecular preciso 

no se conoce, la evidencia científica acumulada demuestra que tiene un papel 

fundamental inhibiendo la calcificación de tejidos blandos. Las primeras evidencias 

se acumularos al constatar que el tratamiento de ratas con un antagonista de la 

vitamina K (warfarina) provocaba extensas calcificaciones del cartílago 

provocando un crecimiento anormal.  Además los animales KO para la MGP 

mueren por ruptura aórtica debido a extensas calcificaciones vasculares. 

El mecanismo preciso por el cual MGP inhibe la calcificación vascular no 

se conoce, pero se han sugerido varias posibilidades. Price et al sugiere que la 

MGP  se une a los cristales de hidroxiapatita impidiendo su crecimiento (106). 

Además, se ha demostrado que la MGP es capaz de inhibir la diferenciación 

fenotípica de las CMLV en células de hueso. Así, los animales KO de MGP 

muestran una pérdida de marcadores de CMLV con un aumento de la expresión 

de Cbfa1 y osteopontina (107). Los estudios de Shanahan en los que encuentra 

menor expresión de MGP en arterias de pacientes diabéticos con esclerosis de 

Mönckeberg apoyan esta teoría (108).  

 

Osteoprotegerina	  (OPG)	  	  

Es un miembro de la familia de receptores de los factores de necrosis 

tumoral (TNF-R), que ha sido identificado como regulador de la resorción ósea 

(37). OPG funciona como un receptor soluble, señuelo de ligando (RANKL) del 

receptor activador del factor nuclear – ĸB (RANK) (7). OPG es además receptor 

del ligando inductor de la apoptosis relacionado con el factor de la necrosis 

tumoral (TRAIL), que es un potente inductor de apoptosis.  
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La primera evidencia de que este sistema estaba implicado en la calcificación 

vascular derivó del estudio del ratón KO para OPG, el cual presenta 

osteoporosis y calcificaciones de la aorta y arterias renales (109). Se ha 

demostrado que OPG inhibe la calcificación vascular en ratas in vivo provocada 

tanto por vitamina D como por warfarina (110). Recientemente se han 

producido progresos en el entendimiento del modo de acción de OPG evitando 

la calcificación vascular, implicando NFkB y BMP-4 (87).  

 

Vías	  de	  señalización	  implicadas	  en	  la	  calcificación	  vascular	  

 Es bien sabido que las CMLV son capaces de conservar un poder de 

diferenciación osteogénica debido en parte a ambas líneas celulares tienen como 

origen embrionario el mesodermo (107). Como ha sido mencionado 

anteriormente, una pléyade estudios han mostrado que el proceso de 

calcificación vascular es un proceso mas allá de la precipitación físico-química, 

sino que es un proceso altamente regulado.  Se han identificado diversos factores 

osteogénicos que aumentan su expresión y actividad y se han convertido por 

tanto en marcadores de calcificación vascular clásicos, como el factor de 

transcripción osteoblástico Runx-2 o las BMP-2/4. Sin embargo, durante la ultima 

década, diversos estudios han tenido como objetivo el estudio de los 

mecanismos moleculares desencadenados en la célula en respuesta a diversos 

estímulos como desregulaciones en el metabolismo mineral, aumento del estrés 

oxidativo,  envejecimiento, inflamación crónica o alta glucosa, que tienen como 

consecuencia ultima, la diferenciación osteogénica (111). 

En esta sección nos centraremos en las vías de señalización secundarias a 

las señales que provienen de las afectaciones del metabolismo mineral, el estrés 

oxidativo y el envejecimiento asociados a la enfermedad renal crónica. 

 

Sobrecarga	  de	  fósforo	  y	  calcio.	  

 Es bien sabido que ambos desordenes, frecuentemente caracterizados 

como hiperfosfatemia e hipercalcemia, son dos de las presentaciones clínicas mas 
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frecuentes en la enfermedad crónica, como consecuencia de la perdida de 

capacidad regulatoria del riñon. Esto tiene como consecuencia la presencia de un 

entorno mineralizante en la circulación sanguinea. Como ha sido descrito 

anteriormente, el fósoforo es clásicamente el principal promotor de la 

calcificacion vascular. Sin embargo, la mayoria de mecanismos y vias de 

señalización acopladas a la entrada de fósoforo al interior celular permanecen 

desconocidos en gran parte (Ilustración 3).   

Recientemente se ha asociado la entrada de fósforo a la iniciación de la apoptosis 

y de la liberación de vesículas de matriz que contienen hidroxiapatita y se ha 

sugerido el eje Gas-Ax1/Pi3K/AKT (112, 113) como la vía de señalización 

activada por fósforo que desemboca en apoptosis y liberación de vesículas. La vía 

de señalización de MAPK ERK/p38 también ha sido recientemente relacionada a 

los efectos intracelulares del fósforo (114, 115), pero los efectores primarios, 

directamente relacionados a la sobrecarga directa de fósforo y que hace que se 

activen estas vías aun permanecen sin dilucidar. 

El efecto de la sobrecarga de calcio es a dos niveles. El calcio puede entrar a la 

célula a través de los “canales de calcio dependientes de voltaje” o “canales de 

calcio operados por depósitos” que puede resultar en la movilización de Calcio 

de los depósitos intracelulares que desembocaría en una regulación génica 

diferencial a través del factor de transcripción dependiente de Calcio/AMP cíclico 

(CREB) (116). El papel del calcio como segundo mensajero intracelular como 

consecuencia de la sobrecarga de calcio esta aun poco claro, aunque 

recientemente se ha descrito que el calcio altera el metabolismo de las Anexinas 

que se unen a calcio A2, A5 y A6 para promover la liberación de vesículas de 

matriz (117). El otro tipo de acción del calcio es a través de su receptor, 

expresado en las CMLV (118). Recientemente, el CaSR ha sido descrito como un 

factor principal en el desarrollo de calcificaciones vasculares, reclutando 

miembros del sistema MAPK (119).  
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Especies	  reactivas	  de	  oxigeno	  y	  envejecimiento	  

La mayoría de estudios que han tenido como objetivo el papel de ROS en 

la patobiología de la calcificación vascular han adjudicado un papel central al 

peroxido de hidrogeno en la activación de las vías de señalización que 

desencadenan la respuesta osteogénica. Se ha demostrado que el peroxido de 

hidrogeno por si mismo es capaz de activar la vía AKT y aumentar la tasa de 

transcripción de CBFA-1/RUNX2 (99). Sin embargo, la razón del acumulo 

intracelular de peroxido de hidrógeno permanece poco clara. 

La acumulación de los productos avanzados de oxidación de proteínas y 

el LDL oxidado es frecuente en la uremia y la diabetes y se han asociado a la 

activación de la vía p38/MAPK y a la inflamación a través de TNF-alfa (120, 121). 

Recientemente, una articulo publicado por Raughnaut y cols. (122), han 

sugerido un novedoso mecanismo implicado en la relación calcificación vascular-

ROS. Este mecanismo comprende diversos aspectos relacionados con la 

senescencia y el envejecimiento prematuro, describiendo por primera vez que el 

estrés oxidativo puede influir en los niveles de la metaloproteasa Zmpste-24 

(123). Esta proteasa pertenece al sistema de procesamiento y maduración de la 

LaminaA/C, componente de la envuelta nuclear, cuyos defectos se asocian al 

envejecimiento prematuro y síndromes de progeria. La presencia de ROS inhibe 

la expresión de Zpmste-24, provocando una acumulación de Prelamina A y por 

ello, una senescencia y daño en el DNA acelerados en las CMLV, favoreciendo 

así ciertos aspectos implicados en la diferenciación osteogénica.  

Además el envejecimiento y senescencia de las CMLV ha sido asociado 

también una desregulación de citoquinas inflamatorias como IL-6, afectando a la 

via de NF-KappaB (124). 
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Ilustración	  3.	  Esquema	  que	  representa	  las	  diferentes	  vías	  de	  señalizaron	  implicadas	  en	  la	  

regulación	  de	  la	  diferenciación	  osteogénica	  en	  las	  células	  de	  músculo	  liso	  vascular.	  Adaptado	  de	  

Liu	  y	  cols.	  (111).	  

 

 

Relación entre calcificaciones vasculares y pérdida de masa ósea 
 

La relación entre las calcificaciones vasculares y la osteoporosis se 

observó desde hace mucho tiempo ya que los pacientes con osteoporosis 

presentaban frecuentemente enfermedades vasculares, incluyendo aterosclerosis 

y calcificaciones arteriales. De hecho, la práctica clínica diaria revela que el 

paciente hospitalizado por fracturas osteoporóticas sufre de eventos 

cardiovasculares como infarto agudo de miocardio o ACV (125).  

Existen estudios epidemiológicos donde se demuestra la coexistencia de 

las calcificaciones vasculares con la pérdida de masa ósea, sugiriendo una posible 

relación entre osteoporosis y aterosclerosis. En el estudio Framingham, las 

mujeres con la masa ósea más baja, determinada por una radiografía sobre el 

área cortical de los metacarpianos de las manos, presentaban una mayor 



   

 42 

incidencia de enfermedad arterial coronaria en un periodo de 30 años (126). En 

este mismo estudio se mostró que la pérdida ósea cortical se asociaba con la 

progresión de calcificaciones ateroescleróticas en mujeres (127). La masa ósea 

baja también se asoció con calcificaciones aórticas en población general, 

detectadas con radiología convencional (127). En un estudio en 2348 mujeres 

posmenopáusicas de California reveló que las calcificaciones aórticas representan 

un potente predictor para DMO baja y fracturas de fragilidad (128). Un análisis 

de un subgrupo de este estudio reveló una asociación entre calcificación 

aterosclerótica y pérdida ósea vertebral. Otro estudio prospectivo de 2662 

mujeres posmenopáusicas de Dinamarca mostró que las calcificaciones aórticas 

se asociaron de forma significativa con DMO baja y pérdida rápida de masa ósea 

del fémur proximal (129).  

En la línea de este paralelismo epidemiológico, se han sugerido 

mecanismos moleculares comunes en la patogénesis de la osteoporosis y de las 

enfermedades vasculares, especialmente calcificaciones arteriales incluyendo 

mecanismos relacionados con el envejecimiento, inflamación, equilibrio entre 

formación y resorción ósea, estrés oxidativo y ERC.  La osteoporosis de bajo 

remodelado característica del envejecimiento no es el único desorden del 

metabolismo óseo que ha sido asociado a la calcificación vascular. En pacientes 

en diferentes etapas de ERC, el fósforo sérico esta fuertemente asociado con las 

calcificaciones vasculares junto con pérdida de masa ósea. Además, 

concentraciones altas de fósforo sérico han sido descritas como uno de los 

factores patogénicos mas importantes que inducen calcificación vascular (66, 69).  

Por el contrario, los niveles altos de PTH presentan un papel que es 

todavía controvertido al respecto de su papel como promotores de calcificación 

vascular. (130).  Un metanálisis reciente destaco e fósforo sérico por encima del 

calcio y PTH como un potente promotor de la calcificación vascular y por lo 

tanto causa de eventos cardiovasculares y mortalidad (131).  
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Datos experimentales han mostrado claramente que células del músculo 

liso vasculares en presencia de diversos estímulos, modifican su fenotipo a células 

similares a osteoblastos capaces de inducir calcificaciones vasculares.  

La generación y caracterización de los ratones knockout de genes 

relacionados con el metabolismo óseo han aportado información importante ya 

que, algunos de estos modelos animales combinan fenotipos esqueléticos y 

vasculares (67). Entre las proteínas implicadas se encuentran la MGP, la 

osteopontina, la fetuina A, Smad 6, la OPG y klotho (132) 

Recientemente, ratas urémicas alimentadas con dieta alta en fósforo y 

ratones KO para el receptor de LDL alimentados con dieta alta en grasas 

mostraron un aumento significativo de la calificación vascular y una bajada de la 

masa ósea. Un análisis genómico mostró que las áreas con calcificación vascular 

severa mostraban aumentos significativos de inhibidores de la vía de Wnt, 

concretamente, algunos miembros de la familia de secreted frizzled-related 

proteins (SFRPs) (98, 133-135). Además, la inducción de nefritis se asoció con la 

sobre-regulación de SFRP4, SFRP2 y DDK1 en la capa  adventicia (136). Este 

incremento en inhibidores de la vía de Wnt en áreas severamente calcificadas 

podría ser indicativo del desencadenamiento de mecanismos defensivos en la 

pared e la aorta para contrarrestar la formación ósea o intentar atenuar la 

mineralización en el vaso. Debido a que muchos de estos inhibidores son 

secretados, podrían actuar no solo en el vaso, sino también viajar al hueso, 

promoviendo en parte la perdida de masa ósea, constituyendo un grupo de 

nuevos factores implicados en esta relación.
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Hipótesis	  y	  Objetivos	  
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Hipótesis de trabajo: 
 

El estudio de los mecanismos implicados en el desarrollo de las 

manifestaciones típicas de las alteraciones del metabolismo óseo y mineral en el 

escenario de la enfermedad renal crónica es altamente complejo. Los 

mecanismos por los cuales la sobrecarga de fósforo interviene en el desarrollo 

de el hiperparatiroidismo secundario y la relación calcificación vascular-pérdida 

de masa ósea todavía permanecen poco claros, dando valor al uso de técnicas 

basadas en la genómica para la identificación de nuevos factores que puedan jugar 

un papel tanto en su desarrollo como en los mecanismos defensivos desatados 

en respuesta a condiciones severas. 

Por ello, en esta tesis se empleo un modelo animal de ratas urémicas 

alimentadas con una dieta alta en fósforo y una aproximación genómica, cuyo fin 

fue identificar nuevos factores implicados en el el hiperparatiroidismo secundario 

y la calcificación vascular. Una vez identificados estos factores, se llevaron a cabo 

experimentos funcionales con el fin de identificar los mecanismos de acción y las 

relaciones existentes entre estas alteraciones. 

 

 

Objetivos: 
 

1. Analizar el efecto de la sobrecarga de fósforo en el desarrollo 
del hiperparatiroidismo secundario. 

Objetivos específicos: 

1.1 Analizar y validar el modelo animal empleado 

1.2 Analizar los resultados del perfil de expresión génica en los diferentes 
estadios de hiperparatiroidismo secundario. 

1.3 Estudio de la relación entre la expresión génica incrementada de las 
Dusps y los niveles de ERK y pERK 1/2 

1.4 Analizar el papel de las Dusps en el efecto del FGF23 sobre la 
secreción de PTH 
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2. Analizar el efecto de la sobrecarga de fósforo en el desarrollo 
de la calcificación vascular. 

Objetivos específicos: 

2.1 Analizar y validar el modelo animal empleado 

2.2 Estudio de la calcificación vascular desde un punto de vista histológico 

2.3 Analizar los resultados del perfil de expresión génica en los diferentes 
grupos de estudio. 

2.4 Estudio de la relación entre calcificaciones vasculares y pérdida de 
masa ósea. 

 

3. Analizar el papel de diversos antioxidantes en la calcificación 
vascular in vitro. 

Objetivos específicos: 

3.1 Validar el modelo empleado 

3.2 Analizar el papel de diversos antioxidantes en la mineralización in 
vitro 
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Material	  y	  Métodos	  
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Modelo animal y diseño experimental general 
Para realizar todos los experimentos se utilizaron 85 ratas Wistar macho 

de 4 meses de edad respectivamente procedentes del animalario de la 

Universidad de Oviedo donde se mantuvieron estabulados en una misma 

dependencia, con una temperatura de entre 20 y 24oC, suministrándoles comida 

y bebida ad libitum. Como alimento se les proporcionó una dieta estándar (dieta 

A04, Panlab SL) que contenía 0,6% de fósforo y 0,6% de calcio (dieta NPD, por 

sus siglas en ingles) o una dieta alta en fósforo que contenía 0,9% de fósforo y 

0,6% de calcio (dieta HPD por sus siglas en inglés) (dieta A06, Panlab SL).   

Los animales fueron manipulados en todo momento de acuerdo a lo 

dispuesto en la normativa legal vigente y, en particular, al Real Decreto 

1201/2005 sobre protección de animales de experimentación y otros fines 

científicos. Los ensayos con animales fueron aprobados por el Comité Ético de 

Experimentación Animal de la Universidad de Oviedo. 

Los sacrificios de los animales se hicieron a las 4, 8, 12, 16 y 20 semanas 

desde la nefrectomía, mediante anestesia con CO2 y posterior punción cardiaca, 

formando por lo tanto 20 grupos formados por un mínimo de 5 ratas cada uno, 

como esta detallado en la Ilustración 4.  

A su vez, se incluyó un grupo de animales normales sin nefrectomía y con 

dieta normal.  

Se recogieron todos los tejidos especificados según la seccion Tejidos 

recogidos en el sacrificio. Almacenamiento. 

 

Ilustración	  4.	  Diseño	  del	  estudio.	  
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Diseño	  experimental	  I;	  hiperparatiroidismo	  secundario	  
 

Para simplificar el diseño del estudio, se construyeron tres grupos en base 

a los criterios: tiempo de exposición a la dieta alta en fósforo y valores séricos 

de PTH, resultando en la formación de 3 grupos grupos denominados 

“hiperparatirodismo secundario moderado” (Mod sHPTH), que incluye los 

animales pertenecientes a los grupos con ERC alimentados con dieta normal en 

fósforo; “hiperparatiroidismo secundario moderado/severo” (Mod/sev sHPT), 

que incluye a los animales con ERC alimentados con dieta alta en fósforo durante 

4, 8 y 12 semanas  e “hiperatairoidismo secundario muy severo” (sev sHPT), ”, 

que incluye a los animales con ERC alimentados con dieta alta en fósforo durante 

16 y 20  semanas. Se  incluyó un grupo referencia de animales sin nefrectomía 

(Referencia) y alimentados con dieta normal. 

 

Diseño	  experimental	  II;	  calcificación	  vascular	  
 

En el caso del estudio de la calcificación vascular, unicamente se 

incluyeron en el estudio los grupos de animales alimentados con dieta alta en 

fósforo durante 8, 16 y 20 semanas (8HPD, 16HPD y 20HPD) y sus 

correspondientes grupos controles, es decir, los grupos de animales alimentados 

con dieta normal en fósforo durante 8, 16 y 20 semanas (8NPD, 16NPD y 

20NPD) . Se  incluyó un grupo referencia de animales sin nefrectomía y 

alimentados con dieta normal. 
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Tejidos	  recogidos	  en	  el	  sacrificio.	  Almacenamiento	  

 Al sacrificio se recogieron los siguientes tejidos y muestras necesarias 

para llevar a cabo las distintas determinaciones, almacenándose tal y como se 

detalla a continuación: 

• Se extrajo sangre del corazón y se separó el suero que se almacenó a 

-70ºC hasta ser utilizado para llevar a cabo las distintas 

determinaciones analíticas. 

• Las glándulas paratiroides se sumergieron en un inhibidor de 

ARNasas (RNA later, Ambion) a -20ºC hasta su posterior utilización 

para estudios moleculares. 

• La arteria aorta se dividio en varios fragmentos. Uno de ellos se 

sumergió en un inhibidor de ARNasas (RNA later) a -20ºC hasta su 

posterior utilización para estudios de genómica, otro se sumergió en 

alcohol al 70% un periodo mínimo de 1 semana para posterior 

análisis histológico y otro se congeló directamente a -70ºC para su 

análisis proteómico. 

• La tibia derecha se sumergió en alcohol al 70% un periodo mínimo de 

1 semana para posterior análisis densitométrico. Tras realizar la 

densitometría, el tercio proximal de la misma fue incluido en metil-

metacrilato. 

  

Determinaciones	  analíticas	  

Análisis	  bioquímicos	  generales	  

 La cuantificación de parámetros bioquímicos generales en suero, calcio 

(Ca), fósforo (P), creatinina (Cr), urea y proteínas totales se realizó mediante las 

técnicas estándar, utilizando un autoanalizador multicanal (Hitachi 717, 

Boehringer Mannheim). La determinación de FGF23 sérico en el modelo in vivo y 
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de la secreción de PTH en los experimentos de cultivo de glándulas paratiroides 

ex vivo se realizó con kits de ELISA según las instrucciones del fabricante 

(Immutopics 60-6300y 60-2300 respectivamente) 

Determinaciones	  mediante	  radioinmunonanálisis	  

 La determinación de la PTH intacta sérica en el modelo animal se llevó a 

cabo mediante radioinmunoensayo utilizando un kit comercial específico para 

rata (IRMA Rat PTH, Immutopics), con un coeficiente de variación intraensayo 

inferior al 4,4% y de interensayo inferior al 4,8%. 

  

Inducción	  de	  enfermedad	  renal	  crónica	  

En la mayoría de estudios (137-139), la ERC se induce mediante 

nefrectomía 5/6 en dos tiempos quirúrgicos, con una semana de intervalo en la 

actuación sobre uno u otro riñón. No obstante, en nuestro laboratorio esta 

técnica fue modificada, ampliándose la reserción del riñón hasta una nefrectomía 

7/8, según el modelo descrito por Ormrod y Miller (140), (Ilustración 5). El 

objetivo fue lograr un mayor grado de insuficiencia renal. La intervención se 

realizó, además, en un único tiempo, tras observarse un grado de insuficiencia 

renal y una mortalidad similar –e incluso menor– a la que se obtenía con la 

realización en dos tiempos, pero con la ventaja del consiguiente ahorro de 

tiempo (141). 

 

Ilustración	  5.	  Modelo	  de	  ERC	  propuesto	  por	  Ormrod	  y	  Miller.	  La	  parte	  rayada	  representa	  el	  

tejido	  que	  se	  secciona.	  
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En primer lugar se realizó la nefrectomía total del lado derecho. Para ello, 

se rasuró al animal en la región lumbar y se practicó una incisión de los planos 

cutáneo y muscular. Una vez localizado el riñón, se procedió a la extirpación 

total del mismo, previa ligadura del pedículo renal. Finalmente se suturó el 

músculo y la piel. A continuación se realizó la nefrectomía contra-lateral. Tras 

localizar el riñón, se practicó la sección de los polos superior e inferior, así como 

del tercio externo del parénquima renal. Por último, y del mismo modo que se 

hizo con el riñón derecho, se suturó el músculo y la piel. 

Como anestésico se utilizó una combinación de medetomidina (Dontor, 

Orion Corporation) y ketamina (Ketolar, Warner-Lambert Company) por vía 

intraperitoneal, administrada a una dosis de 0,16 mg/kg y 42 mg/kg 

respectivamente. Como antagonista del anestésico se utilizó atimepazol 

(Antisedan, Orion Corporation) a una dosis de 0,08 mg/kg. Durante la 

intervención, y con objeto de minimizar la hemorragia se utilizó un 

vasoconstrictor (Espongostan Film, Intersurgical España), mediante compresión 

en el lugar de corte. 

 

Extracción	  de	  las	  glándulas	  paratiroides	  

Debido a la dificultad que supone identificar y aislar las glándulas 

paratiroides, algunos autores utilizan la tiroparatiroidectomía (142). En nuestro 

caso, pese a las dificultades, se optó por la paratiroidectomía. Para proceder con 

la extracción de las glándulas paratiroides, el animal se anestesió introduciéndolo 

en una urna con CO2 y una vez anestesiado, se desangró por punción cardiaca. 

Se colocó la rata en decúbito prono sobre un tablero cubierto por una sábana de 

quirófano y se abrieron las patas delanteras a modo de cruz enganchándolas al 

tablero para que no se cerrasen. Se hizo una incisión en la línea media a lo largo 

de todo el cuello, desde el esternón a la mandíbula y lateralmente siguiendo el 

borde superior de las clavículas hacia afuera. La grasa y el tejido celular 

subcutáneo se retiraron hacia los lados quedando las dos glándulas salivales al 

descubierto.  
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A partir de este momento la manipulación se realizó bajo un 

estereomicroscopio (Olympus SZ-ST) con una fuente de luz fría Leica L2 (Leica), 

con el fin de ampliar la zona y mejorar el campo de visión sin desecarlo por el 

calor de una luz convencional. Una vez identificados los dos haces del músculo 

esternocleidomastoideo se cortaron y separaron lateralmente. Los dos haces del 

músculo esternohiodeo que protegen la tráquea se seccionaron y se separaron 

en su parte inferior dejando a la vista la tráquea, el tiroides y, a lo largo del 

trayecto dorso lateral de cada lóbulo tiroideo, un músculo muy delgado debajo 

del cual se encuentran unas formaciones nacaradas de consistencia dura que son 

las glándulas paratiroides que fueron aisladas del tejido tiroideo y extraídas 

convenientemente (Ilustración 6).  

 

Ilustración	  6.	  Aspecto	  del	  campo	  quirúrgico	  una	  vez	  abierto	  el	  cuello	  de	  la	  rata.	  Si	  las	  secciones	  se	  

hacen	  más	  amplias	  no	  es	  necesario	  el	  uso	  de	  separadores	  (Adaptado	  de	  Waynforth	  H.	  B.(143)).	  

 

Extracción	  de	  la	  arteria	  Aorta	  

Para proceder con la extracción de la arteria Aorta, el animal se anestesió 

introduciéndolo en una urna con CO2 y una vez anestesiado, se desangró por 

punción cardiaca. Se colocó la rata en decúbito prono sobre un tablero cubierto 



   

 57 

por una sábana de quirófano y se abrieron las patas delanteras a modo de cruz 

enganchándolas al tablero para que no se cerrasen. Se hizo una incisión en la 

línea media a lo largo de todo el tronco, desde el cuello hasta el abdomen.  

Una vez abierto el campo, se localizó la arteria Aorta; una vez localizada 

se procedió a su extracción y posterior limpieza de restos de grasa y sangre en 

una placa petri hasta conseguir la aorta lo mas limpia posible.  

 

Valoración	  de	  la	  calcificación	  vascular.	  

Para el estudio histológico se utilizó un fragmento de la Aorta abdominal. 

En la preparación de las muestras se siguieron los siguientes pasos: 

Fijación. Las muestras se sumergieron en alcohol al 70% y se mantuvieron 

a temperatura ambiente hasta el momento de su procesamiento (24 horas como 

mínimo). 

 Deshidratación e infiltración en metil-metacrilato. Incluye los siguientes 

pasos: 

- 24 horas en acetona al 75%. 

- 24 horas en acetona absoluta. 

- 2º paso de 24 horas en acetona absoluta. 

- 24 horas en solución de acetona absoluta y de metil-metacrilato 

(monómero) (1:1).  

- 24 horas en metil-metacrilato (monómero). 

- 2º paso de 24 horas en metil-metacrilato (monómero). 

 Inclusión: Las muestras se introdujeron en tubos de cristal con 

polimetilmetacrilato parcialmente polimerizado y se taparon con Parafilm 

(American National Can.). Tras permanecer durante 4 días a 4ºC, se dejaron a 

temperatura ambiente y una vez atemperadas, se destaparon y se dejaron 
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endurecer durante un periodo de 2 semanas. Una vez comprobada la dureza casi 

total del metacrilato, se introdujeron 12 horas en una estufa a 37-40ºC. 

Completada la polimerización, se rompió el tubo de cristal, obteniéndose un 

bloque cilíndrico de metacrilato con la muestra incluida en su interior. 

 Corte: Antes de colocar el cilindro de metacrilato en el micrótomo, se 

pulió la cara de corte con una pulidora de probetas metalográficas hasta alcanzar 

la profundidad deseada, para evitar el desgaste innecesario de las cuchillas. Los 

cortes se realizaron con un microtomo Polycut S (Reichert-Jung), usando una 

cuchilla de acero con filo de carburo de tungsteno. Para la tinción de Von-Kossa 

el grosor de los cortes fue de 3 micras. Los cortes fueron colocados sobre 

portaobjetos tratados previamente con gelatina y a continuación fueron 

reblandecidos con etanol al 95% para poder ser estirados y aplanados con un 

pincel. Después se recubrieron con una lámina de polietileno y se colocaron en 

una prensa durante 12 horas a 37ºC. 

 Desplastificación: Los cortes se desplastificaron en metil-acetato durante 

30 minutos y después se hidrataron en soluciones decrecientes de alcohol, 

siendo el último paso su lavado en  agua destilada.  

 Tinción: Para los estudios histológicos se realizó la tinción Von Kossa-

Ponceau con Xilidina-Orange G. Esta tinción  permite distinguir el osteoide de la 

matriz mineralizada. El osteoide se tiñe de rojo y el hueso mineralizado de negro. 

El protocolo que se siguió fue el siguiente: 

- Nitrato de plata al 3%, 5 minutos 

- Agua destilada, 5 minutos, dos lavados 

- Formol-carbonato de sodio, 5 minutos 

- Agua corriente, 5 minutos 

- Sulfato de sodio al 5%, 5 minutos 

- Agua corriente, 10 minutos. 
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- Ponceau de Xilidina, 45 minutos 

- Lavado breve en ácido acético 

- Lavado breve en agua destilada 

- Ácido fosfotúngstico-Orange G, 7 minutos 

- Lavado breve en ácido acético al 1% 

- Lavado breve en agua destilada 

- Deshidratar sumergiendo en soluciones crecientes de alcohol y montar 

 

Diagnóstico	  cualitativo	  histológico	  	  

 El diagnóstico cualitativo histológico se llevó a cabo de forma ciega por un 

patólogo experimentado en el metabolismo óseo, usando el equipo representado 

en la Ilustración 7 . 

 

 

Ilustración	  7.	  Equipo	  utilizado	  para	  la	  evaluación	  de	  la	  presencia	  de	  calcificaciones	  vasculares	  
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Densitometría	  ósea	  

 Se utilizó un densitómetro radiológico digital de doble energía (DXA) 

(Hologic QDR-1000). El aparato consta de: a) Unidad de exploración, integrada 

por un tubo de rayos X, un sistema de detección que se desplaza 

sincrónicamente a lo largo de la superficie de exploración donde se sitúa el 

paciente, y un ordenador encargado de gobernar el sistema, producir la 

digitalización y análisis de imagen y finalmente aportar los datos densitométricos 

y b) Consola de control, provista de monitor de visualización de imágenes, 

teclado de control del ordenador, impresora y un sistema de conservación de 

datos en disco óptico. 

 El sistema de rayos X está formado por un tubo emisor y un filtro de 

samario que permite el paso de una emisión pulsátil de dos haces de 70 y 140 

KeV de energía. El sistema de generación de imagen se basa en una escala digital 

proporcional al contaje de radiación efectuado por el cristal de ioduro sódico en 

cada punto, que posteriormente se refleja en pantalla en una escala de grises. 

Antes de cada exploración, y de forma automática se lleva a cabo un proceso de 

autocalibrado mediante un disco interno con cuatro estándares de densidad 

diferente. 

 El cálculo de densidad se realiza a través de un proceso matemático que 

se inicia con la diferenciación del tejido óseo respecto a los tejidos blandos 

(diferencial de la captación del haz de baja y alta energía), la determinación del 

área explorada y del contenido mineral (calculado a través de la ley general de 

atenuación), y con el cociente de ambos, la densidad por unidad de superficie.  

Procedimiento	  operativo	  

 En las exploraciones realizadas en ratas en segmento lumbar y en tibia se 

utilizó un colimador sobre la fuente de salida de rayos X y un software específico 

para animales de pequeño tamaño que permitió aumentar el poder de 

resolución. 
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 Finalizada la exploración y con la imagen digitalizada en pantalla se 

procedió al análisis de la misma. Se seleccionó el campo útil de exploración, 

delimitándose de forma automática o manual los diferentes subsectores: 

segmento proximal y distal de la tibia. A continuación el sistema informático 

procedió a realizar las diferentes operaciones matemáticas para calcular la 

densidad. 

 

Ilustración	  8.	  Imagen	  densitométrica	  realizadas	  en	  rata	  a	  nivel	  de	  tibia.	  

 

 Las determinaciones densitométricas se llevaron a cabo en los segmentos 

aislados, colocando estos en recipientes que contenían 3 cm de harina de trigo, 

cantidad necesaria para igualar los cocientes de atenuación de los dos haces de 

energía que producen los tejidos blandos en las densitometrías in vivo. La 

utilización de la harina de trigo ofreció además la ventaja adicional de permitir un 

perfecto posicionamiento del hueso.  

 En la Ilustración 8 se muestran un ejemplo de imágen densitométrica de 

rata realizadas a nivel de tibia. 

 Una vez finalizado el proceso en cada zona explorada y en los 

subsectores establecidos se obtuvieron los valores del área (cm2), contenido 

mineral óseo (g), y densidad mineral ósea referida al área de proyección (g/cm2). 

 

Genómica   
La extracción del ARN se realizo siguiendo el protocolo detallado en la 

sección Extracción de ARN. La calidad y cantidad del ARN purificado se 

estimaron mediante chequeo de una alícuota en un gel de agarosa y medida 
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espectrofotométrica. A partir de 2µg de cada una de las muestras, se sintetizó 

cDNA con el One-Cycle cDNA Synthesis kit (Affymetrix), siguiendo el protocolo 

del Expression Analysis Technical Manual de Affymetrix. A partir de este cDNA se 

sintetizó cRNA siguiendo el protocolo del IVT Labeling kit (Affymetrix). El cRNA 

así sintetizado, se purificó con el GeneChip Sample Cleanup Module (Affymetrix). 

Una vez sintetizado y purificado, se fragmentó el cRNA (15 µg de cada 

preparación) para preparar las mezclas de hibridación.  

Una vez observadas las imágenes de cada chip, se controlaron parámetros 

fundamentales, para valorar la calidad de las mezclas de hibridación: la presencia 

de los spike controls y la relación 3’/5’ de los genes housekeeping.  

Como paso previo a la comparación de los arrays se llevó a cabo el 

escalado de los datos de cada array, con el fin de minimizar las discrepancias 

debidas a variables tales como la preparación de la muestra, la hibridación, etc. 

Usando el software GCOS 1.2 (Affymetrix), todos los arrays se escalaron 

definiendo como la intensidad media el valor arbitrario de 200. Los factores de 

escalado aplicados a cada muestra de este experimento estaban dentro de los 

límites establecidos por Affymetrix indicando la posibilidad de realizar 

comparaciones entre arrays y aportando fiabilidad a los resultados.  

Posteriormente se utilizo el software dChip (144, 145) para leer los 

archivos de imágenes de los arrays (Archivos CDF y CEL) y normalizar la 

expresión de los arrays usando el sistema “perfect march/mismatch” (PM/MM), 

especificando la posición  de los genes Housekeeping en el array. Después se 

procedió al filtrado de los datos para eliminar “outlayers” y centrar el análisis en 

los genes sometidos a grandes variaciones. Posteriormente se procedió a una 

clusterización jerárquica usando el algoritmo Centroid-Linkage y las listas de 

genes (clusterización jerárquica supervisada) definidas por la Kyoto Enciclopaedia 

of Genes and Genomes (KEGG) (146). 

A continuación, se compraron las muestras correspondientes a cada 

experimento usando siempre el algoritmo “False Discovery Rate” con el fin de 

evitar falsos positivos. Se originaron entonces diversos archivos, en los que 

además de el valor de cambio del gen y el p valor correspondiente a su 
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comparación, se incluyeron los términos de anotación de funciones biológicas 

para asignar una significación real biológica a cada gen. Tras un cribado mediante 

el software IPA (Ingenuity Pathway Analysis) (Ingenuity Systems Inc.), se 

construyeron las listas de genes correspondientes, aplicando un cribado final en 

el que se seleccionaron los genes con una tasa de cambio mayor o menor que 2 

o -2 respectivamente. 

 

Cultivos in vitro 

Cultivos	  de	  glándulas	  paratiroides	  	  

Para el cultivo ex vivo se utilizaron un total de 96 ratas Wistar macho de 4 

meses de edad. Una vez extraídas, las glándulas paratiroides se depositaron en 

cestas de propileno con una membrana de Nylon semipermeable de 12 µm de 

poro acopladas a placas de cultivo de 12 mm de diámetro (Costar®). Este 

sistema facilita el manejo de las glándulas y evita pérdidas de tejido durante el 

periodo de cultivo  

 

Ilustración	  9.	  Modelo	  de	  cultivo	  de	  tejido	  paratiroideo.	  Las	  glándulas	  se	  depositan	  sobre	  cestas	  y	  
se	  introducen	  en	  placas	  de	  12	  mm	  de	  diámetro.	  

Las glándulas se cultivaron en un incubador (mod. Stuart SI60D, Bibby 

Scientific Limited) a 37oC y en agitación constante. A cada pocillo se le añadieron 

2 mL de un medio de cultivo no comercial, descrito por Almadén y col (130). 

Dicho medio se preparaba fresco antes de cada experimento y contenía: NaCl 

125 mM, KCl 5,9 mM, MgCl2 1,2 mM, glucosa 12 mM, HEPES 25 mM, albúmina 

sérica bovina (BSA) 0,1%, (todo ello de Sigma-Aldrich), L-glutamina 4 mM, 
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penicilina 100 U/mL, estreptomicina 100 µg/mL, piruvato sódico 1 mM (todo ello 

de Biochrom AG, Berlín, Alemania) e insulina 0,1 U/mL (Novo Nordisk A/S) 

ajustado a pH 7,4. El fósforo se añadió como una mezcla de NaH2PO4 y 

Na2HPO4 (Sigma-Aldrich) en una proporción 1:2. De este modo se consigue una 

concentración final de fósforo en el medio de 1 mM. Finalmente, se añadió CaCl2 

(Sigma-Aldrich) a concentraciones variables (0,6 mM o 1,2mM) en función de 

cada experimento. 

Para cada uno de los 5 experimentos (realizados por sextuplicado) se 

utilizaron 4 glándulas paratiroides divididas de forma aleatoria. Antes de 

comenzar el ensayo (0 horas), las glándulas se lavaron durante 8 horas a 37oC en 

agitación constante con 2 mL de medio de cultivo con una concentración de 

calcio 1,2 mM, con el fin de permitir la estabilización de la secreción de PTH tal y 

como se había observado en previos trabajos (27, 130, 147). Tras el período de 

lavado, se tomo una muestra de 250µL de medio para la determinación de la 

PTH basal. Para estimular la secrecion de PTH, se sustituyó el medio de cultivo 

por medio fresco con una concentración de calcio de 0,6 mM en todos los 

grupos menos en uno que se mantuvo con 1,2mM de Ca y se usó como grupo 

referencia. A los grupos estimulados se les añadio FGF23, FGF23 y un inhibidor 

de la fosforilación de ERK químico (UO126) e inhibidores de la fosforilación de 

ERK biológicos (Dusps recombinantes).  

Por lo tanto se formaron los siguientes grupos: a)1,2mM Ca; b) 0,6 mM 

Ca; c) 0,6 mM Ca + FGF23 100 ng/mL (2629-FG, R&D Systems); d) 0,6 mM Ca + 

FGF23 100 ng/mL + UO126 1 µM (UO126, #U-120, Sigma Aldrich), y e) 0,6 mM 

Ca + FGF23 100 ng/mL + mezcla Dusps recombinantes a una concentración de 

1µL/mL cada una (AK-020, Biomol).  

La actividad de las Dusps estuvo en el intervalo 5-90 U/µg . La actividad 

fue ensayada mediante el método de la hidrólisis del 3-O-metil fluorescein fosfato 

(OMFP) a 30°C. Las condiciones fueron: 1 µg enzima por 100 µl en 100 mM 

Tris-HCl, pH 8.2, 40 mM NaCl, 1 mM DTT, 20% glicerol, 0.5 mM OMFP. Una 

unidad fue igual a 1 pmol de fosfato hidrolizado de OMFP por minuto. Una vez 
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finalizado el experimento, se recogieron 250 µl de medio de cultivo para el 

análisis de la PTH secretada y las glándulas fueron recogidas y conservadas 

	  

Cultivos	   de	   células	   de	  músculo	   liso	   vascular.	   Calcificación	   vascular	   in	  

vitro.	  

Para llevar a cabo el estudio in vitro de la calcificación vascular se usó un 

cultivo primario de celulas de músculo liso vascular de pases no superiores a 5. 

Las células se cultivaron, siempre por triplicado para condición experimental y 

analisis, en placas de cultivo 10 cm de diámetro hasta 60%  de confluencia en 

medio de cultivo DMEM:F12 1:1 con suero descomplementado al 10% (Sigma-

Aldrich), penicilina 100 U/mL y estreptomicina 100 µg/mL (Biochrom AG) a 37oC 

en una atmósfera húmeda con 5% de CO2. Alcanzada la subconfluencia, se les 

cambió el medio de cultivo por medio suplementado con BSA al 0,25% durante 

24 horas. Tras este período de adaptación las células se cultivaron con el medio 

calcificante, que consiste en medio suplementado con BSA y con 

concentraciones finales de Ca y P de 2 y 3 mM respectivamente durante 8 días. 

Además del medio calcificante, se añadieron diversos antioxidantes (todos de 

Sigma Aldrich) curcumina (C7727), silbina (02000585), resveratrol (R5010), 

alpha-tocoferol (258024),  L-ascorbato sódico (A4034) y TroloxTM (238813). 

Tras ese período las células fueron teñidas con rojo de Alizarina, analizadas 

mediante citometría y se recogieron los extractos proteicos para el Western 

Blot. 	   	  

 

Tecnicas Comunes in vitro. 

Extracción	  de	  ARN	  

La extracción de ARN total se llevó a cabo en diferentes tejidos y células: 

glándulas paratiroides, útero, riñón, tibia y células UMR106. En las paratiroides, 

tanto en el estudio in vitro como en el in vivo y dado el pequeño tamaño de las 

mismas, el ARN total se extrajo partiendo no de glándulas individuales sino de un 

conjunto de 8 glándulas. Sin embargo, en el útero, la tibia y el riñón el ARN se 
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extrajo de forma independiente en cada animal. En el caso del cultivo in vitro de 

osteoblastos el ARN total se extrajo de una placa de 10 cm de diámetro en 

subconfluencia. 

Para la extracción de ARN total se empleó una modificación de la técnica 

en un solo paso descrita por Chomczynski y col.(148) Este método se basa en el 

uso de una mezcla de isotiocianato de guanidina y fenol en una solución 

monofásica (TRI REAGENT™, Sigma-Aldrich). 

El hueso, por su dureza, previo a la homogenización con el reactivo, se 

sumergió en nitrógeno líquido y se trituró con la ayuda de un mortero. Los 

tejidos y cultivos celulares se disgregaron en 1 mL de reactivo TRI™ utilizando 

un homogeneizador de tejidos acoplado a una cuchilla de 5 mm (OMNI 

International). El ARN total se extrajo siguiendo las instrucciones del fabricante. 

La concentración y la pureza del ARN se determinaron con un 

espectrofotómetro UV-VIS (Nanodrop Tech.) midiendo la absorbancia (A) a 260 

y 280 ηm. En una solución de ARN puro, este cociente tiene un valor teórico de 

2,0. Un valor inferior sería indicativo de contaminación con proteínas o fenol 

durante el proceso de extracción. En nuestro caso, se descartaron aquellas 

muestras con una relación A260/A280 menor de1,5. 

 

Síntesis	  de	  ADN	  copia	  	  

La obtención de los ADNc se llevó a cabo a partir de 1 µg de ARN total 

extraído previamente utilizando el kit comercial High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) siguiendo las instrucciones del fabricante. 

El ADNc obtenido se mantuvo a -20oC hasta su utilización. 

 

PCR	  cuantitativa	  a	  tiempo	  real	  	  

Los experimentos de qRT-PCR se realizaron en un sistema de PCR a 

tiempo real modelo ABI Prism 7000 (Applied Biosystems). Para analizar la 
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expresión de los genes problema se utilizaron ensayos prediseñados Taqman® 

Gene Expression Assays detallados en la Ilustración 10 

CaSR Rn 00566496_m1x2 

Catepsina K Rn 00580723_m1 

Dusp 6 Rn 00672017_g1 

Dusp 7 Rn 01103513_m1 

Dusp 5 Rn 00683448_m1 

Elastina Rn 01499782_m1 

GAPDH Rn99999916_m1 

Klotho Rn 00580123_m1 

PPIA Rn00690933_m1 

PTH Rn00566882_m1 

SFRP1 Rn01478472_m1 

SFRP-2 Rn 01458837_m1 

SFRP-4 Rn 00585549_m1 

Sm-22 Rn 00580659_m1 

Tropomosina 1 Rn 00569447_m1 

VDR Rn 00566976_m1x2 

Ilustración	  10.	  Lista	  de	  los	  ensayos	  taqman	  usados	  ordenados	  alfabeticamente.	  

 

Para llevar a cabo el análisis de la expresión diferencial es necesario 

normalizar los resultados frente a un gen constitutivo. En este caso, los 

resultados se normalizaron frente al gen constitutivo ARN ribosómico GAPDH y 

PPIA Todas las secuencias se detectaron con reactivos Taqman® (Taqman® 

Universal PCR Master Mix, Applied Biosystems). 

Para cuantificar la expresión relativa de los genes en todos los casos se 

utilizó una aproximación conocida como comparación del ciclo umbral (149). El 

término ciclo umbral (CT) se refiere al ciclo de PCR en el cual la fluorescencia 

emitida por la muestra supera un valor arbitrario predefinido (umbral), por 

encima del cual se considera que hay amplificación. Este método permite, de 
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forma rápida y sencilla, la cuantificación relativa de la expresión de un gen en una 

muestra problema respecto a una muestra calibradora. Para comparar ambas 

muestras es necesario además estandarizar la cantidad de ADNc molde en las 

reacciones de PCR. Por ello, los resultados deben normalizarse frente a un gen 

constitutivo, que actuaría como control endógeno. 

 

Western	  Blot	  

En la extracción de proteínas de los cultivos celulares, el tampón de 

extracción utilizado fue uno de características estándar (RIPA) cuya composición 

era: Tris-HCl 50 mM, NaCl 150 mM, NP-40 1%, deoxicolato sódico 0,5%, EDTA 

1,0 mM y SDS 0,1%. La muestra de células se sonicó durante 1 minuto a 4oC para 

evitar la degradación de las proteínas y se sometió a ultracentrifugación a 14000 

G durante 20 minutos a 4oC. Tras ese período se recogieron las proteínas 

presentes en el sobrenadante de la muestra. La cuantificación de las proteínas se 

realizó mediante el método estándar de Bradford (Bio-Rad) (150). Las proteínas 

ya cuantificadas se almacenaron a -70oC hasta su posterior utilización. 

Los diferentes extractos proteicos se sometieron a electroforesis en 

geles de acrilamida de 0,75 mm de grosor en condiciones desnaturalizantes 

(SDS-PAGE) con un tampón de electroforesis, según el método descrito por 

Laemmli y col.(151) cargandose en los geles 30 µg de proteína. En cada uno de 

los geles se cargó una calle con marcadores de peso molecular para identificar las 

proteínas problema (Rainbow™ Molecular Weight Markers, GE Healthcare). Las 

proteínas separadas por su peso molecular se transfirieron a una membrana de 

nitrocelulosa (Hybond™ P membrane, GE Healthcare) utilizando un tampón de 

transferencia. La transferencia se llevó a cabo en frío y en agitación durante 1 

hora a un voltaje constante de 100 v.  

Una vez finalizada la transferencia, las membranas fueron bloqueadas 

durante 1 hora a temperatura ambiente con leche en polvo desnatada al 5% en 

un tampón fosfato salino (PBS) para evitar uniones inespecíficas.  
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Transcurrido ese tiempo, las membranas se mantuvieron toda la noche 

con el anticuerpo primario correspondiente en la dilución 1:100 para 

Cbfa1/Runx2 (ab54868, Abcam), 1:1000 para SOD-2 (sc30080, Santa Cruz 

Biotechnology), y 1:30.000 para GAPDH (sc25778, Santa Cruz Biotechnology).  

Al día siguiente, la membrana se sometió a 3 lavados de 10 minutos cada 

uno con una solución de lavado compuesta por PBS y Tween-20 (Sigma-Aldrich) 

y seguidamente la membrana se incubó durante 1 hora a temperatura ambiente 

con el anticuerpo secundario frente a ratón (401215; Calbiochem)  y frente a 

conejo (sc 2001; Santa Cruz Biotech) ligado a peroxidasa específico para cada 

anticuerpo primario disuelto adecuadamente en solución de lavado . La 

membrana se sometió a otros 3 lavados de 10 minutos cada uno con solución de 

lavado y posteriormente se llevó a cabo la detección de la proteína mediante 

detección cromógena mediante el kit comercial Pierce® ECL Western Blotting 

Substrate (Thermo Scientific).  

El revelado se llevo a cabo usando la equipacion Chemidoc XRS+ (Bio 

Rad). La cuantificación relativa de la intensidad de las bandas obtenidas en el 

Western Blot se realizó con el programa informático Image Lab (Bio Rad). 

 

Tinción	  inmunohistoquímica	  

Las tinciones inmunohistoquímicas se llevaron a cabo sobre cortes de 

tejido parafinado de 5 µm de espesor de glándulas paratiroides cultivadas in vitro 

y de glándulas paratiroides y útero de ratas normales utilizando los sistemas 

EnVision+® (Dako Cytomation) y rat ABC Staining System (Santa Cruz 

Biotechnology), siguiendo las instrucciones del fabricante. La contratinción se 

llevó a cabo con hematoxilina (Sigma-Aldrich). 

En el estudio ex vivo de glándulas paratiroides cultivadas con FGF23 o la 

mezcla de FGF23 y los inhibidores de las MAPK, para la detección de ERK y 

pERK se utilizaron dos anticuerpos policlonales de conejo (9102 y 43765 

respectivamente; Cell Signalling) 
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Para cada glándula se analizaron tres cortes no consecutivos. Todas las 

muestras se procesaron a la vez con objeto de homogenizar las condiciones de 

trabajo (grado de desenmascaramiento del antígeno y tiempos de incubación con 

los anticuerpos primario y secundario y el sustrato). 

 

Tinción	  Rojo	  de	  Alizarina	  

Para los estudios de mineralización in vitro, se realizó la tinción rojo de 

Alizarina. Esta tinción  permite la matriz mineralizada ya que se tiñe de rojo. El 

protocolo que se siguió fue el siguiente: 

- Lavado de células con PBS, 3 veces. 

- Fijación con formaldehído al 10% en PBS ( P6148; Sigma Aldrich), 1 hora a 

4ºC 

- Agua corriente, 5 minutos 

- Rojo de alizarina, 5 minutos (A 5533; Sigma Aldrich) 

- Agua corriente, 5 minutos 

Cuantificación de la tinción sobre las placas teñidas (de 6 pocillos; Costar). 

- Acido acético al 10% (400µL) e incubar 30 minutos en agitador orbital. 

- Calentar a 85º C durante 10 minutos 

- Transferir a hielo 

- Centrifugar 20.000 Gs durante 15 minutos 

- Transferir 375 µL del sobrenadante a tubos nuevos 

- Neutralizar el ácido acético con 150µL de amoniaco al 10% 

- Leer la absorbancia a 405nm ( 
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Evaluación	  de	  la	  tinción	  

 La evaluación de la tinción y la toma de microfotografías se llevaron a 

cabo con el equipo Olympus CKX-41 (Olympus) 

 

Citometría	  de	  flujo 

DCFH-‐DA	  

Las células fueron recogidas mediante incubación con tripsina cuando se 

encontraban a un 60% de confluencia. Luego fueron resuspendidas en tampón de 

Hank’s para ser contadas. Tras el recuento fueron centrifugadas a 500 x g 5’  y 

resuspendidas a una concentración final de 250.000 células /ml en una solución 

500 nM de DCFH-DA en tampón de Hank e  incubadas durante 30 min a 37 ºC y 

5% de CO2. 

Posteriormente fueron centrifugadas y resuspendidas en tampón de Hank y se 

midió su fluorescencia a 485(ex)/530(em) nm en el servicio de Citometría de los 

Servicios Cientifico-Técnicos de la Universidad de Oviedo usando el equipo 

Cytomics FC500. 

 

 

Análisis estadístico 
 

El análisis estadístico de los resultados se realizó con el paquete 

informático SPSS 12.0 (SPSS Inc) para Windows. Para el análisis estadístico de los 

marcadores bioquímicos, así como el peso corporal, el peso del útero, la DMO a 

nivel de tibia proximal, los resultados obtenidos de qRT-PCR y Western Blot se 

empleó la prueba paramétrica de la t de Student (t-Student). Las correlaciones 

entre diferentes parámetros séricos fueron realizadas utilizando el coeficiente de 
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correlación de Pearson (r). En todos los casos se consideró como significación 

estadística una p<0,05. 
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Resultados	  
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A continuación, se incluyen las 7 publicaciones derivadas de los estudios 
que tienen mayor relación con el conjunto de experimentos que se presentan en 
esta tesis doctoral que han sido divididas en 3 apartados. En el anexo final se 
incluyen otro 3 trabajos en los que el autor ha participado durante el periodo de 
realización de la Tesis doctoral. De ellos, dos tienen relación directa con el tema 
de la Tesis doctoral, pero no pertenecen al cuerpo central de a misma. 

Primer apartado: papel de la sobrecarga de fósforo en la CKD-MBD: 

Publicacion 1: Pathogenesis of bone and mineral related disorders in 
chronic kidney disease: key role of hyperphosphatemia. J Ren Care. 2009 Mar;35 
Suppl 1:34-8. 

Esta revisión describe el importante papel de la sobrecarga de fósforo en el 
escenario de las alteraciones del metabolismo óseo en la enfermedad renal crónica y 
supone el punto de partida para el desarrollo de los trabajos de esta tesis. 

	  

Segundo apartado: sobrecarga de fósforo e hiperparatiroidismo secundario: 

Publicación 2. Severe Hyperplasia and Lack of Response to FGF23 of 
Uremic Parathyroid Glands is Associated with Increased Dual Specificity 
Phosphatases Gene Expression. Manuscrito en revisión en el Journal of Bone and 
Mineral Research. 

Esta publicación original, apoyada por la publicación 1 del Anexo (pagina 230) es 
el núcleo principal de este apartado, en el que, tras revisar los modelos existentes para 
estudiar el metabolismo de la glándula paratiroides y colaborar activamente en la 
descripción de nuevos mecanismos implicados en la regulación de la paratiroides 
(Publicación 2 del Anexo, Pagina 233), se llevaron a cabo experimentos enfocados a 
determinar el perfil de expresión génica del desarrollo del hiperparatiroidismo 
secundario. Estos experimentos sirvieron como base para proponer, mediante 
experimentos funcionales usando modelos ex vivo, la existencia de nuevos factores que 
pueden regular este proceso. 

 

Tercer apartado: sobrecarga de fósforo y calcificación vascular-pérdida de 
masa ósea. 

Publicaciones 3 y 4:  

3.- Vascular calcification in patients with chronic kidney disease: types, 
clinical impact and pathogenesis. Med Princ Pract. 2011;20(3):203-12. Epub 2011 
Mar 29. 

4.- Mecanismos de calcificación vascular en la enfermedad renal crónica. 
Pablo Román García y Jose Manuel Valdivielso Revilla. Capitulo del libro 
“Alteraciones del metabolismo óseo y mineral en la enfermedad renal crónica: 
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avances en patogenia, diagnóstico y tratamiento”, editado por Jorge Cannata 
Andia. Wolters Kluwer. ISBN 978-84-96921-81-8 

Estas revisiones describen el complejo escenario de las calcificaciones vasculares, 
con especial énfasis sobre el fósforo como promotor de la calcificación vascular, 
suponiendo el punto de partida para el desarrollo de los trabajos originales de este 
apartado. Además, ambas revisiones describen la relación entre calcificaciones 
vasculares y pérdida de masa ósea, que será el punto clave de la siguiente publicación. 

 

Publicación 5. High Phosphorus Diet Induces Vascular Calcification, a 
Related Decrease In Bone Mass and Changes in the Aortic Gene Expression. 
Bone. 2010 Jan;46(1):121-8. 

Esta publicación original describe la relación entre calcificaciones vasculares y 
pérdida de masa ósea usando un modelo de ratas urémicas. Además, se describe, 
mediante técnicas genómicas, la posible implicación de nuevos factores en las etapas 
mas severas de la calcificación vascular, que podrían estar también implicados en la 
desmineralización ósea, constituyendo uno de los nexos entre calcificación vascular y 
pérdida de masa ósea, aspectos revisados en la publicación número 6.  

  

Publicación 6. The connections between vascular calcification and 
bone health. Keith Hruska, Pablo Roman-Garcia and Jorge B Cannata-Andia. 
Aceptada con cambios menores para su publicación en “Nephrology, dialysis and 
transplantation.” 

Esta revisión, en colaboración con un grupo estadounidense,  pone especial 
énfasis en la relación vaso-hueso, describiendo los factores patogenéticos compartidos 
entre ambas alteraciones, tomando como base los resultados e hipótesis de la 
publicación 5. 

 

Publicacion 7: Vascular calcification and natural antioxidants: A possible 
Benefit. Aceptado para su publicación en Journal of Nephrology. 

Esta publicación original, en colaboración con un grupo nacional, confirma el 
importante papel que el estrés oxidativo juega en la mineralización in vitro. También 
pone de relevo la complejidad en las acciones de los antioxidantes y sugiere un papel 
beneficioso para la curcumina. 

 

En total, el factor de impacto generado suma: 10,797 por la publicaciones 
incluidas en los resultados mas 14,46 por las incluidas en el anexo. En total, el 
factor de impacto de esta tesis alcanza 25,517, 38 citaciones y un factor H de 3. 
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Publicación 1: Pathogenesis of bone and mineral related 
disorders in chronic kidney disease: key role of 
hyperphosphatemia. 
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more evident in the nodular than in the diffuse forms of
parathyroid hyperplasia. As a result, low serum 1.25 (OH)2D3

and the decreased VDR concentration in the parathyroid lead
to the overexpression of the PTH gene and to increases in 
PTH-mRNA.

Calcium and calcitriol not only regulate PTH synthesis and
secretion, but also its expression on its own receptors. The rela-
tionships between calcium, calcitriol, CaR and VDR have been
studied in great depth by several authors. The extracellular cal-
cium seems not to influence the CaR but it can upregulate
VDR, by contrast, calcitriol is able to upregulate both, CaR and
VDR expression (Garfia et al. 2002; Carrillo-Lopez et al. 2008).

As CKD progresses towards stage 5, SHPT increases in sever-
ity, resulting in the proliferation of parathyroid cells and the
development of diffuse hyperplasia. This is accompanied by a
decrease in CaR and VDR expression (Kifor et al. 1996). As
vitamin D is a potent inhibitor of PTH synthesis, a reduction
in VDR expression might also inhibit the vitamin D-mediated
signals that suppress PTH synthesis and release, although this
has not yet been demonstrated experimentally. It is the
hyperplasic nodules of the parathyroid gland that show the
greatest decrease in both CaR and VDR expression (Gogusev
et al. 1997), rendering them less responsive to circulating cal-
cium. As parathyroid cells are transformed into a severe
nodular hyperplasic state, a decline in VDR expression
reduces the efficiency of VDR activators in up-regulating the
transcription of the CaR gene and in inhibiting parathyroid
cell proliferation.

Besides disturbances in calcium and calcitriol, phosphorus
metabolism also plays a critical role in the development of
CKD-MBD abnormalities. High phosphorus triggers not only
secondary hyperparathyroidism, but also all the other mineral
disorders associated with CKD which are related to the high
prevalence of cardiovascular mortality (Block et al. 2004). All
the available data clearly stress the paramount importance of
adequately controlling hyperphosphatemia, “a silent killer” in
CKD patients (Amann et al. 1999).

PATHOGENESIS AND CONSEQUENCES OF
 HYPERPHOSPHATEMIA
The kidneys are the main regulators of human phosphate home-
ostasis and they have the complete machinery to maintain the

normal phosphate balance in day-to-day life. While the kidney
removes phosphorus from circulating plasma, bone acts as a
reservoir of phosphate. In CKD patients, the ability of kidneys to
remove phosphorus is reduced, resulting in hyperphosphatemia
(Craver et al. 2007). Moreover, in CKD there is a reduction of
 calcitriol production which contributes to the decrease in the
serum calcium levels (Panda et al. 2004). Low serum calcitriol
and calcium levels together with high serum phosphorus stimu-
late PTH secretion, which in turn, reduces renal phosphate reab-
sorption to maintain phosphate homeostasis.

A new hormone, a phosphaturic hormone, FGF-23 (Schiavi &
Kumar 2004) has been found recently to be involved in the
complex regulation of phosphate homeostasis. In advanced
CKD when serum phosphorus is high, FGF-23 synthesis is stim-
ulated, as a result, there is an increase in phosphorus excretion
as well as inhibition of calcitriol production (Shimada et al.
2004).

The most well-known consequences of hyperphosphatemia
are its effects on the parathyroid glands, which in turn affects
bone metabolism. High serum phosphate levels impair calcitri-
ol synthesis, increase the skeletal resistance to PTH and also
increase PTH synthesis. In addition, recent studies have shown
that hyperphosphatemia increases parathyroid cell prolifera-
tion and it may reduce the calcium sensing receptor expres-
sion. In vitro studies demonstrate that high phosphorus levels
increase PTH synthesis and secretion at the post-transcription-
al level (Almaden et al. 1996). The parathyroid gene expression
response to changes in serum phosphate concentration is
 regulated by mechanism similar to that already described for
the calcium. High serum phosphate—as does low calcium—
increases the stability of PTH-mRNA. In addition, phosphorus
also increases parathyroid cell proliferation (Slatopolsky 
et al. 1999b).

Furthermore, high serum PTH levels have also been shown to
increase vascular calcification and the risk of mortality. Due to
the close relationship between high serum phosphate and
PTH, it may be also speculated that PTH effect on mortality
may also be indirectly reflecting the effect of hyperphos-
phatemia. All these negative effects of high serum phosphate
levels explain why, in the dialysis scenario, serum PTH levels are
the strongest risk factor associated with the severity of second-
ary hyperparathyroidism (Cannata-Andia et al. 2006).
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HYPERPHOSPHATEMIA AND VASCULAR CALCIFICATION
The predisposition of patients with CKD to vascular calcifica-
tion was mentioned for the first time in the 19th century, since
then many studies have addressed this matter. If the series
published in the last three decades are reviewed, it can be
observed that 40–92% of the patients undergoing dialysis
treatment, including young patients, have vascular calcification.

Hyperphosphatemia may play an important role in the devel-
opment of calcification and cardiovascular alterations in
patients with CKD. This has a great relevance from both the
epidemiological and the clinical perspective. Between 40 and
60% of patients undergoing dialysis have high levels of serum
phosphate and vascular mortality is nearly 50% (Cannata-
Andía & Rodriguez-García 2002). Hyperphosphatemia may
influence vascular calcification, arterial rigidity (London et al.
2007) and risk of death; in addition, it worsens secondary
hyperparathyroidism.

It has been also demonstrated that vascular calcifications in
some localities were associated with increased risk of vertebral
fractures (Rodriguez Garcia et al. 2005) and the progression of
vascular calcification has been associated with a more rapid
bone loss and greater number of prevalent and incident verte-
bral fractures (Rodriguez Garcia et al. 2005; Naves et al. 2006;
Rodriguez Garcia et al. 2008).

It is well known that patients with CKD have multiple risk fac-
tors that facilitate the development of all types of calcification;
some of them are modifiable with the possibility to reduce cal-
cification. Within this group of modifiable risk factors, one of
the most relevant is hyperphosphatemia (Cannata-Andía &
Rodriguez-García 2002). It is known that certain stimuli,
including phosphate, play a central role in the differentiation
of the smooth muscle cell to osteoblast-like cells (Giachelli
2004). The mechanisms by which the process of vascular calci-
fication is produced is complex and it does consist, not in a
simple precipitation of calcium and phosphate, but in a mixed,
active and modifiable process, in which the final product is a
calcification which has similar characteristics to bone tissue,
and occurs in several conditions such as atherosclerosis, car-
diac valvular disease and uremic arteriolopathy.

In brief the active process in which phosphorus plays a 
main role consists in “activating” bone-related genes and

“deactivating” muscle-related genes in the vascular cells
(VSMCs), leading to the already mentioned change of pheno-
type which undergoes changes of gene and protein expression
(i.e. Bone Morphogenetic Proteins) (Hruska et al. 2005) in the
cells of the vessel wall (Roman-Garcia et al. 2008). This is a very
active area in which new findings are enriching knowledge
almost every week. As a result, new relationships between
bone biology and vascular calcification have been set by
 clinical and basic studies (Schoppet et al. 2008) which are not
covered by this review.

HOW TO MANAGE HYPERPHOSPHATEMIA 
AND REDUCE RISKS
According to what has been described, it is evident that the
control of hyperphosphatemia in advanced CKD is of utmost
importance. Diet, adequate use of phosphate-binding agents
and different dialysis strategies can be used. These strategies,
which are currently used in combination, can have favourable
consequences in the control of plasma phosphate, but they
can be flawed by side effects.

THE ROLE OF THE DIET
It is important to stress the need of maintaining a diet low in
phosphorus, not exceeding 1g/kg/day of protein, this will allow
maintenance of adequate nutritional status. The side effects
that may result from severe, uncontrolled, protein and phos-
phorus restriction in the diet should not be underestimated,
especially in the stage of advanced CKD where a progressive
worsening of the appetite, a reduced protein and calorie
intake, can contribute to malnutrition. On the other hand,
compliance with dietary restriction is not easily achieved in
most patients in the long run, since it involves major changes
in lifestyle (Takeda et al. 2007).

Nephrologists should have a good knowledge of the dietary
habits of their patients. A diet rich in proteins is also usually
rich in phosphorus. However, proteins with very different
phosphorus content can provide equivalent nutritional value
as can be seen from the difference in phosphorus content
among meat, cheese and eggs (Cannata-Andía & Rodriguez-
García 2002). Egg white is an excellent example of food with
a high level of protein value but low phosphorus content.
Thus, the dietary advice, which is often considered to be of
minor importance, plays an important role in the manage-
ment of hyperphosphatemia. Unfortunately, the effectiveness
of this strategy is limited due to the lack and heterogeneous

jorc_050.qxd:JORC  1/29/09  10:13 PM  Page 36



   

 80 

 

 

37Journal of Renal Care 2009

PATHOGENESIS OF BONE AND MINERAL RELATED DISORDERS IN
CHRONIC KIDNEY DISEASE: KEY ROLE OF HYPERPHOSPHATEMIA

© 2009 European Dialysis and Transplant Nurses Association/European Renal Care Association

distribution of dietitians in the CKD units in Europe (Locatelli
et al. 2002b).

THE ROLE OF PHOSPHATE-BINDING AGENTS
It is important to stress that prescription of these compounds
should be individualised, adapting their use to the dietary
habits of each patient. It must be taken into account that the
phosphate-binders should only be taken with those foods with
a phosphorus content that justifies the need for their adminis-
tration. They should be taken during meals, (before the meal is
better than after). It is also very important that the patient
understands why the phosphate binder has been prescribed.

Aluminium hydroxide, which has been widely used for
many years, is the most potent but also the most toxic
phosphate binder (Cannata-Andia and Fernandez-Martin
2002). For this reason in the 1980s, it was almost replaced
by calcium salts. When the use of latter became wide-
spread, disadvantages started also to become apparent. It
has been shown that the use of calcium salts, mainly
exceeding 1.5 g of calcium daily, increases the risk of vas-
cular calcification, and also can lead to a greater rigidity
(London et al. 2007) of the arteries. This consequent
greater risk of cardiovascular events is crucial for patients
undergoing dialysis.

These adverse events have limited the use of the calcium-con-
taining phosphate-binders, and stimulated the development
and production of new-generation phosphate binders, such as
sevelamer and lanthanum carbonate which are specifically
analysed in other contributions of this supplement.

THE EFFECT OF THE DIALYSIS REGIME
The dialysis regime and modality can influence phosphate lev-
els. It has been reported that there is better control of serum-
phosphate in peritoneal dialysis and in long and more frequent
dialysis sessions in haemodialysis. However, some of these
approaches that are also addressed in other papers of this sup-
plement may have many practical limitations in the daily man-
agement of hyperphosphatemia.
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&=''.*&&*&!#76!&*-.*)0%1!>3!(1!DEFG,*'*1,*1)!4*-$(10&49!
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!
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EO
! <;=7*2=2=:! E/P!9Q!R*/!
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3*<7;1+/! L82+! >-15! +*9-! *AA1;*<8! 8*+! C--=! A,C42+8-.! 2=! A1->2;,+! +7,.2-+! 1-4*7-.! 7;! FLU!

+5=78-+2+!*=.!+-<1-72;=!DEK(/!S+!*!1-+,476!$!:1;,A+!)-1-!;C7*2=-.V!*(!E/P!9Q!R*?!C(!%/K!9Q!

R*?!<(!%/K!9Q!R*!W!XYXPG!E%%!=:Z9[!DPKPJHXY6!\]^!_5+7-9+(?!.(!%/K!9Q!R*!W!XYXPG!

E%%!=:Z9[!W!MNEPKE!!Q!DMNEPK6! `MHEP%6!_2:9*!S4.12<8(6! *=.! -(! %/K!9Q!R*!W!XYXPG!

E%%!=:Z9[!W!92B7,1-!;3!1-<;9C2=*=7!^,+A+!*7!E![Z9[!-*<8!DSaH%P%6!02;9;4(/!L8-!*<72>275!

;3!78-!^,+A+!1*=:-.!!C-7)--=!*=!2=7-1>*4!;3!$HJ%!MZb:!.-A-=.2=:!;=!78-!+A-<232<!^,+A/!&7!)*+!

*++*5-.! C5! GH5H9-7854! 34,;1-+<-2=! A8;+A8*7-! DNQXF(! 85.1;45+2+! *7! G%cR/! L8-! *++*5!

<;=.272;=+!)-1-VE!b:!-=@59-!A-1!E%%!b4!2=!E%%!9Q!L12+HUR46!AU!"/P6!T%!9Q!d*R46!E!9Q!

^LL6!P%e!:45<-1;46!%/$!9Q!NQXF/!N=-!,=27!)*+!-f,*4!7;!E!A9;4!;3!A8;+A8*7-!85.1;45@-.!

31;9!NQXF!A-1!92=,7-/!!_2B!2=.-A-=.-=7!-BA-129-=7+!)-1-!A-13;19-.!2=!-*<8!:1;,A/!

FLU!+-<1-72;=!)*+!9-*+,1-.!2=!78-!<,47,1-!9-.2*!*7!78-!C-:2==2=:!*=.!*7!78-!-=.!;3!*44!

-BA-129-=7+! ,+2=:! *=! -=@59-H42=g-.! 299,=;H+;1C-=7! *++*5! 3;44;)2=:! 78-! 9*=,3*<7,1-1h+!

A1;7;<;4!DK%HP$%%6!&99,=;7;A2<+(/!
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,'2'!'<12'**'&!-*!0'-(!=!*$-(&-2&!&'>4-$4.(8!;4??'2'(/'*!,'2'!/.(*4&'2'&!*47(4?4/-($!,5'(!

1@A8AB8!C-6/%6-$4.(*!,'2'!1'2?.20'&!%*4(7!$5'!*$-$4*$4/-6!-(-6:*4*!1-/D-7'!#9##!EF8A!G#9##!

H(/I8!

! !
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!
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)'=9('4*.58! 26-! ).*! ').3,9! *.! %)+34'! 5.+'(6*'! .(! -'D'('! &.(5-! .&! -'4.)+6(8!
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:(S#?TTA! =U#?##"A! L%,3('! KR;! 6)+! 3('6! :(S#?QQA! =U#?##"A! L%,3('! K$;! <'D'<-! =.-%*%D'<8!

4.(('<6*'+!2%*9!-'(35!01/!<'D'<-?!!

'

'

'
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29F,1*)+9$+G! V.13I+,'2)()2)%B! ,&9+,&1%1+'! W! 4V.+,W7! @1+! 13+9! .,*'8.31%'0! )$! %&'! OA'*B!

C'/'*'!!"#!L90'*1%'!+5DEP!29F,1*)+9$G!!

E&'! X.1$%)%1%)/'! *'13! %)F'! D6Y! 4YEIXD6Y7! 'K,'*)F'$%+! 29$()*F'0! 1! /'*B! &)8&!
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V.+,W!8'$'!'K,*'++)9$!13+9!+&9@'0!1!+)8$)()21$%!]G=>I(930!.,*'8.31%)9$!)$!A'*B!C'/'*'!+5DE!

:.%!$9%!)$!%&'!L90'*1%'!1$0!L90'*1%'IC'/'*'!+5DE!+.:8*9.,+!4M)8.*'![7G!

L)2*91**1B! 1$13B+)+! 0)0! $9%! 0)+239+'! +)8$)()21$%! 0)(('*'$2'+! )$! %&'! 8'$'! 'K,*'++)9$! 9(!

O231++)213P! ,1*1%&B*9)0! *'8.31%9*+! +.2&! 1+! 2132).F! +'$+)$8! *'2',%9*! 461CY7-!AVY-! 9*! DE5G!

E&)+!)+!$9%!1!+.*,*)+)$8!*'+.3%!8)/'$!%&1%!F)2*91**1B!1$13B+)+!)+!1!+2*''$)$8!%'2&$9398B!1$0!%&'!
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!

!

"#$%&'$%()!(*!+,-!%)!.'/'$01/(%2!34')25!

F5$+$! *&)! +&.%)'0! +4.$+4*%*$)$! %4*%! -)+4.$+4.&3,*%)! *! $+)('1'(!NRBG9! '04'6'%'07! '%$!
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+4.$+4.@T>G@"! *0-! @#! J+T>G! "U#M<! ?4)&)1.&)9! 8)! *0*,3V)-! %4)! *(%'/*%'.0! .1! T>G! 63!
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+*&*%43&.'-! %'$$5)<!T>G! $%*'0'07!8*$! $'2',*&! '0! *,,! $IB?!7&.5+$! *0-! %4)!>)1)&)0()! 7&.5+<!

I.8)/)&9! %4)! '0%)0$'%3! .1! +T>G! $%*'0'07! '0(&)*$)-! $'70'1'(*0%,3! '0! N.-)&*%)! $IB?! 84)0!

(.2+*&)-! %.! %4)! >)1)&)0()! 7&.5+<! =0%)&)$%'07,39! +T>G! -)(&)*$)-! *$! %4)! $)/)&'%3! .1! $IB?!

'0(&)*$)-9!*0-!'%!8*$!$'70'1'(*0%,3! &)-5()-!'0! %4)!E)&3!D)/)&)!$IB?!7&.5+!(.2+*&)-!%.! %4)!

N.-)&*%)!$IB?!7&.5+!JK'75&)$!SR9!SXM<!!

!

+&'46'$%()!(*!$07!/(47!(*!865.5!()!9:;!57#/7$%()!

=0!.&-)&!%.!%)$%!84)%4)&!F5$+$!2'74%!4*/)!*!&)75,*%.&3!)11)(%!.0!+*&*%43&.'-!150(%'.09!

*--'%'.0*,!)H+)&'2)0%$!8)&)!+)&1.&2)-!5$'07!+*&*%43&.'-!7,*0-$!1&.2!0.&2*,!&*%$!(5,%5&)-!!"#

$%$&<!!
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! "#

$%&%'()&*+,! -.%/,0! 12.'2&3,! 4*&! 56! (*2&0! +/! %! 73,+27! 1*/'%+/+/-! 89:! 7;! 1%.1+27!
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! !
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+(5()3.5*8=!P'(<=,!)*!7('789:!(<=!7('78)58*'b!)34!46647)!*6!75.*+54,45>()8*<%!L!A4+35*'!
-7R"S1$T$C$TY%!

$T%! H8! G;!\*<P!\O! "##$!K*=4'C@(,4=! (<('.,8,! *6! *'8P*<97'4*)8=4! (55(.,b! 4Q+54,,8*<!
8<=4Q!7*:+9)()8*<!(<=!*9)'845!=4)47)8*<%!F5*7!A()'!M7(=!&78!c!&!M!57R$S1B$CBW%!

$V%! N5*X<! ML;! D8))45! G&;! J8<73! LH;! &'()*+*',-.! /M! $000! ?4754(,4=! 7('789:C,4<,8<P!
5474+)*5!4Q+54,,8*<! 8<!3.+45+'(,)87!+(5()3.5*8=!P'(<=,!*6!954:87! 5(),b! 5*'4!*6!=84)(5.!
+3*,+3()4%!_8=<4.!Z<)!44RTS1$"1TC$"0"%!

$W%! G(558''*CH*+4I! A;! M'>(54ICO45<(<=4I! ?;! E*<I('4IC&9(54I! Z;! D*:(<CE(578(! F;!
U('=8>84',*!LK;!J45<(<=4ICK(5)8<!LH;!G(<<()(CM<=8(!LN!"##1!&8:9')(<4*9,!73(<P4,!
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$%! &'(! )*+)$,-./(%/$%0! 1()(2&31! *%4! &'(! 5$&*-$%! 6! 1()(2&31! ,%4(1! &'(! $%7+,(%)(! 37!
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4,1$%0! 1(%*+! 7*$+,1(! L$&'! *45*%)(4! /()3%4*1M! 'M2(12*1*&'M13$4$/-8! N$4%(M! O%&!
$!;P<#PA".P@#8!

#A8! Q$C3R,)'$! QF! S$%)'! TUF! Q*1&$%! 6VF! B+*&323+/WM! X! "JJ?! 6$77(1(%&$*+! (77()&/! 37!
5$&*-$%! 6! 1()(2&31! *)&$5*&31/! 3%! 5*/),+*1! )*+)$7$)*&$3%! $%! ,1(-$)! 1*&/8! N$4%(M! O%&!
$!;Y<#?J@.?#P8!

#@8! U32(C!OF!Q(%43C*!STF!Z0,$+(1*.:([(13!XF!E(1(C!TF!\,(11(13!SF!Q*1&$%!6F!V341$0,(C!Q!
"JJA! :'(! (77()&! 37! )*+)$&1$3+F! 2*1$)*+)$&3+F! *%4! *! )*+)$-$-(&$)! 3%! (]&1*3//(3,/!
)*+)$7$)*&$3%/!$%!,1(-$)!1*&/8!N$4%(M!O%&!$";=<#=JJ.=J?8!

"J8! B*[$! SF! B'$$C*W$! NF! B'$-*4*! BF! ^W*4*! :F! N,%$-3&3! NF! B*W*0,)'$! :F! G*&*-,1*! OF!
B'$0(-*&/,!:!"JJ@!V(0,+*&$3%!37! 7$R13R+*/&! 013L&'! 7*)&31! "=!2134,)&$3%! $%!R3%(! $%!
,1(-$)!1*&/8!9(2'13%!E'M/$3+!%%%;><#2P@.YY8!

"#8! U3%43%!\QF!Q*1)'*$/! BTF!\,(1$%!ZEF!K3,&3,M1$(! EF!Q(&$5$(1! SF! 4(!_(1%([3,+!QD!
"JJA!Z//3)$*&$3%!37!R3%(!*)&$5$&MF!)*+)$,-!+3*4F!*31&$)!/&$77%(//F!*%4!)*+)$7$)*&$3%/!$%!
XBV68!T!Z-!B3)!9(2'13+!%&;@<##A"?.#A=P8!

""8! Q*&'(L!BF!:,/&$/3%!NBF!B,0*&*%$!:F!D'*,4'*1M!UVF!V$7*/!UF!G1,/W*!NZ!"JJA!:'(!
Q()'*%$/-! 37! E'3/2'31,/! */! *! D*14$35*/),+*1! V$/W! S*)&31! $%! DN68! T! Z-! B3)!
9(2'13+!%&;Y<##J@".##JP8!

"=8! D*%%*&*.Z%4$*! TKF! V341$0,(C.\*1)$*! QF! D*11$++3.U32(C! 9F! 9*5(/.6$*C! QF! 6$*C.
U32(C! K! "JJY! _*/),+*1! )*+)$7$)*&$3%/`! 2*&'30(%(/$/F! -*%*0(-(%&F! *%4! $-2*)&! 3%!
)+$%$)*+!3,&)3-(/8!T!Z-!B3)!9(2'13+!%$;#"!B,22+!=<#B"Y?."?=8!

">8! G,&&,%(%! QQF! :$++-*%! OF! _$+[*W*$%(%! G:F! :,,WW*%(%! TF! E(%0! IF! E(WW$%(%! QF!
U*-R(10.Z++*14&!DT!"JJ?!G$0'!4$(&*1M!2'3/2'*&(!$%&*W(!1(4,)(/!R3%(!/&1(%0&'!$%!&'(!
013L$%0!1*&!/W(+(&3%8!T!K3%(!Q$%(1!V(/!!!;#<#A=.@"8!

"P8! Z+-*4(%!HF!G(1%*%4(C!ZF!:311(013/*!_F!D*%*+([3!ZF!B*R*&(!UF!S(1%*%4(C!D1,C!UF!
D*-2$/&3+!TQF!:311(/!ZF!V341$0,(C!Q!#@@A!G$0'!2'3/2'*&(!+(5(+!4$1()&+M!/&$-,+*&(/!
2*1*&'M13$4!'31-3%(!/()1(&$3%!*%4!/M%&'(/$/!RM!',-*%!2*1*&'M13$4! &$//,(! $%!5$&138! T!
Z-!B3)!9(2'13+!&;#J<##A>P.#AP"8!

"Y8! B$+5(1!T!"JJJ!Q3+(),+*1!-()'*%$/-/!37!/()3%4*1M!'M2(12*1*&'M13$4$/-8!9(2'13+!6$*+!
:1*%/2+*%&!%'()*++,('#".?8!

"?8! \,&$(11(C!^QF!Q*%%/&*4&!QF!O/*W35*!:F!V*,'.G*$%!TZF!:*-(C!GF!B'*'!ZF!B-$&'!NF!
U((! GF! :'*4'*%$! VF! T,22%(1! GF! a3+7! Q! "JJA! S$R13R+*/&! 013L&'! 7*)&31! "=! *%4!
-31&*+$&M!*-3%0!2*&$(%&/!,%4(103$%0!'(-34$*+M/$/8!9!X%0+!T!Q(4!"'&;Y<#PA>.P@"8!

"A8! K+3)W! \ZF! N+*//(%! EBF! U*C*1,/! TQF! ^7/&',%! 9F! U3L1$(! X\F! D'(1&3L! \Q! "JJ>!
Q$%(1*+!-(&*R3+$/-F!-31&*+$&MF!*%4!-31R$4$&M!$%!-*$%&(%*%)(!'(-34$*+M/$/8!T!Z-!B3)!
9(2'13+!%';A<#""JA.""#A8!

"@8! B*%&*-*1$*!OF!Z+5*1(C.G(1%*%4(C!6F!D*%%*&*.Z%4$*!TK!"JJP!\(%(&$)/!*%4!-3+(),+*1!
4$/314(1/! $%! /(5(1(!/()3%4*1M!'M2(12*1*&'M13$4$/-`! +(//3%/! 713-!1%*!*%4!-$)13*11*M!
/&,4$(/8!T!9(2'13+!%-;><#>Y@.>?=8!

=J8! B*%&*-*1$*! OF!Z+5*1(C.G(1%*%4(C!6F! T371(!VF!E3+3! TVF!Q(%*10,(C! TF!D*%%*&*.Z%4$*!
TK!"JJP!E1301(//$3%!37!/()3%4*1M!'M2(12*1*&'M13$4$/-!$%53+5(/!4(1(0,+*&$3%!37!0(%(/!
1(+*&(4!&3!69Z!*%4!V9Z!/&*R$+$&M8!N$4%(M!O%&!.$;Y<#""Y?.""?@8!

=#8! I'*%0!QF!I'*%0!UF!I3,!TF!H*3!DF!b$*3!GF!U$,!cF!a*%0!TF!a*%0!6F!a*%0!DF!\,3!I!
"JJ@! X5*+,*&$%0! 1(2134,)$R$+$&M! 37! 4$77(1(%&$*+! (]21(//$3%! 4$/)35(1$(/! $%!-$)13*11*M!
/&,4$(/! RM! )3%/$4(1$%0! )311(+*&(4! -3+(),+*1! )'*%0(/8! K$3$%731-*&$)/! !';#=<##YY".
#YYA8!

="8! Z73%/3!BF!B*%&*-*1$*!OF!\,$%/R,10!QXF!\3-(C!Z^F!Q$1*%4*!TUF!T371(!VF!Q(%*10,(C!
TF!D*%%*&*.Z%4$*!TF!D$0,43/*!TD!"JJ=!D'13-3/3-*+!*R(11*&$3%/F!&'(!)3%/(d,(%)(!37!
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#$%#&'()#*!+*,$#,&#&(+*#)-.-/01!-(/!#$2&(-)3/+-,!4-(+!5-)'+$0-'&2!,&#&0$($#/6!7-.3$*!
83(!9:,,2!;<=>!9?"@?<6!

??6! A&3&.-22&/!9B!A&3&2$C)!DB!9&3(&0&#-&!EB!E).#-F:$G!HIB!I/($,&!JAB!H&#(-3@H&2)!DB!
K#&L)! JB! E&0)/! KB! DF:-2$#&@M$C$#)! IB! E).#-F:$G! HB! D20&.$3! N! "OO=! A&2'-:0@
/$3/-3F! #$'$,()#! $P,#$//-)3! &3.! ,&#&(+*#)-.! +)#0)3$! /$'#$(-)3! -3! +*,$#,2&/(-'!
,&#&(+*#)-.!F2&3./!%#)0!+:0&3/6!J!D0!9)'!Q$,+#)2!"#;R>!"STO@"STR6!

?U6! E-(($#! A9B! V-3'+! JWB! 92&(),)2/X*! IDB! K#)43! DJ! "OOS! Y&#&(+*#)-.! +*,$#,2&/-&! -3!
:#$0-'!#&(/!,#$'$.$/!.)43@#$F:2&(-)3!)%!(+$!'&2'-:0!#$'$,()#6!7-.3$*!83(!#$;=>!SR?R@
SRUU6!

?=6! 7)0&5&! ZB! [)()! 9B! V:C--! ZB! Z&0&.&! NB! 7)5&*&/+-! DB! 9+-5:*&! 7B! M)0-3&F&! NB!
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"OSO!]$,#$//$.!$P,#$//-)3!)%!72)(+)!&3.!V[V!#$'$,()#!S!-3!+*,$#,2&/(-'!,&#&(+*#)-.!
F2&3./!%#)0!:#$0-'!,&(-$3(/6!7-.3$*!83(!%%;?>!"?"@"?<6!

?^6! A&3&2$C)! EB! A&3&2$C)! DB! H&#(-3$G@H)#$3)! JHB! E).#-F:$G@\#(-G! HIB! I/($,&! JAB!
H$3.)G&! VJB! H:3)G@A&/(&3$.&! JEB! 9+&2+):5! _B! D20&.$3! NB! E).#-F:$G! H! "OSO!
V[V"?!V&-2/!()!83+-5-(!`#$0-'!Y&#&(+*#)-.![2&3./6!J!D0!9)'!Q$,+#)26!

?R6! Z)%0&3@K&3F!JB!H&#(:/$L-'-$3$![B!9&3(-3-!HDB!\2F&&#.!7B!W$4-3!I!"OSO!83'#$&/$.!
,&#&(+*#)-.!$P,#$//-)3!)%!X2)(+)!-3!:#$0-'!#&(/6!7-.3$*!83(!%&;SS>!SSST@SS"R6!

?<6! 9(:55/! JEB! W-:! 9B! M&3F! aB! b+):! JB! a&3F! NB! N&)! cB! d:&#2$/! W]! "OOR! E)2$! )%!
+*,$#,+)/,+&($0-&! &3.! SB"=@.-+*.#)P*L-(&0-3! ]! -3! L&/':2&#! '&2'-%-'&(-)3! &3.!
0)#(&2-(*! -3! %-5#)52&/(-'! F#)4(+! %&'()#! "?!3:22!0-'$6! J!D0!9)'!Q$,+#)2!"&;R>!"SS^@
"S"U6!

?T6! 7:#)!\H!"OSS!Y+)/,+&($!&3.!72)(+)6!7-.3$*!83(!9:,,2!;S"S>!9"O@"?6!
UO6! Y&(($#/)3!78B!K#:00$#!MB!\eK#-$3!YHB!]&2*!EJ!"OOT!]:&2@/,$'-%-'-(*!,+)/,+&(&/$/1!

'#-(-'&2!#$F:2&()#/!4-(+!.-L$#/$!'$22:2&#!(&#F$(/6!K-)'+$0!J!'"&;?>!UR=@U<T6!
US6! [#))0!WDB!93$..)3!DDB!D2$//-!]EB!])4.!9B!7$*/$!9H!STT^!]-%%$#$3(-&2!#$F:2&(-)3!

)%! (+$!HDYB! 9DY! &3.! E7f,?<! X-3&/$/! 5*! Y*/(SB! &! 3)L$2! '*()/)2-'! .:&2@/,$'-%-'-(*!
,+)/,+&(&/$6!I05)!J!"(;SU>!?^"S@?^?"6!

U"6! 9+-3!]NB!8/+-5&/+-!MB!A+)-!M9B!A+:3F!IB!A+:3F!8NB!D&#)3/)3!9DB!K)((&#)!]Y!STTR!
D! 3)L$2! +:0&3! IE7! ,+)/,+&(&/$! #$F:2&($/! Z@#&/! &3.! L@#&%! /-F3&2! (#&3/.:'(-)36!
\3')F$3$!"';"">!"^??@"^?T6!

U?6! \4$3/! ]HB! 7$*/$! 9H! "OOR! ]-%%$#$3(-&2! #$F:2&(-)3! )%! HDY! X-3&/$! /-F3&22-3F! 5*!
.:&2@/,$'-%-'-(*!,#)($-3!,+)/,+&(&/$/6!\3')F$3$!)#;"">!?"O?@?"S?6!

UU6! A+&3F!VB!9($$20&3!W9B!W$$!JMB!9+$2()3!J[B!Q&L)2&3-'!YHB!K2&2)'X!aWB!V#&3X2-3!EDB!
H'A:5#$*!JD!"OO?!9-F3&2!(#&3/.:'(-)3!0$.-&($.!5*!(+$!E&/fE&%fHI7fIE7!,&(+4&*!
%#)0! '*()X-3$! #$'$,()#/! ()! (#&3/'#-,(-)3! %&'()#/1! ,)($3(-&2! (&#F$(-3F! %)#! (+$#&,$:(-'!
-3($#L$3(-)36!W$:X$0-&!"%;R>!S"^?@S"T?6!

U=6! A&3&.-22&/! 9B! A&3&2$C)! EB! E).#-F:$G@\#(-G! HIB! H&#(-3$G@H)#$3)! JHB! I/($,&! JAB!
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UR6! b+&3F!bB!7)5&*&/+-!9B!K)#'G:X!DAB!W$-.3$#!E9B!W&%#&05)-/$!MB!W$L-3$!D]B!Z&20)/!
K! "OSO! ]:&2! /,$'-%-'-(*! ,+)/,+&(&/$! ^! ;]`9Y^>! -/! &3! IM9@#$F:2&($.! 3$F&(-L$!
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$%&'%()! *+&,-.)+/(-&0! -0! (1)! 1)/+(! /..)'(-02! 3-4)/4)! 454')*(-6-,-(%7! 8! 9-&,! :1)$!
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=R7! Q&0Y/,)YAG5/+)Y! OF! Z,H/+)YA[)+0/03)Y! JF! :/++-,,&AK&*)Y! TF! T/H)4AJ-/Y! EF! K5-4!
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&.!*/+/(1%+&-3!1&+$&0)!4%0(1)4-4\!/!+&,)!.&+!(1)!'/,'-5$A4)04-02!+)')*(&+7!N-30)%!O0(!
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=?7! V)3/!NF!Z+/D/M/![F!T/D/$5+/!]!"RR#!J5/,A4*)'-.-'-(%!*1&4*1/(/4)!=!;JVGI=>!/4!/!
3-+)'(!(+/04'+-*(-&0/,!(/+2)(!&.!(5$&+!45**+)44&+!*=#7!L0'&2)0)!!!;#@>$==S@A==B?7!

!
!
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!"#$%&'()*(+($,-.
!

$%&!'()%*+,!-.,%!)*!)%'/0!1+2!3*4*++*!5+'6'!'/7!1+2!$&+&,'!8&+/9/7&:;<*)*!=*+!)%&.+!
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!

!
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'
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'
()*+,-'.'

$%&'!(!)*&'+&,+!+%-.&*./'!/0!12!)%,34!5678!92!)%,34!:;/):;/,3)8!<2!)%,34!=&>=.348!!
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RN!:OPMP#!=/4:&,%+!*/!$/+%,&*%!)756!L,/3:M!!
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!

!!!!!

()*+,-'/'
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'
'

()*+,-'0'
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!!!!!!!!!!!!!!!!!!!!!!!
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and not yet fully understood. Phosphorus plays a major role, 
while other factors related to bone formation have been re-
cently identified.  Copyright © 2011 S. Karger AG, Basel 

 Vascular Calcification in Chronic Kidney Disease: 
Types and Risk Factors 

 In recent years, the main cause of morbidity and mor-
tality in chronic kidney disease (CKD) patients has been 
judged to be cardiovascular disease. Recent studies sug-
gest that vascular calcification plays a major role in car-
diovascular disease in dialysis patients. Following the 
recommendations of the Kidney Disease: Improving 
Global Outcomes Foundation  [1, 2] , kidney damage is de-
fined as structural or functional kidney abnormalities, 
which are accompanied by other abnormalities such as 
vascular calcification, bone loss and fractures, parathy-
roid dysfunction and several biochemical abnormalities, 
especially in serum PTH, calcium, phosphorus and alka-
line phosphatase. All together are today known as CKD 
bone and mineral disorders  [2] .

 Key Words 
 Vascular calcification  !  Chronic kidney disease  !  Secondary 
hyperparathyroidism  !  Bone loss vascular-bone links 

 Abstract 
 Vascular calcification plays a major role in cardiovascular dis-
ease, which is one of the main causes of mortality in chronic 
kidney disease patients. Vascular calcification is determined 
by prevalent traditional and uraemia-related (non-tradition-
al) risk factors. It occurs mainly in the arteries, which are clas-
sified into three types according to their size and structural 
characteristics. In addition, vascular calcification has been 
associated with bone loss and fractures in chronic kidney 
disease patients and the general population, stressing the 
fact that both disorders can share pathogenetic pathways. 
The strategies to control vascular calcification involve sev-
eral measures, chief among them the control of hyperphos-
phataemia. Furthermore, it has been recently described that 
strategies that reduce bone resorption and increase bone 
mineralization may decrease the risk of vascular calcifica-
tions; however, this approach still remains controversial. The 
mechanisms involved in vascular calcification are complex 
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  Clinical Impact of Vascular Calcification 

 As previously mentioned, CKD patients exhibit a very 
high percentage of vascular calcifications  [13–16] , leading 
to cardiovascular disease, decreased life expectancy and 
mortality  [17]  even in the earliest phases of CKD. Russo 
et al.  [18]  showed that 40% of patients with CKD (mean 
glomerular filtration rate 33 ml/min/1.73 m 2 ) suffered 
from calcification of the coronary arteries compared with 
13% of controls within a similar age range but with nor-
mal renal function. Kramer et al.  [19]  found a significant 
positive association between the presence of coronary 
calcifications and renal failure, an association which in-
creased dramatically in CKD diabetic patients.

  CKD patients develop vascular calcification even at 
early ages  [16]  and almost in all localizations in a greater 
proportion than the general population. They are fre-
quently localized in high-calibre arteries, such as the aor-
ta (79%), medium arteries (70.5%), including coronary 
arteries  [11] , and also in small calibre arteries (20.2%) 
 [20] . These differences may reflect the heterogeneity of 
the three categories of arteries studied, which also imply 
relevant functional changes in the vasculature  [21] . The 
calcification of the cardiac valves involves also a high risk 
of cardiovascular dysfunction  [22]  in both general and 
haemodialysis (HD) populations.

  In a recent study, prevalent aortic calcifications were 
significantly higher in HD patients (79%) than in a ran-
dom-based general population of the same age, sex and 
region (37.5%)  [20] . Other reports have shown similar re-
sults in HD patients  [23]  in which age was positively as-
sociated with vascular calcification in large and medium-
calibre arteries. Time on HD and total time on renal re-
placement therapy have been positively associated with 
vascular calcification, particularly in medium-calibre ar-
teries: each new year on renal replacement therapy in-
creased the risk of having vascular calcifications by ap-
proximately 15%  [24] . Therefore, the time spent on dialy-
sis is an important risk factor for medial and intimal 
arterial calcifications in CKD patients  [25] .

  In addition to information available for the HD pa-
tients, the Framingham study has shown that vascular 
calcification is also an independent predictor of vascular 
morbidity and mortality in the general population  [26] .

  Links between Vascular Calcification and Bone 
Disorders 
 Vascular calcification, bone loss and fragility fractures 

are very common disorders associated with aging, both 
in patients with CKD  [16, 27, 28]  and in the general pop-

ulation  [29–32] . In recent years, several epidemiological 
studies have drawn attention to the relationship between 
vascular calcification and bone health  [31–34] . Even 
though the pathogenetic factors linking vascular calcifi-
cations and bone fragility are not fully understood, recent 
studies have shown that vascular calcification in some 
localizations were associated with an increased risk of 
fragility fractures in both general and HD populations 
 [20, 35, 36] .

  Strategies to Reduce Vascular Calcifications 

 Any strategy designed to reduce the impact of vascular 
calcifications has to begin with primary prevention mea-
sures to control cardiovascular risk factors. In the par-
ticular case of CKD, it is imperative to avoid further kid-
ney damage. In this respect, it is crucial to promote a 
healthy lifestyle, with a balanced diet, regular physical 
exercise, smoking abstinence and a low alcohol intake. 
Once vascular calcifications appear, secondary preven-
tion must aim to reduce their complications, intensifying 
previous measures and initiating the appropriate drug 
therapy. Particular aspects of the pharmacological ap-
proach are discussed below.

  Theoretically, any kind of intervention aiming to re-
duce vascular calcification should curtail the influence of 
factors that promote calcifications and/or augment the 
effects of factors that may inhibit calcifications  [37] . Most 
strategies to reduce vascular calcifications have focused 
on the most common modifiable risk factors such as hy-
perphosphataemia, hypercalcaemia, the CaxP product, 
hyperparathyroidism, smoking, dyslipidaemia or hyper-
tension ( table 2 ).

Table 2.  Strategies to reduce vascular calcification

Balanced diet, with low salt and saturated fats intake
Regular physical exercise
Smoking abstinence
Low alcohol intake
Control of serum phosphorus and calcium levels
Use of physiologic doses of vitamin D
Treatment of secondary hyperparathyroidism
Lipid-lowering therapy with statins
Treatment of hypertension
Rigorous control of diabetes mellitus
Caution with acenocumarol or warfarin treatments
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  The predisposition of patients with CKD towards de-
veloping vascular calcification was mentioned for the 
first time back in the 19th century; since then, many 
studies have addressed this important aspect. Vascular 
calcification occurs mainly in the arteries, which can be 
classified into three types according to their size and 
structure: elastic or large-calibre arteries, muscular or 
medium-calibre arteries and small-calibre arteries.

  Elastic or large-calibre arteries show a relatively thin 
wall in proportion to their diameter. The tunica media is 
rather thick and contains more elastic fibres than smooth 
muscle; the adventitia tends to be fairly thin. Through the 
elastic arteries, blood is conducted from the heart to the 
distribution arteries. Large vessels like the aorta, subcla-
via and common carotid arteries are included in this 
group.

  Muscular or medium-calibre arteries have a tunica 
media which contains a great proportion of smooth mus-
cle fibres; they are capable of withstanding further vaso-
dilatation and vasoconstriction to adjust the volume of 
blood to accommodate perfusion requirements. Medi-
um-calibre arteries include the axillary, brachial, radial, 
coronary, femoral and tibial arteries.

  Finally, small-calibre arteries are less than 2 mm thick 
and their tunica media contains only smooth muscle fi-
bres. In these vessels, luminal size variations, caused by 
vasoconstriction and vasodilatation of smooth muscle 

cells, are responsible for regulating the local blood flow 
and perfusion pressure. This group includes the palmar 
arch and the digital arteries, among others.

  The classical description of arterial calcification spec-
ifies it may occur in two locations: the intima and the 
media layers  [3] . Nevertheless, this classical concept is not 
fully accepted by all authors  [4, 5] .

  Intimal calcification begins and progresses under the 
influence of both genetic and lifestyle circumstances 
throughout a person’s lifetime. Intimal calcification is as-
sociated with a sequence of atherosclerotic events that in-
clude endothelial dysfunction, intimal edema, lipid cell 
formation and the migration of leukocytes and macro-
phages that can in turn cause a plaque rupture, thus lead-
ing to the formation of the thrombus  [6] . Atherosclerotic 
lesions have a patchy distribution along the length of the 
artery and may cause local stenoses and occlusions. Fur-
thermore, it is characterized by chronic arterial inflam-
mation exacerbated by alterations in lipid metabolism  [7]  
and other well-characterized risk factors, including hy-
pertension, diabetes, dyslipidemia  [8, 9] , obesity, smok-
ing and a family history of premature coronary heart dis-
ease.

  Calcification of the media occurs in the elastic lamina 
of large-calibre and medium- to small-size arteries; it 
seems to be independent of atherosclerosis, but both can 
coexist. This type of calcification was known initially as 
Monckeberg sclerosis and it can be seen radiographically 
as railroads  [10] . It typically affects arteries such as vis-
ceral abdominal, thyroid and lung  [10] , but it is also ex-
tremely common in the aorta, limb and femoral arteries. 
Calcification of the media increases linearly with age. It 
is frequently observed in patients with metabolic abnor-
malities such as hypervitaminosis D, CKD and diabetes 
 [11] .

   Table  1  summarizes the most prevalent traditional, 
uraemia-related and non-traditional risk factors for vas-
cular calcification in CKD patients. Like in the general 
population, traditional cardiovascular risk factors, pres-
ent in a large proportion of patients with CKD, are re-
sponsible to a great extent for the progression of vascular 
calcifications. Among non-traditional cardiovascular 
risk factors, including uraemia-related risk factors, hy-
perphosphatemia and the dialysis vintage are the risk fac-
tors more strongly associated with increased vascular cal-
cification and mortality  [12] . Elevated CRP and IL-6, as 
expression of chronic inflammation, have also been fre-
quently associated with vascular calcification.

Table 1.  Risk factors associated to vascular calcification in CKD 
patients

Traditional risk factors
Hypertension
Dyslipidaemia
Diabetes mellitus
Smoking
Older age
Family history of premature coronary heart disease
Uraemia-related and non-traditional risk factors
Time on dialysis
Hyperphosphatemia
High calcium-phosphorus product
Hyperparathyroidism and hypoparathyroidism
High dosage of vitamin D metabolites
Low fetuin-A
Anaemia
Poor nutrition (low albumin)
Chronic inflammation (CRP, IL-1, IL-6, TNF-!)
Hyperhomocysteinaemia
Advanced glycated end-products
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  Control of Hyperphosphataemia, Hypercalcaemia and 
CaxP Product 
 Disturbances in serum phosphorus, calcium and the 

calcium-phosphorus product are frequently seen in CKD 
patients and are implicated in the promotion of vascular 
calcification as well as in an increased death risk  [37] . Be-
cause dietary restriction of phosphorus and intermittent 
dialysis are not usually effective in controlling serum 
phosphorus, most patients with CKD stage 5 show a high 
prevalence of hyperphosphataemia with its known impli-
cations in the pathogenesis of secondary hyperparathy-
roidism, cardiovascular alterations and mortality. As 
mentioned before, in vivo and in vitro studies shed light 
on the role of phosphorus as a promoter of vascular cal-
cification, demonstrating that the control of phosphorus 
should be a priority in clinical practice.

  Calcium-based phosphate binders such as calcium ac-
etate and calcium carbonate have replaced aluminium 
hydroxide as the most widely prescribed phosphate bind-
ers. The possible negative role of calcium overload from 
these binders on the progression of vascular calcifica-
tions has led to the progressive but not total reduction of 
calcium- and aluminium-based phosphate binders in fa-
vour of new calcium- and aluminium-free phosphate 
binders (sevelamer hydrochloride, sevelamer carbonate 
and lanthanum carbonate). These new compounds have 
been shown to have reduced hypercalcaemic adverse 
events in comparison to calcium-based phosphate bind-
ers  [38] .

  An experimental study demonstrated that treatment 
with sevelamer in rats decreased renal calcification com-
pared to rats that received calcium carbonate and un-
treated rats  [39] . In addition, a clinical trial showed that 
sevelamer reduced the progression of both coronary and 
aortic calcifications compared to calcium carbonate  [40] . 
However, the mechanism of the beneficial effect of 
sevelamer on the progression of calcification is still not 
fully understood. One possible mechanism is based on 
the reduction of the calcium load; however, reduced vas-
cular calcification may also result from reductions in to-
tal and LDL cholesterol, which occur during treatment 
with sevelamer  [38] . In fact, two recent studies have shed 
doubts on the role of phosphate binders in the progres-
sion of calcification  [41, 42] .

  Control of Secondary Hyperparathyroidism:
Vitamin D and Calcimimetics 
 The use of vitamin D metabolites is a challenging sub-

ject that still remains controversial. The current treat-
ment of secondary hyperparathyroidism in dialysis pa-

tients includes suppression of PTH with supraphysiolog-
ic doses of vitamin D or its analogues. Although it is 
widely known that a high dosage of vitamin D metabo-
lites favours the onset and progression of vascular calci-
fications, several studies have paradoxically demonstrat-
ed a long-term beneficial effect of vitamin D on vascular 
calcifications. Low vitamin D status is associated with a 
higher prevalence of vascular calcifications, bone and 
mineral disturbances, susceptibility to some infections, 
higher risk of autoimmune diseases, some malignancies 
and many other complications  [43] .

  Observational studies in patients on HD and in the 
general population have also demonstrated a lower mor-
bidity and a cardiovascular survival advantage in pa-
tients who are treated with vitamin D receptor activators 
 [44, 45] .

  A major breakthrough in the management of calcium 
and phosphate metabolism in dialysis patients was 
achieved recently with the introduction of calcimimetics. 
These compounds were the first agents introduced to 
lower PTH with advantageous effects on serum calcium 
and phosphate. It has been demonstrated experimentally 
that the calcimimetic R568 reduces aortic calcifications 
and mortality in rats in which aortic calcifications were 
induced using a high dose of calcitriol  [46] . Moreover, 
another experimental study showed that calcimimetics 
may even favour the regression of vascular calcification 
 [47] .

  Control of Dyslipidemia 
 Dyslipidemia, particularly increased LDL cholesterol, 

has been implicated in the progression of vascular calci-
fications. In addition, in the general population, the ben-
eficial effect of lowering LDL cholesterol levels on the 
progression of calcification has been reported by several 
groups  [48, 49] . As mentioned previously, patients who 
were treated with sevelamer showed a significant de-
crease in LDL cholesterol levels  [40] , which may explain 
the beneficial effects in the progression of cardiovascular 
calcification. It is known that the rapid progression of 
coronary arterial calcification in HD patients is associ-
ated with higher triglycerides and lower HDL cholesterol 
levels  [50] .

  Control of Blood Pressure 
 Hypertension is a modifiable risk factor for vascular 

calcifications in both the general population and CKD 
patients. Several studies in patients with end-stage renal 
disease and essential hypertension have shown that arte-
rial stiffening is an independent predictor of mortality. 



   

 123 

 

 

 Vascular Calcification in Chronic Kidney 
Disease 

Med Princ Pract 2011;20:203–212 207

As arteries become stiffer, the pulse wave velocity in-
creases and it is responsible for a rapid return of wave 
 reflections from the periphery to the ascending aorta 
during systole, which causes an abnormal rise of aortic 
systolic blood pressure with decreased diastolic blood 
pressure and high pulse pressure. Increased wave reflec-
tions and high pulse pressure are independent risk factors 
for mortality in end-stage renal disease patients  [51] .

  Diabetes 
 Diabetes is a disease that is known to be complicated 

by heterogeneous metabolic risk factors, such as hyper-
glycemia, dyslipidemia, insulin resistance, glycation, ox-
idative and carbonic stress, and tissue hypoxia. In the 
non-uremic population, vascular calcification occurs 
more frequently in diabetics. In CKD patients, vascular 
calcification in diabetics has been reported to be more 
prevalent and more advanced than in non-diabetics  [52] . 
Several studies emphasize the importance of glycaemic 
control in the prevention of the development and pro-
gression of vascular calcification in diabetic CKD pa-
tients  [53] .

  Factors That Decrease Vascular Calcification 
 Although vascular calcification is very common in pa-

tients with CKD, it is absent in a non-negligible percent-
age of patients (close to 20%) despite a similar exposure 
to the known factors that promote calcification  [54] . As 
mentioned before, inhibitors of the precipitation of cal-
cium and phosphate must be playing a major role in pre-
venting extra-osseous calcification. Unfortunately, the 
therapeutic potential of these inhibitors of calcification 
has not been explored in clinical trials. Because MGP re-
quires vitamin K for  ! -carboxylation, an acquired vita-
min K deficiency by the use of warfarin or acenocumarol 
may predispose towards vascular calcification  [55] .

  Clinical and experimental studies have consistently 
established a positive association between arterial calci-
fication and bone resorption  [56, 57] . Consequently, it 
can be hypothesized that treatment strategies that simul-
taneously reduce bone resorption and increase bone min-
eralization may decrease the risk of vascular calcifica-
tions.

  Bisphosphonates, used as standard therapy for osteo-
porosis, inhibit the experimentally induced vascular cal-
cification, offering perspectives for the treatment of vas-
cular calcification. The exact mechanism by which 
bisphosphonates inhibit arterial calcification is not en-
tirely understood. One possibility is an indirect effect 
through inhibition of bone resorption, which would re-

duce the efflux of calcium and phosphate out of the bone, 
resulting in a decreased performance of the substrates re-
quired to form hydroxyapatite in the arterial wall  [58] .

  Bisphosphonates have been demonstrated to reduce 
vascular calcification in experimental models  [59] , but 
also in CKD in a reduced group of HD patients  [60] . Nev-
ertheless, the use of bisphosphonates, particularly in 
CKD patients with underlying renal osteodystrophy, 
should be carefully considered as they are still in the re-
search phase  [58] . It has been recently described that in 
uremic rats treated with bisphosphonates, there was a 
strong correlation between inhibition of aortic calcifica-
tion and bone mineralization, suggesting that bisphos-
phonates may not be able to prevent vascular calcification 
without inhibiting bone formation  [61] .

  Even though new strategies may improve the manage-
ment of vascular diseases and, more specifically, may 
have a positive impact on the high prevalence of vascular 
calcifications, the more effective approach is still that in-
volving the best possible control of mineral and bone me-
tabolism and inflammatory parameters  [11] .

  We need more experimental, epidemiological and 
randomised clinical studies designed to ascertain the ef-
fects of the newly available bone-vascular active drugs on 
the bone and cardiovascular systems.

  Molecular Aspects Related to Vascular Calcification 

 Until recent years, vascular calcification was consid-
ered the result of a simple precipitation of the circulating 
calcium and phosphate. However, the mechanisms by 
which the process of vascular calcification is produced 
are complex; it does not consist of a simple precipitation 
of calcium and phosphate, it involves active and modifi-
able processes that will be discussed later in this review. 
The final result is the formation of bone structures inside 
the artery wall  [62, 63] . This regulated process involves 
several changes, such as the decrease in vascular calcifi-
cation inhibitors  [64] , increase in vascular calcification 
promoters, formation of calcification vesicles  [65] , and, as 
a result, the induction of a cellular phenotypic change: 
from vascular smooth muscle cells (VSMCs) to bone-like 
cells  [66, 67] . Interestingly enough and in line with sev-
eral epidemiological studies, the increase in bone-like 
cells in the vessels has been reported to be associated to a 
decrease in bone mass and mineralization  [11, 35, 68] .

  Thanks to the advances in molecular biology, a great 
number of mechanisms have been extensively investigat-
ed, and several inhibitors and promoters of vascular cal-
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cification have been described ( fig. 1 ). Among the latter, 
phosphorus and calcium play a relevant role. In humans 
and other mammals, serum concentrations of calcium 
and phosphate exceed the calcium-phosphate solubility 
product; thus, the likelihood of precipitation is high. Nev-
ertheless, in both young and adult populations, intra-ves-
sel precipitation is uncommon, clearly stressing the im-
portant role played by the vascular calcification inhibi-
tors in preventing calcium/phosphate precipitation and 
deposition.

  Promoters of Vascular Calcification: Phosphorus, 
Bone Morphogenetic Protein-Msx-2-Wnt Axis, 
Inflammation and Oxidative Stress 
 High serum phosphorus is the most important ure-

mia-related, non-traditional risk factor associated with 
vascular calcification in CKD patients and the general 
population  [17] . It is well known that high serum phos-
phorus levels stimulate parathyroid activity, decreasing 
the levels of calcium-sensing receptor and vitamin D re-
ceptor; it also lowers the activity of 1- ! -hydroxylase, con-
sequently decreasing serum calcitriol levels.

  In addition, phosphorus is also capable of acting as a 
secondary intracellular messenger, activating several 
molecular pathways related to bone formation. It reaches 
the intracellular space via a specific Na-dependent chan-
nel called Pit-1 and exerts some interesting actions; in 
fact, the blockade of Pit-1 prevents vascular calcification 
 [69] .

  In vitro experiments have demonstrated that elevated 
intracellular phosphate levels may directly increase an 
important bone-specific transcription factor core-bind-
ing factor  !  (Cbfa-1), resulting in the activation of sev-
eral osteogenic pathways in the VSMCs, which leads to 
phenotypic changes of VSMCs into bone-like cells  [70, 
71] .

  Focusing on the downstream actions of Cbfa-1, it pro-
motes the expression of osteocalcin and alkaline phos-
phatase in the vasculature. In addition, one of the most 
important families of proteins involved in mineralization 
and vascular calcification, the bone morphogenetic pro-
teins (BMPs) are activated by Cbfa-1. The BMP family, 
especially the 2 and 4 members, have been described as 
potent promoters of vascular calcification, as they can re-
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cruit other bone-related players such as Msx-2 and Wnt-
related proteins  [72–74] . Inflammation is also an impor-
tant factor involved in the pathogenesis of vascular calci-
fication development  [75] .

  Oxidative stress has also been related to vascular cal-
cification. VSMCs cultured with H 2 O 2  developed calcifi-
cation via stimulation of Cbfa-1  [76] . In addition, in vivo 
studies have shown that some antioxidants can prevent 
vascular calcification  [77] . In agreement with these ex-
perimental analyses, clinical studies have shown that se-
rum levels of oxidized LDL, advanced oxidation protein 
products and urine levels of F-2 isosprostanes (biomark-
ers of oxidative stress) may all be considered as risk fac-
tors for vascular and valvular calcification  [25, 78] .

  Inhibitors of Vascular Calcification: Pyrophosphates, 
Fetuin A and Osteoprotegerin 
 Pyrophosphates (PPi) are located in the vascular ma-

trix and they are supposed to preserve the aortic VSMC 
phenotype, thanks to the inhibition of calcium carbonate 
formation, hence inhibiting calcium phosphate crystal 
formation; PPi inhibits the change of VSMCs into bone-
like cells  [79, 80] .

  In serum, the most abundant inhibitors of vascular 
calcification are fetuin-A ( ! 2-Heremans-Schmid glyco-
protein), osteoprotegerin (OPG) and matrix-gla protein. 
Fetuin-A is a known inhibitor of osteogenesis  [81] , ca-
pable of inhibiting vascular calcification  [82] . Fetuin-A 
knockout mice spontaneously develop widespread soft 
tissue calcification, including significant myocardial cal-
cification, findings associated to the upregulation of the 
profibrotic factor TGF- "   [83] .

  OPG inhibits osteoclast differentiation, modulating 
bone resorption through its action as a decoy receptor of 
RANKL. OPG-null mice develop early-onset osteoporo-
sis and severe medial layer calcification  [84] , suggesting 
that OPG acts as an inhibitor of in vivo vascular calcifica-
tion. OPG was shown to inhibit ALP activity in aortic 
tissue and prevent the progression of medial layer vascu-
lar calcification  [85] . The importance of the OPG/RANKL 
axis in vascular calcification has been recently shown; the 
increase in vascular calcium content was parallel to an 
increase in the RANKL and BMP4 expression  [86] .

  Other Players 
 Klotho, a co-receptor of fibroblast growth factor 23 

(FGF-23), among other functions, has a phosphaturic 
function  [87, 88] . The knockout mice for the Klotho gene 
showed accelerating aging with widespread ectopic calci-
fication, including vascular calcifications. The mecha-

nisms by which fibroblast growth factor 23/Klotho affect 
vascular calcification may involve phosphate excretion as 
well as vitamin D and PTH leading to vascular calcifica-
tion and bone loss  [89–92] .

  Advanced glycation end-products (AGEs) are chemical 
modifications of proteins and lipids that become non-en-
zymatically glycated after contact with carbohydrates 
 [93] . The generation of AGEs is a continous in vivo process 
and their accumulation increases with aging and diseases, 
specially diabetes  [94] . AGEs accumulate in the vessel wall 
and contribute to the development of atherosclerosis 
through the formation of cross-links between molecules 
in the basement membrane of the extracellular matrix, 
involving different cell-surface receptors, especially 
RAGE  [95] . Furthermore, recent studies have shown a cor-
relation between the accumulation of AGEs in bone and 
increased fracture risk, even with normal bone mineral 
density  [96–98] . AGEs may induce abnormal cross-links 
in the collagen proteins causing bone fragility  [99, 100] . 
Furthermore, they may decrease osteoblast function and 
increase osteoclast activity, alter the function of the osteo-
blasts and increase the activity of the osteoclasts  [101] .

  In summary, vascular calcification, an established 
highly prevalent finding of CKD, known since the be-
ginning of renal replacement therapy, has recently re-
emerged as a key complication of CKD, and great efforts 
are currently underway to clarify the morphological, 
functional and molecular aspects of this disorder.
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Introducción

La enfermedad renal crónica (ERC) se
define en la actualidad según las reco-
mendaciones de las guías de la fundación
Kidney Disease: Improving Global Outco-
mes (K/DIGO)1. Es conocida la relación
entre las calcificaciones vasculares y la
mortalidad cardiovascular, principal causa
de muerte en pacientes en diálisis con
más del 50% de los fallecimientos2. Los
pacientes en hemodiálisis (HD) crónica
presentan de dos a cinco veces más cal-
cificaciones de las arterias coronarias que
los individuos de su misma edad de la
población general3.

Virchow, en el siglo XIX, describió por pri-
mera vez la aparición de calcificaciones me-
tastásicas o ectópicas en pacientes con
ERC. Contiguglia y cols. mostraron en 1973
que el calcio procedente de los vasos de pa-
cientes urémicos eran cristales de hidroxia-
patita, los mismos que los del esqueleto4. En
las últimas décadas, varios estudios comen-
zaron a mostrar que un porcentaje muy ele-
vado de pacientes con ERC presentaban
calcificaciones vasculares5, con mayor fre-
cuencia y gravedad que la población gene-
ral, incluso en pacientes jóvenes menores de
30 años6, con el consecuente impacto en la
morbimortalidad de estos pacientes.

Mecanismos de calcificación vascular 
en la enfermedad renal crónica

Pablo Román García y José Manuel Valdivielso Revilla

El mecanismo por el cual se produce la
calcificación vascular es complejo y no
bien comprendido. Inicialmente, se pensaba
que consistía en una simple precipitación
de Ca y P en un microambiente apropiado7.
Varias líneas de evidencia indicaron, sin
embargo, que los mecanismos pasivos
discurrían a la par que ciertos mecanismos
activos. Du rante este proceso activo, células
de músculo liso vascular (CMLV), de bido
a la acción de ciertos promotores de la
calcificación, sufren un mayor grado de
apoptosis, formación de vesículas y cambian
el fenotipo de células musculares lisas de
la pared arterial a células similares a oste-
oblastos, lo que induce la formación de
matriz y también atrae factores locales im-
plicados en el proceso de mineralización.
Sin em bargo, en mamíferos y humanos,
las concentraciones séricas de Ca y P ex-
ceden en varias veces la solubilidad del
producto calcio-fósforo  (Ca x P). No obs-
tante, no existe precipitación dentro de
los vasos. Este hecho remarca claramente
la importancia del papel que juegan los in-
hibidores fisiológicos de la calcificación
que contrabalancean el efecto bien cono-
cido de los promotores de la calcificación. 

La lista de promotores e inhibidores del
proceso de calcificación es larga y se in-
crementa cada año8-10 (Figura 1). 

!"
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La hiperfosfatemia es el factor que, de
forma más constante, se ha asociado con in-
cremento de las calcificaciones vasculares y
mortalidad en pacientes en HD11. Con res-
pecto al producto Ca x P, parece claro que
su aumento se relaciona con mayor mortali-
dad global, por cardiopatía isquémica y por
muerte súbita12,13. 

El papel de la vitamina D como factor de
riesgo merece una particular atención, ya
que dosis altas de metabolitos de vitamina
D se han asociado experimental y clínica-
mente a un incremento en las calcificacio-
nes vasculares y la mortalidad14,15, mientras
que la administración de metabolitos acti-
vos de vitamina D se asocia a una mayor
protección frente a estas manifestaciones. 

Promotores 
de calcificación vascular 

Fósforo y calcio
El fósforo sérico alto es uno de los facto-
res de riesgo más importantes relaciona-
dos con la uremia, asociados a la calcifica-
ción vascular en pacientes con insuficien-
cia renal crónica y en la población gene-
ral2. Es bien sabido que los altos niveles
de fósforo sérico agravan el hiperparatiroi-
dismo secundario y también reducen la
actividad de la enzima 1α-hidroxilasa, que,
a su vez, disminuye los niveles séricos de
calcitriol. 

Una cuestión importante que debe ser
respondida es cómo los incrementos en el fós-

Figura 1. Promotores e inhibidores de la calcificación vascular.
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foro sérico activan varios mecanismos en
los vasos, desembocando en el desarrollo
de calcificaciones vasculares. 

El fósforo, además de ser un elemento mi-
neral extracelular, también se ha descrito
como un jugador importante en los mecanis-
mos de señalización de las CMLV16. No sólo
colabora con el calcio en la mineralización
de la matriz, sino que también es capaz de
actuar como un «mensajero intracelular se-
cundario», activando varias vías moleculares
relacionadas con la formación de hueso. Pe-
netra en las células a través de un canal es-
pecífico dependiente de Na llamado Pit-1;
de hecho, el bloqueo de Pit-1 previene la cal-
cificación vascular en un modelo in vitro17.
Experimentos in vitro han demostrado que
niveles intracelulares elevados de fósforo
pueden actuar directamente en la transcrip-
ción de genes relacionados con el hueso,
como core binding factor α-1 (CBFA-1) y os-
teocalcina, lo que resulta en la activación de
varias vías osteogénicas en las CMLV, dando
lugar a los consabidos cambios fenotípicos,
pasando de CMLV a células óseas18. Ade-
más, en ratas urémicas con alto fósforo sé-
rico, se ha sugerido que la calcificación vas-
cular en la capa media es causada, al menos
en parte, por incrementos en las formas vas-
culares de CBFA-1 y Pit-119. CBFA-1 pro-
mueve la expresión de una de las familias más
importantes de las proteínas implicadas en
las calcificaciones vasculares: las proteínas
morfogenéticas óseas (BMP, por sus siglas
en inglés), de las que se hablará más ade-
lante en este capítulo.

Vitamina D
El descubrimiento de que las CMLV expresan
el receptor de la vitamina D (VDR) hizo pensar
que la unión del metabolito activo de la vita-
mina D, 1,25(OH)2D3, podría tener efectos

sobre las propias CMLV. De hecho, la
1,25(OH)2D3 regula por incremento el VDR
y aumenta la carga de calcio en las CMLV
de rata en cultivo20 y de aorta de conejo21.
Otros estudios mostraron que concentra-
ciones de 10-9 M de 1,25(OH)2D3 inducían
la proliferación de las CMLV22, la migración
y un aumento de la expresión de osteopon-
tina14. También se demostró que una con-
centración de 1,2 µmol/l inducía cambios
morfológicos en las CMLV de aorta de rata,
incluída la progresión de un fenotipo «con-
tráctil» a uno «óseo» con un incremento la
producción de factores que promueven la
calcificación in vitro23. 

Jono y cols. demostraron que la 1,25
(OH)2D3 en concentraciones comprendi-
das entre 10-7 y 10-9 M induce un incre-
mento de la calcificación dosis depen-
diente en CMLV bovinas in vitro. Esto va
acompañado de un incremento similar en la
actividad de la  fosfatasa alcalina y una
regulación a la baja del péptido relacionado
con la PTH (PTHrp)15. Este cambio fenotí-
pico permite a las CMLV sintetizar proteínas
específicas de osteoblastos que incremen-
tan el grado de calcificación24. Entre ellas,
podemos destacar la expresión de factores
de transcripción como CBFA-1, osteocal-
cina25 y de moléculas solubles como el
RANKL o BMP426. 

Estudios in vivo han demostrado que,
aparte de la capacidad de la vitamina D
de inducir el cambio fenotípico en las
CMLV, otro factor importante es el efecto
hiperfosfatémico e hipercalcémico de
dosis altas de vitamina D. Así, altas dosis
de vitamina D y nicotina han sido usadas
como un modelo de calcificación vascu-
lar27. Este modelo acusa un aumento de
la calcificación de las capas medias de las
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arterias, lo que incrementa la rigidez arte-
rial. Un dato más a favor del papel funda-
mental del fósforo en la calcificación arte-
rial inducida por vitamina D proviene de
estudios in vivo con animales KO para
FGF2328. En estos animales, que tienen
niveles altos de vitamina D e hiperfosfate-
mia junto con calcificación vascular, el
uso de una dieta pobre en P evitó la cal-
cificación vascular. Sin embargo, dosis
bajas no hipercalcemiantes ni hiperfosfo-
remiantes de calcitriol han sido capaces
de producir calcificación arterial en anima-
les con insuficiencia renal crónica25. Por
el contrario, en animales con un modelo
de aterosclerosis, dosis bajas de calcitriol
y paricalcitol protegían de la calcificación
vascular29.

Proteínas morfogenéticas óseas
(BMP)
Las BMP son un grupo de al menos 30
proteínas con propiedades de inducción
ósea que tienen un papel importante en el
desa rrollo de la organogénesis en varios
tejidos. Forman parte de la superfamilia del
TGF-beta y activan, tras la unión, a sus
receptores transmembrana. Los receptores
de las BMP (tipo I y tipo II) funcionan de
manera cooperativa y, tras la unión de la
proteína al receptor tipo II, se produce la
activación del tipo I. El resultado es un
aumento de la transcripción génica a través
de la fosforilación de proteínas y de la tras-
locación al núcleo de factores de transcrip-
ción de la familia de los Smad.

La expresión de las BMP se ha detec-
tado en placas ateroscleróticas30. Además,
se han encontrado BMP2, BMP4 y BMP6 en
áreas de calcificación vascular31. Estudios
posteriores han demostrado que la BMP2 in-
hibe la proliferaciónde las CMLV estimuladas

con suero32, tras lo que desciende la expre-
sión de marcadores de célula muscular lisa.
Además, como se ha dichoanteriormente, es
capaz de inducir la expresión de MSX2 y
CBFA-1, y de inducir calcificación vascular
in vivo. In vitro, estimula la captación de fós-
foro, el fenotipo osteoblástico y la calcifica-
ción. El papel de la BMP4 no está tan es-
tudiado, aunque se ha demostrado que in-
duce calcificación de CMLV y está implicada
en la calcificación vascular inducida por
RANKL26. 

Contrariamente a otras BMP, la BMP7 es
una proteína que protege de la calcificación
vascular promoviendo el fenotipo de CMLV.
Además, en un modelo de calcificación vas-
cular en animales con aterosclerosis, el tra-
tamiento con BMP7 fue capaz de reducir
los niveles de calcificación vascular33. 

Eje Wnt-Msx2
Estudios con CMLV cultivadas en medio
con alto contenido de fósforo, han demos-
trado que la BMP2 estimula la expresión
vascular del factor de transcripción Msx-
234, otro gen relacionado con el hueso. Se
ha demostrado que el eje «BMP-MSX-2»
también recluta a componentes de la familia
de proteínas Wingless/ints (Wnts)35, tradi-
cionalmente asociadas a la formación de
hueso. Recientemente, la vía de señaliza-
ción Wnt, incluyendo sus inhibidores, tam-
bién se ha añadido a la larga lista de fac-
tores paracrinos «promotores de la calcifi-
cación vascular»36. 

Estrés oxidativo
El estrés oxidativo se ha relacionado tam-
bién con el eje BMP-MSX-Wnt, la inflama-
ción y la calcificación vascular. CMVL cul-
tivadas con H2O2 presentaron calcificacio-
nes, a través de la estimulación directa de
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CBFA-137, lo que demuestra que el estrés
oxidativo puede actuarcomo un promotor de
la calcificación vascular. Además, estudios
in vivo han demostrado que algunos de los
antioxidantes pueden prevenir las calcifica-
ciones vasculares38. 

Inhibidores de calcificación
vascular 

Fetuína–A
En el suero, los inhibidores de la calci-
ficación vascular más abundantes son la
fetuína-A (alfa 2-glicoproteína-Heremans
Schmid), la OPG y la proteína gla de la
matriz31. La fetuína-A es un conocido inhi-
bidor de la osteogénesis40, capaz de inhi-
bir la calcificación vascular. Los ratones
KO para fetuína-A desarrollan espontáne-
amente una calcificación generalizada de
tejidos blandos, incluyendo una significa-
tiva calcificación de miocardio. En estos
ratones, la calcificación vascular se asoció
a la regulación al alza de los factores pro-
fibróticos TGF-beta41.

Proteína gla de la matriz (MGP)
La MGP es una pequeña proteína que se se-
creta al medio extracelular y que sufre funda-
mentalmente dos modificaciones postrasla-
cionales, dependientes algunas de ellas de la
vitamina K42, factor de creciente importancia
en el desarrollo de calcificación vascular. Aun-
que su mecanismo molecular preciso no se
conoce, la evidencia científica acumulada de-
muestra que tiene un papel fundamental en la
inhibición de la calcificación de tejidos blan-
dos. Las primeras evidencias se acumularon
al constatar que el tratamiento de ratas con un
antagonista de la vitamina K (warfarina) pro-
vocaba extensas calcificaciones del cartílago,
provocando un crecimiento anormal. Además,
los animales KO para la MGP mueren por rup-

tura aórtica debido a extensas calcificaciones
vasculares.

El mecanismo preciso por el cual la MGP
inhibe la calcificación vascular no se conoce,
pero se han sugerido varias posibilidades.
Price y cols. sugieren que la MGP se une a los
cristales de hidroxiapatita impidiendo su cre-
cimiento43. Además, se ha demostrado que
la MGP es capaz de inhibir la diferenciación
fenotípica de las CMLV en células de hueso.
Así, los animales KO de MGP muestran una
pérdida de marcadores de CMLV con un au-
mento de la expresión de Cbfa1 y osteopon-
tina44. Los estudios de Shanahan, en los que
encuentra menor expresión de la MGP en ar-
terias de pacientes diabéticos con esclerosis
de Mönckeberg apoyan esta teoría45. 

Osteoprotegerina (OPG) 
Es un miembro de la familia de receptores de
los factores de necrosis tumoral (TNF-R), que
ha sido identificado como regulador de la re-
sorción ósea37. La OPG funciona como un
 receptor soluble, señuelo de ligando (RANKL)
del receptor activador del factor nuclear – B
(RANK)7. La OPG es, además, receptor del li-
gando inductor de la apoptosis relacionado
con el factor de la necrosis tumoral (TRAIL),
que es un potente inductor de apoptosis. 

La primera evidencia de que este sistema
estaba implicado en la calcificación vascular
derivó del estudio del ratón KO para la OPG,
el cual presentaba osteoporosis y calcifica-
ciones de la aorta y arterias renales46. Se ha
demostrado que la OPG inhibe la calcifica-
ción vascular en ratas in vivoprovocada tanto
por la vitamina D como por warfarina47. Re-
cientemente, se han producido progresos en
el entendimiento del modo de acción de la
OPG evitando la calcificación vascular, que
implica a NFkB y BMP426. 
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Otros factores

Klotho es un correceptor del factor de cre-
cimiento fibroblástico 23 (FGF23), una
hormona fosfatúrica, y controla la excreción
de fósforo48, entre otras funciones.

Los defectos en los genes codificantes
para FGF23 y Klotho provocan perturbacio-
nes varias, incluyendo la calcificación vascular
y la pérdida de hueso. Ratones KO para el
gen de Klotho mostraron aceleración del
envejecimiento, con calcificación ectópi-
ca generalizada, incluyendo calcificaciones
 vasculares. Los mecanismos por los que

FGF23/Klotho afectan a las calcificaciones
vasculares no se entienden completamente,
si bien estudios recientes sugieren que este
eje controla directamente la excreción de fos-
fatos, y por ello también, parte de la homeos-
tasis mineral y otros pasos importantes en el
metabolismo de la vitamina D y la PTH indi-
rectamente, lo que, a su vez, puede ser tam-
bién responsable de los efectos vasculares.

Recientemente el papel de los pirofos-
fatos y los bifosfonatos, no sólo en la pre-
vención sino en la reversión de las calcifica-
ciones vasculares, es objeto de nuevas y
prometedoras investigaciones.
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In chronic kidney disease, hyperphosphatemia has been associated to vascular calcifications. Moreover, the
rate and progression of vascular calcification have been related with the reduction of bone mass and
osteoporotic fractures, hereby suggesting a strong link between vascular calcification and bone loss. Our aim
was to prospectively study the effects of high phosphorus diet on bone mass, vascular calcification and gene
expression profile of the arterial wall.
A rat model of 7/8 nephrectomy fed with normal (0.6%) and moderately high (0.9%) phosphorus diet was
used. Biochemical parameters, bone mineral density and vascular calcifications were assessed. A microarray
analysis of the aortic tissue was also performed to investigate the gene expression profile.
After 20 weeks, the rats fed with a high phosphorus diet showed a significant increase in serum phosphorus,
PTH, and creatinine, together with aortic calcification and a decrease in bone mass. The histological analysis
of the vascular calcifications showed areas with calcified tissue and the gene expression profile of this
calcified tissue showed repression of muscle-related genes and overexpression of bone-related genes, among
them, the secreted frizzled related proteins, well-known inhibitors of the Wnt pathway, involved in bone
formation.
The study demonstrated prospectively the inverse and direct relationship between vascular calcification and
bone mass. In addition, the microarrays findings provide new information on the molecular mechanisms that
may link this relationship.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Bone and mineral disorders caused by chronic kidney disease
(CKD), particularly by the related poor control of hyperphosphatemia,
have been linked to the increased risk of vascular calcification [1,2]. In
addition, the latter has been described as one of the main drivers of
mortality in CKD patients [3,4].

Vascular calcification occurs trough a complex mechanism [5] that
consists not only in a simple deposition of calcium and phosphate, but
also in a regulated process similar to bone formation which involves
loss of vascular calcification inhibitors [6], formation of calcification
vesicles [7], and cellular phenotypic changes from vascular smooth
muscle cells (VSMCs) to bone-like cells [8]. These new “vascular
osteoblasts” are able to express bone-related genes and proteins, such
as alkaline phosphatase, Cbfa1/Runx2, osteopontin, osteoprotegerin
(OPG) and Msx2, among others [9]. In addition, in the general

population and also in CKD patients, the rate and progression of
vascular calcification have been associated with an increased risk of
bone loss and osteoporotic fractures [10,11], involving several but not
fully understood genetic and molecular mechanisms.

The present experimental study was designed to prospectively
assess the effects of high phosphorus diet on bone mass and vascular
calcification, while paying attention to the gene expression profile of
the arterial wall.

Methods

Experimental design

Animal model
The study was performed using 4-month-old male Wistar rats

(n=70). The rats were anaesthetized using methoxi-fluorane, and
chronic renal failure (CRF) was induced by surgical 7/8 nephrectomy
using the technique modified by Ormrod and Miller [12] by the same
technician for all the groups. The nephrectomized rats were
subsequently divided in two groups: Group I was fed with normal
phosphorus diet (NPD) (0.6% phosphorus, 0.6% calcium and 20%

Bone 46 (2010) 121–128

⁎ Corresponding author. Bone and Mineral Research Unit, Instituto Reina Sofía de
Investigación, Hospital Universitario Central de Asturias, C/ Julián Clavería s/n, 33006
Oviedo, Asturias. Fax: +34985106142.

E-mail address: metoseo@hca.es (J.B. Cannata-Andía).

8756-3282/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bone.2009.09.006

Contents lists available at ScienceDirect

Bone

j ourna l homepage: www.e lsev ie r.com/ locate /bone



   

 138 

Author's personal copy

protein content), and group II was fed with high phosphorus diet
(HPD) (0.9% phosphorus, 0.6% calcium and 20% protein content)
(Panlab, Spain). The rats were housed in wire cages and received diet
and water ad libitum.

Five rats per group were sacrificed at 8, 16 and 20 weeks after
surgery by heart puncture exsanguination. As a result, 6 final
subgroups were studied: 3 of them fed with NPD for 8, 16 and
20weeks (8NPD, 16NPD and 20NPD, respectively), and the other 3 fed
with HPD for 8, 16 and 20 weeks (8HPD, 16HPD and 20HPD,
respectively). Blood samples, the abdominal aorta and the right tibia
were obtained from the 5 rats of the HPD and NPD groups which were
sacrificed at 8, 16 and 20 weeks. In addition, one group of rats without
nephrectomy was fed with NPD for 20 weeks and used as a reference
group (n=9).

The abdominal aortas (the 2 cm segmentmost proximal to the iliac
bifurcation) were extracted and carefully cleaned eliminating the
clotted blood. The right tibias were extracted and skin and muscle
were peeled off. The Laboratory Animal Ethics Committee of the
Universidad de Oviedo approved this protocol.

Biochemical markers

Serum was separated from blood samples by centrifugation at
4000 RPM and 4C. Serum urea, creatinine, calcium and phosphorus
were measured using a multi-channel auto analyzer (Hitachi 717)
following the manufacturer's protocol. Serum concentration of intact
parathormone (iPTH) was measured using an IRMA rat PTH assay
with a specific chicken anti-PTH antibody following manufacturer's
protocol (Immunotopics).

Aortic calcification analysis

To assess aortic calcifications, a fragment of the undecalcified
abdominal aorta was embedded in methyl-methacrylate (Sigma-
Aldrich). Five sections of 5-μm thick were obtained using a Polycut S
microtome (Reicher-Jung), and stained following Von Kossa's method
[13].

Tartrate resistant acid phosphatase (TRAP) staining was carried
out as described previously [14]. All sections were evaluated by a
blinded pathologist. The sample was considered positive for vascular
calcification when calcium deposits were found in all 5 μm thick
sections.

Microarrays hybridization, analysis and validation

Fragments of the abdominal aorta from the 5 rats sacrificed each
time (8, 16 and 20 weeks) were pooled, and homogenized
(Ultraturrax, OmniHT) in TRI™ reagent (Sigma-Aldrich). Total RNA
was extracted and purified using RNeAsy™ Kit (Qiagen). The RNA
integrity was checked using agarose-formaldehyde gels, and the RNA
concentration was measured using a VIS-UV spectrophotometer
(Nanodrop). cDNA was synthesized using a High Capacity™ kit
(Applied Biosystems), and hybridized to Affy RAE_230 cDNA
microarrays (Affymetrix) using the adequate quality controls and
following the manufacturer's protocol. To analyze the raw datasets,
the data were logged and normalized using the PM/MM (dChip [15])
method.

After the normalization and expression-modelling of the raw data,
the first step was to build hierarchical clusters using the Euclidean-
Centroid Linkage method. In this step, all genes were included in a
preliminary analysis and then, only specific genes grouped by
ontology terms, obtained from the Kyoto encyclopaedia of genes
and genomes (KEGG), were used. Moreover, samples were grouped
into three categories according to the results of Von Kossa staining. In
the first category, we included the 20HPD group in which 4 out 5
(80%) animals showed vascular calcifications (VC++); in the second

category, we included the 16HPD group in which 1 of 5 (20%) animals
showed vascular calcification (VC+); and in the third category, we
included the rest of groups in which none of animals showed vascular
calcification (VC−).

Second step: to set gene expression differences among the groups,
specific comparisons were performed, using the reference group as
baseline-comparator. We included in the gene list for analysis only
those geneswhich fulfilled the following two criteria: (I) a fold change
greater than 1.5 obtained using both dChip (RMA algorithm) and
GGcos (MAS5 algorithm) software packages, and (II) a time-
dependent trend (either increasing or decreasing) referred to the
reference group but mainly centred on the 20HPD group.

Six selected genes of interest from the VC++ and VC− categories
were validated by qRT-PCR, using Taqman™ predeveloped assays
(tropomyosin: Rn00569447_m1, elastin: Rn01499782_m1, cathepsin-
K : Rn00580723_m1, SFRP-1 : Rn01478472_m1, SFRP-2 :
Rn00585549_m1, and SFRP-4: Rn01458837_m1) (Applied Biosys-
tems) as described previously [16].

ErmineJ software [17] was also used to perform an OveR score
Analysis (ORA test) in order to determine whether the gene
ontology (GO) terms were modified in the development of vascular
calcification.

Densitometric analysis

The right tibia was fixed with 70% alcohol for 1 week, then bone
mineral density (BMD) was measured by dual energy x-ray
absorptiometry (DEXA; Hologic QDR100, adapted to small animals).
Three BMD tibiae values were obtained: 1/8 proximal segment
(mainly trabecular bone), the remaining 7/8 segment (mainly cortical
bone), and the total tibiae, following the procedure detailed in a
previous paper [13].

Statistical analysis

A non-parametric test (Mann–Whitney) was used to compare
biochemical parameters and BMD changes among the groups. A
Pearson correlation was employed to study the association between
biochemical and BMD parameters. A multivariate logistic regression
analysis, adjusted by P, Ca and BMD, was performed to determine
which parameters were associated with vascular calcification. Data
were expressed as mean±standard deviation. Differences were
considered significant when pb0.05. Calculations were performed
using the statistical analysis package SPSS 12.0 (SPPS Inc).

Results

Biochemical markers

Serum phosphorus and iPTH levels were significantly higher
(pb0.05) in all high phosphorus diet (HPD) groups compared to the

Table 1
Bone-related serum parameters in NPD and HPD, and reference (Ref) groups.

Serum P,
mg/dL

PTH,
pg/dL

Serum Ca,
mg/dL

Mean SD Mean SD Mean SD

8NPD 5.7 1.2 37.8 22.0 12.1 0.2
16NPD 5.0 0.5 65.6 54.1 11.7 0.5
20NPD 5.6 0.7 82.2 57.6 12.5 0.6
8HPD 8.7⁎ 0.8 283.6⁎ 233.7 11.6⁎ 0.4
16HPD 11.9⁎ 2.7 1314.0⁎ 781.7 11.3 2.1
20HPD 14.1⁎ 2.4 2461.2⁎ 717.0 10.9⁎ 0.1
Ref 4.9 0.9 44.2 39.1 11.5 0.6

n=39.
⁎ pb0.05 compared to time-matched NPD groups.
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paired normal phosphorus diet (NPD) groups. In addition, in the HPD
groups, both serum phosphorus and iPTH increased over-time.
Conversely, serum calcium was lower in the HPD groups compared
to the paired NPD groups, achieving statistically significant differences
in the 8HPD and 20HPD groups (Table 1).

All groups showed a reduction in renal function compared to the
reference group (pb0.05). These changes were more marked in the
HPD groups which showed significantly higher levels of serum urea
and creatinine than NPD rats (pb0.05) (Fig. 1). In addition, serum
creatinine and urea levels positively correlated with serum phospho-
rus and PTH (pb0.005, rN0.9) and negatively correlated with serum
calcium (pb0.05, rN0.8).

Aortic analyses

The aortas from the reference, all NPD, and 8HPD groups did not
show macroscopic changes. In the reference, all NPD, and 8HPD
groups, no vascular calcification in the media layer was observed (Fig.
2A). Only one rat (20%) from the 16HPD group showed vascular
calcifications.

Four out of 5 (80%) rats from the 20HPD group showed
macroscopic changes with a rigid appearance (Fig. 2B) and calcium
deposits in the medial layer. The 5 calcified aortas which were
included in the study (1 from 16HPD and 4 from 20HPD) are depicted
in Fig. 2C. Moreover, the calcified aortas showed osteoid-like tissue
and multinucleated cells (Figs. 2D and E).

The multinucleated cells present surrounding the calcified areas,
showed a positive TRAP staining (Fig. 2G). In addition no positive
TRAP staining was detected in the non-calcified aortas (Fig. 2F).

In a multivariate adjusted analysis, serum iPTH was the unique
parameter positively and independently associated with vascular
calcification (pb0.005). The mortality reached 50% in the 20HPD
group, 40% in the 16HPD and 25% in the 8HPD. In the NPD and
reference groups, mortality reached a mean of 10%.

Relationship between bone mineral density and vascular calcification

The rats from the NPD groups showed normal BMD, with similar
values to the reference group. The rats from the 8HPD and 16HPD
groups showed a slight but not significant decrease in BMD. By
contrast, rats from the 20HPD group (VC++) showed significantly
lower BMD values compared to the paired 20NPD group (VC−) at all
skeletal sites (Table 2); the difference between groups remained after
adjusting by body weight (pb0.05).

The relationship between trabecular BMD (proximal tibiae)
cortical BMD (the remaining 7/8 of tibiae) and vascular calcification
is depicted in Fig. 3. The rats with vascular calcification had the lowest
BMD values, mainly in the area were cortical bone is predominant
(Table 2).

Aortic gene expression analysis

To perform a time-course analysis of the aortic gene expression in
all groups, “whole-genome” expression microarrays were used. In the
first step, the segregation of samples was studied, and then a gene list,
containing the statistically deregulated genes compared to the
reference group, was build up.

Using unsupervised hierarchical clusters, with all genes and all
groups, the 20HPD group was the only group segregated from the
other groups, which grouped all together (data not shown). In
addition, when classifying the samples according to the severity of
vascular calcification, (using VC++, VC+ and VC− nomenclature),
the supervised clusters for “bone-related” and “muscle-related” genes
showed a mirror-like expression pattern between the VC++ and the
VC− categories (Fig. 4). The VC+ category (only 1 rat with vascular
calcification) showed a pattern of expression closer to the VC− rather
than to VC++, particularly in the muscle-related genes.

In the second step, and using the criteria explained in the methods
section, 53 genes were found to be differentially expressed (Table 3).
In the majority of genes, the most important changes observed in the
gene expression (independently of the trend and direction of the
change) took place in the VC++ rats, reinforcing the results obtained
with the clusters, and also in agreement with the biochemical,
histological, and BMD data.

From the 53 deregulated genes listed in Table 3, two muscle-
related genes with decreased expression (tropomyosin 1 and elastin),
and 4 bone-related genes with increased expression (secreted frizzled
related protein-1, 2 and 4 [SFRP-1, 2 and 4], inhibitors of the Wnt
pathway [18], and cathepsin K [osteoclast marker]), were selected and
further validated by qRT-PCR. In agreement with the expression
microarrays results, the relative expression of tropomyosin 1 and
Elastin were 0.21±0.02 and 0.52±0.01, respectively, whereas the
relative expression of SFRP-1, 2 and 4 and cathepsin K were 2.01±
0.08, 1.77±0.09, 1.49±0.03 and 1.59±0.03, respectively, when
comparing 20HPD to reference groups.

The ORA analysis showed that genes involved in the cell cycle, the
renewal of the extracellular matrix and ion cotransporters were
significantly altered (pb0.005).

Fig. 1. Effect of HPD and NPD on serum creatinine and urea in rats with CRF at 8, 16 and 20 weeks. Reference group is represented. ⁎pb0.05 compared to the time-matched HPD
groups. N=39.
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Discussion

Vascular calcification, bone loss, increased fractures and high risk
of mortality are severe and threatening outcomes in the CKD
population at all stages [10,19-21]. The importance of all these factors
has been recently stressed and also recognized by K-DIGO with the a
new nomenclature for all bone mineral disorders associated to CKD
[22]. Elevated serum phosphorus has been described as one of the
main pathogenetic players for all these abnormalities [2,23], partic-
ularly in the onset of vascular calcification. Increased PTH synthesis
and secretion [24] and impairment of renal function [25] have been
also associated with hyperphosphatemia.

In our study, we used our current animal model for experimental
uraemia, but applying a moderate increase in the dietary phosphate

Fig. 2. Panel A: macroscopic image showing the rigid appearance of the entirely calcified aorta of a rat from the 20HPD group. All rats from 20HPD group showed the same
macroscopic image of the aorta. Panel B (20×): von Kossa staining of a non-calcified aorta (similar images were obtained in all rats from reference, 8NPD, 16NPD, 20NPD and 8HPD
groups). Panel C: images of the calcified aortas included on the study. Panels D (30×) and E (40×): von Kossa staining of a calcified aorta from the 20HPD group. Similar images were
observed in all aortas form the 20HPD group. The arrow points the osteoid tissue (D) and multinucleated cells (E). Panel F (30×) and G (40×). TRAP staining in a section from non-
calcified and calcified aorta, respectively. The calcified aorta had TRAP activity (red areas), marked by the red zones.

Table 2
BMD values at three different tibia sites in NPD and HPD, and reference (Ref) groups.

Total tibia Proximal tibia Distal tibia

Mean SD Mean SD Mean SD

8NPD 0.258 0.015 0.308 0.014 0.246 0.015
16NPD 0.277 0.015 0.329 0.020 0.265 0.014
20NPD 0.283 0.006 0.338 0.014 0.268 0.005
8HPD 0.247 0.009 0.297 0.009 0.235 0.013
16HPD 0.271 0.017 0.340 0.042 0.252 0.012
20HPD 0.237⁎ 0.020 0.296⁎ 0.031 0.222⁎ 0.019
Ref 0.289 0.012 0.337 0.022 0.277 0.010

n=39.
⁎ pb0.05 compared to time-matched NPD groups.
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(50%) in order to mimic the scenario of positive phosphate balance
and hyperphosphatemia frequently found in CKD patients [26].

As expected, we found a significant increase in serum phosphorus
in rats receiving HPD compared to their matched NPD groups. Since
phosphorus and calcium are closely interrelated and regulated [27],
serum calcium was found to be significantly lower. Both high
phosphorus and low calcium are two well-known stimuli which
produce an increase in PTH synthesis, as well as parathyroid gland
hyperplasia [28,29]. In fact, in this experimental model, a marked
parathyroid hyperplasia (40-fold increase) (data not shown) and very

high serum iPTH levels were found in the HPD groups (particularly
after 20 weeks) compared to the NPD groups. In addition, serum iPTH
was the only biochemical parameter which was positively and
independently associated with vascular calcifications; the higher the
serum iPTH, the greater the amount and severity of vascular
calcifications. These results are in agreement with the concept that
PTH promotes vascular calcification as it has been found in previous
experimental studies [30]. Interestingly, the rats which received a diet
with a greater content in phosphorus showed a higher spontaneous
mortality [31] throughout the study, reaching 50%, 40% and 25% of

Fig. 3. Inverse relationship between vascular calcification and BMD in the 1/8 proximal part of the tibia, and the 7/8 remaining part of tibia. Plain triangles represent rats with
vascular calcifications (VC) and the open circles rats with no vascular calcification (No VC).

Fig. 4. Hierarchical clusters (heat map) branching the muscle- and bone-related gene families (KEGG criteria) into three categories based on Von Kossa results. Categories: (I)
VC++: vascular calcification in 80% of the rats (20HPD group); (II) VC+: vascular calcification present in 20% of the rats (16HPD group); and (III) VC−: no vascular calcification
(20NPD+ 16NPD+ 8NPD+ 8HPD+ reference groups).
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mortality in the 20, 16 and 8 HPD groups respectively, compared to a
mean of 10% in the matched NPD groups. These findings suggest an
important deleterious effect of phosphorus [32].

In agreement with recent studies [33,34], the HPD group showed a
positive association between serum phosphorus and serum creatinine
and urea, suggesting a negative effect of phosphorus on the renal
function. In the NPD groups, serum creatinine and urea showed a
trend to decrease over time (contrary to HPD groups), likely due to
the compensatory hypertrophy of the remaining 1/8 of kidney tissue.
None of the rats fed with NPD showed vascular calcification.

The vascular calcifications observed in the majority of the 20HPD
group were widespread and severe (Figs. 2C–E). In addition, they

showed positive staining for TRAP, a product of the osteoclast activity
found only in the calcified aortas, suggesting that the multinucleated
cells seen in the wall of the arteries were almost active “osteoclast-
like” [9]. Likewise, in themicroarray analysis, we observed an increase
in Cathepsin-K gene expression, a well known marker of osteoclast
activity, also suggesting resorptive activity in the calcified vessels after
20 weeks of HPD feeding.

The inverse relationship between vascular calcification and bone
mass/bone activity is well established in the literature mainly in the
general population and/or osteoporotic patients but not in CKD
patients. In the latter, all the published studies are observational,
cross-sectional but never prospective, in addition some of them

Table 3
Gene expression dataset of the 53 differentially expressed genes sorted by fold change at 20HPD group.

The selected genes of interest are marked in grey. ⁎2 probes representing the same gene. ⁎⁎3 probes representing the same gene. ⁎⁎⁎4 probes representing the same gene.
Note the time-dependent trend across the different groups.
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associate bone with vascular calcification, using data not always
obtained at the same time [21,35-39]. In addition, there is still some
controversial results; recent papers has found the extent of vascular
calcifications does not appear to be influenced by bone turnover and/
or have any association with trabecular bone mass and connectivity
when multivariate analysis was performed [40]. In our study, the rats
which did not develop vascular calcifications showed a BMD trend
similar to the reference group while the BMD of the rats from HPD
groupswas always lower than thematched NPD groups. Furthermore,
our study demonstrates for the first time, that only the rats which did
develop vascular calcifications showed a significant bone loss and
they had the lowest BMD at all sites studied. In agreement with
previous findings [41], the most remarkable effect of HPD took place
in the cortical bone.

In previous observational papers, no association between calcifi-
cation scores and abnormalities of mineral metabolism (such as
hypercalcemia, hyperphosphatemia, raised Ca×P and hyperparathy-
roidism) were found [21,38]. On the contrary, in our study high serum
phosphorus and high PTH, both significantly correlated with changes
in the aorta and the tibiae. These findings are in agreement with a
recent paper [25] which described a negative phosphorus-mediated
effect at bone level.

In summary, this is the first time that an experimental study
demonstrates that the animals which developed vascular calcification
were the only which showed reduction of bone mass, on the contrary
bone loss was not observed in the animals which did not develop
vascular calcification.

The expression microarrays, already used in previous studies [42],
represent a useful tool for the analysis of disorders caused by
unknown mechanisms. To clarify the gene expression changes
occurring during the progression of vascular calcification, over
31,000 genes have been analyzed by expression microarrays. To our
knowledge, this is the first time that this technique is applied to the
study of vascular calcification. The microarrays results allowed us to
select some candidate genes and pathways for further analyses and
they supported the concept of a phenotypic change in the cells, since
the hierarchical clusters showed a completely different pattern of
expression of bone-andmuscle-related genes in the calcified and non-
calcified aortas. In fact, two important muscle-related genes were
found repressed, supporting the idea of the loss of the muscular
phenotype. Moreover, the ORA analysis revealed changes in the ion
cotransporters, also found in the gene list.

From themechanistic point of view, it is well known that SFRPs are
inhibitors of the canonical signalling of Wnt pathway; the latter
involves ossification, bone formation and also vascular calcification
development [43-45]. SFRP-1 knockout mice showed high trabecular
bone formation without vascular implications [46]. Shalhoub et al.
[47] described for the first time a role for SFRPs in cell calcification,
showing a decrease of SFRP-3 gene, in an in vitro model of VC.

Surprisingly, SFRP-3 and SFRP-1, but also SFRP-4 were found
overexpressed in our model (not only by expression microarrays but
also by qRTPCR performed in aortic tissue), suggesting that SFRP
family may play a role, at least, in the late phases of vascular
calcification. Thus, the increase of the SFRP-1, 2 and 4 gene expression
found in the severely calcified aortas could be interpreted as a
defensive response which aim to block the Wnt pathway in order to
reduce the mineralization in the calcified aortic wall. As the increase
in the SFRP family was not detected during the early stages (weeks
8 or 16), we could hypothesized that this overexpression has been
triggered late in this process to avoid a further progression of the
vascular calcification. On the other hand, as the SFRPs are secreted
proteins, theymight be able to reach the bone tissuewhere they could
act like in the vessels trying also to decrease mineralization, resulting
in reduction of bonemass. This is a fascinatingmechanistic hypothesis
that might link the progression of vascular calcification with the
reduction of bone mass that merits further and specific studies.

Recently, it has been described that SFRP2 expression is upregu-
lated in the fibrotic phase of myocardial infarction and that SFRP2 null
mice have shown reduced fibrosis and improved cardiac function [48].
Interestingly, cardiovascular fibrosis is frequently accompanied by
vascular calcification. SFRP-4 has been also described as a potent
phosphaturic agent [49]; thus, we could also speculate that the
increase of SFRP-4 gene expression might also be a reactive
mechanism to counteract the rise of serum phosphate observed in
rats fed with HPD.

In summary, our experimental study prospectively demonstrated
the strength of the association between vascular calcification and the
reduction in bone mass in a rat model of CKD fed with a moderately
high phosphorus diet, showing also that the HPD itself could produce,
in the long term, several threatening disorders. The histological and
some of the microarrays results complement each other to better
understand the changes that occur in the process of vascular
calcification. Furthermore, the overexpression of members of the
SFRPs family detected by microarrays and qRTPCR, found only when
vascular calcification was established and severe, might be indicative
of a defensive mechanism triggered in order to reduce or block the
activation of the Wnt pathway, with the aim to reduce mineralization
of the arterial wall and to avoid progression of vascular calcification.
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Abstract 
 

Vascular calcification, bone loss and increased fracture risk are age-associated 

disorders. Several epidemiological studies have suggested a relationship between vascular 

calcification, impaired bone metabolism and increased mortality. So far, this relationship had 

been underestimated as osteoporosis and vascular calcification have been considered non-

modifiable disorders of aging. Recent data suggest that this association is not simply an 

artefact of age, stressing that the coincidence of vascular calcification with low bone activity 

and osteoporosis could be biologically linked. 

During the vascular calcification development, the transition of vascular smooth 

muscle cells towards an osteoblast-like phenotype promotes the release of the vesicular 

structures, and mineralization within these structures is promoted by several players, 

including those related to mineral metabolism, like phosphorus or PTH, which influence the 

expression of osteogenic factors. 

However, an intriguing question is whether the presence of well established and 

severe vascular calcification can have an impact on bone metabolism, thus demonstrating 

true cross-talk between these tissues. Some evidence is now emerging, suggesting that 

some inhibitors of the Wnt pathway, such as secreted frizzled proteins 2 and 4 and DKK-1, 

may play a role linking vascular calcification and bone loss. 

An additional important question to answer, from the patient’s perspective, is whether 

or not progression of vascular calcification can be prevented or restricted. Several evidences 

suggest serum phosphorus control as a main target to maintain normal bone turnover and 

protect against vascular calcification. 
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Introduction 

Vascular calcification, bone loss and increased fracture risk are disorders associated with 

ageing, both in patients with chronic kidney disease (CKD) 21,22,32,33,38,46,53 and in the general 

population 28,44,45,47. Furthermore, several epidemiological studies suggest a relationship 

between vascular calcification, impaired bone metabolism and increased mortality 9,19,28,52,63. 

The relationship between bone metabolism and vascular calcification was a component of the 

decision made by the Kidney Disease: Improving Global Outcomes (KDIGO) foundation to 

adopt a new nomenclature, the CKD–Mineral and Bone Disorder (CKD–MBD), for a 

syndrome of CKD incorporating disturbances in mineral metabolism, vascular calcification, 

renal osteodystophy and excessive mortality 40. This review is focused on the system biology 

between the skeleton, mineral metabolism and vascular calcification that is disordered in the 

CKD-MBD. 

 

Bone turnover and vascular calcification 

The association between bone fragility and vascular calcification has been made repeatedly 

since a significant inverse correlation between bone mineral density and aortic calcification 

was reported 20 years ago 19. However, this association was probably underestimated 

because osteoporosis and vascular calcification were considered non-modifiable disorders of 

aging. Recent data suggest that this association is not simply an artefact of age. The role of 

ageing cannot be completely dismissed, but the clinical coincidence of vascular calcification 

with low bone activity and osteoporosis suggests that there are direct biological links between 

arteriosclerosis and osteoporosis, and the coincidence is supported by pathological science. 

 

In support of this concept, a study published in 2004 demonstrated that patients with the 

highest degree of aortic calcification had the lowest bone density 55. In the same cohort 

followed for 2 years, bone loss was greater in patients with progressive vascular calcification 

55. In agreement with these results, a recent study from one of our groups has shown that 
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after 4 years of follow up, subjects with the most severe aortic calcification had not only a 

lower bone mass, but also a higher incidence of new osteoporotic fractures 45.  

 

In addition, another recent study from the same group, involving patients on haemodialysis, 

demonstrated that vascular calcification of the large and medium calibre arteries was 

associated with an increased risk of vertebral fractures 53. Both vascular calcification and 

vertebral fractures were associated with increased mortality in women participating in this 

study.  

 

A relationship between vascular calcification and low bone turnover assessed by 

histomorphometric markers has also been demonstrated in haemodialysis patients 33 (Table 

1). Preliminary data have demonstrated a negative relationship between low bone turnover 

and the degree of coronary artery calcification 5. Data demonstrating an inverse relationship 

between mineralized bone volume and both coronary calcification and vascular stiffness have 

also been recently published 1. 

 

Despite all of this evidence, the relationship between low bone turnover and vascular 

calcification remains under debate. A recent publication found that vascular calcification was 

not influenced by bone turnover when multivariate analysis was performed 12. This is likely 

due to the fact that both high and low turnover was assessed. In fact, it is not bone turnover 

itself that is related to vascular calcification, but rather that bone resorption is in excess of 

bone formation, which can occur at any rate of turnover. This concept has been proven in the 

several phase three osteoporosis trials, especially with denosumab, wherein, inhibition of 

bone resorption and equalization with formation results in a major reduction of the serum 

calcium and phosphorus. These results demonstrate that the serum calcium and phosphorus, 

although normal in concentration, are being controlled through excess bone resorption. In 

agreement with this concept, it has been reported that the correction of the balance in bone 

turnover, either high or low, protects against the progression of vascular calcification 6. This is 
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in agreement with translational studies demonstrating that stimulation of bone formation in 

CKD stage 3-4 corrected hyperphosphatemia 15. Overall, most of the epidemiological, clinical 

and translational evidence strongly suggest that the incidence and progression of vascular 

calcification is inversely related to bone mass and positively related with the degree of 

mineralized bone loss, and thus with the incidence and prevalence of osteoporotic fragility 

fractures. 

 

The low turnover osteoporosis of aging is not the only disorder of mineral metabolism that 

has been linked to vascular calcification. In patients with different stages of CKD, the serum 

phosphorus is strongly associated with increased vascular calcification and decreased bone 

strength. Indeed, abnormally high serum phosphorus concentrations have been described as 

one of the main pathogenetic factors inducing vascular calcification 41,42. In contrast PTH 

levels have and have not been associated with vascular calcification 4. A recent metanalysis 

demonstrates that of the serum phosphorus, calcium and PTH, only phosphorus is 

associated with cardiovascular events and mortality associated with vascular calcification 48.  

 

Pathophysiology of vascular calcification 

Vascular calcification in patients with CKD occurs through precipitation of calcium phosphate 

as a consequence of unstable supersaturation of the exchangable calcium and phosphate 

pools.  However, the process is not solely a passive one related to precipitation from the 

extracellular fluid surrounding vascular smooth muscle cells (VSMCs) of the vascular walls. 

Rather VSMCs undergo a transition away from their contractile functional state, expressing 

markers of their osteoblast cousins and develop an exchangable calcium/phosphorus pool 

analogous to the site of bone formation wherein calcification of the skeleton occurs. The 

analogy to bone formation is especially strong in atherosclerotic calcification of the neointima 

stimulated by CKD 37. In the other form of vascular calcification stimulated by CKD, medial 

arterial calcification, the process represents a complex set of steps in which the normal 

inhibitors of calcification are diminished and concentrations of calcium and phosphorus 
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produce unstable supersaturation leading to crystal formation and vascular calcification. 

Calcification appears to be initiated by the release of vesicular structures from VSMCs that 

contain hydroxyapatite 57. The transition of VSMCs towards the osteoblastic phenotype 

promotes the release of the vesicular structures, and mineralization within these structures is 

promoted by expression of osteoblastic proteins. Osteoblastic morphogens, the bone 

morphogenetic proteins (BMP)-2 and BMP-4, transcription factors, core-binding factor 1 

(Cbfa-1, also know as Runx2), a key transcription factor in osteoblast differentiation, and 

bone proteins such as alkaline phosphatase and osteocalcin are all components of the 

osteoblastic transition of VSMCs 37. 

 

The factors that are involved in this change in VSMC phenotype have been the focus of much 

research in recent years, with evidence suggesting that it is driven both by an increase in 

factors that promote this change and a decrease in factors that inhibit it. In recent times, a 

host of these calcification promoters and inhibitors have been identified, some of which may 

be systemic and others localized (Figure 1). The relative importance of these factors is 

unclear, and it is likely that some play more of a role in the progression of soft tissue 

calcification rather than in its initiation. 

 

Several factors related to mineral metabolism have been shown to promote calcification. For 

example, it has been demonstrated in vitro that calcium and (in particular) phosphorus levels 

induced VSMC calcification 51. As stated above, serum phosphorus seems to be particularly 

important in the development of vascular calcification. Indeed, serum phosphorus may well 

be the link between bone turnover and vascular calcification. When bone turnover is low, as 

in the adynamic bone disorder, the size of the exchangable phosphorus pool is reduced 

leading to larger excursions in the concentrations associated with intake. In addition, bone 

resorption is in excess of formation serving to block the resovoir function of the skeleton for 

excess phosphorus. In the case of high bone turnover, as in secondary hyperparathyroidism, 

phosphorus is released from bone and again the reservoir function of the skeleton is 
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compromised.  Stimulation of skeletal anabolism and increasing bone formation rates above 

rates of resorption reduce hyperphosphatemia, demonstrating restoration of the resovoir 

function of the skeleton. In these studieswith BMP-7 as the anabolic principle vascular 

calcification was reduced in part by movement of phosphorus into the skeleton 15,16. As renal 

excretion of phosphorus was not increased in these studies, the decrease in phosphorus 

levels must have been due to the increase in bone formation. Treatment with phosphate 

binders, which may serve to decrease the supersaturation of the exchangeable Ca-Pi pool, 

has also been shown to prevent vascular calcification in mouse models 36. 

 

Phosphorus has also been shown to directly stimulate the osteoblastic transition of VSMC in 

CKD (26,27,31,32). The mechanism of phosphorus in inducing calcification has been 

explored. Knockdown of the putative phosphate sensor, the sodium-dependent phosphate 

co-transporter, Pit-1, by siRNA inhibited phosphorus-stimulated mineralization of VSMCs 31. 

This indicated that vascular calcification may be regulated by cellular uptake of phosphorus. 

Extracellular Pi signaling or increased intracellular phosphorus stimulate VSMCs to undergo 

transition to an osteoblastic phenotype, expressing Runx2, Msx2 and osterix the critical 

osteoblast transcription factors promoting the expression of the osteoblast transcriptome 20 

and stimulating matrix vesicles (Figure 2). An additional role for serum phosphorus (and 

calcium) may be to promote VSMC apoptosis, contributing to the initiation of calcification, 

since apoptotic bodies may function similarly to matrix vesicles in heterotopic mineralization.  

 

The concept of the vasculature under the influence of osteoblastic transition acting as a new 

reservoir for phosphorus since deposition is in excess or resorption may explain why vascular 

calcification is present before hyperphosphataemia is detected 17,34. Vascular calcification has 

been detected in 47% of non-diabetic patients with Stage 4 CKD 58 and up to 94% of 

predialysis patients with diabetes 39, but hyperphosphataemia usually only manifests in Stage 

4 and 5 CKD 13. Data suggest that fibroblast growth factor (FGF)-23 levels increase early in 

CKD and may be a marker of increased phosphorus load ahead of the development of 
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hyperphosphataemia 17. Current evidence on the association of FGF-23 with vascular 

calcification is mixed, but recent studies demonstrate a positive and independent association 

with aortic calcification especially in early CKD in translational models and in patients 43. 

Elevations in FGF23, a hormone secreted by the osteocyte, in early CKD indicate that the 

skeleton has been affected by renal damage. Then becomes what is the signal for the 

osteocyte to secrete FGF23? While this remains to be proven, changes in the Ca-Pi 

exchangeable pool are leading contenders. Thus in CKD prior to hyperphosphatemia, the 

changes in the systemic environment produced by a high phosphorus load and a blocked 

skeletal reservoir, leads to vascular calcification which acts together with increased renal 

excretion to maintain normal serum phosphorus concentrations.  

 

Other mineral metabolism parameters that may contribute to the development and 

progression of vascular calcification include vitamin D and PTH. VSMCs express vitamin D 

receptors 26 and pharmacological calcitriol doses induce matrix mineralization of VSMCs in 

vitro 
27. However, the physiological function of vitamin D receptor activation in VSMCs is 

inhibitory to matrix mineralization through stimulation of smooth muscle differentiation and 

repression of osteoblastic transition 35. Patients with CKD generally have low levels of vitamin 

D and treatment with vitamin D has been shown to reduce mortality 29. Both vitamin 

D/calcitriol deficiency and pharmacological doses of active vitamin D analogues stimulate 

vascular calcification, suggesting a biphasic dose response and underscoring the protective 

inhibitory physiological actions of calcitriol.  

 

The role of PTH is also unclear. PTH fragment 1–34 has been shown to inhibit calcification in 

a murine model of atherosclerotic vascular calcification 56, but PTH 7–84 may act to increase 

vascular calcification 62 and high PTH levels are often associated with high calcification 

scores 12. Experiments performed by Jorgetti and collaborators demonstrated that PTH itself 

is not able to induce vascular calcification, but has a synergistic effect with the phosphorus, 

probably due to an indirect and deleterious effect associated with bone remodelling and 
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osteoclastic activity 23. A recent meta-analysis of factors related to vascular calcification and 

mortality has reinforced the role of Pi as a cardiovascular risk factor but failed to indentify the 

role of PTH 48. 

 

Soft tissue calcification occurs in some patients with CKD well before mineral metabolism is 

impaired, and recent studies demonstrate onset of vascular calcification in Stage 2 CKD 

before stimulation of osteoblastic transition is demonstrable. Uraemic serum has been shown 

to induce osteoblast-like changes in VSMCs, even when the effect of phosphorus is restricted 

by blocking Pit-1 42. Inflammation and reactive oxygen species are two factors that have been 

associated with vascular calcification. It has been demonstrated that tumour necrosis factor-! 

promotes osteogenesis of aortic smooth muscle cells in vitro 60 and calcification scores 

correlate with concentrations of C-reactive protein and interleukin 6 30. In addition, hydrogen 

peroxide has been reported to stimulate Cbfa-1 directly 8. Another candidate is BMP-2, which 

is high in uraemic serum 10; it increases osteoblastic differentiation of calcifying cells and may 

also reduce expression of matrix Gla protein, a calcification inhibitor 65. Leptin is another 

molecule that has been shown to induce calcification in vitro 
60. In summary, there are many 

molecules that may be present in uraemic serum that promote vascular calcification and it is 

unlikely that there is only one definitive initiating factor. Additionally, CKD may inhibit VSMC 

differentiation, a permissive step for osteoblastic transition.  

 

Vascular calcification inducing bone loss 

It is clear that impaired bone metabolism and its consequences have an important role in the 

development of vascular calcification. However, an intriguing question is whether the 

presence of well established and severe vascular calcification can have an impact on bone 

metabolism, thus demonstrating true cross-talk between these tissues. Some evidence is 

now emerging.  
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In a recent study, rats fed a high phosphorus diet and the high fat fed LDLR-/- mice showed a 

significant increase in aortic calcification and a decrease in bone mass 54. A microarray 

analysis of the areas with severe vascular calcification showed over-expression of the family 

of secreted frizzled-related proteins (SFRPs) [48]. The SFRPs are circulating wingless/int 

(Wnt) protein inhibitors. Induction of interstitial nephritis is associated with up-regulation of 

SFRP4, SFRP2, and DDK1 in the vascular adventia 59. SFRPs and DKK1 are inhibitors of the 

canonical signalling Wnt pathway, which is actively involved in bone formation and vascular 

calcification 2,25,61. This increase in SFRPs in areas of severe vascular calcification may be 

indicative of a wall artery defensive mechanism triggered in order to block the activation of 

the Wnt pathway, with the aim of attenuating mineralization in the calcified aortic wall. As the 

SFRPs are secreted circulating proteins, they can act not only locally in the artery wall to 

reduce mineralization, but also in bone to impair mineralization, resulting in reduced bone 

mass.  

 

This new and challenging feedback hypothesis may help to explain the results observed in 

epidemiological studies of the general and CKD population. The evidence suggests that more 

severe cases of progressive vascular calcification were associated to greater bone loss, and 

more frequent bone fractures. 

 

 

 

 

 

 

 

The need for further research 
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The association between impaired bone health and vascular calcification has sparked 

tremendous research effort in recent years. However, it is clear that for some questions, 

definitive answers are still being sought. 

 

Can we definitely say that vascular calcification is a consequence of low bone turnover? In 

our view, it is clear that low bone turnover represents an environment that encourages 

vascular calcification, particularly given the established role of phosphorus in promoting 

vascular calcification. It can be speculated that patients with aging or CKD and adynamic 

bone disorder are particularly at risk of the damaging effects of phosphorus. The strong 

emerging consensus from observational studies suggests that Pi is a cardiovascular risk, and 

this risk is heightened in the aged osteoporotic or CKD patient. Low bone turnover is a 

powerful trigger for the development of abnormalities in the exchangable Pi pool that 

stimulates vascular calcification. However, increased bone turnover is also present in the 

CKD population, and this is also likely to increase the risk of vascular calcification, again via 

the resulting impaired calcium and phosphorus metabolism. No doubt other factors also 

trigger calcification, and inflammation may be particularly important in patients with diabetes. 

 

One of the most important questions to answer from the patient’s perspective is whether or 

not progression of vascular calcification can be prevented or restricted. In considering this, it 

is helpful that more is now known about the pathogenesis of this potentially fatal complication 

of CKD and clear modifiable targets are being identified. Efforts to maintain normal mineral 

metabolism, and thus bone health, are at the heart of strategies to prevent soft tissue 

calcification. A clear target is the control of serum phosphorus. Several phosphate binders 

are available, some of which contain calcium. Whether calcium-based binders contribute to 

the progression of vascular calcification has been a matter of much debate. Some studies 

have shown that non-calcium-based binders may attenuate vascular calcification in 

comparison with calcium-based agents 7,11, whereas others have not 49. It has been 

suggested that the use of calcium-based agents may be of particular concern in patients with 
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adynamic bone disease 32. Given the clearer evidence for the role of phosphorus, physicians 

should perhaps give greater consideration to the ability of phosphate binders to reduce serum 

phosphorus levels and maintain good bone health. Treatment with lanthanum carbonate has 

been shown to lead to beneficial changes in bone histomorphometry in patients with either 

high or low turnover bone disease 14. As phosphorus load appears to increase ahead of the 

development of hyperphosphataemia this could conceivably contribute to calcification; 

phosphorus restriction before hyperphosphataemia occurs is therefore an intriguing prospect. 

Studies assessing the effect of phosphate binders in patients with normal serum phosphorus 

levels are ongoing and the results will be of interest. 

 

The effect of vitamin D treatments on vascular calcification in patients with CKD is still 

unclear, but several studies have shown a survival benefit associated with vitamin D. This 

benefit seems more evident with low–dose treatment, in a range of physiological replacement 

46. Some evidence suggests that the calcimimetic cinacalcet may protect against vascular 

calcification in patients on dialysis 3, but the clinical evidence is as yet limited. A recent study 

investigated the use of cinacalcet plus low-dose vitamin D therapy, compared with vitamin D 

therapy alone, on coronary artery calcification 18. Results showed a trend towards attenuation 

of the progression of coronary artery calcification, although the difference in calcification 

scores between groups did not reach statistical significance 50. Any beneficial effects of 

cinacalcet may be confined to patients on dialysis; in the early stages of CKD, the actions of 

cinacalcet on PTH lead to an unwanted increase in serum phosphorus levels 18.  

 

Agents that act directly on bone may also be effective in attenuating calcification. Preclinical 

studies have suggested the potential for inhibition of the receptor activator of NF-kappa! 

ligand 24, and a potential role for the skeletal anabolic BMP-7 16.  

 

 

Summary 
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There is good evidence to suggest that impaired bone turnover, particularly low bone 

turnover, promotes the progression of vascular calcification. Several factors have been 

identified as possible links between bone and calcifying soft tissues, but a greater 

understanding of the key determinants of vascular calcification is still required. Maintenance 

of good bone health appears to be critical to maintaining good cardiovascular health in 

patients with CKD. Intriguingly, the original rationale for controlling serum phosphorus levels 

was to maintain bone health and it would appear that we have to focus again on this aspect 

of treatment to reduce cardiovascular mortality. Phosphate binders offer an effective 

approach to maintaining normal bone turnover and are likely to help to protect against 

vascular calcification.  
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TABLE LEGEND 

Table 1. Correlation of bone histomorphometric parameters and parathyroid hormone levels 

with calcification score. Adapted from London et al. 2004 33 with permission. 

Range 0–4, where 0 = no calcification detected and 4 = generalized calcification in all arterial 

segments examined. PTH, parathyroid hormone. 

 

 

FIGURE LEGENDS 

Fig. 1. Promoters and inhibitors of vascular calcification Modified from a picture produced by 

Professor G. London with permission.  

ALP, alkaline phosphatase; BMP, bone morphogenetic protein; Ca, calcium; CBfa1, core-

binding factor 1 (also known as Runx2); LDLox, oxidized low-density lipoprotein; MGP, matrix 

GLA protein; P, phosphorus; PTH, parathyroid hormone; PTHrP, parathyroid-hormone-

related protein; TNF-!, tumour necrosis factor alpha; Vit D3, calcitriol; Wnt, wingless/int 

proteins. 

 

Fig. 2. The active role of phosphorus in vascular calcification. Adapted from Yang et al. 2004 

64 with permission; Ca, calcium; Na, sodium; P, phosphorus; Pit-1, sodium-dependent 

phosphate co-transporter; SMC, smooth muscle cell; VSMC, vascular smooth muscle cell. 
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Abstract 

 

Several studies have demonstrated the impact of vascular calcification on 

morbidity and mortality in general population and chronic kidney disease. The process 

of vascular calcification involves complex mechanisms including the overexpression of 

genes and proteins associated with mineralization and increments of reactive oxygen 

species (ROS). Taking into account the previous findings, we decided to analyze in 
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vitro the likely inhibitory effect of natural antioxidants in the process of vascular 

calcification. 

Primary vascular smooth muscle cells (VSMCs) were cultured with either 

normal medium or normal medium supplemented with calcium and phosphorus in 

combination with several antioxidants. Mineralization, intracellular reactive oxygen 

species (ROS) levels and the protein expression of Runx2 and Mn-Superoxide 

Dismutase-2 (SOD-2) were investigated. 

Curcumin and sylibyn were the more effective inhibiting both ROS increase and 

VSMC mineralization. Curcumin was able to prevent the increase in Runx2 expression, 

but did not modify SOD-2 expression in the VSMCs cultured with the P + Ca medium. 

These findings support the convenience of performing further studies in this 

field as some antioxidants might have potential benefits in the management of vascular 

calcification. 

 



   

 170 

 3 

Introduction 

 

Several studies have demonstrated the impact of vascular calcification on 

morbidity and mortality in general population and chronic kidney disease (CKD) (1, 2). 

The process of vascular calcification involves not only the physical deposition of 

calcium and phosphate but also a series of complex mechanisms including the 

overexpression of genes and proteins associated with mineralization (3). In addition, it 

has been shown that vascular calcification is also related with increments of reactive 

oxygen species (ROS) (4). In fact, hydrogen peroxide, one of the most common types of 

ROS, has shown to be able to induce the expression of the osteoblastic transcription 

factor Runx2 (5).  

Taking into account the previous findings, we decided to analyze in vitro the 

likely inhibitory effect of natural antioxidants in the process of vascular calcification. 
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Methods 

 

Primary vascular smooth muscle cells (VSMCs) from Wistar rats were cultured 

during 8 days with either normal medium (DMEM:F12 1:1 with 0.1% of bovine serum 

albumin) or normal medium supplemented with Ca and P (P+Ca medium) at 

concentrations of 2 and 3 mM respectively. The latter were also cultured adding to the 

P+Ca medium the following natural antioxidants (all from Sigma); curcumin (C7727), 

silybin (02000585), resveratrol (R5010), alpha-tocopherol (258024), sodium L-

ascorbate (A4034), and TroloxTM (238813). The antioxidant concentrations were 

selected from previous publications (6). Cell cultures were studied always under 

subconfluency conditions.  

Mineralization was investigated using Alizarin red staining and quantified 

following described procedures (7). 

Intracellular reactive oxygen species (ROS) levels were measured using flow 

cytometry and dihydrochlorofluorescein diacetate (DHCF-DA) (Molecular Probes). 

Briefly, cells were cultured in normal or P + Ca medium plus antioxidants during 8 

days. Afterwards, the cells were starved and incubated during 60 min. with the probe 

and immediately analyzed in a flow cytometer (Cytomics FC500). The results were 

expressed as percentage of fluorescent cells after the incubation with the different 

culture mediums. 

The protein expression of Runx2 and Mn-Superoxide Dismutase-2 (SOD-2) was 

measured by Western blotting using a standard protocol. Antibody dilutions were 1:100 

for Runx2 (ab54868, Abcam), 1:1000 for SOD-2 (sc30080, Santa Cruz Biotechnology), 

and 1:30.000 for GAPDH (sc25778, Santa Cruz Biotechnology).  
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Results 

A significant increase in mineralization was observed when VSMCs were 

cultured with P+Ca medium during 8 days. The effects of antioxidants were 

heterogeneus (Table1). Only curcumin (5µM) and silybin (50µM) were able to reduce 

mineralization by 30 and 35%, respectively (Figure 1) when compared to the VSMC 

cultured with P + Ca alone.   

Parallel to these changes, the levels of ROS increased 88% in the VSMCs were 

cultured with the P + Ca medium. In fact, the addition of curcumin and silybin 

significantly decreased ROS up to 82 % and 64 %, respectively. Interestingly, after the 

incubation with curcumin, the levels of ROS were close to the levels observed in the 

control group (Table 2). 

As curcumin was the more effective inhibitor of both ROS and VSMC 

mineralization, we investigated the effect of this antioxidant in Runx2 and SOD-2 

expression. Curcumin was able to prevent the increase in Runx2 expression, but did not 

modify SOD-2 expression in the VSMCs cultured with the P + Ca medium (Figure 2). 
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Discussion 

 

Vascular calcification is a threatening frequent complication particularly in the 

scenario of CKD. In recent years several studies have tried to better understand the 

mechanisms implicated in the genesis and regulation of this disorder. 

Recently, it has been shown that ROS may play a role in the process of vascular 

calcification showing that ROS signalling affects the expression of the osteoblastic 

proteins involved in the initiation of vascular calcification (8). In agreement with this 

effect, Miller et al (9) demonstrated the critical role of ROS in the pathogenesis of 

several forms of valvular calcification. Furthermore, in humans, increments in ROS in 

the calcific aortic valvular stenosis have been associated to reductions in the defensive 

mechanisms responsible of removal several ROS, including hydrogen peroxide (H2O2). 

Several other works have also stressed the importance of H2O2 as a second 

messenger involved in oxidative stress, which in turns may increase VSMCs 

mineralization at least partly by a direct upregulation of Runx2 expression (4).  

Our study shows that a medium supplemented with Ca and P (3 and 2mM 

respectively) was able to both induce increase of ROS and mineralization in primary 

cultures of VSMCs. Even tough these results and others show that oxidative stress is 

currently involved in the process of vascular calcification, the heteregoneus response to 

several antioxidants shows the complexity of this process as only curcumin and sylibin 

were able to reduce VSMC mineralization.  

Curcumin is the active ingredient of the traditional herbal remedy and dietary 

spice turmeric (Curcuma longa) (10), and silybin is the major active constituent of the 

compound silymarin, a potent detoxifying agent. As it has been shown both, we found 

that silybin but especially curcumin, decreased the ROS levels to those found in control 
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group. ROS was measured using fluorescent probes that are highly specific for H2O2, so 

we can hypothesize that curcumin and sylibin reduce specifically H2O2 levels. SOD-2 

levels (responsible of the scavenge of superoxide ion into oxygen and H2O2) were 

increased in the P + Ca group, but there were no changes in the curcumin-treated group. 

This finding might indicate that curcumin could act specifically on H2O2 levels but not 

in other type of ROS located upstream in this cascade. 

 

In conclusion, our results confirm that mineralization of VSMCs is associated 

with increments in oxidative stress. Curcumin and sylibin two well-known antioxidants 

of different origin with a variety of described actions (11), were able to decrease ROS. 

Curcumin decreased runx-2 without modifying SOD-2, suggesting that this antioxidant 

may directly reduce the H2O2 levels. These findings support the convenience of 

performing further studies in this field as some antioxidants might have potential 

benefits in the management of vascular calcification. 
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 Legends 

Table 1: 

Alizarin red quantification. Calcifying  group (P+Ca) was used as reference. 

 

Table 2: 

Intracellular ROS quantification by flow cytometry. Mean of three measurements with 

DHCF, expressed as percentaje of fluorescent cells, and relative to phosphorus group 

(P), is depicted for each group. 

 

Figure 1:  

Microphotography of alizarin red staining (100X). A) Control group; B) P+Ca group; 

C) P+Ca+Silibyn 50µM; D) P+Ca+Curcumin 5µM 

 

 

Figure 2: 

Western Blot of Runx-2 and SOD-2 of VSMCs cultures with a calcifying media or a 

calcifying media supplemented with Curcumin 5µM.  
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Table 1: 

Alizarin red quantification.Calcifying  group (P+Ca) was used as reference. 

 CONTROL P+Ca 
P+Ca+ 

Asc 100 M 

P+Ca+ 

Troll 100 M 

P+Ca+ 

Sili 50 M 

Relative Units 0.013 1 1.13 1.18 0.64 

T Test vsP+Ca <0.0001 -- 0.97 0.18 0.008 

 
P+Ca+ 

Resv 50 M 

P+Ca+ 

Toco500 M 

P+Ca+ 

Toco100 M 

P+Ca+ 

Curc 5 M 

Relative Units 1.22 1.02 1.04 0.70 

T Test vsP+Ca 0.09 0.67 0.57 0.012 

 

Table 1
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Table 2: 

Intracellular ROS quantification by flow cytometry. Mean of three measurements with 

DHCF, expressed as percentaje of fluorescent cells, and relative to phosphorus group 

(P), is depicted for each group. 

 CONTROL P+Ca 

P+Ca+ 

Curc 5 M 

P+Ca+ 

Sili 50 M 

Relative Units 0.12 1.00 0.18 0.36 

T-Test vs P+Ca 0.0034 -- 0.001 0.001 

T-test vs Control -- 0.003 0.73 0.06 

 

 

Table 2
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Figure 1

Figure 2
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Discusión	  

 



   

 182 



   

 183 

Inicialmente el concepto de enfermedad ósea metabólica asociada a la 

ERC venía conociéndose como osteodistrofia renal . Hoy en día osteodistrofia 

renal se refiere  a las alteraciones  de la morfología y arquitectura ósea propias 

de la ERC. El termino  CKD-MBD  integra todas las alteraciones bioquímicas, 

esqueléticas y calcificaciones extraesqueléticas que ocurren como consecuencia 

de las alteraciones del metabolismo mineral en la ERC (18). El escenario de la 

CKD-MBD es altamente complejo y se caracteriza por mostrar una, o la 

combinación de varias de las siguientes manifestaciones: 

1) Anormalidades del calcio (Ca), fósforo (P), hormona paratiroidea (PTH) y 

vitamina D. 

2) Alteraciones en el remodelado, mineralización, volumen, crecimiento o 

fragilidad del esqueleto. 

3) Calcificaciones cardio-vasculares o de otros tejidos blandos 

Tanto los estudios clínicos en humanos como los estudios experimentales 

in vivo e in vitro han sido y son cruciales para comprender mejor el desarrollo de 

las diversas manifestaciones y las posibles aproximaciones terapéuticas en este 

cambiante escenario, tanto en condiciones fisiológicas como en situaciones 

patológicas, como la ERC. En el estudio de estos complejos, pero a la vez 

interconectados, desordenes del metabolismo mineral en la ERC, las técnicas de 

cribado o “screening” molecular, como los microarrays de expresión o la 

proteómica han sido fundamentales para describir dianas y/o nuevos 

mecanismos. 

En la discusión de los resultados de la tesis doctoral, se abordará un 

primer apartado centrado en los posibles nuevos factores moleculares 

implicados en el el hiperparatiroidismo secundario encuadrado dentro del 

apartado 1 de la CKD-MBD (anormalidades del fósforo y de la PTH), 

remarcando la aportación de los diferentes modelos in vivo e in vitro empleados, 

incluyendo microarrays de expresión en el estudio de la glándula paratiroides. 

Posteriormente, la discusión se centrará en remarcar la importancia de los 

resultados derivados del estudio de la relación entre la calcificación vascular y la 
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perdida de masa ósea como consecuencia de la sobrecarga de fósforo, 

englobando los apartados 1, 2 y 3 de la CKD-MBD. Esta parte de la tesis también 

ha tenido como base una aproximación genómica, descritos en los apartados 3 y 

4 de la sección Resultados, que contienen los trabajos originales presentados en la 

tesis doctoral.  Finalmente se discutirá el papel del estrés oxidativo en la 

calcificación vascular, descrito en el apartado 5 de la sección Publicaciones. 
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Hiperparatiroidismo secundario severo; factores implicados. 
 

El fósforo elevado, una de las principales características de la ERC es el 

principal factor patogenético en el desarrollo del hiperparatiroidismo secundario  

(sHPT, por sus siglas en inglés) (4, 152). En nuestro laboratorio, para estudiar 

diferentes etapas en el desarrollo del sHPT, se desarrolló un modelo murino de 

enfermedad renal crónica, en el cual, los animales eran nefrectomizados (5/6) y 

alimentados con una dieta con un contenido moderadamente alto en fósforo 

(50% mas que en la dieta normal) y sacrificados a diferentes tiempos.  Para 

simplificar el diseño del estudio, se construyeron tres grupos en base al criterio: 

“tiempo de exposición a la dieta alta en fósforo” y “valores séricos de PTH”, 

resultando en la formación de los grupos denominados “hiperparatirodismo 

secundario moderado” (Mod sHPT), “hiperparatiroidismo secundario 

moderado/severo” (Mod/Sev sHPT) e “hiperparatiroidismo secundario muy 

severo” (Sev sHPT), incluyendo un grupo referencia (Ref) de animales sin 

nefrectomía y alimentados con dieta normal. 

Como primer resultado, observamos que la dieta alta en fósforo (HPD 

por sus sigas en inglés) afectaba gravemente a la función renal a la par que 

incrementaba la mortalidad, como se ha descrito profusamente en la bibliografía 

en pacientes en hemodiálisis (153-155).  De acuerdo con otros estudios, se 

encontró el FGF23 significativamente incrementado en todos los grupos que 

habían recibido HPD comparados con los que habían recibido una dieta normal 

en fósforo (NPD por sus siglas en inglés) (51, 59) (Ilustración 11). 
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Ilustración	  11.	  Representación	  gráfica	  de	  la	  media	  y	  desviación	  estándar	  de	  los	  valores	  

bioquímicos	  correspondientes	  a	  PTH	  (A),	  fósforo	  (B),	  calcio	  (C)	  y	  FGF23	  (D)	  de	  los	  diferentes	  

grupos	  de	  estudio.	  a=	  p<0,05	  comparado	  frente	  al	  grupo	  Referencia,	  b=	  p<0,05	  comparado	  frente	  

al	  grupo	  Mod	  sHPT,	  c=	  p<0,05	  comparado	  frente	  al	  grupo	  Mod/Sev	  sHPT	  

 

Interesantemente, los niveles séricos de PTH y de FGF23 se 

correlacionaron significativamente. La correlación positiva entre fósforo, PTH y 

FGF23 puede ser interpretada como una respuesta fosfatúrica compensatoria en 

respuesta a la sobrecarga de fósforo en la dieta, pero que no es capaz de llevarse 

a cabo debido al daño renal provocado ( 

Ilustración 12).  

 

Ilustración	  12.	  Representación	  grafica	  de	  la	  correlación	  de	  Pearson	  entre	  los	  valores	  bioquímicos	  

de	  FGF23	  y	  PTH	  	  
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Para estudiar estas diferentes etapas en el desarrollo del sHPT, se 

emplearon microarrays de expresión por primera vez en gandulas paratiroides 

de rata.  

En un primer paso, se comprobó que, como se ha descrito en la clínica, la 

gandula mantiene cierto grado de control hasta etapas muy tardías del desarrollo 

del sHPT. Esto se puede ver en los cladogramas jerárquicos, en los que, usando 

solo genes que pertenecen al metabolismo óseo, el grupo “hiperparatiroidismo 

secundario muy severo” se separó de los otros dos, indicando un perfil de 

expresión de estos genes similar en los grupos “hiperparatirodismo secundario 

moderado” e “hiperparatiroidismo secundario moderado/severo” (Ilustración 

13).  

Ilustración	  13.	  Cladograma	  jerárquico	  usando	  los	  genes	  relacionados	  con	  metabolismo	  mineral,	  

representando	  la	  clasificación	  de	  los	  diferentes	  grupos	  de	  estudios	  agrupados	  según	  la	  severidad	  

del	  hiperparatiroidismo	  secundario.	  Sev	  representa	  el	  grupo	  Sev	  sHPT,	  Mo/Sev	  el	  grupo	  Mod/Sev	  

sHPT	  y	  Mo	  el	  grupo	  Mod	  sHPT.	  
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A continuación, se generaron las listas de genes. En estas listas, la mayoría 

de genes significativamente modificados aparecían fuertemente reprimidos, con 

sólo unos pocos genes mostrando expresión incrementada. La represión 

generalizada ya se había descrito anteriormente en nuestro grupo como una 

característica típica del desarrollo del sHPT, en la que la glándula paratiroides 

acaba por sufrir una total perdida de control de los procesos celulares básicos, 

acumulando diversos daños en los mecanismos de reparación del material 

genético (156, 157). De manera interesante, entre los genes desregulados 

encontrados mediante el análisis genómico, no se encontraban los típicos genes 

encargados de la regulación básica de la función paratiroidea, tales como el 

receptor/sensor de calcio (CaSR), el receptor de la Vitamina D (VDR), el gen de 

la PTH o klotho. La perdida del control sobre la glándula paratiroides se ha 

atribuido a descensos en el CaSR y el VDR, por lo que la circunstancia de que 

estos genes no apareciesen en las listas fue chocante.   

Esta carencia de resultados en los genes clásicos involucrados en la 

regulación de la glándula paratiroides puede ser explicada desde varios puntos de 

vista. Los microarrays de expresión  pueden dar lugar la sobreestimación de los 

cambios en las expresión de determinados genes, por lo que el análisis de las 

listas desde un punto de vista funcional cobra vital importancia (158). Además,  

los algoritmos empleados fueron altamente restrictivos para evitar los falsos 

positivos, por lo que estos genes clásicos pueden haber quedado fuera de las 

listas debido a que otros genes han  sido detectados como mas robustamente 

desregulados. Finalmente, las glandulas muestras múltiples aberraciones 

moleculares (157, 159) y en los conjuntos (“pools”) de glándulas usados para las 

muestras se detecto una cierta dispersión en cuanto a valores de PTH, por lo 

que posiblemente los cambios en estos genes, si pretenden ser detectados 

mediante microarrays, deberían investigarse en etapas muy determinadas y en 

grupos altamente homogéneos.  

Sin embargo, por PCR cuantitativa (qRT-PCR), técnica mas sensible que 

los microarrays, si se detectaron cambios significativos en estos genes, 

especialmente en las etapas mas avanzadas del sHPT, sugiriendo de nuevo que la 
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glándula mantiene cierto grado de control hasta las ultimas etapas del desarrollo 

del sHPT, como esta detallado en la Ilustración	  14.  

 

Ilustración	  14.	  Representación	  gráfica	  de	  la	  tasa	  de	  cambio	  (determinada	  por	  qRT-‐PCR)	  de	  los	  

genes	  PTH,	  CaSR,	  VDR	  y	  klotho	  en	  las	  glándulas	  paratiroides	  de	  los	  diferentes	  grupos	  de	  estudio.	  	  

*=	  p<0,05	  comparado	  frente	  grupo	  Mod	  sHPT	  

 

 Entre los genes de expresión incrementada, la presencia de varios genes 

pertenecientes a la familia de las Fosfatasas de especificidad dual (Dusp por sus 

siglas en inglés) fue estudiada en mas detalle.  

Las proteínas codificadas por estos genes  son las principales encargadas 

de desactivar específicamente la vía de las kinasas de regulación extracelular 

(ERK), pero no otras subclases de las MAPK como p38, a través de la 

defosforilación de pERK (160-163) , interviniendo por tanto en la regulación de 

esta vía, altamente implicada, en lo que a metabolismo paratiroideo se refiere en 

hiperproliferación y señalización de FGF23, entre otras. 

Se comprobó no solo mediante microarrays, sino mediante qRT-PCR que estos 

genes estaban altamente sobre-expresados conforme avanzaba el desarrollo del 

sHPT, por lo que los niveles de pERK, su objetivo biológico, deberían estar 

inversamente relacionados. Se realizo una tinción inmunohistoquímica para ERK 

y pERK sobre cortes de glándulas paratiroides para comprobar si existía una 

relación directa entre niveles elevados de Dusps y niveles disminuidos de pERK 

en los diferentes grupos (Ilustración 15).  
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Ilustración	  15.	  Tinción	  inmunohistoquímica	  de	  ERK	  y	  pERK	  en	  cortes	  de	  glándulas	  paratiroides	  de	  

los	  diferentes	  grupos	  de	  estudio.	  

 

Esta dinámica de ERK (Ilustración 16) es de alguna manera, sorprendente, pero 

es lógico pensar que la señal hiperproliferativa se diese al inicio del desarrollo del 

sHPT, desencadenándose procesos destinados a frenar ese crecimiento en las 

etapas mas tardías, para intentar mantener la integridad glandular e intentar 

frenar el excesivo crecimiento como ultimo mecanismo de defensa.  

 

 

Ilustración	  16.	  Cuantificación	  de	  los	  niveles	  de	  ERK	  y	  pERK	  en	  las	  glándulas	  paratiroides	  de	  los	  

diferentes	  grupos	  de	  estudio.	  	  
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El desencadenamiento de estos mecanismos que combaten la 

hiperproliferación, podría afectar también a la señalización de FGF23 de la 

glándula paratiroides. Como esta descrito en la introducción, el FGF23 es capaz 

de inhibir la síntesis y secreción de PTH, actuando a través de la vía de las MAPK 

(8, 164). Tanto la correlación entre los valores de PTH y FGF23 como la 

presencia de valores muy elevados de FGF23 en el grupo “hiperparatiroidismo 

secundario muy severo”, son frecuentemente interpretados como la perdida de 

la capacidad de la glándula paratiroides de reaccionar al FGF23, acuñando el 

termino “resistencia a FGF23”. Esta teoria esta apoyada por la correlacion 

observada en la Ilustración 12.  

De acuerdo con lo anterior, si en las etapas mas avanzadas del sHPT se 

desencadenan procesos destinados a desactivar la hiperproliferación a través de 

la desactivación de la vía de las MAPK, secundariamente, esto podría redundar en 

que la señal de FGF23 no se transmitiese correctamente aguas abajo, 

colaborando a la resistencia a FGF23.  

Un hecho a favor de esta hipótesis es que hasta la fecha, la falta de efecto 

de FGF23 sobre la PTH ha sido achacado a la regulación a la baja de los 

receptores de FGF23, klotho y FGFR1 (54, 56), si bien esto ha sido puesto en 

duda en un reciente articulo (165).  

Interesantemente, klotho y FGFR1, al igual que otros receptores que 

controlan el metabolismo glandular, no sufren un descenso en sus niveles total, 

lo que implicaria la presencia de otros factores en esta resistencia al FGF23. 

Además, existen altos niveles de FGF23 circulante, lo que debiese resultar en un 

cierto efecto del FGF23 sobre la PTH. Pero tanto en la práctica clínica como en 

los experimentos in vivo, este efecto inhibitorio del FGF23 sobre la PTH no 

existe, siendo el FGF23 totalmente incapaz de actuar en la glándula paratiroides, 

lo que sugiere, que ademas de la bajada de los receptores, aguas abajo debería 

haber otros factores que colaboren a esta resistencia al FGF23. Estos factores 

pueden ser las Dusps, que incrementadas dramáticamente en las etapas tardías 

del sHPT, primariamente como ultimo mecanismo de defensa ante la 

hiperproliferación de la glándula, podría secundariamente desactivar la señal 
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proveniente de klotho/FGFR1. Interesantemente, Dusp6 ha sido relacionada con 

la desactivación de la señal trasmitida por los FGFR (166) . 

 

Para confirmar que las Dusps pueden colaborar a desactivar la 

señalización ejercida por FGF23, se diseño un experimento usando cultivo de 

glándulas paratiroides ex vivo. Glándulas normales fueron cultivadas con 0,6 mM 

de Calcio para asegurar la secreción de PTH, siguiendo diseños de estudios 

publicados previamente (167, 168).  

Glándulas normales “estimuladas” fueron cultivadas con FGF23, 

observándose una reducción significativa de la secreción de PTH, medida como 

porcentaje de cambio respecto a la condiciones iniciales. Cuando al FGF23 se le 

añadío un inhibidor químico de las MAPK, UO126, la secreción elevada de PTH 

fue completamente restaurada, desactivando el efecto supresor del FGF23 y 

dejando la secreción de PTH al nivel de las glándulas cultivadas con el medio 

control, 1,2mM de Calcio. Cuando se sustituyó el inhibidor químico por los 

inhibidores biológicos, las Dusps, la secreción de PTH fue parcialmente 

restaurada, demostrando que las Dusps recombinantes, si bien no alcanzan u n 

efecto ran potente como el inhibidor químico, son capaces de desactivar 

parcialmente la señal ejercida por el FGF23 en las glándulas paratiroides en lo 

que a secreción de PTH se refiere, como se puede ver en la Ilustración 17.  
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Ilustración	  17.	  Secreción	  de	  PTH	  de	  glándulas	  paratiroides	  normales	  cultivadas	  con	  diferentes	  

tratamientos.	  Las	  unidades	  son	  porcentaje	  de	  cambio	  de	  secreción	  respecto	  a	  la	  condición	  inicial.	  

*=	  p<0,05	  comparado	  frente	  al	  grupo	  1,2mM	  Ca	  **=	  p<0,05	  comparado	  frente	  al	  grupo	  0,6mM	  

Ca	  .	  #	  =	  p<0,05	  comparado	  frente	  al	  grupo	  0,6mM	  Ca	  +	  FGF23	  	  

 

El hecho de que Dusp 5 es un objetivo de p53 (169) representa un 

mecanismo plausible por el que se explicaría el porqué de esta sobre-regulación 

de las Dusps. Una característica del sHPT, previamente publicada por nuestro 

grupo, es que las glándulas acumulan aberraciones cromosómicas y fallos en los 

mecanismos de reparación del ADN y ARN (156, 159), lo que podría 

desembocar en una fuerte activación de p53. Esta activación de p53 seria el 

estimulo primario para el mecanismo de defensa en etapas muy avanzadas, 

ejercido a través de la sobre-expresión de las Dusps y posterior desactivación de 

MAPK, que secundariamente afectaría a la señalización (previamente 

comprometida a causa del descenso en los receptores) de FGF23. 

Como resumen de esta sección, en el desarrollo del hiperparatiroidismo 

secundario severo, la represión génica constituye el hecho mas generalizado en 

la glándula paratiroides. Sin embargo, como mecanismo de defensa, la glándula 

paratiroides sobre expresa ciertos genes de la familia de las Dusps, intentando 

frenar la señal hiperproliferativa ejercida por ERK/pERK. Como hecho 

secundario a este desactivacion de las señal de las MAPK, la transmisión de la 
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señal de FGF23 se ve seriamente comprometida y las glándulas paratiroides de 

las ratas con sHPT severo no son capaces de responder a FGF23 y frenar sus 

secreción de PTH. 
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Relación entre calcificación vascular y pérdida de masa ósea 
 

La calcificación de los tejidos blandos ocurre en una gran proporción de 

pacientes con ERC y su descripción data del siglo XIX. En la ERC, las lesiones se 

observan fundamentalmente en la capa media pero también en la intima, 

pudiendo afectar el flujo así como la rigidez vascular con el consecuente aumento 

en la presión arterial y la velocidad de la onda de pulso.  

Las calcificaciones vasculares en la intima arterial suelen estar asociadas a 

la existencia de placas ateroescleróticas previas. Afectan la capa media de las 

arterias de mediano calibre, la aorta y las coronarias, con una disposición 

concéntrica del Ca en las células del músculo liso vascular, produciendo rigidez y 

arterioesclerosis. En estas calcificaciones, se da una diferenciación fenotípica 

similar a la de las células óseas, produciendo una marcada disminución en la 

capacidad contráctil de las células musculares. Las complicaciones vasculares 

suelen preceder a las alteraciones propias del hueso que ocurren mas 

tardíamente y de forma insidiosa (170). Aunque todas las formas histológicas de 

osteodistrofia renal se han asociado con una mayor prevalencia de calcificaciones 

vasculares, la de mayor impacto es  la que se observa en la osteodistrofia renal 

de bajo recambio.        

El fósforo elevado, una de las principales características de la ERC es 

también el principal factor patogenético en el desarrollo de la calcificación 

vascular en la población con ERC en todas sus etapas (66, 69). Además, en 

nuestro modelo, la sobrecarga de fósforo es el principal responsable del 

desarrollo del hiperparatiroidismo secundario (130)  como ha sido descrito en el 

apartado anterior de esta tesis, pero también ha sido relacionado con la perdida 

de función renal (171).   

La asociación entre calcificación vascular y descalcificación ósea data de 

hace 20 años (172). De hecho, la sobrecarga de fósforo es uno de los posibles 

factores patogenéticos comunes entre ambas alteraciones. Cuando el recambio 

óseo es bajo, como en la enfermedad adinámica ósea, el tamaño del “almacén” 
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de fósforo se reduce, resultando en elevados niveles de fósforo en sangre 

asociados con la ingesta. Además, la resorción ósea, es, en exceso de formación 

ósea, un factor que altera la función de reservorio del esqueleto, quedando 

altamente comprometido. Cuando el recambio es alto, como en el 

hiperparatiroidismo secundario el fósforo es liberado desde el hueso y de nuevo, 

se altera la función de reservorio del esqueleto, quedando altamente 

comprometido. Se demostró que la estimulación de formación ósea mediante la 

administración de BMP-7,  reduce la hiperfosfatemia, restaura la función de 

reservorio del esqueleto, y se reduce la calcificación vascular  (173, 174). Como 

la función renal en estos estudios permaneció inalterada, la reducción de los 

niveles de fósforo sérico se debe únicamente al incremento de la formación ósea.  

En nuestro modelo experimental, anteriormente descrito, las ratas que 

recibieron la dieta alta en fósforo (HPD por sus siglas en inglés) mostraron un 

incremente significativo del fósforo sérico respecto de las ratas que recibieron 

una dieta normal en fósforo (NPD por sus siglas en ingles) en todos los tiempos 

de estudio (8, 16 y 20 semanas) (Ilustración 18).  Debido a que el fósforo y el 

calcio están altamente inter-relacionados, el calcio sérico estaba 

significativamente reducido (175). Tanto el fósforo elevado como el calcio 

disminuido son dos estímulos para la secreción de PTH y la hiperplasia de la 

glándula paratiroides. (4, 152).  
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Ilustración	  18.	  Media	  y	  desviación	  estándar	  de	  los	  parámetros	  bioquímicos	  clásicos	  del	  

metabolismo	  óseo	  en	  los	  grupos	  de	  estudio.	  *=	  p<0,05	  comparado	  frente	  al	  grupo	  Referencia	  

(Ref)	  

 

Interesantemente y unido con la sección anterior de esta discusión, la 

PTH sérica fue el único parámetro bioquímico significativamente asociado con la 

presencia de calcificación vascular. Un estudio ha adjudicado un papel importante 

en el desarrollo de las calcificaciones vasculares a la PTH independientemente del 

fósforo (176). Esta hipótesis resalta la mas importante limitación de este parte 

del estudio, que es que no ha sido posible separar el efecto de la sobrecarga de 

fósforo de la  PTH elevada sobre la calcificación vascular.  

Al respecto de la calcificación vascular, el 20% de los animales que 

recibieron HPD durate 16 semanas (16HPD( desarrollaron calcificaciones 

vasculares, desde el punto de vista de la tincion de Von Kossa. Como puede 

verse en la Ilustración 19 las calcificaciones vasculares observadas en la mayoría 

(80%) de los animales alimentados con HPD durante 20 semanas (20HPD) 

fueron generalizadas y severas. Además, las ratas de este grupo que mostraron 

calcificación vascular, también mostraron una tinción positiva para fosfatasa 

alcalina tartrato-resistente (TRAP), un producto de la actividad de los 

osteoclastos que se encontró sólo en las zonas severamente calcificadas, lo que 
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sugiere que las células multinucleadas se vieron en la pared de estas arterias, 

eran células "osteoclastos-like" (94) .  

 

 

Ilustración	  19.	  Representación	  grafica	  de	  diversos	  aspectos	  de	  la	  calcificación	  vascular.	  A)	  imagen	  

representativa	  de	  la	  rigidez	  de	  la	  arteria	  aorta	  proveniente	  de	  un	  animal	  del	  grupo	  20HPD.	  B)	  

Imagen	  histológica	  de	  la	  tinción	  de	  von	  Kossa	  de	  una	  aorta	  de	  un	  animal	  que	  no	  sufrió	  

calcificación	  vascular.	  C)	  Imágenes	  histológicas	  de	  la	  tinción	  de	  von	  Kossa	  de	  las	  5	  aortas	  

pertenecientes	  a	  todos	  los	  animales	  incluidos	  en	  el	  grupo	  20HPD.	  D	  y	  E)	  presencia	  de	  zonas	  

severamente	  calcificadas,	  semejantes	  a	  osteiode	  y	  células	  multinucleadas	  en	  una	  aorta	  

severamente	  calcificada	  respectivamente.	  F	  y	  G)	  Tinción	  TRAP	  de	  tejido	  aórtico	  no	  calcificado	  y	  

severamente	  calcificado	  respectivamente.	  

 

Asimismo, en el análisis genómico, se observó un aumento en la 

expresión génica de catepsina-K, un conocido marcador de la actividad de 

osteoclastos (177), sugiriendo también que existía cierta actividad de reabsorción 
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en los vasos severamente calcificados después de 20 semanas de alimentación 

HPD. Este aspecto será mas extensamente tratado mas adelante en esta 

discusión. 

La relación entre la calcificación vascular y la bajada de la masa ósea está 

bien establecida en la literatura, sobre todo en la población general y / o 

pacientes con osteoporosis, pero no en los pacientes con ERC. En este último 

caso, todos los estudios publicados son observacionales o transversales, pero 

nunca prospectivos; además, algunos de ellos asociaron la calcificación vascular 

con la masa ósea a partir de datos no siempre obtenidos al mismo tiempo (178-

183). Además, existen algunos resultados controvertidos; estudios recientes han 

encontrado, usando análisis multivariante, que la extensión de las calcificaciones 

vasculares no parece estar influenciada por el recambio óseo ni tiene alguna 

relación con la masa ósea trabecular (184).  

En nuestro estudio, respecto a la densidad mineral ósea (DMO), las ratas 

que no desarrollaron calcificaciones vasculares mostraron una tendencia similar a 

la observada en el grupo de referencia, mientras que la densidad mineral ósea de 

las ratas de los grupos que recibieron HPD fue siempre inferior al sus pares de 

los grupos NPD. Además, nuestro estudio demuestra por primera vez, que sólo 

las ratas que se desarrollaron calcificaciones vasculares mostraron una pérdida 

significativa de hueso y  tenían la menor densidad mineral ósea ambos sitios 

estudiados (Ilustración 20) (Ilustración 21).  

 



Ilustración	  20.	  Representación	  gráfica	  de	  la	  masa	  ósea	  a	  nivel	  proximal	  en	  los	  grupos	  de	  estudio.	  

Los	  animales	  positivos	  calcificación	  vascular	  por	  von	  Kossa	  están	  representados	  con	  triangulo	  

negro.	  

 

Ilustración	  21.	  Representación	  gráfica	  de	  la	  masa	  ósea	  a	  nivel	  distal	  (altamente	  relacionada	  con	  la	  

parte	  cortical	  del	  hueso)	  en	  los	  grupos	  de	  estudio.	  Los	  animales	  positivos	  calcificación	  vascular	  

por	  von	  Kossa	  están	  representados	  con	  triangulo	  negro	  

 

De acuerdo con los resultados anteriores (185), el efecto mas remarcable 

de la HPD tuvo lugar en la parte cortical del hueso. En anteriores trabajos 

observacionales, no se encontró asociación entre las puntuaciones (scores) de la 

calcificación y alteraciones del metabolismo mineral (como la hipercalcemia, la 

hiperfosfatemia, producto Ca x P e hiperparatiroidismo) (181, 182). Por el 
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contrario, en nuestro estudio con altos niveles de fósforo y PTH séricos, se 

observó, una correlación significativa entre ambos parámetros bioquímicos y 

cambios en la aorta y la tibia. Estos resultados están de acuerdo con un estudio 

reciente (171),  que describía un efecto del fósforo negativo a nivel óseo.	   

En resumen, esta es la primera vez que un estudio experimental 

demuestra que los animales que desarrollaron calcificación vascular fueron las 

únicos que mostraron una reducción significativa de la masa ósea; por el 

contrario, la pérdida de hueso no se observó en los animales que no 

desarrollaron la calcificación vascular. 

En esta sección, de nuevo se emplearon técnicas de genómica para 

analizar las calcificaciones vasculares durante diferentes etapas de su desarrollo, 

usando los conocimientos adquiridos en estudios previos de nuestro laboratorio 

(157), representando una herramienta útil para el análisis de las alteraciones del 

metabolismo mineral, fundamentalmente las que tiene que ver con la sobrecarga 

de fósforo. Para aclarar los cambios de expresión génica que ocurren durante la 

progresión de la calcificación vascular, más de 31.000 genes fueron  analizados a 

la vez en los diferentes grupos de estudio. A nuestro entender, esta es la primera 

vez que se aplica esta técnica al estudio de la calcificación vascular in vivo.  

Los resultados de microarrays nos permitieron seleccionar algunos genes 

candidatos y  vías de señalización, para profundizar el análisis. Los resultados mas 

preliminares apoyaron la idea de un cambio fenotípico de las células, ya que los 

cladogramas jerárquicos (Ilustración 22) (Ilustración 23) mostraron un patrón 

completamente diferente en la expresión de genes relacionados con el hueso y 

músculo entre los grupos que había sufrido calcificación aórtica o no. 



 

 

 

Ilustración	  22.	  Cladograma	  jerárquico	  usando	  los	  genes	  relacionados	  con	  músculo,	  

representando	  la	  clasificación	  de	  los	  diferentes	  grupos	  de	  estudios	  agrupados	  según	  la	  severidad	  

de	  la	  calcificación	  vascular.	  VC+++	  representa	  el	  grupo	  20HPD,	  VC+	  el	  grupo	  16HPD	  y	  VC-‐	  el	  resto	  

de	  grupos	  de	  estudio.	  

   

Ilustración	  23	  Cladograma	  jerárquico	  usando	  los	  genes	  relacionados	  con	  hueso,	  representando	  la	  

clasificación	  de	  los	  diferentes	  grupos	  de	  estudios	  agrupados	  según	  la	  severidad	  de	  la	  calcificación	  

vascular.	  VC+++	  representa	  el	  grupo	  20HPD,	  VC+	  el	  grupo	  16HPD	  y	  VC-‐	  el	  resto	  de	  grupos	  de	  

estudio	  
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De hecho, en las listas generadas a continuación, dos importantes genes 

relacionados con el músculo se encontraron altamente reprimidos y fueron 

validados por qRT-PCR; esto apoyaba a la idea de la pérdida del fenotipo 

muscular.  

Desde el punto de vista molecular, es bien sabido que las proteínas 

relacionadas con frizzled secretadas (SFRP por sus siglas en ingles) son 

inhibidores de la vía de señalización Wnt, altamente implicada en la osificación,  

formación ósea y también en el desarrollo de la calcificación vascular (133-135). 

El ratón KO para SFRP-1 mostró una alta tasa de formación ósea, como se 

esperaría al eliminar un inhibidor de la formación ósea, pero no tenia 

implicaciones vasculares conocidas (186). Un estudio de 2006 describió por 

primera vez un papel para las SFRPs en la calcificación vascular in vitro, mostrando 

una inhibición del gen SFRP-3(97).  

Sorprendentemente, los genes SFRP-1, 2 y 4 se encontraron 

sobreexpresados en nuestro modelo (no sólo por los microarrays de expresión, 

sino también por qRT-PCR realizada en el tejido aórtico), lo que sugiere que la 

familia de SFRPs podría jugar un papel, al menos, en las fases finales de la 

calcificación vascular.  

Esta situación es sorprendente, puesto que lo esperable consistiría en una 

reducción de su expresión, que favoreciese la formación ósea. Por ello, el 

aumento de la expresión génica SFRP-1, 2 y 4 encontrado en las aortas 

severamente calcificadas podría interpretarse como una respuesta defensiva que 

tiene como objetivo bloquear la vía de Wnt con el fin de reducir/combatir la 

mineralización en la pared aórtica calcificada. Dado que el incremento en la 

familia SFRPs no se detectó durante las primeras etapas (semanas 8 y 16), se 

podría hipotetizar que esta sobreexpresión se ha activado al final de este 

proceso para evitar una mayor progresión de la calcificación vascular y mantener 

cierta integridad vascular (Ilustración 24).  



   

 204 

 

Ilustración	  24.	  Evolución	  de	  la	  expresión	  génica	  de	  SFRP-‐1,	  2	  y	  4	  en	  los	  diferentes	  grupos	  de	  

estudio.	  

 

Por otro lado, como las SFRPs son  proteínas secretadas, podrían ser 

capaces de alcanzar el tejido óseo, donde podrían actuar como en los vasos 

tratando también de reducir la mineralización, lo que resulta en la reducción de 

la masa ósea. Esta es una hipótesis  fascinante que podría vincular la progresión 

de la calcificación vascular con la reducción de la masa ósea que necesita mas 

estudios específicos. Curiosamente, la inducción de nefritis intersticial se asoció 

con una sobre-expresión de SFRP4, SFRP2, y DDK1 en la capa adventicia 

vascular y una elevada carga de DKK1 circulante (136).  

 

Interesantemente, la fibrosis cardiovascular se ha asociado 

frecuentemente a la aparición de calcificaciones vasculares. Se ha descrito que la 

expresión de SFRP2 se encuentra aumentada en la fase de fibrosis de infarto de 

miocardio y que ratones KO para SFRP2 han mostrado reducción de la fibrosis y 

mejoras en la función cardíaca (187).  SFRP-4 tiene un alto poder fosfatúrico 

(188); por lo que se podría especular que el aumento en la expresión de SFRP4 

también podría formar parte de una respuesta destinada a frenar el incremento 

de fósforo sérico. 

En resumen, este estudio experimental prospectivo demostró la fuerza de 

la asociación entre la calcificación vascular y la reducción de la masa ósea en un 
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modelo de ratas con ERC alimentadas con una dieta moderadamente alta en 

fósforo, que muestra también que la HPD produce, a largo plazo, varias 

alteraciones graves del metabolismo óseo altamente relacionadas con la 

mortalidad.  

Los resultados histológicos y  de los microarrays se complementan entre 

sí y ayudan a comprender mejor los cambios que se producen en el proceso de 

calcificación vascular y la magnitud de la severidad observada en las ultimas fases 

de este experimento. La sobreexpresión de los miembros de la familia SFRPs 

detectada por microarrays y qRT-PCR, que sólo fue encontrada cuando se 

estableció la calcificación vascular severa, podría ser indicativa de un mecanismo 

de defensa activa con el fin de reducir o bloquear la activación de la vía Wnt, con 

el objetivo para reducir la mineralización de la pared arterial, conservar cierta 

funcionalidad muscular y evitar la progresión de la calcificación vascular. 
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Estrés oxidativo en la calcificación vascular 
 

 La mortalidad de los pacientes con enfermedad renal crónica (ERC) es 

significativamente mayor que la de la población general, siendo la principal causa 

de muerte las enfermedades cardiovasculares. Dado que se ha postulado que 

existe una relación entre estrés oxidativo y problemas cardiovasculares, se ha 

propuesto la existencia de un desequilibrio redox en los pacientes con ERC. El 

estrés oxidativo se define como una alteración en el balance entre la producción 

de substancias pro-oxidantes y la capacidad de organismo de neutralizar estas 

substancias. En esta situación, se produce la oxidación de diversas 

macromoléculas, lo que da como resultado alteraciones en la estructura y en la 

función de células y tejidos.  La uremia, y los tratamientos que se utilizan en la 

misma, alteran significativamente este proceso, de forma que suele existir una 

menor calcificación de los huesos y, en muchas ocasiones, calcificaciones 

anormales en las paredes vasculares. El estrés oxidativo puede jugar un papel 

clave en la génesis de esta desregulación, fundamentalmente a tres niveles, 

alterando la homeostasis calcio-fósforo, modificando el comportamiento del 

tejido óseo o induciendo alteraciones fenotípicas en los vasos sanguíneos, siendo 

esta última el objeto de esta sección. 

En los últimos años varios estudios han tratado de comprender mejor los 

mecanismos implicados en la génesis y la regulación de la calcificación vascular y 

se ha demostrado que las especies reactivas de oxigeno (ROS por sus siglas en 

inglés) juegan un papel principal en el proceso de calcificación vascular, 

demostrando que la señalización intracelular a través de ROS afecta a la 

expresión de las proteínas típicamente óseas, implicadas en la iniciación de las 

enfermedades vasculares (189).  

De acuerdo con este efecto, se ha demostrado el papel fundamental de ROS en 

la patógena de varias formas de calcificación valvular (190). Además, en humanos, 

los incrementos de ROS en la estenosis y calcificación valvular, se han asociado a 

la reducción de los mecanismos defensivos responsables de la eliminación de 

varios tipos de ROS, incluyendo peróxido de hidrógeno (H2O2). Los estudios no 
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son concluyentes, quizá por la complejidad de este tipo de estudios o por la 

variabilidad en la propia administración de antioxidantes (191). La importancia de 

H2O2 como un segundo mensajero ha sido descrita en los últimos años, 

demostrando que puede aumentar directamente la expresión de Cbfa-1/Runx2 

expresión, a través de la vía de AKT, promoviendo así al mineralización (99). 

Además se ha visto que presencia de elevados niveles de H2O2 se relaciona con la 

senescencia vascular acelerada a través de procesos que implican el 

procesamiento de ciertos componentes de la envuelta nuclear (122), lo que 

sugiere que estos mecanismos también podrían estar implicados en el desarrollo 

de la calcificación vascular, ya que el envejecimiento, la senescencia y la 

calcificación vascular son procesos altamente afines. Sin embargo, muchos 

aspectos relacionados con el estrés oxidativo y la calcificación vascular, como los 

mecanismos por los que se acumulan los diferentes tipos de ROS cuando las 

CMLV se transdiferencian a células óseas o las capacidades ciertamente 

paradójicas de diversos antioxidantes aun permanecen poco claros (100).  

Estudios que no son objeto de esta tesis mostraron, usando un modelo 

animal similar al descrito y analizando la calcificación vascular mediante técnicas 

de proteómica, que el desarrollo de la calcificación vascular cursa con una alta 

desregulación en proteínas que juegan papeles importantes en el metabolismo 

del estrés oxidativo. En la Ilustración 25 se muestra la lista de proteínas 

resultado de comparar el grupo Referencia, el 16HPD y el 20HPD entre si. El 

perfil de expresión diferencial muestra una desregulación a la alta o a la baja de la 

SOD-2, GPX, o anhidrasa carbónica 3. 

Por lo tanto, este estudio sirvió de partida para analizar el papel de los 

antioxidantes en un modelo de calcificación in vitro. 
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Ilustración	  25.	  Lista	  de	  proteínas	  desreguladas	  en	  diversas	  etapas	  de	  la	  calcificación	  vascular	  

 

Nuestro estudio in vitro muestra que un medio calcificante, es decir, 

suplementado con Ca y P (3 y 2 mm, respectivamente) fue capaz de inducir el 

aumento de los ROS y la mineralización en cultivos primarios de CMLV. Estos 

resultados junto con otros (193), muestran que el estrés oxidativo está 

altamente asociado al propio proceso de calcificación vascular. En cambio,  la 

heterogeneidad en la respuesta al tratamiento con  varios antioxidantes muestra 

la complejidad de este proceso y como sólo la curcumina y silibina fueron 

capaces de reducir la mineralización de las CMLV (Ilustración 26).  
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 CONTROL P+Ca 

P+Ca+ 

Asc 

100µM 

P+Ca+ 

Troll 100µM 

P+Ca+ 

Sili 50µM 

Unidades relativas 0,013 1 1,13 1,18 0,64 

Test T vs P+Ca <0,0001 -- 0,97 0,18 0,008 

 

P+Ca+ 

Resv 50µM 

P+Ca+ 

Toco 500µM 

P+Ca+ 

Toco100µM 

P+Ca+ 

Curc 5µM 

Unidades relativas 1,22 1,02 1,04 0,70 

Test T vs P+Ca 0,09 0,67 0,57 0,012 

Ilustración	  26.	  Cuantificación	  de	  la	  tinción	  de	  rojo	  de	  Alizarina	  en	  los	  grupos	  de	  estudio.	  

 

La curcumina es el ingrediente activo de los remedios tradicionales a base 

de hierbas y especia cúrcuma dietética (Cúrcuma longa) y la silibina es el principal 

constituyente activo de la silimarina, compuesto cuya principal característica es 

un potente poder desintoxicante (194).  

La curcumina pero no la silibina fueron capaces prevenir el aumento de 

los niveles de ROS comparados frente al grupo control.  

 CONTROL P+Ca 

P+Ca+ 

Curc 5µM 

P+Ca+ 

Sili 50µM 

Unidades relativas 0.12 1.00 0.18 0.36 

Test T vs P+Ca 0.0034 -- 0.001 0.001 

Test T vs Control -- 0.003 0.73 0.06 

Ilustración	  27.	  Cuantificación	  relativa	  del	  numero	  de	  células	  positivas	  para	  tinción	  con	  DHCF-‐DA	  

mediante	  citometría	  de	  flujo.	  
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La presencia de ROS se midió utilizando sondas fluorescentes 

relativamente específicas para H2O2, por lo que podemos hipotetizar que la 

curcumina disminuyó los niveles de H2O2. Los niveles de SOD-2 (responsable de 

la transformación de iones superóxido en oxígeno en H2O2 y agua) se 

incrementaron en el grupo P + Ca, pero no hubo cambios en el grupo tratado 

con la curcumina. Este hallazgo podría indicar que la curcumina actuaría 

modificando los niveles de H2O2, pero no en otro tipo de ROS situado aguas 

arriba de la cascada. 

En conclusión, nuestros resultados confirman que la mineralización de 

CMLV se asocia con incrementos en el estrés oxidativo. La curcumina y silibina, 

dos conocidos antioxidantes de origen diferentes con una variedad de acciones 

descritas, fueron capaces de disminuir ROS y prevenir por ello la calcificación 

vascular. La curcumina disminuyó la expresión de Cbfa-1/Runx-2 sin modificar 

SOD-2, lo que sugiere que este antioxidante podría reducir directamente los 

niveles de H2O2.  

 

Ilustración	  28.	  Western	  Blot	  para	  Cbfa-‐1/Runx2	  y	  SOD-‐2	  de	  extractos	  proteicos	  de	  	  CMLV	  

cultivadas	  con	  medio	  control,	  calcificante	  (P+Ca)	  o	  calcificante	  con	  curcumina	  (Curc	  5µM)	  

 

Estos resultados apoyan la conveniencia de realizar más estudios en este 

campo ya que algunos antioxidantes podrían tener potenciales beneficios en la 

gestión de la calcificación vascular. 
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Conclusiones	  
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1. El	  modelo	  de	  ratas	  urémicas	  con	  sobrecarga	  de	  fósforo	  se	  caracterizó	  por	  

un	  aumento	  progresivo	  de	  los	  valores	  séricos	  de	  fósforo,	  PTH,	  FGF23,	  urea	  

y	  creatinina	  y	  un	  moderado	  descenso	  de	  calcio.	  	  

2. La	  sobrecarga	  de	  fósforo	  en	  un	  modelo	  de	  ratas	  urémicas	  indujo	  diversos	  

estadios	   de	   hiperparatiroidismo	   secundario,	   desde	   leve-‐moderado	   a	  

severo.	  

3. Los	  diversos	  estadios	  de	  hiperparatiroidismo	  secundario	  se	  caracterizaron	  

por	   una	   progresiva	   y	   generalizada	   regulación	   a	   la	   baja	   de	   la	   expresión	  

génica.	  	  

4. Los	  genes	  del	   receptor	   sensor	  de	  calcio,	   receptor	  de	  Vitamina	  D	  y	  klotho	  

sufrieron	   una	   inhibición	   significativa	   de	   su	   expresión	   en	   estadios	  

avanzados	  de	  hiperparatiroidismo	  secundario.	  

5. En	   los	   estadios	   mas	   avanzados	   del	   hiperparatiroidismo	   secundario,	   el	  

análisis	  del	  perfil	  de	  expresión	  génica	  mostró	  una	  regulación	  al	  alza	  de	   la	  

familia	  de	  las	  “Dual	  Specificity	  Phosphatases”.	  	  

6. La	   regulación	  al	  alza	  de	   las	  “Dual	  Specificity	  Phosphatases”	  se	  asoció	  con	  

una	  bajada	  de	  los	  niveles	  de	  pERK.	  

7. Las	   “Dual	   Specificity	   Phosphatases”	   fueron	   capaces	   de	   suprimir	  

parcialmente	  el	  efecto	  del	  FGF23	  sobre	   la	  secrecion	  de	   	  PTH	  en	  glándulas	  

paratiroides	  en	  cultivo.	  

8. La	  sobrecarga	  prolongada	  (de	  16	  a	  20	  semanas)	  de	  fósforo	  en	  un	  modelo	  

de	  ratas	  urémicas	  se	  asoció	  a	  la	  presencia	  de	  calcificación	  vascular.	  	  

9. A	  las	  20	  semanas,	  se	  detectó	  actividad	  fosfatasa	  ácida	  tartrato	  resistente	  y	  

expresión	   génica	   de	   catepsina	   K	   en	   las	   aortas	   calcificadas	   de	   ratas	  

urémicas.	  

10. El	   análisis	   del	   perfil	   de	   expresión	   génica	   mostró	   una	   inhibición	   de	  

tropomiosina	  y	  elastina	  y	  una	  regulación	  al	  alza	  de	  familia	  de	  las	  “Secreted	  

Related	  Frizzled	  Proteins”	  tras	  20	  semanas.	  	  

11. Los	   animales	   que	   mostraron	   calcificación	   vascular	   manifiesta	   y	   severa	  

fueron	  los	  que	  mostraron	  los	  valores	  de	  masa	  ósea	  mas	  bajos	  

12. La	  curcumina	  y	  la	  silibina	  fueron	  capaces	  de	  prevenir	  la	  mineralización	  en	  

un	  modelo	  de	  calcificación	  vascular	   in	  vitro	  estimulado	  con	  un	  exceso	  de	  
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fósforo	  y	  calcio.	  	  

13. La	  curcumina	  fue	  capaz	  de	  prevenir	   la	  subida	  de	  las	  especies	  reactivas	  de	  

oxigeno,	   pero	   no	   el	   aumento	   de	   superoxido	   Dismutasa	   2	   en	   la	  

mineralización	  in	  vitro.	  
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Importance of the field: The current regulation of parathyroid hormone (PTH)

and the development of parathyroid disorders in chronic kidney disease

involve complex mechanisms. Factors such as calcium, phosphorous, calcitriol,

vitamin D receptor, calcium-sensing receptor and fibroblast growth factor

23 play a key role in the regulatory process in the pathogenesis of

secondary hyperparathyroidism.

Areas covered in this review: This review provides an analysis of published

results related to the different models and approaches used to study the

mechanisms involved in the pathogenesis of secondary hyperparathyroidism.

The review includes clinical studies, animal and ex vivo/in vitro models which

have been extensively used in this area.

What the reader will gain: Readers will have an overview of the main findings

and progress achieved in the knowledge of the parathyroid function com-

bining the results obtained from the different models used to understand the

parathyroid gland regulation.

Take home message: Each of the available models used to study the complex

system of parathyroid regulation has advantages and limitations; therefore, it

is necessary to combine the information obtained from more than one model

in order to have a more complete knowledge of the mechanisms involved in

PTH regulation.

Keywords: calcium, FGF23, in vitro models, in vivo models, parathyroid function,

parathyroid hormone, phosphorous, secondary hyperparathyroidism

Expert Opin. Drug Discov. (2010) 5(3):265-275

1. Introduction

The progression of chronic kidney disease (CKD) leads to a reduction of 1-a
hydroxylase in the kidney, which in turn results in low levels of the active form of
vitamin D (1,25-dihydroxyvitamin D3 [1,25(OH)2D3] or calcitriol) impairing
calcium absorption in the intestine favoring the reduction in serum calcium [1].
As a result, the decreases in serum calcium stimulate parathyroid hormone (PTH)
synthesis and release, which in turn increase bone turnover, bone resorption and
stimulate 1-a hydroxylase. All these mechanisms lead to compensatory increases in
serum calcium.

In addition, the progressive reduction of the renal function impairs phosphorous
excretion, leading to increases in serum phosphorous, which increases fibroblast
growth factor 23 (FGF23) and PTH; both mechanisms increase urinary phospho-
rous excretion. However, FGF23 and PTH exert opposite effects on calcitriol
synthesis: FGF23 inhibits 1-a hydroxylase, whereas PTH stimulates it.
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As the renal function decreases, all these complex and
tightly interrelated mechanisms of parathyroid gland regula-
tion fail to adequately control the parathyroid gland function.
As a result, low serum levels of calcitriol and calcium and
phosphorous retention are present at late stages of CKD.
Furthermore, at advanced stages of this disorder, CKD stage
five patients show severe forms of secondary hyperparathy-
roidism with diffuse and nodular hyperplasia and a significant
reduction in the vitamin D and calcium-sensing receptors
(VDR and CaSR) expression with a poor response of the
parathyroid glands to calcium changes and vitamin D ana-
logue therapy, and a clear trend towards autonomous (tertiary)
parathyroid gland behavior.
Several of the mineral abnormalities end up inducing not

only bone disease, but also several cardiovascular disorders,
including vascular calcifications and a greater risk of mortal-
ity [2]. The recently coined term ‘chronic kidney disease-
mineral and bone disorder’ (CKD-MBD) encompasses all
these abnormalities [3]. CKD-MBD includes either one or a
combination of: i) calcium, phosphorous, PTH or vitamin D
metabolism; ii) bone turnover, mineralization, volume, linear
growth or strength and iii) vascular or other soft tissue
calcification. There are excellent reviews focused on different

aspects of CKD-MBD [4-7]; however, this review deals mainly
with aspects related to the parathyroid gland regulation.

1.1 Parathyroid hormone
PTH is synthesized by the parathyroid cells; through the blood
stream, PTH reaches the main target sites, the kidney and
bone [8]. The main role of PTH is the regulation of calcium
homeostasis. Under physiological conditions, osteoblasts are
stimulated by PTH via its specific PTH receptor, which then
send signals to bone marrow-derived osteoclast precursors to
stimulate their fusion, differentiation and activation. The
mature and active osteoclasts resorb bone and release calcium
to the blood. In addition, PTH provides an additional calcium
homeostatic response in order to preserve normal serum
calcium levels acting in the kidneys by increasing tubular
calcium reabsorption.

PTH can also exert other anabolic actions in bone. Inter-
mittent or pulsatile injections of recombinant PTH, as well as
injections with amino-terminal fragments, are able to increase
bone formation and bone mass; the latter became the basis for
the use of PTH injections to treat osteoporosis [9]. Besides
vitamin D, PTH is the only other anabolic bone agent known.

1.2 Parathyroid gland regulation
PTH regulation involves a complex mechanism in which
calcium [10], calcitriol [11], phosphorous [12] and FGF23 [13]

play a central role.
Both calcium and calcitriol act on the parathyroid cells

trough their specific receptors, CaSR and VDR. While the
CaSR is a cell-membrane receptor member of the GPCR
family, the VDR is a nuclear receptor that, when bound to
vitamin D, acts as a transcription factor. The differences in
the nature of the two ligands and their receptors lead to
two different mechanisms of action with a complementary
function on the parathyroid cells.

On one hand, small decreases in extracellular calcium
concentrations are rapidly sensed by the CaSR, triggering,
within seconds or minutes, an increase in PTH release. Small
increases in calcium are also sensed by the CaSR, yielding
opposite results [14-16]. If the stimulus persists for longer
periods (hours, days), calcium is able to regulate PTH syn-
thesis post-transcriptionally by modifying the mRNA stability
through differences in binding of the parathyroid proteins to
an element in its 3¢-untranslated region (3¢-UTR) [17,18]. As a
result, the decreases in serum calcium reduce mRNA degra-
dation by increasing its stability and the half-life of mRNA
PTH. By contrast, the active form of vitamin D (calcitriol)
inhibits the PTH gene transcription resulting in a reduction of
the PTH synthesis [19-22].

In CKD, the reduction of renal function and active renal
mass, together with the increase in serum FGF23 [23], decrease
1-a hydroxylase synthesis with the consequent reduction in
calcitriol synthesis which, in turn, decreases intestinal calcium
absorption but also leads to a lower PTH gene transcription
suppression. Both mechanisms favor the increase of PTH.

Article highlights.

. Chronic kidney disease-mineral and bone disorders
(CKD-MBDs) are very common in dialysis patients. They
are characterized by combinations of abnormalities in:
i) calcium, phosphorous, parathyroid hormone (PTH) or
vitamin D metabolism; ii) bone turnover, mineralization,
volume, linear growth or strength and iii) vascular or other
soft tissue calcification.

. PTH is secreted by the parathyroid glands and is mainly
responsible for the control of calcium homeostasis.

. PTH regulation involves calcium, calcitriol, phosphorous
and the recently discovered phosphaturic hormone
fibroblast growth factor 23.

. Other drugs used for the treatment of CKD-MBD, such as
calcimimetics and aluminum, are also able to suppress
PTH levels.

. Clinical studies have provided important contributions to
the knowledge of the pathogenesis of secondary
hyperparathyroidism and also have allowed to identify the
cell pathways and mechanisms involved in the progression
of the disease.

. Animal models of CKD have also been useful to study the
different factors involved in the regulation of the PTH; in
addition, they have been crucial to confirm that
phosphorous is one of the main players in PTH regulation.

. In vitro/ex vivo models have contributed to a better
understanding of the molecular mechanisms involved in
the pathogenesis and progression of secondary
hyperparathyroidism.

. The combination of the results obtained from clinical and
experimental studies has been essential to better
understand the parathyroid regulation and the effect of
the different therapies on CKD-MBD.

This box summarizes key points contained in the article.
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High phosphorous is another factor able to act on the
parathyroid cells by increasing PTH synthesis [12,24,25] through
a post-transcriptional mechanism stabilizing the PTH
mRNA [17]. Finally, calcium, calcitriol and phosphorous are
well-known factors involved in parathyroid cell proliferation;
thus, abnormalities of these factors may contribute to the
development of parathyroid gland hyperplasia [26,27].

Although the effects of calcium, calcitriol and even phos-
phorous on the parathyroid function take place through
specific mechanisms, these three factors also produce
additional complementary effects, mainly through their
interaction with the CaSR and VDR parathyroid receptors.

The main function of the CaSR is to sense calcium;
however, the CaSR expression in parathyroid glands does
not seem to be regulated by the extracellular calcium
levels [28-30]. In contrast, it has been described that CaSR
expression can be regulated by calcitriol, which can increase
CaSR even under hypocalcemic conditions [28,31,32]. Also,
phosphorous may influence the CaSR expression; in fact, a
reduction in the expression of CaSR has been described in the
presence of hyperphosphatemia [33-35].

Regarding VDR regulation, contrary to what occurs with
calcium and CaSR regulation, calcitriol does regulate its own
receptor, VDR, stimulating its synthesis and half-life [28,36,37].
In addition, calcium is also able to modify the VDR
expression [28,32,38-40].

Finally, FGF23, initially described as a potent phosphato-
nin [41], is involved not only in the control of phosphorous but
also in the regulation of vitamin D metabolism [42] and PTH
synthesis [13]. Elegant studies performed by Silver and co-
workers [13] have demonstrated a direct effect of FGF23 on the
parathyroid gland through the MAPK pathway, leading to a
decrease in PTH synthesis and secretion. In addition, the
putative, indirect regulation of PTH by estrogens through
FGF23 has been also recently described [43]. The importance
of FGF23 in the pathogenesis of secondary hyperparathyroid-
ism is still under investigation; nevertheless, alternative para-
digms for the pathogenesis of secondary hyperparathyroidism
in CKD involving FGF23 have been recently proposed [44].

1.3 Other important factors involved in PTH secretion
Other factors such as calcimimetics and aluminum can also act
on the PTH regulation.

Calcimimetics, the CaSR allosteric modulators recently
introduced for the treatment of secondary hyperparathyroid-
ism, act by increasing CaSR sensitivity to extracellular calcium
and decreasing PTH synthesis and secretion [45-47]. Moreover,
calcimimetics are also able to cooperate with VDR activators,
increasing the VDR expression in the parathyroid glands [48].
As a result, the use of calcimimetics not only achieves
the known effect on the CaSR, but can also increase the
VDR expression.

Finally, several studies have demonstrated the inhibitory
effect of aluminum on PTH mRNA levels through complex
and combined mechanisms, including a direct action on the

CaSR, by reducing its gene expression through a post-
transcriptional mechanism [49,50]. It seems clear that the
parathyroid gland is a target tissue for aluminum, and part
of the direct inhibitory effect of aluminum is also due to its
capacity to reduce cell proliferation in the parathyroid
gland [50].

Most of the previously described findings have been
obtained thanks to the contribution of different in vivo and
ex vivo/in vitro models used to study the regulation of the
parathyroid gland function. The remaining part of this review
describes and analyzes different models which have been
used to investigate the complex mechanisms involved in
PTH regulation.

2. Models used to study the parathyroid
gland function

2.1 Contribution of human clinical studies
The human clinical studies were mostly aimed to obtain
information at the functional, morphological, molecular
and genomic levels.

Clinical studies carried out in humans have revealed impor-
tant aspects of the pathogenesis of secondary hyperpara-
thyroidism. Functional studies carried out in humans have
clearly shown that hypocalcemia stimulates PTH secretion,
while hypercalcemia suppresses it. The mathematical model
which best relates PTH and serum calcium is a sigmoidal
curve [51]. The set-point for calcium has been defined as the
calcium concentration at which the maximal PTH is reduced
by 50% [52]. In the CKD patients with secondary hyperpara-
thyroidism, the set-point of calcium is shifted to the right,
meaning that a higher concentration of calcium is necessary to
suppress the PTH. This is the result of a sum of factors
which end up increasing the size of the parathyroid gland
and decreasing VDR and CaSR expression, the main
receptors known to be involved in the parathyroid gland
regulation [53-56].

This functional relationship between calcium and PTH has
been extensively used in humans to investigate the effect of
VDR activators and calcimimetics on the parathyroid gland,
assuming that if they are effective they should be able to partly
or totally correct the abnormal calcium and parathyroid
sigmoidal relationship observed in the advanced forms of
secondary hyperparathyroidism. So far, both have been able
to shift the set-point of calcium to the left, partly recovering
parathyroid sensitivity to calcium [57]. Finally, a successful
parathyroidectomy has also proved to be effective in
reducing PTH levels and shifting the PTH–calcium curve
to the left [58].

The importance and contribution of high phosphorous in
the pathogenesis of secondary hyperparathyroidism was
experimentally demonstrated many years ago [59]. However,
since then, human studies have not been able to fully differ-
entiate and dissect the effect of phosphorous independently
from the changes in serum calcium [60] and/or calcitriol levels.
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As secondary hyperparathyroidism progresses, the parathy-
roid glands become refractory to medical treatment and
parathyroidectomy is frequently needed. Human parathyroid
tissue obtained from parathyroidectomies has been used for
genetic, genomic and molecular studies aiming to investigate
in depth the mechanisms involved in parathyroid gland
deregulation in advanced stages of parathyroid hyperplasia.
The most advanced form of this disorder, nodular hyper-

plasia, has been associated with chromosomal aberrations [61]

and also with severe changes in gene expression [62,63]. To
study these specific aspects in diffuse and nodular parathyroid
glands from renal patients who underwent parathyroidec-
tomy, several techniques have been used, such as comparative
genomic hybridization [61], microarrays and bidirectional
subtraction library [62]. The combination of these techniques
has allowed to demonstrate that the progression of secondary
hyperparathyroidism damages several cell pathways at
different levels, a fact which partly explains the multiple,
complex and integrated cellular mechanisms involved in the
progression of the disease [62].
Cell growth is highly promoted in the nodules; DNA

stability is severely compromised because the protective mech-
anism and repair systems fail; RNA synthesis and stability are
also in jeopardy. Finally, protein synthesis, processing and
destination become clearly hindered due to failures in the
folding, assembly and sorting of the polypeptides. All these
striking alterations, dominated by the profile of gene repres-
sion found in the severe cases of nodular secondary hyper-
parathyroidism, are almost impossible to control at this late
stage of the disease and alert the need of an early approach in
the management of secondary hyperparathyroidism in CKD
patients [62].
In the nodular severe forms of secondary hyperparathyroid-

ism, the monoclonal growth of the parathyroid gland dom-
inates the scene. A study revealed that 64% of hemodialysis
patients with refractory secondary hyperparathyroidism showed
at least one parathyroid lesion with monoclonal growth [64],
whereas another study found that the monoclonal pattern was
present in 58% of hyperplastic nodules in females [65].
However, the genes implicated in the genesis and evolution
of secondary hyperparathyroidism monoclonality are not those
observed in primary hyperparathyroidism [63].
Despite human studies being very useful to understand some

aspects of the pathogenesis and progression of secondary
hyperparathyroidism, they show several limitations, mainly
due to the lack of homogeneity of the studies. As an example,
most of the published works have been carried out in patients
with different ages and different degrees of severity of secondary
hyperparathyroidism receiving different treatments. Thus, the
experimental models have been of great value to complement
and further expand the investigation on parathyroid regulation.

2.2 Contribution of the in vivo animal models
The main advances in the understanding of the pathogenesis
of secondary hyperparathyroidism have been possible mainly

thanks to the results obtained using experimental animal
models of CKD. Partial nephrectomy has been the most
common technique used to produce CKD [26,66-69], although
more recently the addition of adenine to the diet has become a
current model to study CKD-MBD [47,70]. Five/six or
seven/eight nephrectomy induces a moderate renal insuffi-
ciency, which in most cases is not enough to develop severe
secondary hyperparathyroidism. To increase the magnitude of
the latter, the concomitant use of high phosphorous diet was
introduced to provide a substantial extra stimulus, resulting in
a more severe degree of secondary hyperparathyroidism.

The studies performed following the previously described
procedures obtained significant increases in PTH gene expres-
sion [71] and severe secondary hyperparathyroidism. The
stimulatory effect of high serum phosphorous on PTH is
powerful enough to exert its action independently of the
serum calcium levels [72], achieving PTH levels 20 – 40 times
higher than those obtained using only partial nephrectomy
with no phosphorous supplementation [33,73].

The rat model with CKD has been used to describe that the
regulation of the parathyroid function by calcium and phos-
phorous occurs at post-transcriptional level by regulating the
binding of proteins to the 3¢-UTR of the PTH mRNA [74].
Furthermore, the addition of high phosphorous levels to the
diet not only induced a severe parathyroid hyperplasia, but
also triggered a reduction in the expression of CaSR in the
same areas of the parathyroid gland where an increased cell
proliferation was observed [33]. Similar studies have also shown
that the increase in cell proliferation rate produced by a
high phosphorous diet precedes the downregulation of
CaSR [75], suggesting that the mechanisms which stimulate
the parathyroid cell proliferation precede the reduction in
CaSR expression.

The in vivo animal studies also have been fundamental to
demonstrate the important effects of calcitriol, calcium and
calcimimetics. Calcitriol inhibits PTH gene expression and
stimulates VDR expression in parathyroid tissue [76,77].
Despite VDR being the specific receptor for calcitriol and
other active vitamin D metabolites, serum calcium levels also
influence VDR expression; in fact, a recent study has shown
that the higher the serum calcium, the higher the expression of
VDR levels [32].

The increased PTH gene expression in experimental uremia
has been also reversed using calcimimetics which act via a post-
transcriptional mechanism involving the trans-acting factor
AUF1 present in the parathyroid glands [47].

Regarding regression of the parathyroid hyperplasia after
different treatments, the animal models have helped to enhance
the knowledge in this area. Calcitriol has shown to decrease cell
proliferation and increase apoptosis restoring the levels of CaSR
and VDR, leading to a regression of the parathyroid hyperplasia
in uremic rats [78]. The direct injection of calcitriol or other
vitamin D analogues into hyperplasic glands has also been able
to induce cell apoptosis, suggesting this could be a valid,
alternative method to reduce the size of the parathyroid
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gland [79]. Similarly, calcimimetics have proven to be able to
reduce parathyroid cell proliferation and gland size in uremic
rats with secondary hyperparathyroidism [80].

The animal models used to study secondary hyperparathy-
roidism have also been used to analyze other aspects of
CKD-MBD, such as vascular and other soft tissue calcifica-
tions [81-83]. A recent study demonstrated that, after 20 weeks,
rats with CKD receiving a high phosphorous diet developed
not only severe secondary hyperparathyroidism but also severe
vascular calcifications leading to changes in the gene and
protein expression profiles of the calcified aortas [73]. In
addition, other recent studies have been useful to show the
effects and interactions of drugs such as calcitriol, paricalcitol,
calcimimetics and biphosphonates in the production and
regression of vascular calcifications [84-86].

One important general limitation of the animal models
is that even though several parameters can be controlled,
others frequently associated or related to uncontrolled or
unmeasured parameters cannot be controlled, leading to
undesirable modifications in other factors involved in PTH
regulation. In some studies, this issue makes it difficult to
reach definitive conclusions about the chronology and/or the
importance of the factors and mechanisms studied. To limit
the influence of all these uncontrolled factors, other models
such as knockout models or ex vivo/in vitro models have been
extensively used to better understand the regulation of the
PTH secretion.

2.3 Contribution of the knockout models
Knockout models have been of great value to make precise the
role of several known factors in the pathogenesis of
secondary hyperparathyroidism.

CaSR knockout has demonstrated the key role of this
membrane protein in calcium homeostasis and PTH regula-
tion [87]. Mice with a partial CaSR knockout are characterized
by modest elevations of serum calcium and PTH levels as well
as hypocalciuria, whereas mice with complete CaSR knockout
show elevated serum calcium and PTH levels, parathyroid
hyperplasia, bone abnormalities, retarded growth and prema-
ture death, thus, demonstrating the great importance of the
CaSR in several aspects of parathyroid gland regulation and
bone health.

Recently, the role of the CaSR in maintaining calcium
homeostasis in the absence of PTH and consequently the
CaSR-regulated PTH secretion has been described, by using
single and double knockout mouse models for CaSR and/or
PTH [88]. Thus, the double knockout for CaSR and PTH
showed high serum calcium levels, similar to those presented
in the single CaSR-null mice, supporting the fact that CaSR
defends against hypercalcemia independently of its regulation
of PTH secretion by increasing the urinary calcium excretion.

On the other hand, several papers have tried to demonstrate
the effect of VDR on parathyroid gland regulation by using
VDR null mice [89-91]. In all cases, VDR null mice presented
severe hypocalcemia and secondary hyperparathyroidism that

could be corrected with a high calcium rescue diet, indirectly
demonstrating the role of VDR in the normal parathyroid
physiology. Furthermore, a recent study with a specific dele-
tion of VDR has provided additional information on the role
of this receptor in the control of the parathyroid gland. The
deletion induced a moderate increase in PTH levels but also a
reduction in the parathyroid CaSR expression, suggesting
that the VDR has a limited role in the parathyroid gland
regulation [92].

2.4 Contribution of the ex vivo/in vitro models
The functional and molecular studies of the response of the
parathyroid glands using ex vivo/in vitro models have been
limited: first, because of the lack of functional parathyroid cell
lines and second, because of the limited functional long-term
response to calcium observed when isolated parathyroid cells
were cultured.

A great number of the in vitro studies have been carried out
to demonstrate the viability and functionality of primary
monolayer parathyroid cell cultures. The methodology fol-
lowed for this type of culture is simple and there are no
important differences in all the published papers [93-98].
Briefly, the parathyroid tissue is minced into small fragments
and digested with collagenase in culture medium. Then, the
parathyroid cells are released from the tissue to the culture
medium, the cells are collected, centrifugated and resuspended
in a growth media to work with them.

Unfortunately, despite the simplicity of the procedure to
obtain the cells, dispersed or primary monolayer parathyroid
cells such as those from bovine often become progressively less
responsive to changes in extracellular calcium [93,94] probably
due to a rapid decrease in CaSR mRNA and protein levels, a
phenomenon observed after a few hours of culture, which
seems not to be influenced by the culture conditions (medium
serum, calcium or calcitriol).

In contrast, another study has found that proliferating
bovine parathyroid cells in early passages preserve their func-
tionality, and they were able to respond to calcium and
calcitriol even after 72 h after subconfluency [95]. Under these
conditions, it has been found that calcitriol is able to suppress
cell proliferation. Similarly, positive results have also been
obtained with a human parathyroid cell culture model from
uremic patients with secondary hyperparathyroidism [96], in
which the parathyroid cells remain viable and functional until
the fifth passage, which corresponds approximately to
5 months of follow-up as assessed by persistent responsiveness
to changes in extracellular calcium.

In addition, by using this model, it has been found that
calcium, calcimimetics and calcitriol were able to decrease
parathyroid cell proliferation, whereas phosphorous increased
it [97]. Monolayer cultures of bovine parathyroid cells have also
been successfully used to study the ability of FGF23 to
regulate PTH and 1-a hydroxylase expression [98].

In summary, despite the mentioned controversy and
limitations, mainly concerning the study of PTH regulation
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by calcium, primary monolayer cell cultures have been of great
usefulness to study the other important factors involved in
parathyroid gland regulation, such as calcitriol, calcimimetics,
phosphorous and FGF23.
To improve the performance of the parathyroid cell culture

model, a new approach has been recently used. It consists in
the coincubation of the bovine parathyroid cells with a t-tail
type I collagen; after 1 – 2 weeks, the parathyroid cells coalesce
into a 3D organoid, termed ‘pseudoglands’. It has been shown
that the CaSR mRNA expression in these pseudoglands
decreased after 1 day of incubation; however, later on, this
negative effect apparently disappears and the CaSR expression
increased becoming almost normal after longer periods of
culture. Using this model, it was proven that PTH mRNA can
be suppressed by extracellular calcium, demonstrating its
usefulness to the study of the calcium-mediated control of
the parathyroid gland [99].
In addition, it has been recently described that parathyroid

cells in culture were able to produce cell aggregates called
‘spheroids’ which secreted PTH for > 150 days [100]. These
have been recently used in parathyroid cells obtained from
patients with secondary hyperparathyroidism in order to
suppress the production of PTH by siRNA, a method which
provides a useful approach for further studies. The results
from the innovative parathyroid spheroid cell culture model
stress once more the importance of maintaining a 3D structure
in order to have adequate parathyroid cell functionality.
Due to some of the above-mentioned limitations of para-

thyroid cell culture, non-parathyroid cells have also been used
to study some specific mechanisms involved in parathyroid
hyperplasia. For example, the human epidermoid carcinoma
cell line, A431 which mimics hyperplastic parathyroid cells,
has been used to demonstrate that the TGF-a/EGFR system is
one of the key elements in the regulation of parathyroid
hyperplasia [101,102]. In addition, human embryonic kidney
cells (HEK293) co-transfected with bovine CaSR have been
used to demonstrate that aluminum is a strong agonist of the
CaSR [50]. In addition and more recently, the same kidney cells
co-transfected with both human CaSR and human PTH
plasmids were used to study the regulation of PTH gene
expression by the calcimimetic R568 [103]. The results indi-
cated that in the cells co-transfected with CaSR, the PTH gene
expression was regulated by calcium and the calcimimetic
R568; conversely, there was no response in cells without
CaSR transfection. The PTH CaSR-dependent decreased
gene expression observed in these engineered cells occurs
via the balanced interactions of the trans-acting factors
KSRP and AUF1 with PTH mRNA, as already described
in vivo [47,74].
Despite all progresses, efforts and sophisticated adaptations

such as the one described above, parathyroid cell culture is
still a model with some limitations when used to study
the PTH regulation by calcium. Therefore, some authors
have had to use ex vivo/in vitro cultures of isolated parathyroid
glands to further explore parathyroid regulation. In fact,

the latter has become the reference model to analyze the
parathyroid molecular mechanisms in response to different
stimuli [12,25,104,105].

In this type of ex vivo/in vitro culture, the whole rat
parathyroid glands are extracted and excised from the sur-
rounding thyroid tissue and then immediately placed in well
plates containing the experimental culture medium. In the
case of human parathyroid glands, slices of tissue are cultured
following the same procedure.

By using this model and culturing parathyroid glands from
rats, it has been found that calcium is able to acutely suppress
PTH secretion as previously described in vivo [12,106]. Similar
results were obtained in human hyperplastic parathyroid
glands [25]. This model has also allowed for the study of
the effect of serum calcium and phosphorous on the para-
thyroid function [12,106]. In fact, it has been shown that
calcium does not influence the expression of its own receptor
(CaSR), but, in contrast, it is able to upregulate the parathy-
roid VDR [28]. On the other hand, the effect of phosphorous
on PTH secretion is slower than that observed for calcium [12],
increasing PTHmRNA, as demonstrated in parathyroid tissue
obtained from parathyroidectomies of hemodialysis and kid-
ney transplant patients [25]. The effect of phosphorous on
PTH secretion has also been demonstrated in bovine para-
thyroid tissue slices but not in dispersed cells, pointing out
again the importance of having a 3D architecture in order to
obtain adequate functionality in these cells [107].

The use of parathyroid glands from rats has also showed
that calcitriol upregulates not only VDR but also CaSR, even
in the presence of low calcium levels [28], a finding not
described in previous studies [29]. Furthermore, using human
parathyroid tissue it has been demonstrated that calcitriol
suppresses parathyroid cell proliferation, as long as the phos-
phorous concentration in the culture medium is normal [108].
In addition, the ability of calcimimetics, alone or in combi-
nation with calcitriol, to suppress PTH secretion and to
increase VDR expression has also been proven in human
and rat hyperplastic parathyroid glands [48], showing that
the effect of calcimimetics was exerted, independently of
calcium levels, in a concentration-dependent manner.

The ex vivo/in vitro parathyroid gland culture model
has also been used to demonstrate that aluminum suppresses
not only PTH secretion but also PTH mRNA by a
post-transcriptional mechanism, acting as a true CaSR
agonist [50].

Finally, this model has proven to be useful to test
the functionality of fresh and cryopreserved fragments of
parathyroid glands which are currently used for the re-
implantation of parathyroid tissue [109]. This is a practical
matter of great interest because one of the still unsolved
problems for surgeons is how to select the best fragments of
parathyroid tissue to be re-implanted, either as fresh or cryo-
preserved. Several techniques have been used to help in this
selection but the results have been quite heterogeneous [110-112].
Still, in most cases, the decision has to be made in the
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operating theatre based only on the macroscopic appearance of
the parathyroid gland and, unfortunately, no definitive solid
results on this matter have been achieved.

The functional studies with fresh or cryopreserved para-
thyroid fragments seems to indicate that fresh tissue preserves
almost all biological properties whereas after cryopreservation,
the parathyroid glands maintain some functionality but their
capacity to fully respond to some effectors, such as calcium,
for long periods of time seems to be impaired [113,114].

3. Expert opinion

The study of the parathyroid function regulation is very
complex. In the last decades, great advances on the patho-
genesis of the disease have been achieved. Human and exper-
imental studies of all types have been crucial to better
understand the parathyroid gland behavior in CKD, and
also to know that the development and progression of
secondary hyperparathyroidism occur due to a combination
of factors.

Many aspects of the main factors and feedbacks involved in
the parathyroid regulation have been progressively researched
and described in the past 4 decades. The late stages of CKD
involve intrinsic molecular and genomic changes which are
responsible for the morphological disturbances found in the
parathyroid glands. Thanks to the combination of the results
obtained from all the experimental models, some of them
summarized in this review, the knowledge of the parathyroid
function has greatly increased.

However, in more recent years, the molecular biology
techniques have been crucial to further the knowledge about
the parathyroid function. Fortunately, new findings in this
field are published each year which allow us to better specify
the role and weight of each known factor in the physiological
and pathological regulation of the parathyroid gland at the
different stages of CKD.

Phosphorous retention, low levels of calcium and calcitriol
all stimulate PTH production and parathyroid cell prolifer-
ation. In addition, FGF23, a recently discovered player, acts
not only as a phosphaturic hormone but also as an important
vitamin D and PTH regulator. Future studies might help to
add new information about the role of FGF23 in the different
stages of CKD. However, with the information available it has
been learnt that one of the main advantageous and practical
results of the FGF23 action is that it prevents the coexistence
of high serum phosphorous and calcitriol serum levels, a

coincidence that may end up increasing undesirable outcomes,
among others, the possibility of having vascular calcifications.

If we had to pick up one topic in which striking improve-
ments have been recently achieved, in no small measure thanks
to the described models, we would choose phosphorous. As a
result of the combination of results gathered from epidemi-
ological, clinical and experimental studies, the role of
phosphorus and the consequences of its overload have
greatly increased in recent years, winning the spotlight
when it comes to the general impact on health and its role
in the parathyroid regulation and other CKD-MBD disorders,
such as vascular function and calcification, cardiovascular
disease and mortality.

The introduction of the FGF23 and its multiple interac-
tions, mainly with phosphorous, but also with vitamin D and
PTH, has enriched the CKD-MBD constellation. In this area
of research, important advances in the coming years should
be expected which might complete and limit more precisely
the role of FGF23 in the parathyroid regulation across the
different stages of CKD.

What clearly emerges from this review is that the intelligent
use of the results obtained from different but complementary
models, exploring the parathyroid function with a ‘bed to the
bench’ approach, has allowed for a more comprehensive
knowledge about the parathyroid regulation in CKD which
may be soon translated into practical measures to improve the
daily management of CKD-MBD disorders.
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Carrillo-López was supported by Fundación Renal Iñigo
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Fundación Renal Iñigo Alvarez de Toledo and FICYT.
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Publicacion 2 

 

Indirect Regulation of PTH by Estrogens May Require
FGF23

Natalia Carrillo-López, Pablo Román-Garcı́a, Ana Rodrı́guez-Rebollar,
José Luis Fernández-Martı́n, Manuel Naves-Dı́az, and Jorge B. Cannata-Andı́a

Bone and Mineral Research Unit, Hospital Universitario Central de Asturias, Instituto Reina Sofı́a de Investigación,
REDinREN del ISCIII, Universidad de Oviedo, Oviedo, Asturias, Spain

ABSTRACT
The mechanisms by which estrogens modulate PTH are controversial, including whether or not estrogen
receptors (ERs) are present in the parathyroid glands. To explore these mechanisms, we combined a rat
model of CKD with ovariectomy and exogenous administration of estrogens. We found that estrogen
treatment significantly decreased PTH mRNA and serum levels. We did not observe ER! or ER" mRNA
or protein in the parathyroids, suggesting an indirect action of estrogens on PTH regulation. Estrogen
treatment significantly decreased serum 1,25(OH)2 vitamin D3 and phosphorus levels. In addition,
estrogens significantly increased fibroblast growth factor 23 (FGF23) mRNA and serum levels. In vitro,
estrogens led to transcriptional and translational upregulation of FGF23 in osteoblast-like cells in a time-
and concentration-dependent manner. These results suggest that estrogens regulate PTH indirectly,
possibly through FGF23.

J Am Soc Nephrol 20: 2009–2017, 2009. doi: 10.1681/ASN.2008121258

Estrogen deficiency is the main factor implicated in
bone loss in postmenopausal osteoporosis.1 As a
consequence of the lack of estrogens, bone turnover
increases, leading to an imbalance between bone
formation and bone resorption, favoring the lat-
ter.2,3 This imbalance affects calcium–phosphate
metabolism and may increase serum parathyroid
hormone (PTH) levels.4

Estrogen replacement therapy prevents bone
loss and fractures,5,6 acting directly on bone cells
through their specific estrogen receptors (ERs): !
and ".7,8 In addition, in postmenopausal women,
estrogens can also reduce PTH serum levels4,9

through an as of yet poorly understood mechanism.
A possible direct effect of estrogens reducing

PTH acting through ER! and ER" located in the
parathyroid cells has been suggested, but the existence
of ER! and ER" in parathyroid tissue is still a con-
troversial issue.10 –13 Estrogens may also decrease
PTH secretion by acting on other factors such as
calcium,14,15 1,25(OH)2 D3 (calcitriol),15 and phos-
phorus,16,17 among others. Recently, fibroblast
growth factor 23 (FGF23), involved in phosphorus

and vitamin D metabolism,18 has been suggested to
influence PTH synthesis and secretion.19

In women with chronic kidney disease (CKD), lit-
tle is known about the role that estrogen deficiency
plays in the pathogenesis and progression of bone dis-
ease.20,21 Understanding the mechanism through
which estrogens act on PTH is also a subject of interest
in these patients, because of the high prevalence of
secondary parathyroid disorders.22 Because several as-
pects of the effects of estrogens on PTH remain un-
clear, the objective of this study was to investigate the
factors and mechanisms involved in the likely effect of
estrogens on the parathyroid gland.
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RESULTS

In Vivo Study
Renal Function, Estrogen Replacement, and Bone Mass.
Five different groups of rats were studied: CKD without ovariec-
tomy (OVX), CKD!OVX treated with placebo, CKD!OVX
treated with 17!-estradiol (E2) at doses of 15 and 45 ng/kg/d, and
a group of rats with normal renal function without OVX of the
same age. No differences in renal function (serum urea and creat-
inine) were observed among all groups with CKD (Table 1). As
expected, the placebo group showed significantly lower estrogen
serum levels, uterus weight (UW), and UW/body weight (BW)
ratio than the CKD-control group with no OVX. However, with
the administration of E2 (E2-15 and E2-45), significantly higher
values of UW and UW/BW were observed compared with the
placebo group (Table 1).

The placebo group showed significantly lower bone mineral
density (BMD) than the CKD-control group. BMD loss was
partially prevented with the dose of 15 "g/kg body weight/d of
E2 and totally prevented with the dose of 45 "g/kg body
weight/d (Table 1).

Effect of Estrogens on PTH mRNA and Serum Levels.
The placebo group showed a significant increase in the serum
intact PTH (iPTH) levels compared with the CKD-control
group. The PTH increase was partially and totally blunted with
15 and 45 "g/kg body weight/d doses of E2, respectively (Figure
1A). Similar results were obtained at the transcriptional level
by quantitative real-time RT-PCR (qRT-PCR). A decreasing
trend in the PTH mRNA levels with E2 treatment was observed,
achieving similar values as the CKD-control group with the
high E2 dose (45 "g/kg body weight/d; Figure 1B).

Evaluation of the Likely Direct Effect of E2 on PTH Regulation:
Study of ER# and ER! on Parathyroid Tissue.
To evaluate the putative direct effect of E2 on PTH regulation,
the presence of ER# and ER! was analyzed by qRT-PCR in
each pool of parathyroid glands from the CKD-control, pla-
cebo, E2-15, and E2-45 groups. No signal for ER# and ER! was
observed in any of the four studied groups.

To double check the absence of ERs on parathyroid tissue,
both ER# and ER! were also assessed using parathyroid glands

extracted from normal rats (no CKD, no OVX) at mRNA and
protein levels. At the transcriptional level, three independent
qRT-PCR experiments and two independent RT-PCR ex-
periments showed no expression of either ER# or ER! genes
in normal parathyroid tissue. As expected, ER# and ER!
transcripts were observed in the uterus, used as a positive
control tissue in the qRT-PCR experiments (data not
shown) and also in the uterus and tibia used in RT-PCR
experiments (Figure 2A).

At the protein level, parathyroid glands did not show ER#
and ER! expression as depicted in the Western blot and im-

Table 1. Serum biochemical markers and BMD in all groups at the end of the study

Normal Group CKD Control
CKD ! OVX

Placebo E2-15 E2-45

Creatinine (mg/dl) 0.6 " 0.00 1.03 " 0.08 1.01 " 0.08 1.06 " 0.10 0.90 " 0.04
Urea (mg/dl) 30.60 " 5.41 69.50 " 11.03 67.33 " 3.50 72.00 " 14.15 65.00 " 6.04
Uterus weight (mg) 496.00 " 161.43 494.33 " 65.58 181.83 " 122.61a 352.38 " 98.20ab 300.00 " 44.22ab

Body weight (g) 310.00 " 26.05 320.50 " 24.42 353.00 " 36.99 312.50 " 18.63b 333.40 " 9.24
Uterus weight/body weight (mg/g) 1.60 " 0.48 1.58 " 0.24 0.53 " 0.38a 1.12 " 0.27ab 0.90 " 0.14ab

17 ß-E2 (pg/ml) 45.2 " 22.6 32.03 " 13.07 12.63 " 3.16a 23.64 " 13.52b 35.86 " 3.28b

Proximal tibia BMD (g/cm2) 0.28 " 0.01 0.28 " 0.02 0.25 " 0.02a 0.26 " 0.02 0.28 " 0.02b

aP # 0.05 compared with the CKD-control group.
bP # 0.05 compared with the placebo group.

Figure 1. (A) Serum iPTH levels of rats treated with placebo,
E2-15 "g/kg body weight/d, E2 $45 "g/kg body weight/d, and
the CKD-control group. aP # 0.05 compared with CKD-control
group and bP # 0.05 compared with placebo group. The gray
horizontal bar represents the range (mean " SD) for the normal
group. (B) PTH mRNA levels measured by quantitative real-time
RT-PCR. R.U., relative units referred to the placebo group. The
horizontal line represents PTH gene expression in the normal
group.
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munohistochemistry analyses, despite that, in the latter, we
applied a primary antibody concentration for ER! and ER" 20
times higher than in the uterus tissue to the parathyroid glands.
On the contrary, both receptors were highly expressed in the
uterus (Figure 2B and C).

Evaluation of the Putative Indirect Effect of E2 on PTH Regu-
lation.
To study the likely indirect mechanisms involved in the
effect of E2 on PTH mRNA and serum levels, other serum
biochemical parameters related to PTH regulation were
studied.

E2 was able to significantly decrease 1.25(OH)2D3 levels in a
dose-dependent manner, reaching lower values than the CKD-
control group with both doses of E2 (Figure 3A). E2 also de-
creased serum phosphorus compared with the placebo group
(Figure 3B), with a similar trend to that observed in the serum
PTH results (Figure 1A).

Because of the known effect of FGF23 on phosphate metab-
olism and PTH function,18,19 serum FGF23 was also measured.
FGF23 mRNA and serum levels decreased in the placebo group
compared with the CKD-control group. Interestingly, rats
treated with both E2 doses showed higher FGF23 mRNA and
serum levels, achieving higher values than the CKD-control
group (Figure 3C and D).

Because FGF23 requires Klotho as a coreceptor, the expres-
sion of this gene was measured in the pools of parathyroid
glands and individual kidneys from all groups. An estrogen
dose-dependent increase in Klotho mRNA levels in the para-
thyroid glands was observed (Figure 3E). However, no signif-
icant differences were found in kidney (data not shown).

In addition, FGF23 serum levels positively correlated with
serum E2 levels (r ! 0.734, P ! 0.001) and negatively corre-
lated with serum 1.25(OH)2D3 (r ! "0.791, P # 0.001) in the
three groups with CKD$OVX (Figure 4).

In Vitro Study: Direct Effect of E2 on FGF23
To confirm the finding that E2 might directly increase FGF23,
the effect of E2 on FGF23 mRNA and protein levels was evalu-
ated using UMR-106 osteoblasts.

E2 significantly increased FGF23 mRNA levels in a concen-
tration- and time-dependent manner achieving the highest
mRNA levels when cells were cultured for 48 h (Figure 5A).

To analyze FGF23 at the protein level, total extracts of pro-
teins from cells cultured with E2 for 24 and 48 h were subjected
to Western blot. A single band of 32 kD corresponding to intact
FGF23 was detected in all samples. In addition, FGF23 protein
levels increased when both E2 concentration and time of cul-
ture increased, following the same pattern seen in qRT-PCR
(Figure 5B).

Figure 2. ER! and ER" detection in parathyroid tissue. (A) Rat ER! (lanes 2, 3, and 4) and ER" (lanes 5, 6, and 7) RT-PCR in different
tissues resolved on agarose gel electrophoresis. Molecular weight markers (MWM; pUC18/HaeIII) (lane 1). (B) Western blot analysis of
ER! and ER" proteins in parathyroid glands and uterus. Anti-GAPDH was used as a loading control. (C) Immunohistochemical staining
of the ER! and ER" in parathyroid glands and uterus. Antibodies dilution: 1:50 for parathyroid tissue and 1:1000 for uterus).
Hematoxylin counterstaining (magnification: %20).
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DISCUSSION

Estrogen treatment prevents bone loss in postmenopausal
women23 by a direct action on bone cells,8 but it might act also
indirectly influencing the synthesis and secretion of calciotro-
pic hormones, such as PTH,4 inhibiting PTH-dependent bone
resorption.24 The effect of estrogens on PTH could be direct,
acting on ER! and ER", in the parathyroids; or indirect, influ-
encing calcium, phosphorus, or other mediators, and then sec-
ondarily, reducing PTH levels. In this study, we showed that

the parathyroid tissue does not express both ER! and ER" and
that FGF23 is upregulated by estrogens. As a result, we suggest
that estrogens would not act on PTH directly but likely indi-
rectly by a mechanism which may involve FGF23.

In our study, estrogen deprivation in CKD rats showed, as
expected, a significant decrease in UW/BW ratio and serum
estrogen levels, together with a significant decrease in BMD in
the most trabecular area of the tibia, caused by the increased
bone resorption from estrogen deprivation.3,5,7,25

To achieve a hormonal replacement equivalent to that used

Figure 3. (A) Serum 1,25(OH)2D3, (B) serum phosphorus, and (C) serum FGF23 levels in the CKD-control, placebo, E2-15, and E2-45
groups. aP ! 0.05 compared with the CKD-control group and bP ! 0.05 compared with the placebo group. (D) FGF23 mRNA levels
measured by quantitative real-time RT-PCR from tibias of rats from the placebo, E2-15, E2-45, and CKD-control groups. R.U., relative
units referred to the placebo group. aP ! 0.05 compared with the CKD-control group and bP ! 0.05 compared with the placebo group.
The gray horizontal bars represent the range (mean " SD) for the normal group. (E) Klotho mRNA levels measured by quantitative
real-time RT-PCR. R.U., relative units referred to the placebo group. The horizontal line represents Klotho mRNA levels in the normal
group.

Figure 4. Correlation between (A) serum E2 versus serum FGF23 and (B) serum FGF23 versus serum 1.25(OH)2D3. r, Pearson
coefficient.
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in postmenopausal women, two different estrogen concentra-
tions were tested.25,26 Both doses were able to significantly in-
crease the UW/BW ratio and the estrogen serum levels com-
pared with the untreated group (Table 1). However, only the
high estrogen dose completely reversed the estrogen insuffi-
ciency and totally avoided the loss of BMD (Table 1). Estrogen
treatment was able not only to prevent BMD loss but also to
avoid the increase in PTH mRNA and serum levels compared
with the placebo group, achieving similar values to the CKD
control group with no OVX (Figure 1). The latter is still a
controversial issue, because previous experimental studies10,14

have shown contradictory results related to the effect of estro-
gens on PTH, likely explained by methodological differences
such as renal function and the age of the rats.

The mechanisms by which estrogens may induce a reduc-
tion in PTH synthesis and secretion are still not well under-
stood.4,27,28 If the parathyroid cells would possess ERs, estro-
gens might directly influence PTH; however, this aspect is still
controversial. Some authors have described the lack of ERs in
parathyroid glands,11–13 and others have reported that para-
thyroid glands are target organs for estrogens,10 showing
that estrogens increased PTH gene expression. It is not easy
to explain these controversial results. However, the differ-
ent experimental approaches, doses of estrogens tested, pe-
riods of treatment, and procedures used for gland removal
(parathyroidectomy11–13 or thyroparathyroidectomy10) may
explain these conflicting results.

In this study, the presence of ER! and ER" in parathyroid
tissue from the different groups studied, including normal rats,
was tested by four different experimental approaches. Despite
this careful and meticulous research, the ERs were not found in

parathyroid tissue, even when using a primary antibody con-
centration 20 times higher in parathyroids than in uterus in the
immunohistochemistry analysis (Figure 2).

This negative finding supports the hypothesis that the para-
thyroid glands do not express ERs, and thus estrogens cannot
reduce PTH by a direct mechanism. Other receptors, such as
the retinoid X receptor, might play a role in the effect of estro-
gens on different genes,29 –31 but the definitive estrogen signal-
ing pathways seem necessarily to involve the ERs.32

Another possible factor involved in PTH regulation by es-
trogens could be calcitriol, but there is no clear evidence to
support this hypothesis. Some experimental data suggest that
estrogens do not influence calcitriol levels14,33,34; meanwhile,
others have shown that estrogens might modulate vitamin D
receptor expression34,35 and decrease serum calcitriol lev-
els.35,36 In our study, a significant dose-dependent decrease of
serum calcitriol and PTH levels was observed with the use of
estrogens (Figures 1A and B and 3A); this decrease was strik-
ingly higher in the case of calcitriol. The reduction in serum
calcitriol levels should have been accompanied by higher PTH
levels37 unless a third player, in this case estrogens, was inter-
fering in calcitriol–PTH regulation, decreasing both calcitriol
and PTH.

Another mechanism by which estrogens can influence PTH
levels is decreasing serum phosphorus levels. Several works
have described that estrogens can downregulate the kidney so-
dium–phosphate cotransporter (Na-Pi), increasing phospho-
rus in urine and causing hypophosphatemia.17,38,39 In agree-
ment with this view, we found that estrogen administration
significantly decreased serum phosphorus levels to values sim-
ilar to the CKD-control group (Figure 3B). Because phospho-

Figure 5. In vitro effect of E2 on FGF23. (A) FGF23 mRNA levels measured by qRT-PCR from UMR-106 cells cultured with vehicle
(control) and different concentrations of E2 (10!10, 10!8, and 10!6 M) for 24 and 48 h. R.U., relative units referred to the control group.
(B) Representative image of Western blot analysis of FGF23 protein from UMR-106 cells treated with 10!10, 10!8, or 10!6 M of E2 for
24 and 48 h. Anti-GAPDH was used as loading control. Mean " SD of three independent experiments are shown. aP # 0.05 compared
with the CKD-control group.
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rus is well known to increase the synthesis and secretion of
PTH,40 the reduction of phosphorus, secondary to the use of
estrogens, could have been at least partly responsible for the
reduction in PTH levels.

Finally, another possible factor linking the changes ob-
served in phosphorus and PTH is FGF23, which has been iden-
tified as one of the most potent phosphatonins able to increase
urinary phosphorus41,42 by inhibiting Na-Pi– dependent phos-
phate reabsorption in the proximal tubule. In addition, FGF23
also inhibits 1!-hydroxylase, leading to a decrease in calcitriol
levels,43 and it can act directly on the mitogen activating pro-
tein kinase (MAPK) pathway of the parathyroid gland, leading
to a decrease in PTH synthesis and secretion.19

In our study, all of the previously described findings were
present. The estrogen-treated rats showed significantly higher
serum and bone FGF23 values and significantly lower serum
calcitriol, phosphorus, and PTH values, the latter also con-
firmed by qRT-PCR.

Because the whole set of results strongly suggested that the
estrogen effect on PTH may be at least partly driven by FGF23,
and FGF23 requires Klotho as a coreceptor to suppress PTH
expression and secretion,19,44 we also measured Klotho gene
expression in parathyroid glands. A dose-dependent increase
in Klotho mRNA levels was observed in the parathyroid glands
from rats treated with estrogens, likely caused by the stimula-
tory effect of FGF23 on Klotho expression.19 However, previ-
ous findings suggest estrogens potentially suppress Klotho ex-
pression in estrogen target organs.45 The fact that estrogens did
not suppress Klotho together with the finding of the lack of ERs
in the parathyroid glands are in keeping with our findings that
the parathyroid glands are not a direct target tissue for estro-
gens. No changes in kidney Klotho mRNA levels were found
despite that the kidney is a target organ for estrogens. It may be
speculated that the high levels of FGF23 may counterbalance or
mask the estrogen effect in the kidney.

To further study the direct effect of estrogens on FGF23
metabolism, we performed in vitro experiments using osteo-
blast-like cells. The results showed that estrogens, in the pres-
ence of a constant concentration of phosphorus, increase
FGF23 levels in a concentration- and time-dependent manner,
measured at transcriptional and translational levels (Figure 5A
and B). The mechanism by which estrogens signaling stimulate
FGF23 is unknown. According to the classical estrogen signal-
ing pathway,46 the nuclear ERs may bind putative estrogen
response elements (EREs) in the gene promoter, acting as tran-
scription factors; however, further studies are needed to fully
understand the mechanisms by which estrogens may upregu-
late FGF23.

Therefore, taking all our experiments together, we postulate
that PTH regulation by estrogens is mainly indirect, and
FGF23 (a new factor never described as part of this axis until
now) may be a candidate for potential factors linking estrogens
and PTH. However, further studies are needed to confirm
whether FGF23 stimulated by estrogens directly suppresses
parathyroid function.

CONCISE METHODS

In Vivo Study: Animals, Drugs, and Experimental
Design
Six-month-old female sexually mature Sprague-Dawley rats with a
mean BW at the beginning of study of 325 ! 32 g (n " 24) were used.
The animals were fed with a standard rodent chow containing 0.6%
calcium and 0.6% phosphorus (Panlab, Barcelona, Spain) and housed
in wire cages. Water and food administration was ad libitum.

E2 (Innovative Research of America, Sarasota, FL) was dissolved in
ethanol and diluted with corn oil to a final volume of 0.8 ml corn
oil/kg body weight/injection. The final doses of E2 administered to
rats were 15 and 45 "g/kg body weight/d. This treatment was admin-
istered intraperitoneally 5 d/wk for 8 wk. Placebo (0.8 ml corn oil/kg
body weight/d) was administered following the same procedure.

CKD was surgically induced using the modified technique by
Ormrod and Miller (equivalent to 7/8 nephrectomy).47 Estrogen de-
privation was surgically induced performing bilateral OVX. Both pro-
cedures were done in the same intervention using 42 mg/kg of intra-
peritoneally ketamine (Ketolar; Warner Lambert) and 0.16 mg/kg of
medetomidine (Dontor; Orion, Espoo, Finland) as anesthetics. One
week after surgery, a total of 20 animals with CKD#OVX were di-
vided into three experimental groups. Group 1 (E2-15, n " 8) received
intraperitoneal E2 (15 "g/kg body weight/d). Group 2 (E2-45, n " 5)
received intraperitoneal E2 (45 "g/kg body weight/d). Group 3 (pla-
cebo, n " 7) received vehicle (corn oil at 0.8 ml/kg body weight/d)
administered through intraperitoneal injections as described. A
fourth group with CKD (same procedure) and no OVX was used as
the CKD-control group (n " 4). A group of rats (n " 5) with normal
renal function without OVX (normal group) was also included in the
study.

After 8 wk of treatment, all rats were killed by exsanguination.
Blood samples, tibias, uteri, parathyroid glands, and kidneys were
removed and stored frozen at $80 °C until analysis. Blood samples
were drawn for serum analyses, the right tibia was removed to per-
form BMD analyses, and uteri were collected to be weighed and used
as a tissue marker of estrogen replacement. Because of the small size of
each individual gland and to obtain enough total RNA for quantita-
tion, the parathyroid glands from each group studied were pooled (8,
14, 16, 10, and 10 glands were pooled from the CKD-control, placebo,
E2-15, E2-45, and normal groups, respectively), and each individual’s
left tibia and kidney were used to extract total RNA. Parathyroid
glands, left tibias, and uteri from normal rats were used both to extract
total RNA and proteins. In addition, parathyroid glands and uteri
were also embedded in paraffin. The protocol was approved by the
Laboratory Animal Ethics Committee of Oviedo University.

In Vitro Study
To study the in vitro regulation of FGF23 by E2, a rat osteosarcoma cell
line UMR-106 (Health Protection Agency Culture Collections, Salis-
bury, UK) was used. UMR-106 cells were grown in phenol red–free
!MEM (Sigma-Aldrich, St. Louis, MO) containing 1 mM phospho-
rus with 10% charcoal-stripped FBS (Sigma-Aldrich), 100 U/ml pen-
icillin, and 100 "g/ml streptomycin-sulfate (Biochrom, Berlin, Ger-
many) at 37 °C in a humidified atmosphere with 5% CO2. Cells were
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grown to subconfluence and were cultured in phenol red–free !MEM
containing 0.25% (wt/vol) BSA (culture medium) for 24 h. At the end
of this adaptation period, cells were exposed to vehicle (ethanol) or E2

at 10!10, 10!8, or 10!6 M concentrations for 24 or 48 h in culture
medium. After the period of exposure, cells were collected to extract
total RNA and proteins to measure FGF23.

Analytical and Technical Procedures
Serum Markers and BMD Analysis.
Serum urea, creatinine, calcium, and phosphorus levels were mea-
sured using a multichannel autoanalyzer (Hitachi 717; Boehringer
Mannheim, Berlin, Germany), serum E2 levels were measured by RIA
(Diagnostic Systems Laboratories, Webster, TX), serum iPTH by
IRMA (Rat PTH kit Immunotopics, San Juan Capistrano, CA), serum
1.25(OH)2D3 by RIA (IDS, Boldon, Tyne & Wear, UK), and serum
FGF23 with a sandwich ELISA kit (Kainos Laboratories, Tokyo, Ja-
pan), following the manufacturer’s protocol in all cases.

BMD was measured at the proximal one eighth of the right tibia using
dual-energy x-ray absorptiometry (QDR-100; Hologic, Bedford, MA)
with software specifically prepared and adapted to small animals.48

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time
RT-PCR.
Total RNA extraction was performed by the method of Chomczyn-
ski.49 Total RNA concentration and purity were quantified by spec-
trophotometry UV-Vis (NanoDrop Technologies, Wilmington, DE),
measuring the absorbance at 260 and 280 nm. RNA integrity was
corroborated using formaldehyde/agarose gels. All RNA samples were
stored in RNase-free tubes at !80 °C until analysis.

RT-PCR to synthesize cDNA was performed from 1 "g of total
RNA previously extracted from parathyroid, tibia, uterus, kidney,
and cell culture samples using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) following
the manufacturer’s instructions. The cDNAs obtained were stored at
!20 °C until required for analysis.

qRT-PCR was performed in the in vivo and in vitro studies on an
ABI Prism 7000 Sequence Detection System using TaqMan Universal
PCR Master Mix (Applied Biosystems). PTH, ER!, ER#, FGF23, and
Klotho genes and rRNA 18s as endogenous control were analyzed
using TaqMan pre-Developed assay reagents (TaqMan Gene Expres-
sion Assays-On-Demand; Applied Biosystems). All reactions were
performed in triplicate, amplifying endogenous and target genes in
the same plate. Relative quantitative evaluation of target genes was
performed by comparing threshold cycles using ""CT method, as
described previously.50,51

Detection by RT-PCR of ER! and ER#.
Because of the controversy related to the existence of ER! and ER# in
parathyroid glands, the presence of mRNA corresponding to the re-
ceptors in parathyroid tissue was also analyzed amplifying cDNA
from normal rats with specific oligonucleotides for ER! (forward:
5#-GCA CAA GCG TCA GAG AGA TG-3#; reverse: 5#-GCA CTC
TCT TTG CCC AGT TG-3#) and ER # (forward: 5#-GGT GTG GGT
ACC GTA TAG TG-3#; reverse: 5#-ATC ATG TGC ACC AGT TCC
TTG-3#). The cDNA from normal tibia was used as positive control.

Protein Extraction and Western Blot Analysis.
To enrich the nuclear protein fraction to test the presence of ER! and
ER#, total proteins from a pool of 10 parathyroid glands and uteri
(used as a positive control) from normal rats were extracted using a
high-salts buffer containing 500 mM NaCl, 50 mM HEPES (pH 7.0),
and 1$ Protease Inhibitor Cocktail (Complete Mini; Roche Diagnos-
tics, Mannheim, Germany).

To analyze the in vitro effect of E2 on FGF23 protein, total proteins
from UMR-106 cells exposed for 24 or 48 h to different E2 concentra-
tions were extracted using a standard RIPA buffer with protease in-
hibitors.

All samples of proteins were quantified by Bradford’s method
(Bio-Rad, Hercules, CA).

For the study of ERs proteins, aliquots of 20 "g of protein from the
parathyroids and uterus were electrophoresed on SDS-PAGE mini-
gels and transferred to a Hybond P membrane (GE Healthcare UK,
Buckinghamshire, UK) following standard protocols.52 ER! and ER#

proteins were detected with a mouse anti-ER ! monoclonal IgG1
antibody (dilution 1:1000; Acris Antibodies, Hiddenhausen, Ger-
many) and a rabbit anti-ER # polyclonal IgG antibody (dilution
1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), respectively.
Rabbit anti-GAPDH polyclonal antibody (dilution 1:25,000; Santa
Cruz Biotechnology) was used as a loading control.

For the in vitro FGF23 protein assay, three independent experi-
ments were performed using aliquots containing 30 "g of total pro-
teins from E2-treated UMR-106 cells. Total proteins were loaded on
SDS-PAGE according to the same protocol described for the study of
ERs with Western blot. FGF23 protein was detected using a goat anti-
FGF23 polyclonal antibody (dilution 1:100; Santa Cruz Biotechnol-
ogy) and rabbit anti-GAPDH polyclonal antibody (1:20,000; Santa
Cruz Biotechnology) was used as load control. In both cases, chromo-
genic detection was performed with Pierce ECL Western Blotting
Substrate (Thermo Scientific, Rockford, IL). For relative Western blot
quantification, Quantity One 1-D Analysis Software v4 (Bio-Rad) and
a GS-800 Calibrated Densitometer (Bio-Rad) were used.

Immunohistochemistry.
The presence of ER! and ER# in parathyroid tissue was also deter-
mined by immunohistochemistry in 5-"m-thick serial sections from
paraffin-embedded parathyroid glands and uteri from normal rats
using the same specific antibodies used for Western blot and hema-
toxylin counterstaining (Dako REAL EnVision; Dako, Carpinteria,
CA) following the manufacturer’s instructions. For ER detection in
uterus tissue, a dilution of 1:1000 of both antibodies was used; how-
ever, to increase the sensitivity of the detection of ER! and ER# in
parathyroid tissue, the dilution of both antibodies was 1:50.

Statistical Analysis
Biochemical markers, UW, BW, proximal tibia BMD, qRT-PCR, and
Western blot quantitation were statistically analyzed using t test. Cor-
relations between serum FGF23, serum E2, and 1.25(OH)2D3 were
performed using the Pearson correlation coefficient (r).

The results are expressed as mean % SD. Differences were consid-
ered significant when P & 0.05. All statistical analyses were performed
using SPSS 12.0 for Windows (SPSS, Chicago, IL).
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Matrix metalloproteinase 1 promoter polymorphisms
and risk of myocardial infarction: a case–control study
in a Spanish population
Pablo Román-Garcı́aa,d,e, Eliecer Cotob,d,e, Julián R. Regueroc,
Jorge B. Cannata-Andı́aa,d,e, Íñigo Lozanoc, Pablo Avanzasc, César Morı́sc

and Isabel Rodrı́gueza,b,e

Objectives Inherited and acquired risk factors contribute
to the development of the atherosclerotic lesion and its
most common clinical manifestation, myocardial infarction
(MI). Multiple studies have suggested a role for matrix
metalloproteinases (MMPs) in atherosclerosis, and several
functional polymorphisms in the MMP-1 gene have been
linked to the risk of MI. The aim of this study was to
evaluate the association between MMP-1 promoter
polymorphisms and early MI in a Spanish cohort.

Methods We carried out a case–control study with
261 unrelated patients who had suffered an MI before
55 years of age and 194 healthy controls, all male and
smokers. The genotypes for the three MMP-1 promoter
polymorphisms –1607 1G/2G, – 519 A/G, and –340 T/C
were determined through PCR–restriction fragment
length polymorphism. Allelic, genotypic, and haplotypic
frequencies were statistically compared between groups.

Results Frequencies of the three polymorphisms did not
differ between patients and controls. The –1607 1G/2G
and –519 A/G variants were in linkage disequilibrium.
Analysis of the haplotype frequencies showed significant
associations of the 2G–1607-G–519-T–340 (odds ratio= 2.40;

95% confidence interval = 1.27–4.55; P<0.006) and
1G–1607-G–519-T–340 (odds ratio= 0.68; 95% confidence
interval = 0.50–0.94; P<0.05) haplotypes with the risk
of early MI.

Conclusion MMP-1 promoter polymorphisms are
associated with the risk of early MI in a Spanish population
of smoking males. Coron Artery Dis 20:383–386 !c 2009
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Myocardial infarction (MI) is caused by several inherited
and acquired risk factors that predispose to the
development of atherosclerotic lesions and plaque
rupture [1]. Degradation of the supporting elements of
a coronary atherosclerotic plaque weakens its fibrous cap
and thereby increases susceptibility to rupture. Matrix
metalloproteinases (MMPs) disrupt the extracellular
matrix, are present in atherosclerotic plaques, and seem
to be more active in unstable lesions. Therefore, MMPs
may play an important role in plaque rupture and the
posterior remodeling of the vessel wall [2]. In particular,
MMP-1 (collagenase-1) has been found in the shoulder
of the atherosclerotic plaque, suggesting that an excess
of collagenolitic activity could lead to an early plaque
rupture [3]. Moreover, ApoE knockout mice express-
ing human MMP-1 had less advanced atherosclerotic
lesions compared with their littermates that do not
express MMP-1 [4]. In this way, MMP-1 could play a dual

role in coronary artery disease (CAD): on one hand it
favors the remodeling of the atherosclerotic lesions, but
on the other hand, enhanced MMP-1 expression pro-
motes plaque rupture [5].

The MMP-1 is a candidate to modify the risk of
atherosclerosis and MI in humans, and several poly-
morphisms have been analyzed through case–control
studies. Most of them were focused on the 1G/2G
insertion–deletion polymorphism at nucleotide position
– 1607. It has been reported that the insertion allele
(2G) has increased gene transcription, compared with the
deletion allele [6]. Homozygosis for the 2G allele has
been associated with a lower risk for coronary heart
disease in a Caucasian population [7] and haplotypes of
1G/2G MMP-1 (1G allele) and 5A/6A MMP-3 have been
associated with increased risk of CAD, but not with
MI [8]. Other studies could not find any association of
this polymorphism with MI [9].
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Other genetic variants in the promoter have also been
studied. Associations between haplotypes of the – 519 A/G
and – 340 T/C polymorphisms and MI have been
reported among British, Swedish, and Chinese popula-
tions [10,11], and the – 519 A/G polymorphism has been
associated with hypertension [12], a conventional risk
factor for CAD. Moreover, concrete haplotypes of these
polymorphisms have been linked to increased promoter
activities and higher levels of MMP-1 [10], suggesting a
relationship between these variants and the increased
presence of this protein in atherosclerotic plaques.

Here, we analyzed the effect of these three functional
promoter polymorphisms on MI risk in a group of Spanish
male patients, all smokers, and who have suffered an early
event of MI.

Methods
Patients and controls
We studied 261 unrelated male patients who have survived
to a first episode of acute MI before 55 years of age. All
these patients were diagnosed between 1998 and 2006
at our Cardiology Department, and MI was defined accord-
ing to the World Health Organization criteria [13]. These
patients underwent coronary angiography for diagnostic
purposes, and had at least one atherosclerotic-diseased
coronary vessel (a narrowing of > 30% of the vessel
diameter). All the patients were recruited for a research
project on the genetic factors involved in MI [14,15].

The control group consisted of 194 healthy male
individuals, aged between 30 and 60 years, recruited
through the Blood Bank at our Institution. These controls
had not suffered episodes of cardiovascular disease, but
they were not angiographically evaluated to exclude the
presence of diseased coronary vessels, because coronary
angiography is an invasive and potentially dangerous
technique, only used for diagnostic/therapeutic purposes
among patients with symptoms of CAD.

As early MI is strongly associated with smoking in our
population, all the patients and controls were current or
former smokers. Those with history of hypertension or
a blood pressure greater than 140/90mmHg in at least
four determinations were considered as hypertensives.
Those with a total cholesterol value greater than 200mg/dl
were considered as hypercholesterolemics. Patients with
a history of diabetes or a basal glycemia greater than
120mg/dl were excluded. Table 1 shows the main clinical,
biochemical, and anthropometric characteristics of patients
and controls.

All the participants were Caucasian males from the same
region (Asturias, Northern Spain, total population 1 million),
and gave their written informed consent to participate

in the study, which was approved by the Ethics
Committee of Clinical Investigation of Asturias.

MMP-1 polymorphisms genotyping
DNA was obtained from 10ml of peripheral blood
following a salting-out method [17]. The three poly-
morphisms [ – 1607 1G/2G (rs11292517), – 519 A/G
(rs1144393), and – 340 T/C (rs514921)] were genotyped
through PCR–restriction fragment length polymorphism
with the following conditions: 1 denaturing cycle at 951C
for 3min and 30 cycles at 951C for 30 s, annealing
temperature (58, 62, and 601C, respectively) for 30 s, and
721C for 30 s. For – 519 A/G, the fragment of 399 bp
obtained with primers, forward 50-TTA CAG AGA TGG
GGT CTC AC-30 and reverse 50-CCA TGG AGT ACT
CTT TGA CC-30, was digested with Kpn I. For – 1607
1G/2G and – 340 T/C, primers with a mismatch were
designed: forward 50-AAG TGT TCT TTG GTC TCT
GC-30, reverse 50-GGA TTG ATT TGA GAT AAG TCA
GAT C-30, and forward 50-TGT GTG GAG AAA CCT
GTA GGA C-30, reverse 50-TCA CTT GGT GTT GCA
ATGTC-30, pairs for both single nucleotide polymorphisms,
respectively (underlined are mismatched bases). The
fragments of 176 and 209 bp were digested with Bgl II and
Sau 96I, respectively, followed by electrophoresis on 3%
agarose gels, and ethidium bromide staining to visualize
the fragments.

Statistical analysis
The SPSS Statistical Package (v.12.0; SPSS Inc., Chicago,
Illinois, USA) was used for the standard statistical
comparisons. Continuous baseline characteristics were
compared between the two groups using a Student’s
t-test, and categorical data with a w2 test, which was also
used to compare allele and genotype frequencies for each
polymorphism and the deviation from Hardy–Weinberg
equilibrium. Linkage disequilibrium coefficients (D0)
between polymorphisms were calculated with the SHEsis
online program [18], which was also used to estimate
haplotype frequencies in both groups.

Results and discussion
Several studies suggested that MMP-1 prevents or delays
the progression of atherosclerotic plaques. Null mice for
TIMP-1+ApoE and overexpressing human MMP-1 have

Table 1 Characteristics of patients and controls

MI (N=261) Controls (N=194) P value

Age (years) 46.05±5.97 43.49±7.48 <0.0001
Hypertensives (%) 39 18 <0.0001
Hypercholesterolemics (%) 24.7 6.1 <0.0001
Cholesterol (mg/dl) 216.11±51.15 213.31±37.26 0.12
LDL-C (mg/dl)a 145.29±45.86 134.43±36.78 0.35
HDL-C (mg/dl) 34.60±9.96 51.03±14.79 <0.0001
Triglycerides (mg/dl) 181.78±105.66 139.42±95.58 0.78

Data are mean± standard deviation.
HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-
cholesterol; MI, myocardial infarction.
aCalculated with the Friedewald formula [16].
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less atherosclerotic lesions than expected, suggesting that
MMP-1 could play a protective role in the progression
of lesions [4]; but the role of MMP-1 in the subse-
quent events of CAD, such as MI, or in carotid artery
intima-media thickness, remains unclear [12].

Our case–control study included 455 individuals, among
which 261 were unrelated patients and 194 were healthy
controls, sex and smoking status matched, with no
differences in levels of total cholesterol, low-density
lipoprotein-cholesterol, and triglycerides. However, we
found statistically significant differences in some con-
ventional risk factors such as age, number of hyper-
tensives and hypercholesterolemics, and high-density
lipoprotein-cholesterol levels (Table 1). All the partici-
pants were genotyped for the – 1607 1G/2G, – 519 A/G,
and – 340 T/C MMP-1 polymorphisms, which were
selected because they have been described to affect the
transcription of the gene. The three polymorphisms
were in Hardy–Weinberg equilibrium in patients and
controls, and we found a weak linkage disequilibrium
between – 1607 1G/2G and – 519 A/G (D0 =0.57), but
not with the – 340 C/T polymorphism.

We did not find significant differences in allelic or
genotypic frequencies between both groups, for the
three polymorphisms taken separately (Table 2). These
results are in agreement with earlier studies on 1G/2G
polymorphism and MI risk, which reported no association
of any genotype of this polymorphism and MI [10],
although some groups have found a reduced risk of
coronary heart disease for carriers of the 2G–1607 allele
[7] or a increased risk of CAD for the 1G–1607 allele [8].
Another study have found an association between the
single presence of the A allele of the – 519 A/G
polymorphism and the risk of acute coronary syndrome
(ACS) [11], but we did not find the same result.

There are also described haplotypic effects of the
– 519 A/G and – 340 T/C polymorphisms on MI risk,
with the A– 519-C– 340 and G–519-T– 340 haplotypes being

protective for MI in Caucasian population [10], but
A– 519-C– 340 being of risk for ACS in Chinese population
[11]. In our study, we could not find any effect for
the G–519-T–340 haplotype (Table 3), but we found a
borderline protective effect of the A– 519-C– 340 haplotype
[odds ratio (OR)=0.73; 95% confidence interval (95%
CI)=0.53–0.99; P=0.045], supporting the earlier data
on the Caucasian population and, although we found a
trend to increase the risk of MI for the G–519-C–340

haplotype as is described in British and Swedish
patients [10] (OR=1.45; 95% CI=0.81–2.58), it does
not reach statistical significance (Table 3). In addition,
Han et al. [11] reported that the A– 519-T– 340 haplotype
significantly increased the risk of ACS, but we do not
found any statistically significant protective effect for this
combination (Table 3).

The – 1607 1G/2G is the most studied polymorphism in
the MMP-1 gene, in part, because the 2G–1607 allele has
over 20-fold higher transcriptional activity than 1G–1607

[6]. In our population, the G–519-T– 340 haplotype that
has been described as protective for MI [10] is also
protective, but only if it is forming a haplotype with the
1G–1607 allele (1G–1607-G– 519-T– 340: OR=0.68; 95%
CI=0.50–0.94; P=0.02) (Table 4). If the haplotype is
with the 2G–1607 variant (the more active), it confers
a significant risk of suffering MI (OR=2.40; 95%
CI=1.27–4.55; P<0.005). This effect is not only
because of the – 1607 1G/2G polymorphism, as neither
the allelic nor the genotypic frequencies are statistically
different in patients and controls (Table 2). Therefore, it
is necessary a specific haplotypic background with the

Table 3 Comparison of haplotype frequencies of the – 519 A/G
and –340 T/C polymorphisms in cases and controls

MI
(frequency)

Controls
(frequency) w2

Pearson’s
P value

Odds ratio
(95% CI)

A C 104.46 (0.20) 99.36 (0.26) 4.010 0.045 0.73 (0.53–0.99)
A T 246.54 (0.47) 162.64 (0.42) 2.538 0.11 1.24 (0.95–1.62)
G C 35.54 (0.07) 18.64 (0.05) 1.596 0.21 1.45 (0.81–2.58)
G T 135.46 (0.26) 107.36 (0.28) 0.336 0.56 0.92 (0.68–1.23)

CI, confidence interval; MI, myocardial infarction.

Table 4 Comparison of haplotype frequencies of the –1607 1G/2G,
–519 A/G, and –340 T/C polymorphisms in cases and controls

MI
(frequency)

Control
(frequency) w2

Pearson’s
P value

Odds ratio
(95% CI)

1G A C 36.19 (0.07) 34.24 (0.09) 1.169 0.28 0.76 (0.47–1.24)
1G A T 73.54 (0.14) 40.97 (0.11) 2.433 0.12 1.38 (0.92–2.08)
1G G C 27.61 (0.05) 10.59 (0.03) 3.568 0.058 1.98 (0.96–4.07)
1G G T 94.67 (0.18) 94.20 (0.24) 5.327 0.02 0.68 (0.50–0.94)
2G A C 68.05 (0.13) 65.05 (0.17) 2.595 0.11 0.74 (0.51–1.07)
2G A T 173.22 (0.33) 121.74 (0.31) 0.273 0.6 1.08 (0.81–1.43)
2G G C 8.15 (0.02) 8.12 (0.02) NA NA NA
2G G T 40.57 (0.08) 13.09 (0.03) 7.667 0.006 2.40 (1.27–4.55)

CI, confidence interval; MI, myocardial infarction; NA, no analyzed.

Table 2 Allelic and genotypic frequencies for the –1607 1G/2G,
– 519 A/G, and –340 T/C MMP-1 individual polymorphisms
in cases and controls

Position Allele
MI

(N=522)
Controls
(N=388) Genotype

MI
(N=261)

Controls
(N=194)

–1607 2G 0.56 0.54 2G2G 0.33 0.28
1G 0.44 0.46 2G1G 0.46 0.51

1G1G 0.21 0.21
–519 A 0.67 0.68 AA 0.47 0.45

G 0.33 0.32 AG 0.41 0.45
GG 0.12 0.10

–340 T 0.73 0.70 TT 0.54 0.48
C 0.27 0.30 TC 0.39 0.43

CC 0.07 0.09

MI, myocardial infarction.
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– 519 A/G and – 340 T/C polymorphisms to have an
effect on MI risk.

Different studies showed that alleles linked to higher
MMP-1 transcriptional activities would be associated
with increased risk of MI and alleles with less activity
would confer a protective effect [7,10]. In our study, the
protective effect of the haplotype is given when the three
alleles with lower transcriptional activity are together,
but the presence of a more active allele (2G–1607) and
the less active haplotype G–519-T– 340 confers an
increased risk of MI, suggesting that the associations
are mainly driven by the – 1607 1G/2G polymorphism
and the – 519 A/G and – 340 T/C polymorphisms should
be modifiers of the relationship. We cannot determine
the effect of the haplotype with the more active alleles
(2G–1607-G–519-C– 340) because of its little frequency in
our population (2%; Table 4), which does not allow the
program to analyze it.

Finally, our study has some limitations. First, it was based
on a limited number of cases and controls, although we
analyzed a homogeneous population: Caucasian, male,
smoker, nondiabetic, and below 60 years of age, younger
than populations of other studies. Compared with other
studies, hypercholesterolemics and hypertensives were
underrepresented in our patients, and even these
variables did not match in our groups, therefore we
cannot exclude that this mask the effect of the MMP-1
polymorphisms on MI risk. In addition, the control group
did not include individuals angiographically evaluated to
confirm the absence of diseased vessels, although this
could act underestimating our findings.

In conclusion, our data showed that concrete haplotypes
of these three MMP-1 promoter polymorphisms have
significant associations with early MI in smoking males,
in a Northern Spanish population, where MI is strongly
linked to this habit. The results suggest that this
association is mainly driven by the –1607 1G/2G
polymorphism, although with a background of a specific
haplotype of –519 A/G and –340 T/C polymorphisms.
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