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Resumen 
 
Introducción. La subfamilia de proteínas de choque térmico de 90 Kda, 

comprenden del 1-2 % de la proteína citosólica total, en las células eucariontes, 

está formada por 5 miembros, siendo Hsp90α y Hsp90β las más abundantes 

ocupando el 85%. Estas proteínas se han asociado a un gran número de procesos 

fisiológicos a través de interactuar con más de 100 proteínas, a las cuales se les 

denomina clientes moleculares de Hsp90. Diferentes estudios han mostrado que 

Hsp90 regula la actividad de la sintasa de oxido nítrico endotelial (eNOS), 

incrementando su actividad y por ende aumentando la producción de oxido nítrico 

(NO) en las células del endotelio vascular donde ejerce acciones vasodilatadoras. 

Objetivo. Conocer si la inhibición de Hsp90 con Radicicol modifica el flujo 

sanguíneo renal (FSR) y la filtración glomerular (FG) al inhibir la formación del 

complejo Hsp90-eNOS. 

Métodos. Se incluyeron 20 ratas Wistar macho de 300g de peso, fueron divididas 

en dos grupos. Al primer grupo se les infundió vehículo (DMSO 10% y etanol 10% 

en solución salina) y al segundo grupo se le infundió radicicol (25mg/ml/min) 

durante 60 min. Se realizaron mediciones basales antes de la infusión de vehículo 

o radicicol. Durante todo el experimento se monitoreo la presión arterial media 

(TAM), FSR, se determinó la FG, la excreción urinaria de nitritos y nitratos, se 

cuantificó la producción de isoprostanos F2α y de peróxido de hidrógeno en orina. 

En el tejido renal se evaluaron los niveles de lipoperoxidación, los niveles de 

RNAm y cantidad de proteína de Hsp90α, Hsp90β y eNOS. Además se 

determinaron los niveles de fosforilación de eNOS en la serina 1177 y en la 
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treonina 497 de eNOS, finalmente se evaluó la relación dímero/monómero de 

eNOS. 

Resultados y Conclusiones. Observamos que la inhibición de Hsp90 con 

radicicol, redujo de manera significativa el FSR y la FG, efecto que se acompañó 

con la reducción urinaria de nitritos y nitratos. No observamos cambios en la 

cantidad de RNAm, ni de proteína de eNOS. La infusión de radicicol incrementó de 

manera significativa la fosforilación de la treonina 497 de eNOS asociada con 

reducción en la producción de NO, este efecto se asocio con menor cantidad de  

dímeros activos e incremento en la formación de monómeros inactivos. Por lo que 

nuestros resultados sugieren que la hipoperfusión e hipofiltración observada 

durante la infusión de radicicol puede ser mediada en parte por la pérdida de la 

interacción entre Hsp90-eNOS. 
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1) Introducción 

 Las células y tejidos están expuestos constantemente a condiciones 

extremas que alteran la homeostasis celular y que pueden llegar a producir estrés 

celular en forma aguda o crónica. En consecuencia, las células han desarrollado 

mecanismos protectores que son capaces de percibir y responder a estos cambios 

ya sea en el medio ambiente interno o en externo para evitar que sea dañada la 

fisiología celular. 

 

1.1)  Proteínas de choque térmico 

Uno de los mecanismos de protección celular fue descrito por primera vez 

en 1962 por Ritossa y col (1), quienes observaron un aumento repentino en la 

síntesis de RNAm en glándulas salivales de Drosophila melanogaster cuando la 

temperatura se incrementaba 5°C. Posteriormente mostraron que estos transcritos 

generaban proteínas de pesos moleculares entre 27 y 70 (KDa), las proteínas 

recién sintetizadas se les denominó proteínas de choque térmico Hsp, por sus 

siglas en ingles Heat Shock Proteins. A partir de ese momento se iniciaron 

diversos estudios para investigar el papel de estas proteínas y su conservación a 

lo largo de la evolución (1, 2). 

 Las proteínas de choque térmico conforman una numerosa familia de 

proteínas con un peso molecular que varía entre 10 y los 160 KDa y que han sido 

divididas en seis subfamilias por la similitud de su masa molecular conocidas 
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como: la Hsp de 100-110 KDa, la de 90 KDa, la de 70 KDa, la de 60 KDa, la de 40 

KDa y la subfamilia de Hsp’s con peso molecular de 18-40KDa (3). 

 

1.2) Principales funciones de las subfamilias de proteínas de 

choque térmico. 

En la Figura 1 se resumen las principales funciones de las proteínas de  

 

choque térmico en condiciones fisiológicas, dentro las que destacan: ayudar a 

ensamblar los complejos de la RNA polimerasa II, participar en la maduración y 

plegamiento de proteínas recién sintetizadas, reparar proteínas dañadas, regular 

alostéricamente a otras proteínas y transportarlas a sus compartimientos 

celulares, además de que participan en mantener la conformación del 

citoesqueleto. También se conoce que participan en el ciclo celular y en procesos 

Transporte
celular

Plegamiento

Regulación
alostérica

Proliferación

Mantenimiento del 
citoesquleto

Apoptosis

Ciclo celular

Reparación

Degradación

Transcripción

Proteínas de 
Choque  Térmico

10-150 KDa

Fig. 1. Funciones fisiológicas de las proteínas de choque térmico
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de proliferación, también son capaces de evitar agregados celulares no 

funcionales que comprometan la viabilidad celular. Cabe señalar que esta función 

chaperónica es, en la mayoría de las casos, dependiente de ATP (4). 

Las proteínas de choque térmico se expresan en forma constitutiva y la 

mayoría de ellas se inducen bajo condiciones de estrés celular como la 

hipertermia o la hipotermia, la hipoxia, la inflamación, la exposición a radiación 

ionizante, fármacos tóxicos y por la presencia de metales pesados como zinc, 

hierro, cadmio, mercurio y arsénico (5, 6, 7, 8, 9). 

 Las Hsps también funcionan en otra gran cantidad de procesos celulares, 

los cuales dependen de la localización y de la estructura cuaternaria pues se ha 

reportado que las proteínas de choque térmico son activas en su forma 

monómerica y hasta en conformaciones tan complejas de anillos hexaédricos o 

gránulos de 27 subunidades. A continuación se mencionan generalidades de cada 

una de las subfamilias de Hsp Tabla 1 (10, 11, 12). 

 

1.2.1) Small Hsp (sHsp) 

 La sub-familia de proteínas de menor peso molecular o small Hsp está 

compuesta por proteínas de peso molecular monomérico que varía entre los 15 a 

los 45 KDa. Pueden formar dímeros, hexámeros y oligómeros localizándose 

principalmente en el citoplasma de las células. Se han descrito la presencia de 

gránulos de estas proteínas de hasta 450 KDa en roedores.  

 Las sHsp se caracterizan por la presencia de un dominio conocido como α 

cristalino que está conformado de 90 aminoácidos en el extremo carboxilo 
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encargado de las interacciones entre las diferentes subunidades. Se conoce que 

la actividad de estas proteínas es regulada principalmente por cambios en su 

estado de fosforilación y no por interacción con diferentes nucleótidos o con otras 

proteínas, por lo que hasta ahora no se les atribuye funciones de co-chaperonas.  

 

Sub-familia Localización 
celular 

Estado 
cuaternario Funciones 

Small Hsp 
(sHsp) 

15-40 KDa 

Citoplasma 
Núcleo 

Dímeros 
Hexámeros 

Hexadecámeros 
Esferas de 24unidades 

Evitar agregados 
proteicos 

Plegamiento 
Polimerización de actina 

Hsp40 Citoplasma 
Retículo endoplásmico 

Dímeros 
Complejos proteicos 

Actividad chaperona 
Síntesis de colágeno 

Hsp60 
Sistema de 

chaperoninas 

Citoplasma 
Mitocondria 

Tetrámeros 
Doble anillo hexaédrico y 

heptaédrico 
Anillos de multímeros 

Complejo chaperónico 
Plegamiento y transporte 

de proteínas 
Degradación 

Hsp70 

Citoplasma 
Núcleo 

Mitocondria 
Retículo Endoplasmico 

Heterodímeros con otras 
Hsp 

Plegamiento 
Transporte  

Importación 

Hsp90 
Citoplasma 

Mitocondria 
Retículo endoplasmico 

Dímeros 

Plegamiento y 
Transporte de proteínas 
Prevención de agregados 

proteicos 
Modulador alostérico 

Hsp110 
Citoplasma 

Núcleo 
Retículo endoplasmico 

Dímeros 
Anillos hexaédricos y 

heptaédricos 
Multímeros  

Solubilización de 
agregados proteicos 

Plegamiento proteico 
Regulación osmótica 

Tabla 1. Clasificación y propiedades de las proteínas de choque térmico. 
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 Las sHsps desempeñan sus funciones dependiendo de su dimerización u 

oligomerización, por ejemplo, se ha descrito que el dímero de Hsp26 modula el 

plegamiento de cadenas peptídicas nacientes. Sin embargo la fosforilación de 

estas proteínas puede promover su disociación como ocurre con Hsp27 ya que 

reduce su actividad. En contraste Hsp25 incrementa su actividad cuando se 

encuentra formando hexadecámeros interactuando con proteínas entre las que se 

encuentran los filamentos de actina, la unión de Hsp25 evita la precipitación de la 

actina (10,.11, 12, 13, 14). 

1.2.2) Hsp 40 

 Esta sub-familia es considerada como co-chaperonas que integran el 

complejo de chaperonas citosólica. La subfamilia de Hsp40 posee un dominio 

altamente conservado de 70 aminoácidos conocido como dominio J que se 

localiza en el extremo amino y es necesario para su interacción con otras 

proteínas de choque térmico como la Hsp70. La mayoría de estas Hsps se 

localizan en el citoplasma, pero miembros de esta familia se han localizado en el 

retículo endoplasmico. La variedad de esta subfamilia es tan extensa que ha sido 

necesaria ser subclasificada en tres grupos de acuerdo a su conservación del 

dominio J en tipo I, II y III. 

 Dependiendo de su estado de polimerización el peso molecular puede 

variar de 40 a 500 KDa. Sus principales funciones son la de co-chaperonas y 

facilitar el plegamiento y movimiento de las cadenas del colágeno (11, 12, 15, 16). 
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1.2.3) Hsp60. 

 La subfamilia de Hsp60 es conocida como la familia de las chaperoninas. 

Se clasifican en dos sub grupos conocidos como el de las proteínas homologas a 

GroEL y el de las chaperoninas. El peso molecular varía dependiendo de su 

conformación y generalmente las pertenecientes al primer grupo se encuentran 

formando anillos cilíndricos de 7 subunidades, mientras que las segundas se 

encuentran formando dos anillos de diferentes subunidades. Se ha descrito la 

presencia de estas proteínas en la mitocondria y en el cloroplasto, aunque en las 

células de mamíferos estos complejos pueden localizarse en el citoplasma. La 

principal función de estas chaperonas es proporcionar un adecuado plegamiento a 

diversas proteínas, este proceso ocurre cuando las proteínas cliente se unen a la 

cavidad central formada en los anillos y se ha demostrado que este proceso es 

regulado por la hidrólisis de ATP así como por el desensamble de los diferentes 

anillos (10, 12, 14, 17, 18). 

1.2.4) Hsp70 

 Constituye la familia más abundante de Hsps pues comprenden del 3.6% al 

4% de la proteína soluble total, además es una de las mejores caracterizadas, se 

conocen tres miembros que se expresan de manera constitutiva e inducible. Se 

encuentran en diferentes compartimientos celulares como el citoplasma, el núcleo 

y el retículo endoplasmico. Se caracterizan por poseer dos dominios claramente 

identificados, el primero es el dominio amino donde se localiza un sitio de unión al 

ATP y un segundo dominio o carboxilo donde se unen sus proteínas cliente. Las 

principales funciones de esta subfamilia es el plegamiento de péptidos nacientes, 
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translocación de proteínas y recientemente se describió su papel en la regulación 

de la apoptosis (12, 13, 14). 

 Se conoce que la actividad de estas proteínas es regulada por la presencia 

de otras co-chaperonas como Hsp40, pues facilita su actividad ATPasa 

permitiendo así asociarse a sus clientes moleculares. Se ha descrito que pueden 

formar de heterodímeros con otras proteínas como Hsp40, p23, Hip y Hsp110 pero 

no hay evidencia que las Hsp70 formen homodímeros (10, 15, 19). 

1.2.5) Hsp110 

 Esta sub-familia es la tercera más abundante después de la de 70 y 90 

KDa, su proporción es aproximadamente del 0.7% de la proteína celular total; Se 

expresan en la mayoría de los tejidos y se localizan tanto en el citoplasma como 

en el retículo endoplasmico. Al igual que la de 70 y 90 KDa tiene una región 

ATPasa en el dominio amino terminal. Esta subfamilia es activa solo cuando forma 

anillos multiproteícos de 400 a 700KDa. Las Hsp110 forman complejos 

principalmente con Hsp70 y Hsp25/27. Las principales funciones de esta sub-

familia es evitar la formación de agregados proteicos, facilitando su degradación, 

ya que Las Hsp110 son subunidades formadoras de diferentes complejos de 

proteasas, sin embargo por sí mismas no poseen actividad proteolítica (10, 20)   
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1.3) Proteínas de Choque Térmico de 90 KDa. 

 La subfamilia de Hsp de 90 KDa está compuesta por cinco isoformas 

conocidas como Hsp90α, Hsp90β, Trap-1 (Hsp75), Gpr94 y Hsp90N (Figura 2). Se 

ha descrito que las Hsp90 constituyen del 1 al 2% de la proteína citosólica soluble 

total en las células eucariontes. Estas proteínas se diferencian en la célula por su 

abundancia y localización celular; Hsp90α y Hsp90β conforman el 85% de esta 

subfamilia y se localizan en el citoplasma mientras que el 15% restante lo 

conforman Trap-1, Gpr94 y Hsp90N, las dos primeras se localizan en la 

mitocondria y en el retículo endoplásmico respectivamente y finalmente Hsp90N 

se expresa únicamente en diferentes carcinomas (21, 22, 23, 24, 25, 26, 27). 

Sub-familia de 90 KDa

1 100 200 400300 500 600 700 900800

Aminoácidos

Mitocondria

Retículo endoplásmico

Citoplasma

Citoplasma
(células de carcinoma)

Localización

TRAP-1

Grp94

Hsp90α

Hsp90β

Hsp90N

NH2 COOH

Figura. 2. Localización celular de las proteínas que constituyen la subfamilia de Hsp90.  

1.3) Las proteínas citosólicas: Hsp90α y Hsp90β. 

Ambas proteínas son codificadas por genes diferentes, se han mapeado 

copias de cada uno de ellos en diferentes cromosomas; Hsp90α está ubicado en 

los cromosomas 1, 3, 4, 11 y 14 con un tamaño de 7393 pb, pero únicamente el 
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gen localizado en el cromosoma 14 se transcribe, este gen genera un RNAm de 

2912 pb que traduce una proteína de 733 aminoácidos. Mientras que el gen de 

Hsp90β se ha identificado en los cromosomas 4, 6, 10, 13, 14 y 15 con un tamaño 

de 8210 pb, pero el único que se transcribe está localizado en el cromosoma 6. El 

transcrito de este gen es de 2567 pb que se traduce en una proteína de 726 

aminoácidos (28, 29). 

 

 Como se observa en la Figura 3 los transcritos primarios de Hsp90 α y de 

Hsp90 β presentan intrones y exones, pero particularmente el primer exón no se 

traduce y se ha propuesto que esta característica les puede conferir una 

regulación diferente como se detalla a continuación (30). 

 

5.30Kb

6.80Kb

Hsp90 α

Hsp90 β

Exón no traducido Exón Intrón

Figura. 3. Representación esquemática de la estructura de los transcritos primarios de las Hsp90s citosólicas, donde
los cuadros blancos indican exones no traducidos, los cuadros rojos exones traducidos y las líneas continuas
representan los intrones. Tomada de A. Subbarao et-al. FEBS Letters, 2004.  

 

 La transcripción de los genes de las proteínas de choque térmico está 

principalmente regulada por los  elementos de respuesta a choque térmico (HSE) 

que se encuentran ubicados en su región promotora. (22). En el gen de Hsp90α, la 

región promotora está conformada  por el núcleo del promotor y dos regiones ricas 

en “GC” localizados río arriba entre -50 y -200pb. El promotor contiene una caja 
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TATA en el sitio -30pb donde se ensambla la RNA polimerasa II. En células Jurkat 

(células T en leucemia) se demostró que la transcripción inducible del gen de 

Hsp90α es regulada por tres HSE,  que contienen  el motivo ‘nGAAn’ localizados 

río arriba en la región -1031/-1022pb, -307/-288 pb y -96/-60 pb. También se ha 

identificado un HSE en el primer intrón +238/+247, al que se le ha atribuido la 

transcripción constitutiva del gen (31, 32).  

 Mientras que, el gen de Hsp90β contiene un sitio CRE (elemento de 

respuesta a AMPc) en la posición -126 pb, así como una caja CAAT localizada en 

-87/-84pb río arriba de la caja TATA que se ubica a -27 pb. Se han caracterizado  

dos elementos de respuesta a estrés térmico en el primer intrón localizados en 

+680/+695 y +734/+747 pb respectivamente, que incrementan la transcripción del 

gen de manera inducible. Se han señalado otros dos HSE en la región +628/+642 

pb y +1337/+1346 pb que se han denominado HSE atípicos, pero  no son capaces 

de inducir la transcripción del gen en respuesta a estrés térmico. Finalmente, 

también se ha identificado un HSE que se localiza corriente arriba en la región -

648/-634 que regula la transcripción constitutiva del gen, pues su deleción no 

inhibe la transcripción durante el incremento de temperatura. La localización de 

estos elementos se muestran en la Figura 4 (31, 32). Se ha propuesto que la 

distribución de los HSE en Hsp90α y Hsp90β, parece conferirles una regulación 

transcripcional diferente, por lo que se considera que estos dos genes pueden 

responder de forma diferente ante el mismo estimulo. 
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Figura. 4. Representación esquemática de los sitios regulatorios de los genes de hsp90α y hsp90β. En
cuadros rojo se representan la localización de los elementos de respuesta de choque térmico (HSE)
que regulan la expresión inducible de estos genes, en cuadros grises se ilustran los HSE con secuencia
atípica, que regulan su trascripción constitutiva, también en cuadros verdes se ilustra el sitio de unión
de la RNA polimerasa II y en amarillo los elementos del promotor localizados rio arriba del núcleo del
promotor. Se observa que la transcripción inducible de hsp90α se regula en forma diferente a la de
hsp90β pues los HSE se localizan corriente arriba del núcleo del promotor y en el primer intrón
respectivamente.

E1 E2
-1689        -647- -126 -87     -27 +628  +680  +734           +1337

+1hsp90β

+1

E1 E2TATA

-1756      -1031                     -307    -200  -96     -50     -30 +238              +664

hsp90α

HSE  típicos regulación inducible

HSE atípicos expresión constitutivas 

TATA

Regiones ricas en GC

Caja TATA

Sitio de inicio de la transcripción

Exones

pb

pb

 

El factor de transcripción de choque térmico 1 (HSF-1) regula la 

transcripción de Hsp90 α y de Hsp90 β. En condiciones normales, HSF-1 se 

encuentra en el citoplasma unido a diferentes chaperonas incluyendo a las 

proteínas de choque térmico de 90KDa que lo mantienen reprimido. Cuando se 

produce estrés celular ya sea físico o químico, HSF-1 es  liberado de complejo, 

propiciando su fosforilación y  translocación al núcleo donde se forma un trímero 

activo que se une a los elementos de respuesta de estrés térmico HSE, activando 

así, la trascripción de la mayoría de los genes de choque térmico (33, 34, 35). 
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1.4) Estructura cuaternaria de Hsp90α y de Hsp90β  

Hsp90

ATP

Inhibidores

Geldanamicina

Radicicol

Dimerización

Novomicina

COOHNH2
Aminoácidos 

con carga
negativa

Dominio Medio

Proteínas Cliente

Akt

NOS

Factores de transcripción

232 272 629                   Aminoácidos

Figura. 5. Dominios de Hsp90. La estructura cuaternaria de Hsp90 presenta un dominio amino donde se
localiza el sitio catalítico para la unión de ATP e inhibidores, seguido por una región rica en aminoácidos con
carga negativa. En el dominio medio es donde de realizan la mayoría de sus interacciones y finalmente el
dominio carboxilo, sitio de dimerización.  

 Hsp90α y Hsp90β están conformadas por cuatro dominios bien 

caracterizados como se detallan en la Figura 5. El primero es el dominio amino 

terminal donde se localiza el sitio de unión al ATP, también conocido como 

dominio ATPasa, donde el ATP es hidrolizado mediante diferentes ciclos de 

asociación y disociación entre Hsp90 y sus proteínas cliente como se muestra en 

la Figura 6 (21, 22, 23, 36, 37, 38, 39, 40, 41). Las proteínas cliente son todas 

aquellas proteínas con las que Hsp90 interactúa y puede modificar, estabilizar o 

incluso aumentar su actividad. La estructura cristalina de este extremo en levadura 

y en humano ha mostrado la presencia de 8 hojas beta plegadas antiparalelas y 

nueve alfa hélices que forman una estructura de sándwich α/β dando una 

estructura tridimensional similar a la DNA girasa y a la proteína MutL reparadora 

del DNA que requiere ATP para formar una unión o anclaje al DNA (38). El 

segundo dominio es llamado “cargado”, ya que es una región de 30 aminoácidos 

con carga negativa de la cual se desconoce su función específica. El tercer 
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dominio llamado “dominio medio” es donde se unen sus proteínas cliente dentro 

de las que destacan: cinasas, factores de transcripción, proteínas G, proteínas del 

citoesqueleto, receptor a mineralocorticoides, sintasas de óxido nítrico, entre otras. 

Finalmente, el dominio carboxilo terminal es donde se realiza la dimerización de 

Hsp90 (3). Así mismo, estudios recientes muestran que en este extremo hay un 

segundo sitio de unión a ATP, que es sensible a novomicina y cis-platino; 

aparentemente para que este sitio sea activo es necesario que Hsp90 adopte una 

conformación adecuada para permitirle unir al ATP. Pero, hay muy poca evidencia 

sobre las condiciones necesarias para que este sitio adquiera actividad. Los 

autores de estos estudios sugieren que este segundo sitio de unión a ATP parece 

estar disponible, solo cuando el extremo amino se encuentra ocupado, ya sea por 

ATP o por sus inhibidores. Sin embargo, la participación de este sitio sobre la 

actividad de Hsp90 no es clara , pero se ha propuesto que ambos sitios podrían 

funcionar de forma cooperativa (42, 43).  
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1.5) Forma activa de Hsp90 

Figura 6. Representación del ciclo ATPAsa de Hsp90 . 1)Se observa que la unión de una molécula
de ADP favorece la conformación abierta inhibiendo la actividad de Hsp90. 2)La unión del ATP
propicia el rearreglo del dímero facilitando el acercamiento de los extremos amino generando el
sitio catalítico para el ATP. 3) Tras la unión del ATP, Hsp90 sufre una serie de torsiones que
cambian la orientación de los monómeros, permitiendo la hidrólisis del ATP y la unión de sus
clientes moleculares. Tomada de Klaus Richter et-al. Nature, 2007.

Hidrólisis de ATP

1) Forma inactiva

2 ) Dimerización de los
dominios amino terminal

3) Forma activa, unión
de proteínas cliente

 

 

 Diversos estudios han mostrado que lasHsp90 se encuentran activas 

cuando forman dímeros. En un trabajo reciente realizado por Buchner y col.; (39) 

reportaron que el dímero de Hsp90 funciona al adoptar dos conformaciones 

diferentes, la primera llamada “cerrada” o activa y la segunda conocida como 

“abierta” o inactiva (44, 45, 46, 47).  

 

La conformación cerrada se establece cuando una molécula de ATP se une 

al dímero de Hsp90, esto genera un cambio conformacional que permite la 

formación de una especie de asa de interacción entre los extremos amino de cada 

monómero favoreciendo la hidrólisis del ATP y la unión a sus proteínas cliente. Por 

el contrario, si el dímero se encuentra en la conformación abierta ahora contendrá 
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una molécula de ADP unida que evitará que Hsp90 reclute a sus proteínas cliente. 

Esta asociación y disociación se conoce como ciclo ATPasa y es indispensable 

para la función correcta de Hsp90 (46,47).  

Se ha observado que el cambio del estado abierto al cerrado produce  

cambios conformacionales en toda la proteína, principalmente en las regiones 

denominadas bisagras, estas se localizan en la transición del dominio carboxilo y 

el dominio medio, así como en la transición del dominio medio al dominio amino. 

El primer cambio observado mediante cristalografía de rayos X, muestra que el 

dominio carboxilo y medio sufren una fuerte torsión que modifica su orientación y 

aproxima a los extremos amino. El segundo movimiento es otra torsión de 90° de 

los extremos amino permitiendo el ensamble catalítico para la unión e hidrólisis del 

ATP y la interacción con sus clientes moleculares (46). Generalmente Hsp90 α se 

encuentra en forma de homodímeros, sin embargo se ha descrito la formación de 

heterodímeros, pero es poco frecuente encontrarla en forma de monómeros. 

Mientras que la isoformas constitutiva Hsp90β se encuentra en mayor proporción 

en forma de monómeros también se han encontrado en forma de heterodímeros 

como se resume en la Tabla 2 (23). 
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Hsp90 α

Hsp90 β

Homodímeros Heterodímeros Monómeros

Tabla 2. Abundancia relativa del estado de agregación molecular de Hsp90α
y Hsp90β en las células eucariontes. Se observa que Hsp90α se encuentra
principalmente en forma de homodímeros y en menor proporción su forma
monomérica, mientras que Hsp90β generalmente de localiza en su forma
monomérica y pocas veces se encuentra formando homodímeros.

 

 

1.6) Inhibidores Farmacológicos de Hsp90. 

Para conocer sobre el papel de estas proteínas se han empleado diversas 

estrategias, entre ellas se han descrito algunos inhibidores de Hsp90, como la 

geldanamicina y el radicicol entre otros (23, 25, 48). 

 El primer inhibidor descrito fue la Geldanamicina que es un antibiótico de la 

familia de las benzoquinonas que se extrajo del hongo Streptomyces 

hygroscopicus en la década de los setentas. En un principio fue empleado como 

antibacteriano por sus acciones contra bacterias gram positivas (49). 

Posteriormente se observó que la administración de este fármaco promovía la 

reducción de tumores, muchos autores especularon que la geldanamicina inhibía a 

las proteínas involucradas en procesos neoplásicos como ErbB2, EGF, c-Src, Raf-

1 y CdK4. Ensayos de cristalografía de rayos X mostraron de manera clara que la 

geldanamicina se une con alta afinidad al sitio ATPasa de Hsp90 e inhibe el 
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complejo multichaperonico propiciando la ubiquitinación y degradación de sus 

clientes moleculares (50, 51, 52, 53). 

 En la década de los 90´s comenzó el uso de este fármaco como tratamiento 

en diferentes canceres, sin embargo su uso fue restringido por su baja solubilidad 

aunada a altos índices de toxicidad observados en el hígado. Por su potencial uso 

en terapias antineoplásicas se desarrollaron diversos análogos conocidos como 

17- alil-amino- geldanamicina y 17-de-metoxi-geldanamicina que presentan menos 

efectos tóxicos además de ser más solubles (54,55). 

 Poco se conoce acerca de la farmacología de estos inhibidores, pero se ha 

descrito que son metabolizados en el hígado por el citocromo P450 CYP3A4 a su 

metabolito estable 17 amino-geldanamicina que conserva la propiedad de inhibir a 

Hsp90, pero a este compuesto se le atribuye la hepatotoxicicidad (54, 55). 

 La farmacocinética de estos inhibidores es variable y solo ha sido evaluada 

en pacientes oncológicos, el tiempo de vida media puede variar desde 90 minutos 

hasta 3.8 horas con depuración de 19.9 a 25 L/hr/m2 y distribución variable de 92 

a 106L/m2. Por otro lado su metabolito estable el 17- amino geldanamicina ha 

presentado tiempos de vida media hasta de 9 horas (55). 
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Geldanamicina Radicicol

Km 4.8µM 0.5µM

Figura 7. Estructura química de los inhibidores de Hsp90 Geldanamicina y
Radicicol. También se muestran las constantes de afinidad con las que se unen a
Hsp90. Para determinar las constantes de afinidad, Hsp90 de levadura fue
transformada y purificada mediante cromatografía de afinidad en E coli.  

 Las dosis empleadas en este tipo de pacientes varían desde 10 a 

450mg/m2

 El radicicol es un antibiótico derivado de las ansamicinas que se extrajo del 

hongo Monosporium Bonordem que se une a Hsp90 con mayor afinidad que la 

geldanamicina e incluso que el propio ATP. Inicialmente se empleó como 

tranquilizante, sin embargo al igual que la geldanamicina mostró actividad 

antiproliferativa inhibiendo a diferentes cinasas que regulan la transcripción de 

oncogenes. La figura 7 muestra la estructura química de ambos inhibidores así 

como sus constantes de afinidad por Hsp90 las cuales se determinaron con Hsp90 

de Sacharomices cerevisiae (48). 

/semana y los tratamientos pueden ser dosis bajas durante 5 días a la 

semana o una dosis en tres ciclos por semana. Como mencione previamente, la 

mayoría de estos inhibidores presentan severos efectos secundarios como: 

nausea, vomito, fatiga, anemia, trombocitopenia y toxicidad hepática (55, 56, 57, 

58). 

 Este fármaco se ha empleado en diferentes modelos “in vitro” para inhibir 

las interacciones de Hsp90 en concentraciones del orden de micro y nano molar, 
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también se ha descrito que la administración de radicicol propicia la expresión de 

genes de choque térmico por la liberación del factor de transcripción de choque 

térmico HSF-1. Aunado a ello se le han asociado propiedades anti-angiogénicas 

en modelos “in vivo” inhibiendo la expresión de VEGF (48). 

 Al igual que los demás inhibidores la farmacología del radicicol es muy 

pobre pero en diversos trabajos se ha reportado que posee menor hepatotoxicidad 

que el resto de los inhibidores de Hsp90, Sin embargo su uso se ha limitado por su 

baja solubilidad (59, 60). 

 

Hsp90 y sus proteínas cliente. 

 Se conoce que las Hsp90 participan en un gran número de funciones y esto 

lo realizan a través de interactuar con más de 100 proteínas cliente. Las  

interacciones son dependientes de otras proteínas conocidas como co-chaperonas 

entre ellas se encuentran algunas inmunofilinas y ciclofilinas así como chaperonas 

de menor peso molecular como Hip, Hop, Hsp40 entre otras. Esta unión estabiliza 

a Hsp90 facilitando la interacción con sus clientes moleculares (3, 22,44,61,62). 

Esta unión a sus proteínas cliente le permite intervenir o mediar diferentes 

procesos celulares como el ciclo celular, respuesta inmune, estrés celular, 

apoptosis, cáncer, reestructuración del citoesqueleto, regulación del tono vascular; 

lo que sin duda hace complejo su estudio (22,44,61,62). 
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1.7) Hsp90 y su interacción con la sintasa de óxido nítrico 

endotelial (eNOS)  

Una de las interacciones mejor estudiadas de Hsp90 es la que se 

establece con la sintasa de óxido nítrico endotelial (eNOS). La eNOS cataliza la 

oxidación del aminoácido L-arginina a óxido nítrico (NO) y L-citrulina. 

La conversión de L-arginina a NO se realiza en dos etapas que son 

catalizadas por 1.5 mol de NADPH (nicotina adenina dinucleótido fosfato) y por 

dos moléculas de O2 por mol de NO formado. También se requiere la presencia de 

otros cofactores y grupos prostéticos como, tetrahidrobiopterina (BH4), flavina 

adenina dinucleótido (FAD), flavina mononucleótido (FMN), calcio y la unión de la 

calmodulina. La primera etapa en la reacción consiste de la  mono-oxigenación del 

grupo guanidino de la L- arginina, en este paso se genera un intermediario estable 

llamado Nω-hidroxi-L arginina. En la segunda reacción, un electrón del NADPH y 

otro del O2 atacan al grupo guanidino de la Nω- hidroxi- L arginina incorporando el 

O2, lo que facilita la liberación de un átomo de nitrógeno y la formación de L- 

citrulina, a su vez el átomo de nitrógeno se une a un átomo de la molécula de O2

 

 

para formar el NO, el otro átomo de oxígeno se reduce a agua, ver el detalle de la 

reacción en la Figura 8 (129). 
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Figura 8. Mecanismo de reacción y estequiometria de la biosíntesis de oxido nítrico (NO) por la
sintasa de óxido nítrico endotelial. La reacción se realiza en dos etapas sucesivas de
monooxigenación con la presencia de diferentes cofactores como NADPH, FAD, FMN, BH4, O2 y
Calmodulina (CaCaM). Tomada de Marletta M et-al. Cell, 1994  

La estructura cuaternaria de sintasa de óxido nítrico endotelial eNOS, 

presenta diferentes motivos de unión a otras proteínas. En  el centro de la proteína 

se localiza una región de unión para la calmodulina (CaCaM) flanqueada por el 

dominio oxidasa y el dominio reductasa. El dominio oxidasa contiene un motivo de 

unión para el NADPH y un sitio activo tipo citocromo P450 con un grupo hemo 

activo además de un motivo para la unión de BH4

 

, mientras que el dominio 

oxidasa contiene sitios de transferencia de electrones como FAD y FMN. La 

actividad de eNOS es dependiente de la formación de un homodímeros, la unión 

de la calmodulina y sus cofactores. La transferencia de electrones se da en forma 

lineal del dominio reductasa de un monómero al dominio oxidasa de otro 

monómero, como se detalla a continuación.  

NADPH      e-       [FAD, FMN]      e-        Fe 3+Hemo (Unión de O2 y síntesis de NO-

Dominio reductasa    Dominio Oxidasa 
) 
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El NADPH dona un electrón que se transfiere sucesivamente a los 

nucleótidos de flavina para ser oxidado finalmente por el grupo hemo del 

citocromo P450. La oxidación del Fe 2+

El óxido nítrico es un gas altamente volátil de vida media de 2 ms, que 

participa en regulación del tono vascular, evita la agregación plaquetaria y actúa 

como neurotransmisor entre otras funciones. Al respecto se conoce que la 

presencia de ligandos como angiotensina II, el incremento en los niveles de calcio 

intracelular o cambios en la fuerza de rozamiento en los vasos sanguíneos entre 

otros estímulos puede promover vasoconstricción, en respuesta a esto la célula 

endotelial es capaz de incrementar la síntesis de NO. Una vez que el NO es 

producido difunde libremente a la célula de musculo liso uniéndose a la guanilato 

ciclasa soluble GCs. La GCs promueve la conversión de GTP a GMPc que 

produce tres efectos 1) Inhibe la entrada de calcio a la célula, reduciendo la 

concentración intracelular de este ión. 2) Activa canales de potasio, los cuales 

favorecen la hiperpolarización y por ende producen vasorelajación y 3) Activa a la 

fosfatasa de las cadenas ligeras de miosina, lo que favorece la defosforilación de 

las cadenas ligeras de miosina produciendo relajación del musculo liso (63, 64,65, 

66,67). 

 permite la unión del oxigeno y formación 

de NO (130). 

Mediante ensayos de inmunoprecipitación en células endoteliales de aorta 

de bovino, se mostró que Hsp90 interactúa directamente con eNOS y esta unión 

se acompañó de mayor generación de óxido nítrico. Para conocer el papel de 

Hsp90 en la relajación dependiente del endotelio García Cardeña y Col.; (68) 

incubaron anillos de aorta precostriñidos con un inhibidor de Hsp90, 
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geldanamicina y observaron que reduce la producción de NO dependiente del 

endotelio, de lo que concluyeron que Hsp90 tiene un papel fundamental en la 

regulación del tono vascular a través de mediar la producción NO (68). 

Alteraciones en la formación del complejo Hsp90- eNOS puede ser de 

relevancia en procesos patológicos. Estudios previos han postulado que eNOS es 

regulada pos-transcripcionalmente, tanto por su interacción con otras proteínas 

(estimuladoras ó inhibitorias) (68, 69, 70,71), como por su estado de fosforilación 

A este respecto Takahashi S y Col.; (83) mostraron “in vitro” que Hsp90 

facilita la fosforilación de eNOS. Para lo cual incubaron a eNOS purificada a partir 

de lisados de células endoteliales y a la proteína cinasa B o Akt, en presencia o 

ausencia de Hsp90 y observaron que después de 2 minutos de la adición de 

Hsp90 al medio se incrementaba de manera significativa la fosforilación de la 

(72, 73, 74,75). A este respecto, estudios recientes mostraron que eNOS tiene 6 

sitios potenciales de fosforilación ubicados en las serinas 116, 617, 635, y 1177, la 

treonina 497 y recientemente se describió la presencia de un sitio de fosforilación 

de la tirosina (76, 77, 78). Si la fosforilación ocurre en las serinas 617, 635 y 1177 

esto resulta en un aumento en la actividad de eNOS, pues la fosforilación en estos 

residuos confiere a la enzima que se establezca un adecuado flujo de electrones 

que se traduce en mayor producción de NO, mientras que la fosforilación de la 

serina 116 y treonina 497 parece tener un efecto contrario al reducir la función de 

eNOS y disminuir la síntesis de NO. Sobre la fosforilación en la tirosina 83 hasta 

ahora solo se especula que al ser fosforilado este residuo favorece la formación de 

sitios de unión con otras proteínas que podrían incrementar la actividad eNOS (76, 

77, 78, 79, 80, 81, 82). 
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serina 1177 de eNOS, mientras que la ausencia de Hsp90 en el medio no modificó 

los niveles basales de fosforilación como se observa en la Figura 9. Estos 

resultados indicaron que la fosforilación de eNOS está regulada por la presencia 

de Hsp90.  

Figura 9. Fosforilación in vitro de eNOS en presencia y
ausencia de Hsp90. La grafica muestra que la adición de
Hsp90 incrementó significativamente la fosforilación de
eNOS desde los 2 min con fosforilación máxima a los 10
min. En el panel superior se muestra un Western blot
donde se observa el incremento de la fosforilación de la
S1177 de eNOS, sin cambios en la cantidad total de
eNOS o Hsp90. *p< vs. control. Tomada de Takahashi S
et-al, J. Biol. Chem. 2003.

 

 

Un estudio posterior realizado en células endoteliales de bovino mostró de 

manera clara que Hsp90 promueve la actividad de eNOS incrementando la 

fosforilación del residuo de serina 1177 mediado por la proteína cinasa B o Akt 

concluyendo así, que el papel de Hsp90 es el de una proteína de andamiaje o 

adaptadora pues al reclutar a ambas proteínas favorece su proximidad y entonces 

Akt es capaz de fosforilar a eNOS incrementando así la producción de NO (69,72). 

También, se ha propuesto que la fosforilación de la S1177 mejora el flujo de 

electrones en la enzima e incrementa la afinidad por calmodulina generando 

mayor producción de NO (71, 83). Por otro lado Pritchard y col.; (84) mostraron en 

células endoteliales de aorta de bovino (BAECs) que al inhibir a Hsp90 con 

geldanamicina, hay una reducción importante en la síntesis de oxido nítrico y este 
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efecto se acompaño con el incremento de la producción de anión superóxido, de 

esta forma eNOs parece tener un papel dual en la formación de dos radicales con 

función opuesta: el NO y al anión superóxido. Al respecto se propuso que la 

formación de radicales libres por eNOS esta directamente regulado por la 

fosforilación del sitio T495, pues cuando incrementa la fosforilación en este sitio, 

de la misma forma se eleva la concentración de anión superóxido (76, 84).  

 Recientemente este mismo grupo diseñó y sintetizó una serie de 12 

péptidos señuelos de eNOS de 20 aminoácidos a los que nombraron B1 a B12 

como se muestra en la Figura 10A, estos péptidos se diseñaron a partir del 

aminoácido 291 hasta el 420 de eNOS, porque esta región es en donde Hsp90 se 

asocia con esta enzima. Estos péptidos fueron incubados con lisados de células 

endoteliales de bovino y se observó, que de los doce péptidos, solo los péptidos 

B1 al B3 eran capaces de inhibir la interacción de eNOS y Hsp90 por competencia 

directa al sitio de interacción de estas proteínas, como se muestra en la Figura 

10B. Debido a que el péptido B2 contenía secuencias comunes de B1 y B3, se 

evaluó la producción de NO empleando el péptido B2, al que además, se le 

agregó una secuencia que contenía un dominio de transducción de proteínas 

(PEP1), con el fin de facilitar la captura del péptido por las células. En otro ensayo, 

se observó que el péptido B2:PEP1 inhibe en forma significativa la producción de 

NO basal y durante su estimulación con el ionóforo de calcio, como se detalla en 

la Figura 10C. Para evaluar la significancia molecular de este hallazgo, el péptido 

B2 fue rediseñado y este vez se le agregó un dominio de transducción de 

proteínas en el extremo amino al que ahora llamarón TSB2. En la Figura 10D se 

muestra como la infusión de este péptido en aortas de ratón C57BL/6 aisladas y 
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perfundidas, aumentó la producción del anión superóxido, y este efecto no se 

observó cuando eNOS fue inhibida L- -nitro- metil-arginina (L-NAME Este trabajo 

muestra que Hsp90 interactúa con eNOS en los aminoácidos 310-323 y que 

cuando se evita su interacción con esta proteína de choque térmico, hay una 

reducción en la actividad de esta enzima. Lo que sugiere, que Hsp90 juega un 

papel preponderante en la síntesis de NO (85,86).  

Figura 10. Sitios de interacción de Hsp90 en eNOS. A) Esquema del diseño de los péptidos señuelo. B)
Inmunoprecipitación de eNOS-Hsp90 en (BAEC´s) que muestra que el péptido B2 inhibe la interacción de
Hsp90-eNOS. C) Producción de NO en BAEC´s incubadas con el péptido B2 el cual inhibe la producción de
Nitratos y nitritos en condiciones basales y en células estimuladas por incremento de la concentración de
Ca2+ . D) La infusión del péptido TSB2 en aortas aisladas y perfundidas mostró incremento en producción
de anión superóxido. *p<0.05 vs. Control. Tomada de Xu H. et-al. J. Biol. Chem. 2007.
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Otra proteína importante en la vía de señalización del NO es la guanilato 

ciclasa soluble (GCs) que es activada por el NO. La GCs una proteína 

heterodimérica que pertenece a la familia de las hemo- proteínas, está compuesta 
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por dos subunidades conocidas como α y β, que  se activa por la unión directa del 

NO  catalizando la conversión de GTP a GMPc, generando vasorelajación (88). 

Venema y Cols.; (87) mostraron en células endoteliales de bovino (BAECs) y 

aorticas de musculo liso de rata (RASMCs) que al menos una parte de la GCs 

existe en forma de complejo con Hs90 y eNOS. Con la ayuda de proteínas de 

fusión observaron que la subunidad β de la GCs se une al dominio medio de 

Hsp90, efecto que fue abatido por la adición de geldanamicina concluyendo que 

Hsp90 podría estabilizar a GCs evitando su degradación, así mismo observaron 

que ambas proteínas coinmunoprecipitan a eNOS mostrando que Hsp90 es una 

proteína que permite la interacción de la GCs y eNOS, sugiriendo que la formación 

del complejo podría facilitar la producción de GMPc por incrementar la actividad de 

la GCs o por aumentar su capacidad de ser activada por NO (87). 

Martine Duval y Cols.; (89) evidenciaron que Hsp90 participa en procesos 

angiogénicos mediados por la activación del receptor 2 del factor de crecimiento 

del endotelio vascular (VEGFR2). Ellos mostraron que la cotransfección de eNOS 

con VEGFR2 en células COS incrementa significativamente la síntesis de NO, y 

que la cotransfección con dinamina (proteína que inhibe la señalización del 

receptor facilitando su internalización), fue asociada con reducción de la síntesis 

de NO. Posteriormente observaron que la dinamina no modifico los niveles de 

autofosforilación del receptor, pero se observo aumento en la asociación con una 

proteína altamente fosforilada de aproximadamente 85 KDa, identificada más 

tarde como Hsp90, por lo que decidieron estudiar el papel de Hsp90 en la 

señalización del receptor. En cultivos de células endoteliales se observo que la 

Neevia docConverter 5.1



adición de VEGF al medio incremento de manera significativa los niveles de 

fosforilación de Hsp90 β y debido a que la tirosina cinasa c-Src está involucrada en 

la señalización del VEGF, estos autores observaron que c-Src causa la 

fosforilación de la tirosina 300 de Hsp90β y esto se asocio a con el incremento de 

la síntesis de NO, pues la cotransfección de c-Src con la mutante de Hsp90 β en la 

Y 300 por F no modificó la producción de NO. Estos resultados muestran de 

manera clara la participación de Hsp90β en la regulación de la producción de NO 

mediados por VEGF (99).  

 

1.8) Localización de Hsp90 en el tejido renal 

En 1990 Matsubara y col.; (90) desarrollaron un anticuerpo dirigido hacia 

Hsp90 de cerebro de bovino y observaron que fue especifico para células 

nerviosas, pero además mostraron que este anticuerpo era capaz de reconocer a 

Hsp90 en tejidos de otras especies. 

Este grupo realizó estudios de inmunohistoquímica e inmunofluorecencia en el 

tejido renal de rata en condiciones normales y describieron la presencia de Hsp90 

en el citoplasma de las células de los túbulos proximales y dístales de la corteza 

renal y este fue uno de los primeros trabajos que mostró la presencia de Hsp90 en 

el tejido renal. 

A pesar de que Hsp90 es muy abundante en la mayoría de las células y 

regula la función de diversa proteínas, se conoce muy poco de su papel fisiológico 

en el tejido renal y menos aún del papel específico de cada isoforma. En un 

estudio de nuestro laboratorio caracterizamos la expresión y localización de 
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Hsp90α y Hsp90β en la corteza y medula renal (91). Encontramos que estas 

proteínas se expresan en forma muy abundante siendo mayor su expresión en la 

medula renal con respecto a la corteza Figura. 11. 
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Figura. 11. Expresión de Hsp90 α y Hsp90 β en el tejido renal. A y B) Niveles de RNAm de
Hsp90 α y Hsp90β en la corteza (barras blancas) y medula (barras a rayas) determinados
mediante RT-PCR semicuantitativa. C) Análisis de Western blot de Hsp90 realizado en dos
mezclas de corteza y medula renal. D) Análisis densitométrico de los niveles proteicos de
Hsp90. *p<0.05 Vs. Corteza. Tomado de Ramírez V et-al. Cell and Stress Chaperones, 2004.  

 

Mediante inmunohistoquímica también observamos que Hsp90α  y Hsp90β 

se localizan en la mayoría de las estructuras renales: capilares glomerulares, 

células mesangiales y a lo largo del epitelio tubular, pero no observamos 

diferencias entre la expresión y localización de cada una de sus isoformas como 

se observa en la Figura 12 (91). 
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Figura 12. Localización de Hsp90α y Hsp90β en el tejido
renal. A, D, G, J, y M son tinciones negativas para cada
isoforma. B y C muestran inmunotinción en los
capilares glomerulares, en las asas capilares (*), células
mesangiales (flecha corta). Las flechas grandes
muestran la tinción en la cápsula de Bowman. E-F
muestran la tinción en el citoplasma de las células
tubulares (*) y en el borde en cepillo de las células de
los túbulos proximales (flechas). La
inmunohistoquímica de la medula externa H-I muestra
que Hsp90α y Hsp90β se localizan en el citoplasma de
las células tubulares, en contraste en la medula interna
la localización fue en la membrana basolateral K-L
(flechas). Finalmente la pelvis renal mostró una intensa
tinción en la punta de la papila (*) en los túbulos
colectores medulares (flechas), en la células de la
matriz extracelular y células intersticiales Ampliación
200X. Tomado de Ramírez V et-al. Cell and Stress
Chaperones, 2004.
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1.9) Hsp90 en la reabsorción renal de sodio y en la regulación 

osmótica 

La función renal de Hsp90 más conocida hasta el momento es su unión y 

estabilización por aumento de la afinidad por aldosterona hacia los receptores 

mineralocorticoides, en donde además actúan Hsp70, Hip (p48), Hop (p56) y 

Hsp40 formando un complejo con Hsp90. La aldosterona es una hormona 

mineralocorticoide, que es secretada por las células de la zona glomerulosa en las 

glándulas suprarrenales. Es uno de los mayores reguladores de la concentración 

de Na+ en el organismo, pues está encargada de la reabsorción de sodio y 

secreción de potasio en el riñón. La aldosterona difunde libremente a través de la 

membrana y se une a sus receptores intracelulares localizados en los túbulos 
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dístales y colectores favoreciendo la transcripción de genes que codifican 

proteínas transportadoras de sodio como: el cotransportador de sodio/ cloro NCC, 

el canal epitelial de sodio ENAC y la bomba de sodio potasio ATP/asa, y el canal 

de potasio ROMK. Una vez que la hormona se une a su receptor, la Hsp90 y las 

co-chaperonas ayudan a translocar el complejo hormona-receptor al núcleo donde 

es liberado para activar la transcripción de genes lo cual potencia la reabsorción 

de Na+ 

Ortiz y col.,

 y agua en las células epiteliales renales del túbulo distal y colector (92-94). 

Hay evidencia que muestra que el complejo Hsp90 y co-chaperonas puede activar 

la trascripción de otros genes, como el de la calcineurina. (95, 96). 

 (97, 98) mostraron en asas de Henle perfundidas y aisladas que 

él NO producido por eNOS resulta en una reducción de la reabsorción de Na+ y Cl- 

por la inhibición del cotransportador de Na+K+2Cl- (CSB). Es importante recordar 

que en este segmento de la nefrona se reabsorbe del 20 al 25% de sodio filtrado y 

además es impermeable al agua, lo que mantiene una adecuada tonicidad en la 

medula renal, por lo que cambios mínimos en el fluido tubular se verán reflejados 

en la excreción y reabsorción de sodio. En otro estudio realizado por el mismo 

grupo en las mismas condiciones, observaron que un aumento en el fluido luminal 

en el asa de Henle produce un aumento significativo de la actividad de eNOS 

conduciendo a una mayor liberación de NO y favoreciendo la migración de eNOS 

desde el citoplasma y la membrana basolateral, hacia la membrana apical, 

además mostraron que esta migración siempre está acompañada por Hsp90. 

También observaron que cuando no hay flujo luminal el patrón de localización de 

ambas proteínas es difuso en toda la célula. Por otro lado, debido a la interacción 

entre Hsp90 y eNOS incubaron las asas de Henle con geldanamicina, un inhibidor 
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especifico de Hsp90, y no observaron translocación de Hsp90-eNOS. Esto sugiere 

que Hsp90 es necesaria para la translocación de eNOS y que la interacción de 

estas proteínas podría regular la reabsorción de sodio en el asa de Henle (99). 

Se ha implicado la participación de diferentes chaperonas incluyendo a la 

Hsp90 en la regulación de la tonicidad renal. En células embrionarias de riñón 

humano HEK293, se describió la asociación de Hsp90 α y Hsp90 β con el factor 

de transcripción (TonEBP) proteína de unión que potencia la respuesta a tonicidad 

(100). Normalmente TonEBP/NFAT5 se encuentra en el citoplasma, una vez 

activado es translocado al núcleo donde se encarga de regular la transcripción de 

diversos genes como la aldosa reductasa, el cotransportador de sodio mio-inositol 

y el transportador de sodio-betaína entre otros (101,102). Estas proteínas son 

osmolitos orgánicos que conservan la viabilidad celular durante el aumento de la 

tonicidad.  

En este trabajo observaron que Hsp90 forma parte del complejo que forman 

TonEBP y sus elementos de respuesta (TonEBP/OREBP) en condiciones 

isoosmóticas e hiperosmóticas. También determinaron la actividad de TonEBP en 

presencia o durante la inhibición de Hsp90 con geldanamicina. Como era de 

esperarse la hipertonicidad (500mosm/Kg) incrementa de manera significativa la 

actividad transcripcional de TonEPB, sin embargo la adición de geldanamicina 

abate la actividad transcripcional de TonEBP en un 30% a 300mosm/Kg y un 66% 

a 5000mosm/Kg. Estos resultados sugieren que Hsp90 tiene un papel fundamental 

en la regulación de moléculas que regulan la tonicidad en el tejido renal, facilitando 

la migración de TonEBP del citoplasma al núcleo (103). 
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1.10) Hsp90 en condiciones fisiopatológicas renales 

En cuanto a condiciones fisiopatológicas se ha encontrado que la 

intoxicación con metales pesados como mercurio, zinc, cobalto, fierro y arsénico, 

producen aumento de la expresión de Hsp90 en el tejido renal. 

Fukuda y col.; (9) administraron intraperitonealmente nitrilotriacetato 

férrico (Fe-NTA) en ratones produciendo daño oxidante e incremento la incidencia 

de adenocarcinoma renal. Estos autores observaron que una sola dosis de Fe-

NTA es capaz de incrementar de manera significativa la expresión de Hsp90 en 

células tubulares renales y que si se prolonga su administración por varios días, 

de igual forma permanece la sobreexpresión de Hsp90 en el tejido renal, por lo 

que concluyeron que la presencia de Hsp90 podría conferir resistencia hacia el 

daño oxidante. 

Somji y col., (104) analizaron el efecto del cloruro de cadmio CdCl2 y 

arsenito de sodio NaAsO2 en cultivos primarios de células de túbulo proximal 

humanas, las cuales fueron aisladas de biopsias de pacientes que padecían 

carcinoma renal. Estas células fueron incubadas con diferentes dosis de CdCl2

Otro modelo en el cual se ha estudiado la expresión de Hsp90 es durante 

la administración de fármacos nefrotóxicos. Se ha demostrado que la 

 y 

no observaron cambios en la expresión de ambas isoformas, sin embargo cuando 

las células fueron expuestas a arseníto de sodio o a mayor temperatura hasta 

42.5°C, observaron un aumento significativo en la expresión de Hsp90α y 

Hsp90β, tanto en los niveles de RNAm como en la proteína.  
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administración gentamicina en la rata durante 14 días, produce aumento en la 

concentración de creatinina y urea plasmática, además de propiciar aumento en la 

expresión de Hsp90 en el segmento S3 del túbulo proximal. Esto fue comprobado 

mediante análisis de inmunohistoquímica, de microscopia de luz y electrónica, 

donde se observó que hay acumulación de Hsp90 en los lisosomas de las células 

epiteliales del túbulo proximal después de 36 horas de la administración de la 

gentamicina. Así mismo se evaluó la presencia de Hsp90 durante 21 días y se 

comprobó que hay una expresión máxima a los 12 días post administración y esta 

tiende a disminuir durante el periodo de recuperación (105). 

El cis-platino actualmente es utilizado en la práctica clínica como un 

medio de contraste (106). A pesar de ser útil se sabe que este fármaco es 

altamente tóxico ya que se ha reportado en ratas que una dosis única de 5 mg/Kg 

produce insuficiencia renal aguda. También se ha caracterizado que este fármaco 

produce cambios morfológicos de la arquitectura renal, como dilatación del 

segmento S3 del túbulo proximal. En este trabajo se demostró la inducción de 

Hsp90 en el asa de Henle y en la membrana apical del túbulo proximal después de 

24 horas de la administración de cis-platino. Así mismo se comprobó la presencia 

de Hsp90 en el día 5 y 7 posterior a la administración en las células que se 

regeneran. 

Morita y col., mostraron en ratas sometidas a isquemia renal unilateral por 

60 min, produjo un abrupto incremento en la expresión de Hsp73 y Hsp90 después 

de 3 y 12 horas de reperfusión, estas proteínas fueron localizadas en el túbulo 

proximal y en células de asa de Henle. Aunado a esto, observaron la presencia 

Hsp90 después de 3, 7 y 28 días de reperfusión y comprobaron que esta persiste 

Neevia docConverter 5.1



en las regiones de regeneración celular. Estos autores proponen que además de 

que Hsp90 se expresa de manera constitutiva esta puede inducirse cuando hay 

daño tubular en etapas degenerativas y regenerativas lo que le confiere un papel 

protector en ambos casos.  

Poco se conoce del papel de Hsp90 en condiciones fisiopatológicas, en 

humanos se ha reportado un caso único, en el cual un paciente padecía 

insuficiencia renal aguda con oliguria aunado a una severa hipertensión. A este 

sujeto se le tomo una biopsia renal, a partir de la cual se realizaron estudios de 

histológicos e inmunohistoquímica que revelaron la sobrexpresión de Hsp90 en el 

citoplasma de las células del segmento S3 del túbulo proximal en una etapa de 

recuperación y regeneración túbular (107). 
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1) Hipótesis 

• Si Hsp90 desempeña un papel importante en la regulación de la función 

renal; entonces la inhibición de su actividad ATPasa con radicicol nos 

permitirá evaluar su participación en el mantenimiento del flujo sanguíneo 

renal y de la filtración glomerular.  

 

•  Si la formación del complejo Hsp90-eNOS regula el tono de la vasculatura 

renal; entonces la administración de radicicol producirá cambios en la 

producción de oxido nítrico. 
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2) Objetivos. 

I. Estudiar el efecto de la administración de radicicol sobre la filtración 

glomerular y el flujo plasmático renal. 

II. Estudiar el efecto de la disociación del complejo eNOS-Hsp90 sobre la 

fosforilación de eNOS en el tejido renal. 
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4) Métodos  

4.1) Inclusión de animales.  

 Se incluyeron 20 ratas Wistar macho de 300-320g de peso que fueron 

divididas aleatoriamente en dos grupos: el grupo control y el grupo en el que se 

inhibió a Hsp90. Los experimentos se realizaron en condiciones basales y durante 

la infusión (administración endovenosa) de vehículo o de radicicol el inhibidor de 

Hsp90. 

 

4.2) Cirugía. 

 Previo al experimento los animales se anestesiaron con pentobarbital 

sódico intraperitonealmente a una dosis de 30mg/kg de peso posteriormente se 

colocaron en una mesa termoregulada colocándoles una sonda rectal para 

mantener la temperatura corporal a 37ºC. Se cateterizó la tráquea con un tubo de 

polietileno PE-240 y con tubo de polietileno PE-50 las venas yugulares y las 

arterias femorales. Por una de las venas yugulares se infundió el plasma y según 

el caso el vehículo o el radicicol y la otra vena se utilizó para reponer la sangre 

que se tomó por una de las arterias femorales. La otra arteria cateterizada se 

utilizó para registrar la tensión arterial media (TAM) en un polígrafo Grass durante 

todo el experimento. También se cateterizó la vejiga con tubo de polietileno PE-90 

para colectar muestras de orina durante el periodo basal y el experimental. Una 

vez cateterizado, al animal se le realizó una incisión media en el abdomen y se 

disecó la arteria renal izquierda para colocar una sonda de ultrasonido 
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previamente lubricada con gel (Flujométro Transonic System 1RB) y registrar el 

flujo sanguíneo renal (FSR) en forma continua. 

 Las ratas se mantuvieron en condiciones de euvolemia mediante la infusión 

de plasma (10 ml/kg) obtenido de una rata donadora. Todos los experimentos se 

realizaron en dos etapas, la primera de ellas consistió en la infusión de un 

marcador de la filtración glomerular azúcar baja en calorías (azúcar BC) al 5% 

(108) después de 30 min de iniciada la infusión se tomó una muestra de sangre y 

se inició la primera recolección de orina durante 30 a 45 min y al finalizar se tomó 

de nuevo una muestra de sangre de la arteria femoral reponiendo en cada toma, el 

mismo volumen con sangre de una rata donadora por la vena yugular. En la 

segunda etapa, además de infundir el azúcar BC, se infundió el vehículo (dimetil 

sulfoxido DMSO 20%) o el radicicol (25µg/0.1ml/h en DMSO) (109) nuevamente 

después de 30 min. de equilibrio empezó la recolección de orina de la vejiga por 

otros 30 a 45 min y al inicio y al final de la recolección se tomó una muestra de 

sangre de la arteria femoral reponiendo el mismo volumen con sangre de una rata 

donadora por la vena yugular. La concentración de azúcar BC en plasma y orina 

se determinó por el método de Davidson (110).

 

. 

 Al finalizar el experimento, los animales fueron sacrificados se extrajeron 

ambos riñones y fueron separados macroscópicamente en corteza y medula renal. 

Los tejidos se congelaron a- 80ºC y se almacenaron para su posterior uso en 

estudios bioquímicos y moleculares como se detallara adelante. 
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 Con el fin de corroborar nuestros resultados usando al azúcar BC como 

marcador de la filtración glomerular se incluyó un grupo de seis animales a los que 

en lugar de infundir azúcar BC como marcador de la filtración glomerular se les 

infundió el estándar de oro INUTEST en una solución al 5%, el experimento se 

realizó de la misma forma descrita previamente en presencia y ausencia del 

inhibidor de Hsp90.  
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4.3) Estudios Bioquímicos 

4.3.1) Determinación de la filtración glomerular.  

 Estos valores se determinan empleando el método de Davidson (110). Este 

método se basa en la hidrólisis acida de monosacáridos (hexosas y aldopentosas). 

La presencia del ácido favorece la ruptura de los enlaces glucosídicos y al 

reaccionar con la antrona los monosacáridos de oxidan tomando una coloración 

azul-verdosa. Para determinar su concentración se empleo una curva estándar de 

azúcar BC con concentraciones de 20µg/ml hasta 100µg/ml. 

 En un matraz se preparo la antrona (0.08mg/100ml), se colocaron 100ml de 

ácido sulfúrico concentrado y 26 ml de agua destilada hasta que estuvieran fríos, 

posteriormente se le agrego 100mg de antrona y se agito suavemente hasta que 

se disolvió. (Todo debe permanecer en hielo y protegido de la luz ya que es una 

reacción fotosensible) 

 Para determinar la concentración en plasma es necesario eliminar primero 

las proteínas del plasma, para ello se realiza un ensayo de precipitación 

empleando ácido tricloroacético 1N en la siguiente proporción. 

125µl de TCA 1N 

250µl de agua destilada 

25µl de plasma problema 
Se centrifugan por 10 min a 14000g y se emplea el sobrenadante. 

 El ensayo consiste en colocar 100 µl de la curva estándar o del problema en 

un tubo limpio, enseguida congelar las muestras. Una vez que la antrona se ha 

disuelto en el ácido sulfúrico tenga una coloración amarillo canario, se adicionan 

Neevia docConverter 5.1



500 µl a cada una de las muestras previamente congeladas, agitar vigorosamente 

e incubar a 42°C durante 50 minutos. Al finalizar este tiempo agitar vigorosamente 

y leer las muestras a una longitud de onda de 620nm. La concentración se 

determina con la curva estándar. 

La filtración glomerular se cálculo de la siguiente forma. 

FG= 
    [Concentración de azúcar BC en orina] 

[Concentración de azúcar BC en orina][Flujo]  

Flujo= Volumen de orina/ Tiempo de recolección. 

Nota: Para determinar la concentración de azúcar BC en plasma y orina se 

realizaron las diluciones apropiadas.  

 

4.3.2) Excreción urinaria de nitritos y nitratos  

 Para determinar la concentración de nitritos y nitratos urinarios se empleó el 

estuche comercial nitric oxide de R & D, de acuerdo a las instrucciones del 

fabricante. Este ensayo determina los metabolitos estables del oxido nítrico 

presentes en las muestras, por conversión de nitratos a nitritos mediante la acción 

de la enzima nitrato reductasa. Este es un método colorimétrico basado en la 

reacción de Griess que produce la diazotización de los nitritos que reaccionan con 

el ácido sulfanilico produciendo un ion diazonio que se lee a una absorción 

máxima de 540nm. 
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4.3.3) Lipoperoxidación. 

Se determinaron los niveles de lipoperoxidación como medida de los niveles 

de malondialdhehido (MDA) en el tejido renal, mediante la técnica de especies 

reactivas al ácido tiobarbitúrico (TBARS). 

Se homogenizaron 100 mg de corteza y medula renal en 1 ml de agua 

destilada, después de la homogenización el ensayo consistió en incubar 150 µl de 

homogenizado y agregar 350µl de una solución al 0.8% de acido tiobarbitúrico en 

ácido tricloroacético al 15%, posteriormente las muestras fueron calentadas a 

95°C por 45 minutos y al finalizar las muestra se centrifugaron a 3000g por 15 min. 

El sobrenadante fue leído en un espectrofotómetro a una longitud de onda de 

532nm. Se determinó la concentración de TBARS utilizando su coeficiente de 

extinción molar de 1.56 x 105 M-1/Cm-1

 

 y se expresaron como nmol de TBARS por 

mg de proteína. Los niveles de proteína de cada homogenizado se determinaron 

por el método de Bradford. 

4.3.4) Peróxido de hidrógeno urinario. 

 Los niveles de peróxido de hidrogeno se determinan como una medida 

indirecta de la producción de anión superóxido como consecuencia del aumento 

en el estrés oxidativo. 

 Para corroborar que la administración de radicicol no produjo cambios en 

los niveles de anión superóxido, se determinó la concentración de peróxido de 

hidrógeno en orina en los animales infundidos con vehículo y radicicol durante 
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ambos periodos de estudio empleando el estuche comercial Amplex® Red 

Hydrogen Peroxide/Peroxidase Assay Kit (invitrogen) de acuerdo a las 

instrucciones del fabricante. Este es un método colorimétrico de un paso, 

empleando el 10-acetil-3,7-dihidroxifenoxizano que reacciona con el peróxido de 

hidrogeno presente en las muestras produciendo resurfina de color rojo que tiene 

absorción máxima a 560nm. 

 El ensayo se realizo empleando una curva estándar de peróxido de 

hidrógeno de 1 a 10 µM. Las muestras fueron diluidas en buffer de trabajo 1X. Se 

colocaron 50µL de cada estándar o muestra en una placa de ELISA 

posteriormente se les agrego 50 µl de la solución de rojo de Amplex/HRP 

conjugado y las muestras se incubaron durante 30 minutos protegidas de la luz. 

Posteriormente la placa fue leída a 560nm y la concentración de H2O2 fue 

determinada por interpolación de la curva patrón. Los resultados se expresaron 

como nmol/ml de H2O2

4.3.5) Niveles de isoprostanos F

. 

2α

 Los Isoprostanos son similares a las prostaglandinas, pero estos se 

producen por la lipoperoxidación de las proteínas de membrana y esta acción es 

inducida por la presencia de los radicales libres específicamente anión superóxido.  

 urinarios.  

 Por lo que para verificar si la infusión de radicicol modificaba la 

concentración de Isoprostanos F2α (8-iso-PGF2α) estos fueron determinados en las 

orinas de ambos grupos de estudio mediante un ensayo de ELISA empleando el 

estuche comercial 8-iso-PGF2α Elisa assay (Northwest. Vancouver. WA 98662) 

Neevia docConverter 5.1



siguiendo las instrucciones del fabricante. Se empleo una curva estándar de 8-iso 

PGF2α

 En una micro placa de Elisa en la cual se encontraba adherido un 

anticuerpo monoclonal hacia 8-iso-PGF

 de 0.01 a 100ng/ml 

2α  se colocaron 100µl de los estándares y 

muestras a las que se les adiciono 100ml de 8-iso PGF2α/HRP conjugado y se 

incubaron durante 2 horas a temperatura ambiente. Después de 2 horas se 

realizaron tres lavados con buffer de trabajo 1X y se les adiciono 200µl del 

sustrato TMB (3,3', 5,5"-tetra-metil-benzidina) y se nuevamente se incubaron 

durante otros 40 min hasta el desarrollo de una coloración azul. La reacción fue 

detenida por adición de 50µl de H2SO4 3M desarrollando una coloración amarilla. 

La placa se leyó a 450 nm. La concentración de isoprosanos se reporto como 

ng/ml de isoprostanos F2α. 
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4.4) Estudios Moleculares 

Se extrajeron ambos riñones y se separaron macroscópicamente en corteza y 

médula renal y se congelaron en nitrógeno líquido y se almacenaron a -80°C hasta 

su procesamiento.  

 

4.4.1) Extracción de RNA total. 

Se extrajo el RNA total de la corteza y medula renal por homogeneización 

en TRIZOL siguiendo las instrucciones del fabricante. Una vez aislado el RNA, se 

determinó la pureza, y concentración, mediante espectrofotometría y mediante un 

gel de agarosa al 1% se confirmó la integridad del mismo.  

 

4.4.2) Trascripción reversa 

La transcripción reversa se llevó a cabo a partir de 1µg de RNA total de 

corteza o médula tratadas previamente con DNAasa. El RNA se ajustó a un 

volumen de 11 µl con agua grado biología molecular y se sometió a 65° C durante 

10 minutos para desnaturalizar la molécula de RNA. Se agregaron 9µl de una 

mezcla que contenía 200U unidades de transcriptasa reversa (MMLV Invitrogen), 

100 pmol de hexámeros, 0.5 mM de cada nucleótido (dNTP) y 1x de buffer RT. La 

reacción se incubó a 37°C durante 1 hora y al finalizar se expuso a 95°C por 5 

minutos para desnaturalizar la enzima y la reacción se llevó a un volumen final de 

40 µl (91,111). 
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4.4.3) RT-PCR en tiempo real: 

 Lo niveles de RNAm de Hsp90α, Hsp90β  y la sintasa de oxido nítrico 

endotelial eNOS, de la subunidad 18s del RNAr como gen control, se 

determinaron mediante RT-PCR en tiempo real, empleando los iniciadores 

específicos marcados con los fluoróforos FAM y VIC de Applied Byosistems. Para 

Hsp90α de rata se utilizó el estuche comercial Rn00822023-g1, para Hsp90βe l 

ensayo número HSP90BRAT-X, para eNOS el ensayo número Rn02132634-s1. 

Para corregir las variaciones de concentración de DNA o de la eficiencia de 

amplificación en cada reacción empleamos la subunidad 18S del RNAr como 

control endógeno. La cuantificación de la expresión de cada gen fue hecha 

empleando el método del umbral del ciclo (CT). (111,112). Para cuantificar la 

expresión de cada gen amplificado por PCR en tiempo real es necesario estimar la 

concentración de DNA presente en las muestras mediante la detección y 

cuantificación de la fluorescencia emitida en la fase exponencial de la curva de 

amplificación, esta fluorescencia es corregida por la concentración basal del 

trazador fluorescente y el fondo de las muestras.  

El CT  es una medida arbitraria, este debe ser fijado en la fase exponencial y 

deberá estar significativamente por arriba de la línea basal. Esta medida 

representa el número de ciclos en que el producto de PCR alcanza el umbral 

establecido. Sin embargo si este número es menor a 7 o mayor de 40 ciclos no 

deberá incluirse pues podría generar resultados erróneos. Una vez obtenido el CT 

se emplea un modelo matemático para cuantificar la expresión de ambos genes, 

este método se conoce como 2-(Δ)( Δ)ct. 
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 Este valor se normaliza con respecto a un gen control restando el CT del 

gen problema menos el gen control, este valor se potencia en base dos, el valor 

matemático representa la expresión del gen en comparación con el gen 

control.(113) 

 

4.4.4) Análisis de Western Blot: 

Las proteínas fueron extraídas por homogenización de 100mg de corteza 

renal en 1 ml de buffer de lisis (50mM HEPES pH 7.4, 250mM NaCl, 5 mM EDTA, 

0.1% NP-40 e inhibidor de proteasas Complete (Roche)) los homogenizados se 

centrifugaron a 4000 g por 8 min, se retiraron los restos celulares y se determinó la 

concentración de proteínas por el método de Lowry. Se corrieron de 20 – 50 µg 

proteínas en buffer de carga (6% SDS, 15% glicerol, 150 mM Tris, 3% azul de 

bromofenol, 2% - β-mercaptoetanol, pH 7.6).en un gel SDS- PAGE al 7.5% y se 

transfirieron a una membrana PVDF. Como control positivo de Hsp90α se 

cargaron 20µg de proteínas de células embrionarias de riñón humano HEK293 

transfectadas con Hsp90α de rata, mientras que para eNOS se cargaron 0.6µg de 

eNOS recombinante de bovino (Abcam. Cambridge, MA).   

Las membranas se incubaron durante 60 min a temperatura ambiente en 

agente bloqueante (BIO-RAD) al 0.4%,se lavaron durante 20 minutos en buffer tris 

salino (TBS-t 199mM TRIS, 1.36 M NaCl, 0.1% de Tween 20 pH 7.6), después las 

membranas se cortaron en dos partes, la parte inferior se incubó con el anticuerpo 

primario cabra anti- β- actina como proteína control (Santa Cruz Biotechnology) a 

una dilución de 1:5000 en solución de anticuerpo al 0.1% a 4°C durante toda la 
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noche, la parte superior se incubó con diferentes anticuerpos según el caso. Para 

Hsp90α y Hsp90β se incubó con los anticuerpos policlonales, de conejo anti- 

Hsp90α y conejo anti- Hsp90β  (Abcam) a una dilución 1:5000 durante toda la 

noche a 4°C. En el caso de eNOS, eNOS S1177, eNOS T495, las membranas 

fueron bloquedas durante 60 min en agente bloqueante al 5% y dos lavados 

posteriores E incubadas  según el caso con los anticuerpos policlonales anti-eNOS 

de conejo, ó anti- fosfo eNOS S1177 de conejo, o bien anti- eNOS T495 (Cell 

Signaling) de conejo, 1: 500 en albúmina sérica de bovino al 5%, durante toda la 

noche a 4°C. Al siguiente día, las membranas se lavaron en TBS-t por 30 min y se 

incubaron con el anticuerpo secundario por 60 min a temperatura ambiente. Para 

β-actina se empleo el anticuerpo conjugado HRP burro anti cabra (Santa Cruz 

Biotechnology) 1:10000, para Hsp90α y Hsp90β utilizamos el anticuerpo 

conjugado HRP- anti conejo a una dilución 1:10000 (Alpha Diagnostics) y 

finalmente para eNOS, fosfo eNOS S1177 y T495 se incubarón con el anticuerpo 

secundario HRP-anti-rabbit (Alpha Diagnostics) a una dilución 1:2500. Al finalizar 

las membranas fueron lavadas nuevamente por otros 60 min en TBS-t. Las 

proteínas fue ron de te cta da s  me dia nte  un e ns a yo de  quimioluminiscencia por 

autorradiografía de las bandas y se cuantificaron por análisis densitométrico (ECL 

PLUS, Amersham). 

Para el ensayo de dimerización de eNOS se extrajeron proteínas totales de 

seis diferentes cortezas de cada grupo por homogenización en buffer de lisis 

(50mM TRIS-HCl pH 8.0, 0.1% Nonidet p-40, 180mM NaCl, 0.5mM EDTA e 

inhibidor de proteasas Complete). Los homogenizados se centrifugaron a 4000g 
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por 8 minutos  a 4°C, se retiraron los restos celulares se le determinó la 

concentración de proteínas en el sobrenadante por el método de Lowry. Se 

colocoran 50µg de proteínas no desnaturalizadas en buffer de carga (6% SDS, 

15% glicerol, 150 mM Tris, 3% azul de bromofenol, 2% β -mercaptoetanol, pH 7.6) 

y se separaron en un gel SDS-PAGE al 6% a 4°C (114, 115). Las proteínas se 

transfirieron a una membrana PVDF y el ensayo de western blot para eNOS se 

realizó como se describió previamente. 
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5) Resultados. 

 Para conocer el papel de Hsp90 sobre la función renal y el flujo sanguíneo 

renal (FSR), incluimos 20 ratas que se dividieron en 2 grupos, 10 ratas recibieron 

de DMSO y alcohol etílico como vehículo y el resto se les infundió radicicol. Los 

animales se prepararon de acuerdo a lo descrito en los métodos. Durante todo el 

experimento se registró la tensión arterial media (TAM) y mediante una sonda de 

ultrasonido se monitoreó el FSR. Con el fin de determinar la función renal de estos 

animales durante todo el experimento se mantuvo una infusión de azúcar BC al 

5% como marcador de la filtración glomerular (118). 

 Cada experimento consistió de dos etapas la primera se le denominó 

periodo basal o control y en la segunda etapa los animales recibieron una infusión 

de vehículo o radicicol durante 60 min más.  

En la Figura 13 se muestran los valores de tensión arterial media (TAM),  
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Figura. 13. Parámetros fisiológicos durante la inhibición de Hsp90. A) Tensión arterial media (TAM). B) Flujo sanguíneo renal (FSR). C)
Filtración glomerular (FG) determinada por la infusión de azúcar BC. Basal barras blancas (B), Infusión de Vehículo barras grises (Veh) e
infusión de radicicol barras negras(Rad). * p < 0.05 vs. B.  

el FSR y la filtración glomerular (FG). En el grupo control, la infusión de vehículo 

produjo una ligera reducción no significativa de la TAM (123.4 + 3.1 vs  115.9 + 3.3 

mmHg) y en el grupo que recibió radicicol se observó un efecto similar, que en 



este caso alcanzó significancia estadística  (117.5+ 3.2 vs 103.2 + 2.1 mmHg). el 

flujo sanguíneo renal no se modificó  durante la infusión del vehículo (7.5 + 0.6 vs. 

6.9 + 0.4 ml/min) mientras que, la infusión de radicicol produjo un descenso 

significativo del FSR con respecto a su periodo control (5.2 + 0.3 vs. 8.36 + 0.8 

ml/min).  

Como se puede apreciar en la figura 13C la infusión de vehículo no modifico 

la filtración glomerular  en el grupo. En cambio la inhibición de Hsp90 con radicicol 

indujo una reducción significativa de la FG de un 32 % con respecto al su periodo 

basal (B 2.0 + 0.02 vs Rad 1.2 +0.02 ml/min). Estos resultados sugieren  que la 

infusión de radicicol produjo una caída de la función renal a través de inducir 

vasoconstricción renal, efecto que puede ser mediado por una reducción de 

factores vasodilatadores (como óxido nítrico o prostaglandinas) o bien por un 

aumento de los factores vasoconstrictores (como endotelina ó angiotensina). 

Previamente mostramos el azúcar baja en calorías (BCS) es un marcador 

adecuado de la función renal, sin embargo para corroborar que los efectos 

mostrados anteriormente sean ocasionados por la inhibición de Hsp90,  

Incluimos un grupo de 6 ratas a las que les infundimos un marcado preciso 

empleado para medir la filtración glomerular INUTEST en presencia o ausencia 

de radicicol. Como esperábamos, la inhibición de Hsp90 produjo una ligera caída 

de la TAM con respecto a su periodo basal Figura 14A. También comprobamos 

que la infusión de radicicol reduce el FSR (B 8.7+ 0.5 vs. Rad 5.6 + 0.3 ml/min) y 

la FG (B1.9+0.5 vs, Rad 1.3 +0.4 ml/min), niveles similares a los observados con 

el azúcar BC como se observa en la Figura. 14B. y 14C. 
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De acuerdo con datos publicados por otros grupos se conoce que Hsp90 

regula a su propio factor de transcripción HSF 1, y se ha mostrado que el radicicol 

o la geldanamicina propicia el desplazamiento de ese factor el cual es translocado 

al núcleo donde inicia la trascripción de genes de choque térmico incluyendo a 

Hsp90. Por lo que decidimos evaluar la expresión de Hsp90 en la corteza renal. 

Para ello se extrajo RNA total de las cortezas renales de los animales de ambos 

grupos. 

Una vez que se purifico el RNA 

total este fue tratado con DNAasa y se 

determino su concentración mediante 

espectrofotometría. Para comprobar 

su integridad, 1 µg de RNA de cada 

muestra se colocó y corrió en un gel 

de agarosa en condiciones 

desnaturalizantes. La figura 15 

Vehículo Radicicol

28S

18S

Figura 15. Foto representativa del RNA total extraído
de las cortezas de ambos grupos de estudio. Cada
carril contiene 1µg de RNA total de una rata
diferente, infundida con vehículo o radicicol.



muestra que el RNA se encontraba intacto pues se observan claramente dos RNA 

ribosomales 28 y 18S. 

Para determinar los niveles de RNA mensajero de Hsp90, eNOS y del RNAr 

18S en los animales de estudio. Se realizaron las curvas de amplificación para 

PCR en tiempo real, empleando diluciones seriadas del DNAc del grupo de 

animales control, iniciando con DNAc concentrado, 1:10, 1:100, 1:1000 y 1:10000. 

De igual forma se determino si había o no competencia entre cada par de 

iniciadores con el gen control. Como se observa en la Figura 16A la amplificación 

del RNAr 18S es muy abundante pues al emplear el DNAc concentrado 

observamos que hay gran cantidad de producto de PCR amplificando antes de los 

7 ciclos. En base a estas observaciones decidimos emplear la dilución 1:1000 del 

DNAc que amplifica productos de PCR aproximadamente a los 17 ciclos que nos 

permitirá su adecuado análisis. Para realizar los ensayos de competencia se 

realizó el mismo ensayo incubando ambas sondas en el mismo tubo (18S+gen 

problema) y comprobamos que la sonda de 18S es mucho más eficiente que las 

demás pues al analizar los resultados observamos que las graficas de 

amplificación de los genes problema se desplazan recorren hacia la derecha 

indicando indicando que una de las sondas es menos eficiente por lo que se dice 

que las sondas compiten entre sí. Para Hsp90α, Hsp90β y eNOS se realizaron las 

mismas pruebas y en base a las observaciones hechas decidimos emplear la 

dilución 1:100 como se observa en la figura 16B, C y D.  
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Figura 16. Cinéticas de amplificación
hechas por PCR en tiempo real para los
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Hsp90β. D) eNOS.
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Como era de esperarse al determinar los niveles de RNAm de Hsp90 

observamos que la inhibición aguda con radicicol  no produjo cambios en los 

niveles de RNAm de Hsp90 α/18S como se observa en la Fig.17A (Vehículo 1.0 + 

0.03 Vs radicicol 0.87+0.1) así ni Hsp90β/ 18S como puede apreciarse en la 

Figura 17B (Vehículo 1.0+ 0.04 Vs radicicol 1.2+1.0).  
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barras negras representan a los animales infundidos con radicicol.

 

Se extrajeron proteínas totales para determinar los niveles de proteína de ambas 

isoformas y al igual que en el mensajero no observamos cambios como se 

observa en la Figura 18. 
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infundidos con vehículo, las barras negras representan el análisis densitométrico del Western blot de
Hsp90 α o β en las cortezas de 5 animales infundidos con radicicol.
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Debido a que la infusión de radicicol indujo reducción en la filtración 

glomerular propiciada por vasoconstricción renal, decidimos evaluar si este efecto 

fue mediado por reducción de agentes vasodilatadores o por incremento de 

factores vasoconstrictores.  

El NO es un agente vasodilatador que se sintetiza por tres sintasas de NO 

conocidas como la isoforma neuronal nNOS, la inducible iNOS y la endotelial 

eNOS, esta última es la que regula la generación de NO en el endotelio vascular e 

interviene en el mantenimiento de la hemodinámica renal. Aunado a esto se 

conoce que Hsp90 se une directamente a eNOS favoreciendo un aumento en su 

actividad y mayor producción de NO. Puesto que la inhibición de Hsp90 produjo 

reducción de la función renal es probable que la perdida de la interacción entre 

estas dos proteínas sea la consecuencia de la reducción en la producción de NO.  



Para comprobar si la inhibición de Hsp90 produce reducción en los niveles 

de NO, determinamos la excreción urinaria de nitritos y nitratos (UNO2/NO3
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metabolitos estables de la síntesis de NO y como se muestra en la Figura 19A la 

infusión de radicicol redujo un 52% en la excreción urinaria de nitritos en el grupo 

de animales infundidos con radicicol y este cambio fue significativamente diferente 

con el grupo de vehículo. El mismo efecto fue observado en el grupo de animales 

infundidos con INUTEST® Figura 19B.  

 

Para determinar si la reducción en la síntesis de NO se debe al desacople 

de Hsp90-eNOS y en consecuencia eNOS incremente los niveles intrarrenales de 

anión superóxido, determinamos los niveles de lipoperoxidación expresados como 

niveles de malondialdehído (MDA). Como se observa en la Figura 20A la infusión 



de radicicol no modificó los niveles de MDA en la corteza renal con respecto a los 

animales infundidos con vehículo, en contraste se observó un incremento 

significativo en los niveles de MDA en la medula renal con respecto a la corteza 

renal; esto podría deberse a que la normalmente la medula está sometida a 

condiciones de hipoxia. La hipoxia se genera por una menor proporción de vasos 

sanguíneos y por la hiperosmolaridad que reduce la difusión de O
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Para corroborar que la inhibición de Hsp90 no produce cambios en la 

concentración de anión superóxido, determinamos la concentración urinaria de 

peróxido de hidrogeno y de Isoprostanos F2α como marcadores de estrés 

oxidativo. La Figura 20B y 20C muestra que la infusión de vehículo o radicicol no 

modificó la producción de O2
- como previamente observamos  en el tejido renal. 

Estos resultados muestran que la inhibición de Hsp90 reduce la síntesis de NO sin 

modificar la producción de anión superóxido. 



 

Para conocer si la reducción de los niveles de NO observados durante la 

inhibición de Hsp90 se debe a cambios en la expresión de la sisntasa de oxido 

nítrico endotelial eNOS. Para ello determinamos los niveles de RNAm en la 

corteza renal de eNOS mediante RT- PCR en tiempo real empleando el rRNA 18S 

como gen control en ambos grupos de estudio. Nuevamente determinamos las 

cinéticas de amplificación para la eNOS observando que amplifica de manera 

adecuada a la dilución 1:100 en el ciclo 30 como se observa en la Figura 16D. 

No observamos cambios los niveles de RNAm de eNOS en los animales 

infundidos con radicicol y vehículo (1.1+0.07 Vs 1.0+0.006) como se muestra en la 

Figura 21 A, de igual forma el análisis densitométrico de los niveles proteicos de 

eNOS total/ β actina no mostro cambios en ambos grupos de estudio (Veh 0.57 

+0.07 vs Rad 0.53 +0.06 unidades arbitrarias) Figura 21 B. Estos datos indican 

que la reducción de los niveles de NO no es una consecuencia de menor cantidad 

de proteína. 
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Es bien conocido que la actividad de eNOS esta regulada por sus sitios de 

fosforilación por tal motivo evaluamos en el tejido renal el grado de fosforilación 

del residuo Thr 495 involucrado con reducción de la actividad de eNOS y 

biodisponibilidad del NO (76, 77, 78, 79, 80, 81, 82, 116). 

La densitometría del análisis de Western blot para de este residuo 

muestra que los animales infundidos con radicicol muestran un aumento 

significativo en los niveles de fosforilación de la T497 eNOS/β-actina (Veh 0.47+ 

0.18 vs. Rad 0.78 + 0.12 Unidades arbitrarias) con respecto al grupo de animales 

infundidos con vehículo como se muestra en la Figura.22A.  
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Por otro lado la densitometría del análisis de Western blot del sitio activador 

de eNOS en la S1177 expresado como la relación de eNOS S1177/ β-actina no 

muestra cambios significativos en la fosforilación de este residuo entre el grupo 

vehículo y el infundido con radicicol como se observa en la Figura 22B (0.11+.06 

Vs 0.14 + 0.04 Unidades arbitrarias).  

Estos resultados sugieren que el aumento de la fosforilación de la T497 

es suficiente para modificar de manera importante la función renal favoreciendo la 

reducción en la producción de NO.  

Así mismo, se ha descrito que eNOS es una enzima activa cuando se 

encuentra formando dímeros (114,115) mientras que cuando se encuentra en 

forma monomérica no es activa, debido a que el flujo de electrones para la síntesis 

de NO se lleva a cabo del dominio reductor de un monómero al domino oxidante 



del otro monómero. Por lo tanto, en este estudio evaluamos la proporción de 

dímero/monómero de eNOS en estos animales.  

La Figura 23A muestra un Western blot representativo de eNOS en 

condiciones no desnaturalizantes que muestra la forma dimérica y monomérica de 

esta proteína y observamos en los animales infundidos con radicicol un descenso 

significativo en la cantidad de dímero con respecto a los animales control, en 

consecuencia se observa una mayor proporción de eNOS monomérica después 

de la inhibición de Hsp90. El análisis densitométrico confirmo los cambios de la 

dimerización de eNOS como se observa en las Figuras 23B y 23C. 

 



0

100

200

300

0

100

200

300

*

*

Dímero eNOS

247 KDa

127 KDa

83 KDa

Dímero eNOS 

Monómero eNOS

Control Inhibición  de Hsp90

A

Control Inhibición de 
Hsp90 

Control Inhibición de
Hsp90

Control Inhibición de
Hsp90

D
en

si
da

d 
O

pt
ic

a 
Un

id
ad

es
 a

rb
itr

ar
ia

s

Monómero eNOS eNOS D/M
B C D

*

0.0

0.5

1.0

1.5

2.0

2.5

Figura 23. Efecto de la inhibición de Hsp90 sobre el estado de dimerización de eNOS. A) Western blot de eNOS
en condiciones no desnaturalizantes, donde se observa la proporción del monómero y dímero de 5 cortezas de
animales infundidos con vehículo (control) y 5 con radicicol (Inhibición de Hsp90). B y C) Análisis
densitométrico de la forma dimérica y monomérica de eNOS. D) Relación dímero/monómero. Barras blancas
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De igual forma al evaluar la relación dímero/monómero observamos reducción 

significativa de la forma activa de eNOS en el grupo de radicicol con respecto al 

grupo control (Rad 1.74+ 0-32 Vs Veh 0.33 +0.07 Unidades arbitrarias) Figura 

20D, estos resultados aunados al incremento de los niveles de fosforilación de la 

T495 de eNOS sugieren que los cambios observados se deben al desacople de 

Hsp90-eNOS producido por el radicicol. 
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6) Discusión. 

 Las proteínas citosólicas de choque térmico de 90 KDa, Hsp90α y Hsp90β 

desempeñan múltiples funciones que son realizadas al unirse y estabilizar a otras 

proteínas, denominadas proteínas cliente, de las que se han descrito más de 100 

clientes moleculares de Hsp90, entre las que destacan enzimas, cinasas, 

receptores y factores de transcripción (44). 

 En un estudio reciente de nuestro laboratorio mostramos que Hsp90α y 

Hsp90β  se expresan y localizan en el riñón (91), sin embargo poco se conoce del 

papel que desempeñan en el tejido renal. Por lo que el presente estudio se diseñó 

para evaluar si las Hsp90 están involucradas en regular la función renal en 

condiciones fisiológicas. Para lograr este objetivo, se utilizó un inhibidor 

farmacológico de Hsp90 conocido como radicicol. El radicicol es un compuesto 

que inhibe a Hsp90 a través de unirse al dominio ATPasa de esta proteína, lo que 

evita que sus proteínas cliente interactúen con Hsp90 (44). 

 

 En este trabajo observamos que la inhibición aguda de Hsp90 con radicicol 

indujo hipoperfusión renal, que fue detectada por la reducción significativa del flujo 

sanguíneo renal en un 40% con respecto al grupo control. Este efecto se 

acompañó por una disminución significativa de la filtración glomerular, 

evidenciando así, que Hsp90 está implicada en la regulación del tono vascular 

renal, ya que su inhibición produjo vasoconstricción.  
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 Una de las interacciones más estudiadas de Hsp90 es la que puede 

mantener con la sintasa de óxido nítrico endotelial (eNOS), esta enzima se 

encarga de producir el NO en el endotelio y participar en la regulación del tono 

vascular a través de producir un efecto vasodilatador (66). La vasoconstricción 

renal que observamos al administrar radicicol nos sugería que podría resultar de 

una reducción de los factores vasodilatadores o bien de un incremento de factores 

vasoconstrictores. En estudios realizados por Garcia Cardeña y Col,; (68) y por 

Yetik-Anakack y Col,; (88) se demostró que la incubación de anillos de aorta de 

rata en presencia de geldanamicina o radicicol, incrementaba la fuerza de tensión 

en los anillos de aorta, estos resultados se interpretaron como un efecto 

vasoconstrictor, una vez observado este efecto estimularon la producción de NO 

dependiente del endotelio por la adición de acetilcolina al medio y observaron que 

estos anillos tenían una pobre producción de NO. Simultáneamente en células 

COS y células endoteliales vasculares de bovino (BAECs) observaron que la 

adición de geldanamicina redujo la actividad de eNOS y en consecuencia, la 

síntesis de NO se vió abatida por completo. 

 Por lo tanto, la hipoperfusión e hipofiltración renal inducida por la infusión de 

radicicol nos hizo suponer que estos efectos podrían estar mediados por una 

reducción en la síntesis de NO, aunado al hecho de que no se conocía si las 

observaciones hechas por Garcia- Cardeña también se podrían aplicar al lecho 

vascular renal, por lo que en este trabajo evaluamos la síntesis de NO, 

observando que la inhibición de Hsp90 con radicicol redujo en un 52% la excreción 

urinaria de nitritos y nitratos, los metabolitos estables de la síntesis de NO. En 

apoyo a nuestros resultados Cheng J y Cols,; (127) demostraron en arterias 
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interlobares de riñón un efecto similar. El 20-HETE es un eicosanoide que 

contribuye a la regulación del tono vascular, funcionando como vasoconstrictor. 

Estos autores demostraron en BAECs que el 20-HETE reduce significativamente 

la síntesis de NO, efecto que fue mediado por una reducción de la interacción 

entre Hsp90 y eNOS. Posteriormente, este grupo estudió el papel del 20-HETE en 

la relajación inducida por acetilcolina y encontraron que este ácido reduce de 

manera significativa la síntesis de NO y por ende la relajación del músculo liso. 

 También existe evidencia de que Hsp90 no solo regula la producción de NO 

durante la homeostasis celular sino que también puede desregular la actividad de 

eNOS en condiciones fisiopatológicas. En un estudio reciente se mostró que la 

falta de interacción de eNOS y Hsp90 juega un papel preponderante en un modelo 

de nefropatía diabética. Esta enfermedad se caracteriza por daño endotelial, lo 

que se ha asociado con una reducción de la síntesis de NO e incremento en la 

generación de radicales libres. En en ratas con diabetes tipo I, inducida por la 

administración de estreptozotocina se mostró, que los niveles elevados de glucosa 

propiciaron la fosforilación de Hsp90α  en la treonina 89 de manera AMPc 

dependiente, lo que promovió la migración de Hsp90α del citoplasma hacia la 

membrana, efecto que se asoció con una caída significativa de la síntesis de NO. 

Por lo que estos autores propusieron que la migración de Hsp90α impidió la 

interacción con eNOS lo que no solo resultó con menor producción de NO, sino 

también  aumento la generación de radicales libres (125).  

 Estos hallazgos sugieren que Hsp90α participa en promover daño en este 

tipo de nefropatía y plantea que este podría ser el mecanismo por el cual, en la 
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diabetes se observa una reducción de NO (125). En apoyo a lo anterior, Frossard 

y Col,; (126) describieron la importancia de la formación del complejo Hsp90 y 

eNOS en el síndrome hepatopulmonar. Este síndrome puede desarrollarse en 

pacientes que presentan cirrosis o hipertensión portal y se caracteriza por 

hipoxemia y vasodilatación pulmonar. De forma paradójica, esta enfermedad se 

asocia con una sobreproducción de NO en el pulmón, mientras que en el hígado 

se observa una reducción en los niveles de NO, lo que contribuye a la hipertensión 

portal observada. En ese estudio se evaluó, la actividad diferencial de la actividad 

de eNOS por Hsp90 en un modelo de cirrosis biliar en la rata. Mediante ensayos 

de inmunoprecipitación se observó que la mayor actividad de eNOS en el pulmón 

se debe al incremento significativo en la asociación con Hsp90 efecto que fue 

prevenido por la adición de geldanamicina que redujo la interacción entre estas 

dos proteínas. Para tratar de explicar el efecto contrarió, en el hígado mostraron 

que la reducción de NO fue debida a un incremento en la interacción de eNOS con 

caveolina-1, proteína que mantiene a eNOS en la membrana en su forma inactiva 

y en consecuencia una pérdida significativa de la interacción con Hsp90 (71, 126). 

 En un estudio publicado recientemente, se mostró la secuencia de 

aminoácidos de eNOS responsable de mantener la interacción con Hsp90, 

mediante una estrategia novedosa como lo son, los péptidos señuelos. Los 

autores diseñaron 12 péptidos señuelos de eNOS, que nombraron B1 a B12 y que 

se incubaron con lisados de células endoteliales de bovino y observaron que solo 

los péptidos B1 al B3 reducían la interacción entre eNOS y Hsp90, teniendo 

además la particularidad de reducir la síntesis de NO. Por lo que rediseñaron un 

péptido que contenia los aminoácidos de B1, B2 y B3, al que llamaron TSB2 y que 
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incluía los residuos 301 a 330 de eNOS y observaron que la incubación del este 

péptido, en arterias facialis o su administración durante dos semanas en ratas 

produce vasoconstricción, lo que se asoció con una reducción de la producción de 

UNO2/NO3V. Este descenso en la producción de NO se asoció con el incremento 

la síntesis de anión superóxido, mostrando nuevamente el papel de Hsp90 en la 

regulación del tono vascular (85, 86). También Pritchard y Cols.; (84) observaron 

que la inhibición de Hsp90 con geldanamicina en BAECs ocasionaba una 

reducción significativa de los nitritos y nitratos, pero también simultáneamente 

detectaron un incremento en la producción de anión superóxido. La producción de 

radicales libres por eNOS ha sido explicada por cambios en la fosforilación de la 

Tre 495 por PKC. Está modificación produce un cambio conformacional en la 

enzima capaz de interrumpir el flujo de electrones produciendo un desacople; por 

lo que ahora eNOS es capaz de producir el anión superóxido (76, 118). Por lo que, 

estos dos últimos estudios muestran el papel dual de eNOS en la producción de 

dos radicales libres con papeles fisiológicos diferentes el NO y el anión O2
-. De 

acuerdo con la reducción de la síntesis de NO observada en nuestro estudio 

durante la inhibición de Hsp90 nos hizo suponer que quizá esto podría generar 

que eNOS ahora produjera anión superóxido. En base a esto evaluamos si la 

infusión de radicicol modificaba los niveles de estrés oxidativo en el tejido renal a 

través de medir los niveles de lipoperoxidación en el tejido renal (malondialdehído) 

y por cuantificar los niveles de peróxido de hidrógeno e isoprostanos F2α 

presentes en la orina. La inhibición de Hsp90 no alteró la síntesis de radicales 

libres a pesar de producir una importante reducción en la producción de NO. Estos 
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resultados sugieren que el desacople de eNOS/Hsp90 puede tener dos fases: una 

rápida con menor producción de NO y otra tardía, en donde eNOS ahora pudiera 

producir anión superóxido, pero debido a que solo infundimos el radicicol por 

menos de una hora es probable que solo detectemos el primer efecto, esto 

también fue observado por Whistett y Col.; (119) en BAECs, donde la adición de 

radicicol al medio de cultivo no modificó la producción de radicales libres. 

 Es probable que la inhibición del complejo Hsp90-eNOS y la reducción de 

NO hallan propiciado la hipoperfusión observada, pero no podemos dejar de 

mencionar que Hsp90 pueda regular el tono vascular por otras vías 

independientes a la de eNOS, pues se conoce que Hsp90 es capaz de regular la 

función de las otras dos sintasas de oxido nítrico conocidas como la isoforma 

neuronal (nNOS) y la inducible (iNOS) que también se expresa en el tejido renal 

(120). Aunque prácticamente podemos excluir la participación de la iNOS, pues se 

ha descrito que solo incrementa la producción de NO en condiciones adversas 

como la inflamación o el shock aunado a su baja expresión en el tejido renal (121). 

En cambio la nNOS se expresa de manera abundante en el tejido renal 

específicamente en las células de la macula densa, desempeñando papeles 

importantes en el riñón como los son la regulación del sistema de 

retroalimentación túbulo glomerular y la liberación de la renina (97, 98, 121) Yang 

Sonn y Cols.; (122) determinaron que la actividad de nNOS es regulada por 

Hsp90, efecto que fue demostrado al transfectar y purificar a nNOS a partir de 

células HEK293. Estos autores observaron que la actividad de nNOS se 

incrementó de manera significativa después de la adición de Hsp90 purificada, 

concluyendo así que la interacción de esta chaperona facilita la unión de la 
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calmodulina, este efecto se vio abatido por la adición de geldanamicina o radicicol 

o por la adición de Hsp90 desnaturalizada (123). En base a estos trabajos no es 

difícil suponer que la administración del radicicol también inhiba la interacción con 

nNOS y esto pueda también contribuir a la reducción de la síntesis de NO por otra 

vía. Es importante resaltar que para poder determinar el papel de esta isoforma en 

el tejido renal durante la inhibición aguda de Hsp90, será necesario emplear 

inhibidores específicos de nNOS como el 7 nitroindazol (7NI).  

 Para conocer cuáles fueron los mecanismos que propiciaron la caída de los 

metabolitos estables de la síntesis de NO, decidimos evaluar si la inhibición de 

Hsp90 modificaba la expresión de eNOS. Como era de esperarse la inhibición 

aguda de Hsp90 con radicicol no modificó los niveles de RNAm, ni los de proteína 

de eNOS confirmando resultados observados por otros grupos, que han mostrado 

que ni la sobreexpresión o la inhibición de Hsp90 modifica a eNOS 

transcripcionalmente (117). No obstante, Hsp90 es capaz de modificar el estado 

de fosforilación de eNOS. Se conocen 6 sitios potenciales de fosforilación de 

eNOS, pero solo dos de ellos han sido involucrados en la regulación de la síntesis 

de oxido nítrico: la serina 1177 y la treonina 495, mientras que la fosforilación de la 

serina 1177 activa a eNOS y la fosforilación de la treonina la inactiva. Satoru T y 

cols,; (83) observaron en BAECs que Hsp90 incrementa la actividad de eNOS por 

dos mecanismos: 1) por aumentar la afinidad de eNOS por la calmodulina y 2) por 

reclutar a la cinasa Akt que fosforila la serina 1177 mejorando el transporte de 

electrones e incrementando la síntesis de NO. Así mismo, se ha descrito que la 

sobreexpresión de Hsp90 en células endoteliales de cordón umbilical de humano 

incrementa la unión con la proteína fosfatasa 2B (calcineurina) encargada de 
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defosforilar el residuo de la treonina 495 de eNOS (117) favoreciendo la 

fosforilación de eNOS en residuos activadores. Por el contrario, la inhibición del 

complejo Hsp90-eNOS promueve la proximidad de la proteína cinasa C que 

favorece la fosforilación del residuo inactivante de eNOS en la Tre 495, 

produciendo un cambio conformacional en la proteína que impide la unión de la 

calmodulina y con ello se inhibe la actividad de eNOS (63, 64, 65). En este trabajo 

nosotros observamos que la administración del inhibidor de Hsp90 indujo un 

incremento significativo de la fosforilación inactivante de eNOS en la treonina 495 

lo que correlacionó con la reducción en la UNO2/NO3V que podría explicar en 

parte la vasoconstricción observada en los animales que recibieron radicicol. Para 

conocer el papel citoprotector de Hsp90 o su participación en la regulación de 

eNOS Kuppat y Col.;,(117) sobreexpresarón a Hsp90 mediante su transfección “in 

vivo”, posteriormente realizaron isquemia/reperfusión cardiaca, y observaron que 

la sobrexpresión de Hsp90 mejoraba la función cardiaca después de el proceso de 

isquemia/reperfusión y propusieron que este efecto era mediado por el incremento 

en la síntesis de NO que se evaluó mediante los niveles de GMPc. En base a sus 

resultados plantearon el siguiente mecanismo, la sobreexpresión de Hsp90 

incrementó la interacción con eNOS y esto propicia que Akt incrementara la 

fosforilación de eNOS en la serina 1177 y evita la fosforilación de la treonina 495, 

efecto que no se observó en los animales que no fueron transfectados, 

concluyendo así que el incremento de la interacción de Hsp90-eNOS aumenta la 

síntesis de NO restablece la función cardiaca y reduce el tamaño del infarto. Así 

mismo Miao y Cols,; (128) generaron una dominante negativa de Hsp90β, por la 
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mutación del ácido aspartico 88 (Hsp90 D88N), residuo que es crucial para la 

unión de ATP a Hsp90. Por lo tanto, la transfección de esta proteína en BAECs, 

redujó de manera significativa la producción de NO después de la estimulación 

con VEGF, el mecanismo propuesto es que la presencia de esta dominante 

negativa impidió la interacción de Hsp90 con sus clientes moleculares, ya que la 

transfección de Hsp90D88N se asoció con una reducción en la fosforilación de la 

Ser 473 de Akt y en consecuencia con una reducción de la fosforilación de eNOS 

en la Ser 1177 de eNOS.  

 Otra vía que exploramos fue el papel de Hsp90 en la formación del 

homodímero de eNOS al desempeñar su principal función como chaperona 

permitiendo el plegamiento adecuado a otras proteínas entre ellas eNOS, al 

respecto se conoce que la conformación activa de eNOS es la forma dimérica ya 

que la oxidación de la L-arginina a NO ocurre del dominio reductasa de un 

monómero al dominio oxidasa del otro (114, 1159). Por lo tanto era importante 

conocer si el radicicol modificaba la conformación de la enzima y hallamos que la 

inhibición de Hsp90 incrementó de manera significativa la formación de 

monómeros inactivos y en consecuencia propició la reducción de la forma dimérica 

activa. Sugiriendo de manera clara que la unión de Hsp90 es indispensable para 

proporcionar estabilidad a la formación dimérica activa de eNOS. 

 Nuestros resultados muestran que la inhibición de Hsp90 es capaz de 

inducir vasoconstricción renal y reducir de la tasa de filtración glomerular, efecto 

que fue mediado por el incremento en la fosforilación de la treonina 495 de eNOS 

y reducción de la forma dimérica de eNOS generando monómeros inactivos y en 

consecuencia una reducción de la síntesis de NO que puede explicar la 
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vasoconstricción renal observada. Este estudio abre un campo nuevo de estudio 

para evaluar si la interacción de Hsp90 con eNOS es alterada en la insuficiencia 

renal. 
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Abstract Two genes encoding isoforms heat shock protein (Hsp) 90a and Hsp90b constitute the Hsp90 subfamily. In
addition to their role in regulating mineralocorticoid and glucocorticoid receptors, these proteins have been associated
with nitric oxide production. However, little is known regarding Hsp90 isoform expression and regulation in kidney. In
this study we characterized the expression and localization of Hsp90 isoforms and evaluated the influence of low-
sodium intake on their expression and distribution in kidney by using reverse transcription–polymerase chain reaction,
Western blot, and immunohistochemistry techniques. We found that Hsp90a and Hsp90b were expressed abundantly
in both the renal cortex and the medulla; however, Hsp90 isoform expression was higher in the medulla than in the
cortex. Immunohistochemistry of Hsp90a and Hsp90b showed intense staining in the apical membrane of proximal
and distal tubules. In the outer cortex these proteins were localized intracytosolically, whereas in the inner renal medulla
they were restricted mainly to the basolateral membrane. Expression of Hsp90a and Hsp90b was upregulated in the
renal cortex during sodium restriction. In addition, both proteins exhibited redistribution from the cytoplasm to the
basolateral side in thick ascending limb cells when rats were fed with a low-salt diet. Our results showed that Hsp90a
and Hsp90b were expressed abundantly in renal tissue. Expression and localization patterns under normal and salt-
restricted intake were different between the cortex and the medulla, suggesting that these proteins may be involved in
different processes along the nephron. Hsp90a and Hsp90b upregulation induced by a low-sodium diet together with
redistribution in thick ascending limb cells suggests that Hsp90 plays a role in the modulation of sodium reabsorption
under these circumstances.

INTRODUCTION

The heat shock protein (Hsp) family is formed by several
genes that encode for proteins with molecular mass be-
tween 10 and 170 kDa (Jäättelä 1999). In the majority of
eukaryotic cells, 3 classes of Hsps—Hsp90, Hsp70, and
small Hsp—are synthesized abundantly. Specifically, the
90-kDa subfamily is constituted of 2 genes known as
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Hsp90a and Hsp90b in humans (Hsp86 and Hsp84 in
mouse) (Rebbe et al 1987; Moore et al 1989). Hsp90 influ-
ences the activity and stability of a wide range of client
proteins that function as key regulators in cellular
growth, differentiation, and death pathways. Among the
.100 known Hsp90 protein clients are found steroid re-
ceptors; transcription factors; tyrosine kinases; G-protein
subunits; and neuronal, inducible, and endothelial nitric
oxide synthases (Garcı́a-Cardeña et al 1998; Bender et al
1999; Yoshida and Xia 2003).

In the kidney the best-characterized Hsp90 function is
the interaction of this protein with the mineralocorticoid
receptor. Hsp90 together with other factors and cochap-
erones forms a heterocomplex that binds to the mineral-
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ocorticoid receptor (Couette et al 1996, 1998). The pres-
ence of Hsp90 in the complex seems to facilitate anchor-
ing of unbound receptors to cytoskeleton and maintains
the hormone-binding protein in a high-affinity confor-
mation (Pratt 1993). In other words, association with
Hsp90 stabilizes the mineralocorticoid receptor in its hor-
mone-binding form. Then, binding of aldosterone to the
receptor releases the Hsp heterocomplex, and the new
receptor-aldosterone complex migrates to the nucleus and
binds deoxyribonucleic acid (DNA), harboring the appro-
priated responsive elements in several genes.

One of the major regulators of Na1 excretion is aldo-
sterone, and its effects are mediated by mineralocorticoid
receptors. Transcriptional activation of these receptors in
distal tubule epithelial cells (Tumlin 1997) triggers a se-
ries of events that stimulate Na1 retention by the kidney,
including increased expression and activation of epithe-
lial Na1 channel subunits (Masilamani et al 1999), which
mediates apical Na1 entry across collecting duct principal
cells and an abundance of thiazide-sensitive Na-Cl co-
transporter in distal tubule (Velázquez et al 1996; Kim et
al 1998). Because Hsp90 is required for proper confor-
mation of the mineralocorticoid receptor before its bind-
ing to aldosterone, it is possible that it plays a role in
regulating the effects of aldosterone. Moreover, it has
been shown that some aldosterone effects in the collecting
duct, such as activation of calcineurin, are mediated by
the released Hsp heterocomplex rather than by the al-
dosterone-receptor complex (Tumlin et al 1997). In ad-
dition to the potential role of Hsp90 in aldosterone re-
sponse, angiotensin II has been postulated as an inductor
of Hsp70 and Hsp25, as well as of HO-1 expression, in
the renal cortex (Aizawa et al 2000; Ishisaka et al 2002).
However, no studies to date have addressed whether an-
giotensin II also modulates expression of Hsp90 isoforms.

Although some studies have evaluated the intrarenal
expression of Hsp family members (Hsp32, Hsp25,
Hsp60, Hsp70/72, Hsp73, and aB-crystallin) (Muller et
al 1996; Aizawa et al 2000; Smoyer et al 2000), little at-
tention has been paid to Hsp90a and Hsp90b expression
in renal tissue. Thus, in the present study we assessed
and characterized the expression and localization of both
Hsp90 isoforms in rat kidney. Because of the potential
relevance of Hsp90 isoforms as mediators of aldosterone
function, we also analyzed the expression and distribu-
tion of Hsp90 in kidney of rats treated with a low-salt
diet as a physiologic approach to activate the renin-an-
giotensin-aldosterone system (RAAS).

We observed that Hsp90a and Hsp90b are abundantly
expressed in the renal cortex and the medulla. Both iso-
forms are expressed along the nephron, showing specific
cellular patterns depending on the nephron segment an-
alyzed. In addition, a low-sodium diet (LSD) was asso-
ciated with upregulation of Hsp90 isoform expression in

the renal cortex and redistribution of both isoforms with-
in thick ascending limb cells.

MATERIALS AND METHODS

Male Wistar rats weighing 300–350 g were used in the
study. All procedures followed were in accordance with
our institutional guidelines. Two groups of 22 rats were
studied. Rats maintained for 21 days on a normal diet
served as the control group (N), and rats fed with an LSD
(0.02%), as the experimental group. At the end of the
study, rats were placed in metabolic cages for 24-hour
urine collection to assess urine osmolarity and sodium
excretion. In addition, blood samples were taken to eval-
uate serum aldosterone levels. Aldosterone and sodium
were determined by radioimmunoassay and with a
NOVA4 electrolyte analyzer (NOVA Biomedical, Wal-
tham, MA, USA), respectively.

Eighteen rats of each group were anesthetized by in-
traperitoneal injection of sodium pentobarbital (30 mg/
kg), and their kidneys were macroscopically divided into
renal cortex and medulla, frozen in liquid nitrogen, and
maintained at 2808C until use. Total ribonucleic acid
(RNA) was isolated individually from the renal cortex
and medulla from 6 rats of each group according to the
guanidine isothiocyanate–cesium chloride method, as we
have reported previously (Bobadilla et al 1997, 1998). In-
tegrity of isolated total RNA was examined by 1% aga-
rose gel electrophoresis, and RNA concentration was de-
termined by ultraviolet (UV) light absorbance at 260 nm
(Beckman DU640, Brea, CA, USA). To avoid genomic
DNA contamination, all RNA samples were treated with
RNAse-free DNAase I.

Primer sequences to amplify Hsp90a and Hsp90b and
glyceraldehyde phosphate dehydrogenate (GADPH) as a
housekeeping gene were custom obtained (Invitrogen,
Carlsbad, CA, USA) (Rocco et al 1992; Tang et al 1995).
Sense primer for Hsp90a was 59 ACA AGC ACA TAT
GGC TGG ACA GCA 39, and antisense primer was 59
TTC AGT TAC AGC AGC ACT GGTATC 39, whereas
sense primer for Hp90a was 59 ACC AGC ACC TAC GGC
TGG ACA GCC 39, and antisense primer was 59 GAT CTC
ATC AGG AAC TGC AGC ATT 39. To verify Hsp90 iso-
form amplification, single bands of 320 base pairs (bp)
for Hsp90a and 318 bp for Hsp90b were obtained and
resolved in 1.5% agarose gels. Polymerase chain reaction
(PCR) products were observed with ethidium bromide,
gel was purified (Qiagen, Hilden, Germany), and the
products were automatically sequenced (I PRISM 310,
Perkin-Elmer, Wellesley, MA, USA).

Relative quantitation of Hsp90a and Hsp90b

Relative messenger RNA (mRNA) levels of Hsp90a and
Hsp90b were assessed in renal cortex and medulla by
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semiquantitative reverse transcription (RT)–PCR, as we
have described previously (Bobadilla et al 1997, 1998,
1999; Feria et al 2003). In brief, RT was carried out with
Moloney murine leukemia virus reverse transcriptase (In-
vitrogen), using 2.5 mg of total RNA from each renal cor-
tex and each renal medulla. Then, one-tenth of individual
RT samples of each group were used for each amplifica-
tion in 20-mL–final volume reactions containing 13 PCR
buffer, 0.1 mM of each deoxynucleoside triphosphate, 0.2
mCi of [a32P];-deoxycytidine triphosphate (;3000 Ci/
mmol, 9.25 MBq, 250 mCi), 10 mM of each primer, and 1
unit of Taq DNA polymerase (Invitrogen). Complemen-
tary DNA (cDNA) amplification was carried out in a ther-
mal cycler (M.J. Research, Watertown, MA, USA) with the
following profile: denaturation for 1 minute at 948C; an-
nealing for 1 minute at 578C, and a 1-minute extension
step at 728C. GADPH was coamplified simultaneously in
each reaction. Genomic DNA contamination was checked
by running samples through PCR procedure without
adding RT.

Amplification kinetics was performed according to our
standard procedure (Bobadilla et al 1997, 1998, 1999; Fe-
ria et al 2003). To analyze PCR products, half of each
reaction was electrophoresed in 5% acrylamide gel. Bands
were ethidium bromide stained and observed under UV
light, cut out, suspended in 1 mL of scintillation cocktail
(Ecolume, ICN, Aurora, OH, USA), and counted by liquid
scintillation (Beckman LS6500, Fullerton, CA, USA). The
amount of radioactivity recovered from excised bands
was plotted on a log scale against the number of cycles.
To semiquantify each Hsp90 isoform, all reactions were
performed individually from each cortex or medulla in
duplicate during the exponential phase.

Protein extraction and Western blot analysis

Proteins were extracted into 2 separate pools per group.
Each pool was obtained from 6 different cortexes or 6
medullas by homogenization using a Kinematica polytron
homogenizer (Switzerland) in 4 volumes of lysis buffer
(225 mM mannitol, 75 mM sucrose, 0.1 mM ethylenedi-
amine-tetraacetic acid [pH 7.0], and 0.5 mM 3-(N-mor-
pholino)propanesulfonic acid [pH 7.0], containing 5 mM
benzamidine and 5 mM dithiothreitol). Homogenates
were centrifuged at 4000 3 g for 4 minutes at 48C to re-
move tissue debris without precipitating plasma mem-
brane fragments. Protein concentrations were assessed in
duplicate using Bio-Rad DC protein assay (Bio-Rad, Her-
cules, CA, USA).

Protein samples containing 50 mg of total protein in 10
mL loading buffer (6% sodium dodecyl sulfate [SDS], 15%
glycerol, 150 mM Tris, bromophenol blue 3%, b-mercap-
toethanol 2%, pH 7.6) were denatured by boiling for 5
minutes and were electrophoresed by SDS–polyacryl-

amide gel electrophoresis (PAGE). Proteins were trans-
ferred onto polyvinyl difluoride membrane (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) for 2 hours at
400 mA. Prestained rainbow markers (Amersham) were
used as molecular mass standards. Nonspecific binding
sites were blocked for 30 minutes at 378C in Tris-buffered
saline containing 0.1% Tween-20 (TBS-T) and 5% nonfat
dry milk. Thereafter, membrane was incubated with pri-
mary antibody anti-Hsp90 1:1000 (Transduction Labora-
tories, Lexington, KY, USA) for 30 minutes at 378C. Mem-
branes were washed for 60 minutes with TBS-T changed
every 15 minutes. Membranes were incubated with sec-
ondary antibody horseradish peroxidase (HRP)–conju-
gated goat antimouse IgG 1:80 000 (Transduction Labo-
ratories) for 30 minutes at 378C and washed again. Pro-
teins were detected by using an enhanced chemilumines-
cence kit (Amersham Pharmacia Biotech) and
autoradiography according to the manufacturer’s recom-
mendations. Bands were scanned for densitometric anal-
ysis.

Immunohistochemistry

In 4 rats from each group, kidneys were perfused with
phosphate buffer through a femoral catheter at pressure
corresponding to the mean arterial pressure of each ani-
mal. After blanching of the kidney, the perfusate was re-
placed by 10% freshly prepared buffered formalin, and
perfusion was continued until fixation was completed.
Tissue samples were embedded in paraffin, and kidney
sections were cut to 3-mm thickness. Antigen retrieval for
Hsp90a, Hsp90b, and Na1K22Cl cotransporter detection
was carried out by microwave heating in citrate buffer
(0.01 M, pH 5.4) before adding HRP-conjugated reagents;
endogenous peroxidase activity was blocked by 10 mg d-
biotin/mL H2O2 solution. Then, slides were incubated for
1 hour with ready-to-use rabbit polyclonal antibodies
against Hsp90a or Hsp90b (neomarkers distributed by
Lab Vision Corporation, Fremont, CA, USA) and against
renal-specific Na1K22Cl cotransporter (generously pro-
vided by Mark Knepper). Slides were washed and incu-
bated with biotinylated secondary antibody, and staining
was completed using 393-diaminobenzidine tetrahy-
drochloride as chromogen (DAKO Liquid DAB1, DAKO
Corp., Carpinteria, CA, USA), followed by counterstain-
ing with Meyer hematoxylin. Tissue slides of N and LSD
groups were processed simultaneously under similar
conditions.

Statistical analysis

Significance was defined as 2-tailed P , 0.05, and results
are presented as mean 6 standard error of mean. Hsp90
isoform expression is shown as the ratio between Hsp90
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Table 1 Effect of low-sodium diet (LSD) on body weight (BW), urinary sodium excretion (UNaV), fractional excretion of sodium (FENa),
urinary osmolarity (UOsm), and serum aldosterone

Group BW (g) UNaV (meq/24 h) FENa (%) UOsm (mM) Aldosterone (pg/mL)

N (normal diet)
LSD

281.0 6 11.7
299.4 6 4.1

0.61 6 0.130
0.03 6 0.002*

0.236 6 0.05
0.005 6 0.002*

622.0 6 87.1
257.7 6 47.2*

97.6 6 25.7
1592.5 6 268*

* P , 0.05 vs rats fed with normal salt diet.

Fig 1. Polymerase chain reaction (PCR) amplification kinetics for
Hsp90a and Hsp90b in renal tissue. (A,C) Hsp90a PCR product
during different number of cycles in renal cortex and medulla total
ribonucleic acid (RNA), respectively. (B,D) Hsp90b amplification ki-
netics from renal cortex and medulla total RNA, respectively. Plots
are expressed as log scale of counts per minute from complemen-
tary deoxyribonucleic acid bands cut from acrylamide gels. Insets
show autoradiography of the same PCR products stained with eth-
idium bromide.

Fig 2. Messenger ribonucleic acid (mRNA) levels of Hsp90a and
Hsp90b and Hsp90 protein expression. White bands represent re-
sults obtained in cortex, and hatched bands indicate results obtained
in renal medulla. (A,B) mRNA levels of Hsp90a and Hsp90b, re-
spectively, assessed by semiquantitative reverse transcription–poly-
merase chain reaction and expressed as the ratio of Hsp90 to glyc-
eraldehyde phosphate dehydrogenase. (C) Western blot analyses
showing Hsp90 protein expression in renal cortex and medulla from
normal rats. Western blot was carried out using 2 different cortex
and medulla pools. (D) Densitometric analysis of equal amounts of
protein. *P , 0.05 vs renal cortex.and GADPH PCR product. Differences among groups

were analyzed by an unpaired t-test.

RESULTS

Physiologic parameters from animals studied are shown
in Table 1. Rats fed with an LSD had similar body weight
to rats fed with a normal diet. As expected, the LSD
group presented a significant reduction of urinary excre-
tion of sodium, fractional excretion of sodium, and os-
molarity. This reduction in sodium excretion was accom-
panied by an important elevation of serum aldosterone, a
result of the well-known activation of the RAAS during
sodium restriction, as extensively reported by other au-
thors (Tarjan et al 1980; Rubattu et al 1994; Jo et al 1996).

Expression and localization of Hsp90a and Hsp90b

A PCR fragment of both Hsp90a and Hsp90b was am-
plified from cortex and renal medulla total RNA using
specific primers. Both PCR products were sequenced. The
degree of identity between rat Hsp90a and that of mouse
and human was 95.1 and 91.5%, respectively, and for
Hsp90b it was 92.5 and 85.6%, respectively (GenBank ac-
cession Nos. AY027778 and AY027779). Thus, amplified

bands corresponded to rat orthologs of Hsp90a and
Hsp90b.

Amplification kinetics

Amplification kinetics for Hsp90a and Hsp90b cDNA
from renal cortex and medulla total RNA are depicted in
Figure 1. Two phases are clearly distinguished in each
curve: the exponential and plateau phases. To evaluate the
amount of expression of each Hsp90 isoform, we chose
the midpoint of the exponential phase. As shown in Fig-
ure 1, amplification kinetics for Hsp90a exhibited the ex-
ponential phase between 15 and 24 cycles in cortex and
between 12 and 24 in renal medulla, whereas exponential
phase for Hsp90b was between 18 and 24 cycles in renal
cortex and between 15 and 24 cycles in renal medulla. To
routinely amplify and semiquantify Hsp90 isoforms, we
chose 20 cycles, except for medullary Hsp90a amplifica-
tion, in which we used 18 cycles. Similar analysis was
performed for GADPH (data not shown).
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Hsp90a and Hsp90b RT-PCR and Hsp90 Western blot
analysis

Figure 2 depicts Hsp90a and Hsp90b mRNA levels ex-
pressed as the ratio between each isoform-amplified
product over GADPH from renal cortex and medulla to-
tal RNA. Semiquantitative RT-PCR analysis showed that
Hsp90a was more abundant in the renal medulla than in
the renal cortex (1.21 6 0.06 and 0.93 6 0.04, respectively;
P 5 0.001) (Fig 2A). In contrast, similar levels of Hsp90b
were observed between medulla and cortex (0.71 6 0.05
and 0.75 6 0.05, respectively; P 5 not significant) (Fig
2B). Greater expression of Hsp90a in renal medulla was
more apparent at the protein level (Fig 2C) because den-
sitometric analysis from 2 different protein pools extract-
ed from 6 normal cortices and 6 medullas revealed that
Hsp90 band intensity in the medulla was higher than in
the cortex (Fig 2D).

Hsp90a and Hsp90b immunohistochemical analysis

To evaluate whether Hsp90a and Hsp90b were expressed
differently along the nephron, immunohistochemistry
was performed to localize these proteins in renal tissue.
In the glomeruli of normal rats, Hsp90a and Hsp90b
staining was seen mainly in the glomerular capillaries,
mesangial cells, and Bowman epithelia (as marked by the
asterisk, arrowhead, and arrow, respectively, in Fig 3
B,C). In the proximal tubule, immunostaining for Hsp90a
and Hsp90b was observed in the cytosol of the tubular
epithelium (as marked by the asterisk in Fig 3 E,F, re-
spectively). Interestingly, strong immunoreactivity was
also detected in the proximal brush border membrane
(indicated by short arrows), whereas no immunoreactiv-
ity was present in the basolateral side. In distal tubules a
similar pattern was observed; the apical membrane
showed more intense staining as compared with cytosol
staining. In contrast, in cortical collecting ducts, Hsp90
isoforms principally exhibited intracytosolic distribution
(figure not shown).

In the outer renal medulla, Hsp90a and Hsp90b were
predominantly detected intracytosolically in the thick
limb of Henle loop cells (Fig 3 H,I). Immunoreactivity for
Hsp90 isoforms in the outer renal medulla was stronger
than in the renal cortex and in the inner medulla sections.
Interestingly, Hsp90 protein immunoreactivity observed
in the outer medulla nearly disappeared from the cytosol
of inner medullary tubular cells, to be localized predom-
inantly in the basolateral epithelium (see arrows in Fig 3
K,L). In addition, strong positive staining of Hsp90a and
Hsp90b was observed in the renal pelvis, in particular in
dome-shaped and basal cells (marked with an asterisk in
Fig 3 N,O). In contrast to the inner medulla, Hsp90a and
Hsp90b were detected in the cytosol of collecting duct

cells of the papilla tip (as indicated by a double asterisk).
In addition, Hsp90a staining was also seen in interstitial
cells and extracellular matrix (see arrowhead in Fig 3N),
whereas faint Hsp90b staining was detected in these re-
gions (Fig 3O).

In addition, Hsp90a staining was also seen in intersti-
tial cells and extracellular matrix (see arrowhead in Fig
3N), whereas faint Hsp90b staining was detected in these
regions (Fig 3O).

Hsp90a and Hsp90b expression and localization with
an LSD

Figure 4 A,B shows Hsp90a and Hsp90b mRNA levels
in the renal cortex, respectively, from rats fed with an
LSD as compared with normal rats. Hsp90a mRNA levels
were significantly more abundant in the LSD group than
in the control group (2.6 6 0.2 vs 1.7 6 0.1; P 5 0.0005)
(Fig 4A). Similarly, Hsp90b mRNA levels were greater in
the LSD as compared with the N group (2.0 6 0.2 vs 1.6
6 0.1; P 5 0.017) (Fig 4B). Upregulation of Hsp90 iso-
forms induced by low-sodium intake in the renal cortex
was more apparent at the protein level. As shown in Fig-
ure 4C, Western blot analysis revealed that Hsp90 isoform
densitometric value in the low-salt diet group was sig-
nificantly higher than that observed in control rats (78.4
6 1.2 AU vs 31.1 6 3.5 AU; P 5 0.002). Increase of
Hsp90a and Hsp90b expression was observed only in the
renal cortex.

In the renal medulla, Hsp90a and Hsp90b mRNA lev-
els were not different between the LSD and N groups
(Hsp90a-GADPH ratio was 0.7 6 0.1 in N and 0.9 6 0.1
in the LSD group, whereas the Hsp90b-GADPH ratio was
0.3 6 0.03 in N and 0.5 6 0.01 in the LSD group). Simi-
larly, Hsp90 protein levels were not different in both
groups studied (data not shown). However, although LSD
induced no change in the amount of expression of Hsp90
proteins in the renal medulla, it was evident that sodium
restriction was clearly associated with a change in
Hsp90a and Hsp90b distribution of intracellular locali-
zation in thick ascending limb cells. As shown in Figure
5 A,B, Hsp90a and HspP90b were localized in the cytosol
of ascending limb cells of normal rats, whereas in LSD
rats immunostaining was present mainly in the basola-
teral side of these cells (Fig 5 C,D). To corroborate baso-
lateral Hsp90 redistribution in response to low-salt diet,
nephron was stained with rabbit polyclonal antibody spe-
cific for Na1K12Cl2 cotransporter (BSC1) because it has
been extensively demonstrated that this cotransporter is
exclusively expressed in the apical membrane of thick as-
cending limb (Kaplan et al 1996; Nielsen et al 1998;
Mount et al 1999). Arrows in Figure 5E highlight im-
munostaining of apical membrane with anti-BSC1 anti-
body. A serial kidney section was used to colocalize
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Fig 3. Immunohistochemistry of Hsp90 isoforms in renal cortex
from rats fed with normal salt diet. (A,D,G,J,M) Negative immuno-
staining, (B,E,H,K,N) Hsp90a immunoreactivity, (C,F,I,L,O) Hsp90b
immunoreactivity. (A–F) Renal cortex, (G–I) outer renal medulla, (J–
L) inner renal medulla, (M–O) tip of papilla. In glomerulus, Hsp90a
and Hsp90b immunoreactivity was observed in glomerular capillar-
ies (see asterisk in B,C), mesangium (see arrowheads in B,C), and
Bowman epithelium (see arrows in B,C). Under physiologic condi-
tions, proximal and distal tubules were characterized by intense
Hsp90a and Hsp90b staining in apical membrane (indicated by short
arrows in E,F). Cytoplasm of proximal and distal tubules as well as
cortical collecting ducts was diffusely stained (see asterisk in E,F).
In outer medulla, staining of Hsp90a and Hsp90b was observed
mainly in cytoplasm (H,I). In contrast, in inner medulla, reactivity was
observed mainly in basolateral membrane (shown by arrows in K,L).
In addition, immunostaining in outer medulla was more intense than
in inner medulla and in renal cortex sections. In renal pelvis (N,O),
intense Hsp90a and Hsp90b immunostaining was observed in epi-
thelial lining of papilla (*) and in medullary collecting ducts (**). In
addition, the arrow in (N) shows Hsp90a reactivity in interstitial cells
and extracellular matrix in tip of papilla, which was not observed for
Hsp90b. (A–L) Magnification 4003, (M–O) magnification 2003.

Fig 4. Upregulation of Hsp90 induced by low-sodium intake in re-
nal cortex. (A,B) Semiquantitative reverse transciptase polymerase
chain reaction (RT-PCR) analysis of Hsp90a and Hsp90b and (C)
Hsp90 Western blot analysis. (A,B) Upper autoradiographies rep-
resent Hsp90a and Hsp90b and lower glyceraldehyde phosphate
dehydrogenase (GADPH) RT-PCR products obtained from individual
cortexes from N (white bars) and LSD groups (black bars). Graphs
depict average and standard error of Hsp90a-GADPH and Hsp90b-
GADPH ratios from each group. (C) Densitometric analysis of West-
ern blot showing Hsp90 protein expression in renal cortex. Insets
show immunoblots carried out using 2 different cortex pools. *P ,
0.05 vs control group.

Fig 5. Redistribution of Hsp90a and Hsp90b in outer medulla in
rats fed with an LSD. (A,C) Outer medulla Hsp90a immunostaining
in N and LSD groups, respectively. (B,D) Outer medulla Hsp90b
immunoreactivity in N and LSD, respectively. Magnification 4003.
Sodium restriction during 21 days induced redistribution of both
Hsp90 proteins in thick limb of Henle loop. Hsp90 proteins nearly
disappeared from cytoplasm to be redistributed in basolateral side.
(E,F) Serial kidney sections of rat fed with an LSD staining with
Hsp90a and Na1K12Cl2 cotransporter antibodies. Arrows in (E)
show apical localization of Na1K12Cl2 cotransporter in ascending
limb cells, whereas arrows in (F) show basolateral localization of
Hsp90a in these cells.

Hsp90a in the same area. As shown in Figure 5F, im-
munostaining with anti-Hsp90a antibody is positive in
the opposite membrane to BSC1 immunoreactivity, indi-
cating that Hsp90a reactivity is located in the basolateral
membrane. Thus, these observations suggest that with a
low-salt diet, Hsp90 proteins in thick ascending limbs mi-
grate from the cytosol to the basolateral membrane.

DISCUSSION

In the present study we assessed Hsp90a and Hsp90b
expression in normal rat kidney and the effect of low-salt
diet during 21 days. We observed that expression of both
Hsp90 isoforms was higher in medulla than in renal cor-
tex in normal rats. Immunohistochemical analysis re-
vealed that Hsp90a and Hsp90b were similarly distrib-

uted along the nephron, from glomerulus to papilla. Ex-
pression of Hsp90 isoforms, however, was upregulated by
low-salt diet in renal cortex. In addition, sodium restric-
tion resulted in the redistribution of both proteins within
thick limb cells.

In renal cortex, Hsp90a and Hsp90b were expressed
in glomerular capillaries, mensangial cells, and Bowman
epithelia. Staining of Hsp90a and Hsp90b was also de-
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tectable in cytosol of proximal and distal epithelial cells,
with strong immunoreactivity in apical membrane. Auf-
richt et al (1998) and Schober et al (1998) reported a sim-
ilar pattern of expression for Hsp25 in proximal tubule,
ie, predominant expression in apical side with less stain-
ing in cytoplasm or nucleus. In this study we also found
that in outer medulla, Hsp90a and Hsp90b are mainly
and abundantly located in the cytoplasm of thick limb
cells, whereas in inner renal medulla, proteins were de-
tected in the basolateral membrane of thin limb cells and
collecting ducts. In addition, when collecting duct was
near the renal pelvis, reactivity became more intense and
was observed mainly in the cytoplasm of these cells.

It has been observed that Hsp90 expression in the rat
proximal tubule is upregulated by nephrotoxic agents
such as gentamicin or cisplatin (Beck et al 2000; Borkan
and Gullans 2002). In addition, in human proximal tu-
bule cells heat and arsenite induce expression of Hsp90a
and Hsp90b, indicating that induction of Hsp90 may re-
duce renal damage during stress insults (Somji et al
2002). However, the physiologic role of constitutively ex-
pressed Hsp90a and Hsp90b proteins in kidney has nev-
er been addressed. Their intense expression pattern along
the nephron suggests that these proteins are involved in
several specific processes. Organized interactions be-
tween low-affinity mineralocorticoid receptor and Hsp90
heterocomplex are required to shape the mature receptor
characterized by high hormone affinity (Borkan and Gul-
lans 2002). In other words, in the absence of Hsp90 the
affinity of mineralocorticoid receptor for aldosterone is
very low. After binding of aldosterone to the high-affinity
receptor, Hsp90 complex dissociates. Subsequently, al-
dosterone-receptor complex is translocated into the nu-
cleus and binds to DNA steroid-responsive elements
(Couette et al 1996, 1998). Thus, activation of mineralo-
corticoid receptor initiates a series of events that include
sodium retention. In addition, it has been suggested that
some aldosterone effects are mediated by the liberated
Hsp90 heterocomplex rather than by the aldosterone-re-
ceptor complex (Tumlin et al 1997). Thus, a very inter-
esting potential role for Hsp90 isoforms in renal physi-
ology is modulation of the effects of aldosterone in kid-
ney. In the present study we evaluated activation of the
RAAS system induced by LSD on expression and locali-
zation of Hsp90a and Hsp90b in kidney. We observed
that sodium restriction induced upregulation of Hsp90a
and Hsp90b mRNA levels in the renal cortex, an effect
more apparent at the protein level (Fig 4). It is possible,
then, that increased Hsp90 expression serves to enhance
response to aldosterone by switching more mineralocor-
ticoid receptors to their high-affinity conformation. To
test this hypothesis, it will be necessary to prevent asso-
ciation between Hsp90 and the mineralocorticoid recep-
tor. However, compounds that possess this effect—such

as geldanamycin—also prevent interaction of Hsp90 with
other proteins such as nitric oxide synthases, resulting in
modification of renal hemodynamics, which by itself al-
ters sodium reabsorption rates.

Aizawa et al (2000) and Ishizaka et al (2002) reported
that angiotensin II was able to induce Hsp70, Hsp25, and
HO-1 expression, particularly in the renal cortex. These
studies suggest that angiotensin II could also be respon-
sible for increasing expression of Hsp90 isoforms with a
low-salt diet. Another possibility, however, is that aldo-
sterone itself could induce expression of these proteins.
Further studies will be necessary to determine the mech-
anism by which an LSD induces cortical Hsp90 isoform
upregulation.

Another potential role of the Hsp90 subfamily is reg-
ulation of renal vascular tone and sodium excretion by
the well-known positive effect of Hsp90 on nitric oxide
generated by endothelial nitric oxide synthase (eNOS).
Garcı́a-Cardeña et al (1998) observed that interaction be-
tween Hsp90 and eNOS in human umbilical vein and
bovine lung endothelial cells enhanced production of ni-
tric oxide by eNOS. In addition, Shah et al (1999) showed
that interaction between Hsp90 and eNOS participated in
regulating vasomotor function in mesenteric vessels; in
addition, they demonstrated that excessive nitric oxide
production in experimental portal hypertension was me-
diated in part by enhanced Hsp90-eNOS interaction. On
the other hand, recent evidence shows that uncoupling of
eNOS and Hsp90 results in increased eNOS-dependent
superoxide generation (Pritchard et al 2001). In kidney,
preliminary data (Carmines et al 2002) showed that un-
coupling between Hsp90 and eNOS with geldanamycin
reduced renal afferent arteriolar diameter, suggesting
that interaction between Hsp90 and eNOS is required to
maintain appropriate afferent tone.

Ortiz et al (2001) showed that nitric oxide production
by eNOS in thick ascending limb resulted in reduction of
salt reabsorption due to inhibition of Na-K-2Cl cotrans-
porter. They also observed that increased tubular flow in
isolated and perfused thick ascending limbs was associ-
ated with trafficking of eNOS to the apical membrane and
that eNOS migrated together with Hsp90 (Ortiz et al
2002), suggesting that to reduce Na-K-2Cl cotransporter
function, the eNOS-Hsp90 complex migrated to the apical
membrane. In this regard, one of the most intriguing ob-
servations in the present study is that LSD was associated
with redistribution of Hsp90 isoforms from the cyto-
plasm to the basolateral membrane in the thick limb of
Henle loop. Thus, in a condition under which salt reab-
sorption in the thick ascending limb is enhanced, Hsp90
migrates to the basolateral membrane. Because a recent
study revealed that Hsp90 stabilizes Na1-K1-ATPase
within cells (Bidmon et al 2002), it is possible that migra-
tion of Hsp90 to the basolateral membrane during low-
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salt diet not only resulted in preventing Hsp90-eNOS in-
hibition of Na-K-2Cl cotransporter but also in increasing
the number or activity of basolateral Na1-K1-ATPase by
Hsp90 chaperone activity. Additional studies will be nec-
essary to provide insight into the role of Hsp90 in regu-
lating the activity of renal cotransporters.
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NA. Radicicol, a heat shock protein 90 inhibitor, reduces glomerular
filtration rate. Am J Physiol Renal Physiol 295: F1044–F1051, 2008.
First published July 30, 2008; doi:10.1152/ajprenal.90278.2008.—The
heat shock protein subfamily of 90 kDa (HSP90) is composed of five
isoforms. The more abundant proteins of this subfamily are cytosolic
isoforms known as HSP90� and HSP90�. More than 100 client
proteins have been found to be regulated by HSP90. Several studies
have shown that HSP90 regulates nitric oxide synthesis that is depen-
dent on endothelial nitric oxide synthase (eNOS). Because eNOS
regulates renal vascular tone and glomerular filtration rate (GFR), the
present study was designed to evaluate the effect of acute HSP90
inhibition with radicicol on GFR and the eNOS pathway. Twenty
male Wistar rats were divided into two groups: control vehicle
animals and radicicol-infused animals (25 �g �ml�1 �min�1). Basal
levels were taken before experimental measurements. Mean arterial
pressure and renal blood flow (RBF) were recorded, as well as GFR,
urinary nitrite and nitrate excretion (UNO2/NO3V). Additionally, we
evaluated eNOS expression, Ser1177 and Thr495 eNOS phosphory-
lation levels, the eNOS dimer-to-monomer ratio, as well as oxidative
stress by assessing renal lipoperoxidation and urinary isoprostane F2�

and hydrogen peroxide. HSP90 inhibition with radicicol produced a
fall in RBF and GFR that was associated with a significant reduction
of UNO2/NO3V. The effects of radicicol were in part mediated by a
significant decrease in eNOS phosphorylation and in the eNOS
dimer-to-monomer ratio. Our findings suggest that GFR is in part
maintained by HSP90-eNOS interaction.

renal blood flow; heat shock protein 90 isoforms

THE HEAT SHOCK PROTEIN (HSP) subfamily of 90 kDa is one of
the most abundant proteins of eukaryotic cells, comprising
1–2% of total protein under nonstress conditions (30). Five
isoforms of HSP90 have been identified, which differ in their
cellular localization and abundance. In particular, HSP90�
and HSP90�, the major cytoplasmic isoforms, share �85%
sequence identity at protein level. Their main structure
encompasses an NH2-terminal ATPase domain, followed by
a charged domain, a client protein binding domain, and a
COOH-terminal dimerization domain (26). The ATP bind-
ing site is the major target for HSP90 inhibitors, of which
geldanamycin, 17-allylamino-17-demethoxy-geldanamycin,
and radicicol are the most used because of their high
specificity for HSP90 inhibition. These compounds interfere
with ATP binding to HSP90, preventing the formation of the
mature complex that results in the proteasome-dependent deg-
radation of associated proteins (26).

HSP90 has been shown to interact with and stabilize �100
different client proteins (for a full list see http://www.

picard.ch/downloads/Hsp90interactors), including several ki-
nases, transcriptional factors, hormone receptors, antiapoptotic
proteins, and, of particular interest for cardiovascular and renal
physiology, endothelial nitric oxide synthase (eNOS) (5).

Recent studies have emphasized the physiological role of
HSP90 in regulating vascular tone. eNOS is the primary source
of nitric oxide (NO) that produces vasorelaxation. It has been
demonstrated that HSP90-eNOS coupling increases the activity
of this enzyme, with greater NO production as a result. On the
contrary, not only is HSP90-eNOS uncoupling associated with
reduction of NO synthesis but it also turns eNOS into a
superoxide generator (10, 24, 34). These studies strongly
suggest that the dual role of eNOS in vascular physiology is
modulated by its interaction with HSP90. Despite the growing
evidence that this interaction is relevant for vascular physiol-
ogy, little to nothing is known about the role that HSP90 plays
in renal physiology. In this regard, we previously (27) charac-
terized the expression pattern of HSP90� and HSP90� along
the nephron, observing that both proteins are expressed in
glomerular capillaries, mensangial cells, and Bowman epithelia
and along tubular epithelium. Although it is well known that
eNOS is highly expressed in renal vascular endothelial cells,
and that renal blood flow (RBF) and glomerular filtration rate
(GFR) are regulated by eNOS-dependent NO production, it is
unknown to what extent RBF and GFR depend on HSP90-
regulated eNOS activity. Here we show that HSP90 inhibition
with radicicol results in a significant reduction of RBF and
GFR that is associated with decreased NO generation. These
findings suggest that HSP90 is an important regulator of renal
function.

MATERIALS AND METHODS

Twenty male Wistar rats weighing 300–320 g each and fed with a
standard chow diet were divided into two groups: control rats and rats
in which HSP90 was acutely inhibited by radicicol infusion (see
below). All experiments were performed in a control period and a
vehicle or radicicol infusion period. Animal procedures were in
accordance with our institutional guidelines for animal care. All
experiments involving animals were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (National Acad-
emy Press, Washington DC, 1996) and were approved by Institutional
Animal Care and Use Committee of the National University of
Mexico.

Functional studies. The day of the experiment, rats were anesthe-
tized with an intraperitoneal injection of pentobarbital sodium (30
mg/kg) and placed on a homeothermic table to maintain core body
temperature at 37°C. The trachea, jugular vein, and femoral artery
were cannulated with polyethylene tubing (PE-240 and PE-50). The
bladder was also cannulated with PE-90. During surgery, rats were
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maintained under euvolemic conditions by infusion of 10 ml/kg body
wt isotonic rat plasma, followed by an infusion of 5% low-calorie
commercial sugar (METCO, Mexico City, Mexico) at 1.6 ml/h as a
marker of GFR. We previously showed (23) that this compound has
enough sensitivity to measure GFR under normal and pathophysio-
logical conditions to a similar extent as the standard measurement
using polyfructosan. All experiments were performed in two stages. In
the first stage, after an appropriate equilibrium period of 60 min urine
was drained from the bladder by gravity. Care was taken to avoid dead
space in the bladder while urine was collected over a period of 30–60
min. Blood samples were taken at the beginning and end of each urine
collection period and replaced with blood from a donor rat. An
ultrasound transit-time flow probe (1RB, Transonic, Ithaca, NY) was
placed around the left renal artery and filled with ultrasonic coupling
gel (HR Lubricating Jelly, Carter-Wallace, New York, NY) for
recording RBF. Mean arterial pressure (MAP) was monitored
throughout the experiment with a pressure transducer (model p23 db,
Gould) and recorded on a polygraph (Grass Instruments, Quincy,
MA). After basal measurements, the second stage began. In addition
to low-calorie sugar infusion, one-half of the rats received an infusion
of 10% DMSO and 10% ethanol in saline solution as a vehicle. The
other half received an infusion of the HSP90 inhibitor radicicol (25
�g/kg; 10% DMSO and 10% ethanol in saline solution) (22). After 45
min of equilibrium, all measurements of GFR, RBF, urine flow, and
MAP were repeated. At the end of the experiment, both kidneys were
removed and quickly frozen for biochemical and molecular studies.
To confirm our results with low-calorie commercial sugar, an addi-
tional group of six rats was included in which renal function before
and after radicicol was evaluated by using 5% polyfructosan as a gold
standard GFR marker (Inutest, Laevosan, Linz, Austria).

Low-calorie sugar concentrations in urine and plasma were deter-
mined by the technique of Davidson and Sackner (8) for determining
GFR. Low-calorie sugar clearance was calculated by standard formula
as we previously reported (23).

Urinary nitrites and nitrate excretion. The end products of NO,
nitrites and nitrates (NO2

� and NO3
�), were estimated in 30-min urine

samples by reducing NO3
� to NO2

� with nitrate reductase (Roche) and
�-adenine nicotinamide (�-NADPH, Sigma), followed by nitrite
quantification with the Griess reagent, as we (21) and others (6)
previously reported.

Renal lipoperoxidation. Malondialdehyde (MDA), a measure of
lipid peroxidation, was assayed in the form of thiobarbituric acid-
reactive substances (TBARS) as previously described (20). Briefly,
after homogenization of the renal tissue, the reaction was performed
in a 0.8% aqueous solution of thiobarbituric acid in 15% TCA and
heated at 95°C for 45 min. TBARS were quantified with an extinction
coefficient of 1.56 � 105 M�1/cm�1 and expressed as nanomoles of
TBARS per milligram of protein. The tissue protein was estimated
with the Bradford method.

Urinary hydrogen peroxide and isoprostane F2� assays. The
amount of hydrogen peroxide (H2O2) in urine was determinated with
an Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitro-
gen) according to manufacturer’s instructions. Briefly, the assay was
performed with a standard curve of H2O2 1–10 �M. A 50-�l volume
of each urine or standard was placed in a microplate, 50 �l of Amplex
red reagent-horseradish peroxidase (HRP) was then added, and the
samples were incubated for 30 min at room temperature and protected
from light. The plate was read at 560 nm. The H2O2 concentration in
the samples was expressed as nanomoles per milliliter.

The concentration of isoprostanes F2� (8-iso-PGF2�) were determined
in urine samples with a urinary 8-iso-PGF2� ELISA assay from North-
west (Vancouver, WA) according to the manufacturer’s instructions.
Briefly, 100 �l of each sample or standard was placed in wells that
contained the anti-8-iso-PGF2� antibody, and 100 �l of 15-isoprostane
F2T HRP enzyme conjugate was added. Then 200 �l of 3�3�5�5-
tetramethyl benzidine substrate was added to the wells and incubated
again; the reaction was stopped by addition of 50 �l of 3 M H2SO4, and

the wells were read at 450 nm. The isoprostane F2� concentration was
reported as nanograms per milliliter.

RNA isolation and real-time PCR. The renal cortex was isolated
from both kidneys and snap frozen in liquid nitrogen. Total RNA was
isolated from each kidney with the TRIzol method (Invitrogen) and
checked for integrity by 1% agarose gel electrophoresis. To avoid
DNA contamination, all total RNA samples were treated with DNase
(Invitrogen). Reverse transcription (RT) was carried out with 2.5 �g
of total RNA and 200 U of Moloney murine leukemia virus reverse
transcriptase (Invitrogen). The mRNA levels of HSP90� and HSP90�
as well as eNOS were quantified by real-time PCR on the ABI Prism
7300 Sequence Detection System (TaqMan, ABI, Foster City, CA).
Primers and probes for HSP90� and eNOS were ordered as kits:
Rn00822023-g1 and Rn02132634-s1 (Assays-on-Demand, ABI) and
HSP90BRAT-X (Assay-on-Design, ABI) for HSP90�. As an endog-
enous control, we used eukaryotic 18S rRNA (predesigned assay
reagent Applied by ABI, external run). Relative quantification of
HSP90�, HSP90�, and eNOS gene expression was performed with
the comparative threshold cycle (CT) method (18).

Western blot analysis. Total renal proteins were isolated from six
different cortexes of each group and homogenized separately in lysis
buffer [50 mM HEPES pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.1%
NP-40, and Complete protease inhibitor (Roche)]. Protein samples
containing 50 �g of total protein were resolved by 7.5% SDS-PAGE,
semidried, and electroblotted onto polyvinylidene difluoride mem-
branes (Amersham). eNOS protein (Abcam, Cambridge, MA) or
HSP90� transfected HEK cells were loaded as positive controls.
Membranes were then blocked first with 0.1% blotting grade blocker
nonfat dry milk (Bio-Rad) and incubated in 5% blotting grade blocker
nonfat dry milk with their respective specific antibodies as detailed
below. The lower part of the membranes was incubated with a goat
anti-actin antibody (1:5,000 dilution) overnight at 4°C (Santa Cruz
Biotechnology, Santa Barbara, CA). The upper membranes were
incubated with polyclonal anti-rabbit HSP84 (HSP90�, Abcam),
polyclonal anti-rabbit HSP86 (HSP90�, Abcam), anti-rabbit eNOS
(Cell Signaling Technology), polyclonal anti-rabbit phosphorylated
eNOS-S1177 (Cell Signaling Technology), or polyclonal anti-rabbit
phospho-eNOST495 antibodies (Cell Signaling Technology). Mem-
branes were then incubated with the secondary antibody HRP-conju-
gated rat anti-rabbit IgG (Alpha Diagnostics, San Antonio, TX).
Proteins were detected with an enhanced chemiluminescence kit
(Amersham) and autoradiography, following the manufacturer’s rec-
ommendations.

The eNOS dimer-to-monomer ratio was evaluated by Western blot in
nondenaturated proteins isolated from cortexes of both vehicle- and
radicicol-infused animals as previously reported (4, 14). Nonboiled sam-
ples containing 50 �g of total protein were resolved in a 6% SDS-PAGE
at 4°C. Proteins were transferred to a polyvinylidene difluoride mem-
brane, and Western blot analysis for eNOS was performed as described
above. The bands were scanned for densitometric analysis.

Statistical analysis. Results are presented as means 	 SE. Differ-
ences between control and experimental periods in the same group
were tested by paired t-test. Significant differences among the groups
were tested by ANOVA with Bonferroni’s correction for multiple
comparisons. Statistical significance was defined when the P value
was 
0.05.

RESULTS

We evaluated the role of HSP90 in regulating renal function
by acutely inhibiting HSP90 in rats with radicicol. Renal
function was evaluated in each animal in two steps: during
normal euvolemic conditions and during vehicle or radicicol
infusion. All animals had similar body weight (control animals
303 	 3.1 g, radicicol-infused animals 309 	 2.8 g). Radicicol
infusion produced a significant reduction in RBF, from 8.6 	
1.1 to 5.6 	 0.3 ml/min (P � 0.01), which represents a
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decrease of 35%. In contrast, left RBF did not change during
vehicle infusion in the control group (Fig. 1B). Furthermore,
HSP90 inhibition was also associated with a significant reduc-
tion in GFR (Fig. 1C). Thus GFR decreased from 2.0 	 0.2
ml/min during the basal period to 1.2 	 0.2 ml/min during the
radicicol infusion (P � 0.002), representing a 40% reduction in
renal function. As expected, GFR was not modified by vehicle
infusion in the control group. Although we previously demon-
strated that low-calorie sugar is a sensitive and accurate GFR
marker, we confirmed our previous findings in a group of rats
in which a gold standard Inutest was infused to evaluate GFR
in the absence and in the presence of radicicol. Similar to our
observations with low-calorie sugar, radicicol infusion pro-
duced a similar extent of reduction in RBF from 8.7 	 0.5 to
5.6 	 0.3 ml/min (P � 0.002) and in GFR from 1.9 	 0.5 to
1.3 	 0.4 ml/min (P � 0.001). The results obtained with both
GFR markers suggest that HSP90 inhibition produces renal
vasoconstriction that is responsible for GFR reduction. Since
MAP was monitored throughout the experiment, we observed
that during basal period both groups had similar MAP, which
vehicle infusion did not modify (Fig. 1A). In contrast, radicicol
infusion produced a slight but significant reduction in MAP
values compared with the basal period. Accordingly, MAP in
the basal period was 117 	 3.8 mmHg and decreased to 102 	
8.5 mmHg during HSP90 inhibition (P � 0.004). This reduc-
tion represents a fall of 12.9%, which remains, however, within
a renal autoregulatory range that cannot explain the fall in 35%
fall in GFR. Interestingly, this systemic effect of radicicol was
the opposite of what would be expected as a consequence of
uncoupling eNOS and HSP90. It is not known, however,
whether all vascular beds are similarly sensitive to the uncou-
pling effect of radicicol. Because kidneys have a higher blood
flow than many other organs, it is possible that their sensitivity
to vasoactive factors would be greater.

It has been shown that HSP90 inhibitors, such as radicicol or
geldanamycin, may induce the overexpression of HSP90 by
releasing heat shock factor 1 (HSF1), which is responsible for
transcriptional activation of the heat shock genes (3, 11).
Although this effect is observed after several hours of HSP90
inhibition, we first evaluated whether the expression of

HSP90� and HSP90� remained unaltered after acute HSP90
inhibition. Radicicol did not modify HSP90� and HSP90�
mRNA levels in renal cortex compared with the expression
observed in vehicle-infused animals (Fig. 2, A and B). Accord-
ingly, no differences were found in HSP90� and HSP90�
protein levels between groups (Fig. 2, C and D).

To investigate whether renal vasoconstriction induced by
HSP90 inhibition by radicicol was mediated by either reduced
NO availability or increased generation of reactive oxygen
species, we evaluated urinary nitrite and nitrate excretion
(UNO2/NO3V), renal lipoperoxidation, and the amount of
isoprostane F2� and hydrogen peroxide in the urine. As shown
in Fig. 3A, radicicol infusion produced a significant decrease in
urinary NO metabolites by 58%. This effect was not observed
in the animals that received vehicle infusion. At the end of the
experiment, renal lipoperoxidation was measured in the cortex
and medulla separately (Fig. 3B). In contrast to the effect on
NO metabolite excretion, HSP90 inhibition did not modify
MDA values compared with those in vehicle-infused animals.
In addition, greater lipoperoxidation levels were observed in
the medulla than in the cortex in both groups. These findings
could be expected because of the higher hypoxia in the med-
ullary region. To confirm the absence of change in oxidative
stress rate, more specific assays, such as isoprostanes and
hydrogen peroxide, were used. Figure 3, C and D, show that
HSP90 inhibition did not modify urinary hydrogen peroxide
and isoprostane F2�, respectively, confirming our observations
at the tissue level. Together, these results suggest that the
observed GFR reduction induced by acute radicicol infusion
was, in part, mediated by a decrease in NO generation rather
than an increase in oxidative stress.

To evaluate whether NO reduction by radicicol was medi-
ated by changes in eNOS expression and phosphorylation, we
evaluated renal eNOS mRNA and protein levels by real-time
PCR and Western blot. We also evaluated Ser1177 and Thr497
eNOS phosphorylation in the renal cortex of vehicle- and
radicicol-infused animals by using phospho-specific antibodies
against each site. We found that eNOS mRNA levels were not
modified by either vehicle or radicicol infusion (Fig. 4A).
Similar results were observed when eNOS protein levels were

Fig. 1. Effect of heat shock protein (HSP)90 inhibition on renal function. A: mean arterial blood pressure (MAP). B: mean renal blood flow (RBF) recorded by
a renal artery ultrasonic probe. C: mean glomerular filtration rate (GFR) evaluated with a GFR marker. Open bars, basal (B) period before vehicle or radicicol
infusion; gray bars, vehicle (Veh) infusion period; filled bars, radicicol (Rad) infusion period. Statistical differences between basal and experimental periods were
tested by paired t-test; *P 
 0.05.
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assessed, as represented by Western blot and densitometry
analysis (Fig. 4B). In contrast, a significant increase in eNOS
phosphorylation at Thr495 was observed. The immunodetec-
tion signal of eNOS phosphorylated at Thr495 was increased in
rats infused with radicicol (Fig. 4C). The mean ratio of eNOS
phosphorylated at Thr495 to actin during HSP90 inhibition was
0.78 	 0.12 compared with 0.47 	 0.18 in vehicle-infused
animals (P 
 0.02). In contrast, radicicol infusion did not
produce any effect on Ser1177 eNOS phosphorylation (Fig.
4D). The mean ratio of eNOS phosphorylated at S1177 to actin
was similar in vehicle- and radicicol-infused rats (0.59 	 0.14
and 0.57 	 0.13, respectively). Since eNOS expression levels
did not change by radicicol infusion, the ratios of pThr495-
eNOS/eNOS and pS1177-eNOS/eNOS.

It has also been demonstrated that eNOS activation requires
the formation of its dimeric form since monomers exhibit
significantly lower activity (1, 15). In this study, we also
evaluated whether HSP90 inhibition modified the ratio of the
monomeric vs. the dimeric state of eNOS. We observed that
HSP90 inhibition was associated with a significant increase in
monomeric eNOS together with a reduction in the dimeric
form when proteins were analyzed under nondenatured condi-
tions (Fig. 5A). This was confirmed by densitometric analysis
of the bands corresponding to dimeric and monomeric eNOS
forms in the renal cortex (Fig. 5, B and C). As a result, the ratio
between the dimeric and monomeric forms was significantly
reduced, from 1.74 	 0.32 in vehicle-infused rats to 0.33 	
0.07 in radicicol-infused rats (Fig. 5D; P 
 0.05).

DISCUSSION

In this study, we have shown that infusion of the HSP90
inhibitor radicicol produced a significant decrease in RBF and
GFR, which was associated with a decrease in the excretion of

NO metabolites in the urine. Reduction in NO synthesis seems
to be a consequence of an increase in inactivating eNOS
phosphorylation and the concomitant increase in eNOS mono-
merization. Thus our results suggest that HSP90 is an impor-
tant modulator of GFR by favoring the renal NO/eNOS system.

Molecular chaperones can assist in the folding and mainte-
nance of newly translated proteins, activate proteins through
promoting their phosphorylation or protein-protein interac-
tions, and also lead to degradation of misfolded and destabi-
lized proteins. Indeed, HSP90 is a key member of this machin-
ery. It plays a central role in cellular signaling since it is
essential for maintaining the activity of several signaling pro-
teins, including steroid hormone receptors and enzymes such
as eNOS.

Previous studies have shown that the association of HSP90
with eNOS plays a key role in the generation of NO through
several mechanisms, including enhancing eNOS enzymatic
activity, modulating the release of NO vs. superoxide by
eNOS, assisting with the intracellular trafficking of eNOS, and
helping to activate eNOS by dissociating it from caveolin-1
(16). Furthermore, HSP90 has been proposed to facilitate the
calcineurin-dependent dephosphorylation of the Thr495 site of
eNOS, which contributes to enzyme activity (16). In this study,
we found that the acute infusion of radicicol, an HSP90
inhibitor, produced decreases in RBF and GFR that were
associated with a significant decrease in the urinary excretion
of NO metabolites (UNO2/NO3V), suggesting that eNOS-
HSP90 uncoupling resulted in reduced NO synthesis that, in
turn, promoted renal vasoconstriction. In support of this obser-
vation, recent findings by Xu et al. (34) demonstrated that
disruption of the eNOS-HSP90 complex with decoy peptides
that block the interaction between HSP90 and eNOS inhibited
eNOS-dependent NO generation and reduced acetylcholine-

Fig. 2. Effect of acute radicicol infusion on
renal HSP90� and HSP90� expression. A
and B show real-time RT-PCR analysis of
HSP90� and HSP90�, respectively, nor-
malized by 18S in control (open bars) and
acute radicicol-infused (filled bars) rats.
HSP90� and HSP90� protein levels were
also assessed by Western blot analysis. C
and D: mean optical density ratio between
each HSP90 and actin. Proteins extracted
from human embryonic kidney cells
(HEK293) transfected with HSP90� were
included as positive control. Insets, repre-
sentative digitalized images of HSP90� and
HSP90� and their respective actins.
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induced vasodilation in mouse facialis arteries. In addition, it
has been shown that inhibition of HSP90 not only decreases
stimulated NO synthesis but also increases superoxide anion
generation, which has been shown to be dependent on eNOS
(10, 24, 34). These reports indicated that inhibiting eNOS-
HSP90 coupling shifts the product of eNOS from NO to O2

�. In
this regard, we observed that acute HSP90 inhibition was
associated with decreased NO synthesis rather than increased
oxidative stress that was measured by renal lipoperoxidation
and urinary H2O2 and isoprostanes F2�, suggesting that renal
vasoconstriction was in part due to the reduction of NO
availability, although other pathways regulated by HSP90
might be involved, considering that several proteins are regu-
lated by HSP90. In this regard, it has been shown that HSP90
also activates neuronal nitric oxide synthase (nNOS) (2, 29).
NO derived from nNOS, present in macula densa cells, might
regulate glomerular blood flow and GFR by modulating affer-
ent arteriolar vascular tone (for review, see Ref. 33); thus it is
also plausible that HSP90 inhibition could inactivate nNOS
and this effect could be also involved in the observed reduction
of GFR. Further experiments with specific nNOS inhibitors or
nNOS-null mice will be required to clarify this issue. However,
in the present study we observed several changes in eNOS-NO
pathway, suggesting that at least part of the radicicol effect
must be due to its effect on eNOS.

To investigate the mechanism by which HSP90 inhibition
produced a decrease in NO metabolites, we evaluated eNOS
phosphorylation and dimerization. Several putative eNOS phos-
phorylation sites have been reported. The most studied are the
Ser1177 site, which activates eNOS, and the Thr495 site, which

inactivates it. This threonine residue is found in the calcium-
calmodulin (CaM) binding domain and interferes with CaM
binding, resulting in the inactivation of eNOS (19, 31). In this
regard, coupling of HSP90 and eNOS is associated with enhanced
Ser1177 phosphorylation by Akt (32), whereas uncoupling of
eNOS-HSP90 promotes Thr495 phosphorylation by protein ki-
nase C (19). In this study, we observed that radicicol infusion did
not alter Ser1177 phosphorylation but was able to increase Thr495
phosphorylation without changing eNOS protein levels. This
finding suggests that reduced NO synthesis by HSP90 inhibition
is at least due to reduction of eNOS activity that follows aug-
mented Thr495 phosphorylation.

Not only is activation of eNOS dependent on phosphoryla-
tion state by upstream kinases, but it is also determined by its
conformational state (13). It is known that NO is produced by
eNOS when it is conformed as a homodimer. This conforma-
tion creates high-affinity binding sites for the NOS substrate
L-arginine, enabling electron transfer from the reductase do-
main of one NOS monomer to the oxygenase domain of the
other monomer (28). Interestingly, we observed that acute
infusion of radicicol produced a significant reduction of the
dimer-to-monomer ratio due to an increase in eNOS mono-
mers. This observation suggests that, in addition to eNOS
phosphorylation at the Thr497 site, inhibition of HSP90 with
radicicol reduces NO production by preventing the formation
of eNOS homodimers.

The physiological relevance of eNOS-HSP90 uncoupling has
been recently attested in experimental models of disease, such as
diabetes mellitus, arterial hypertension, and liver cirrhosis. Dia-
betes is characterized by NO deficiency. Lei et al. (17) demon-

Fig. 3. Effect of HSP90 inhibition on nitric
oxide (NO) metabolite excretion and oxida-
tive stress. A: % change in urinary nitrite
and nitrate excretion (UNO2/NO3V) after
vehicle (open bars) and HSP90 inhibition
with radicicol (filled bars). B: malondialde-
hyde levels quantified in renal cortex and
medulla homogenates. Open bars, vehicle
control group; filled bars, radicicol-infused
group. C and D: urinary hydrogen peroxide
(C) and isoprostane F2� (D) levels quanti-
fied in vehicle control group during basal
period and vehicle infusion (open and gray
bars, respectively). These determinations
were also assayed in the rats before and
during HSP90 inhibition (open and filled
bars, respectively). Statistical differences
between groups were tested by unpaired
t-test and between the renal cortex and me-
dulla by paired t-test. *P 
 0.05 vs. vehicle
control group, **P 
 0.05 vs. renal cortex.
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strated that, in streptozotocin-induced diabetic rats, high levels of
glucose increased phosphorylation of HSP90� in a cAMP-protein
kinase A-dependent manner, an effect that was associated with
translocation of HSP90� to the aortic endothelium membrane.
The consequence of this translocation was the reduction of NO
synthesis due to eNOS-HSP90 uncoupling.

The arterial hypertension that occurs during pregnancy
known as preeclampsia is, in part, mediated by an increase
in endothelial oxidative stress in maternal vasculature. To
explain the mechanism, Gu et al. (12) demonstrated that
HSP90 protein expression was significantly decreased in
endothelial cells from preeclamptic women, which corre-

Fig. 5. Effect of HSP90 inhibition on the expression of eNOS protein dimer/monomer. A: representative image of a Western blot analysis of nondenatured
proteins isolated from cortexes of vehicle control and radicicol-treated rats. B–D: dimeric eNOS (B), monomeric eNOS (C), and eNOS dimer-to-monomer ratio
(D/M; D) in vehicle (open bars) and radicicol-infused (filled bars) animals. Statistical differences between groups were tested by unpaired t-test; *P 
 0.05. OD,
optical density.

Fig. 4. Effect of radicicol administration on
endothelial nitric oxide synthase (eNOS) ex-
pression and eNOS phosphorylation was
evaluated by real time RT-PCR and Western
blot analysis using specific eNOS and phos-
phorylated eNOS antibodies. A and B: eNOS/
18S mRNA (A) and eNOS/actin protein (B)
levels were not altered by radicicol infusion
(filled bars), compared with vehicle-treated
rats (open bars). First lane, eNOS purified
protein as positive control. C: in contrast,
eNOS phosphorylation in the threonine 497
site (pT497-eNOS) was significantly in-
creased during HSP90 inhibition. D: eNOS
phosphorylation in the serine 1177 site
(pS1177-eNOS) was not altered by radicicol
infusion. B–D: mean optical density of each
Western blot assessed. Protein markers were
loaded in each assay as described in MATERI-
ALS AND METHODS. Insets, representative dig-
italized images of Western blot analysis. Sta-
tistical differences between groups were
tested by unpaired t-test; *P 
 0.05.
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lated with greater superoxide generation. In addition, a more
recent study reported that hypertension and endothelial
dysfunction induced by increased production of 20-hy-
droxyeicosatetraenoic acid (20-HETE), a major vasocon-
strictor eicosanoid in the microcirculation, were in part due
to eNOS-HSP90 uncoupling (7).

Finally, another pathophysyological role for eNOS-
HSP90 coupling/uncoupling was observed in rats with hepa-
topulmonary syndrome, a complication of cirrhosis that is
characterized by overproduction of NO in lungs and NO
deficiency in the liver. In an elegant study, Frossard et al. (9)
showed an opposite regulation of eNOS by HSP90 since greater
NO synthesis in the lungs was associated with elevated eNOS and
HSP90 interaction, whereas the contrary effect was observed in
liver homogenates, in which NO production was decreased. Thus
lesser NO production in the liver was attributed to eNOS-HSP90
uncoupling together with enhanced association of eNOS to the
caveolin. Together, these studies indicate that HSP90-eNOS cou-
pling/uncoupling ratio may play a major role in several patho-
physiological conditions. Thus it will be interesting to study the
role that HSP90-eNOS coupling/uncoupling could play in the
progression of kidney diseases, such as diabetic or hypertensive
nephropathy, in which renal vascular dysfunction plays a major
role.
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ARTÍCULO DE REVISIÓN

Functional significance of heat shock protein 90

ABSTRACT

The heat shock protein 90 kDα (Hsp90) subfamily is consti-
tuted by five isoforms, among them Hsp90α and Hsp90β are
the more abundant cytosolic proteins. These two proteins
are molecular chaperons that participate in numerous cellular
processes, through interacting with more than 100 proteins
known as client proteins of Hsp90. These client proteins in-
clude: transcriptional factors, kinase proteins and other pro-
teins that participate in transcriptional and transductional
regulation such as steroid hormone receptors and nitric oxi-
de synthases. This review offers a retrospective in the recent
information about molecular and cellular functions of Hsp90
in the vascular physiology. In addition, the studies that eva-
luate Hsp90 role in the renal physiology and pathophysiology
are discussed. Finally, the molecular tools developed to mani-
pulate the Hsp90 expression in vitro and in vivo, through its
inhibition or over-expression are reviewed. All these studies
together have allowed increasing our knowledge regarding
the role of Hsp90 during normal and pathophysiological con-
ditions.

Key words. Vascular physiology. Endothelial nitric oxide syn-
thase. Nitric oxide. Superoxide anion. Renal pathophysiology.

RESUMEN

La subfamilia de proteínas de choque térmico de 90 kDa
(Hsp90) está compuesta por cinco isoformas, dentro de las cua-
les las dos isoformas citosólicas más abundantes se conocen
como la Hsp90α y la Hsp90β. Estas proteínas son conocidas co-
mo chaperonas moleculares y regulan diferentes procesos celula-
res a través de interactuar con más de 100 proteínas conocidas
como proteínas cliente de Hsp90. Dentro de las proteínas cliente
destacan: factores de transcripción, prote-ínas cinasas y proteí-
nas que participan en la regulación transcripcional y trasduc-
cional de señales, tales como el receptor de hormonas
esteroideas y las sintasas de óxido nítrico. Esta revisión ofrece
una retrospectiva sobre el avance en el conocimiento de las fun-
ciones celulares y moleculares de Hsp90 en la fisiología vascu-
lar. También se describen los estudios que han intentado
esclarecer la participación de Hsp90 en la fisiología y la fisiopa-
tología renal. Al mismo tiempo, se revisan las herramientas
moleculares alternativas que se han desarrollado con el fin de
manipular la expresión de Hsp90 in vitro e in vivo, mediante su
inhibición o su sobre-expresión, lo que ha permitido incremen-
tar nuestro conocimiento sobre esta subfamilia de proteínas en
condiciones normales y durante procesos fisiopatológicos.

Palabras clave. Fisiología vascular. Sintasa de óxido nítrico
endotelial. Óxido nítrico. Anión superóxido. Fisiopatología renal.

INTRODUCCIÓN

Existen diferentes condiciones y factores exter-
nos que pueden desequilibrar la homeostasis como
lo son: cambios en la temperatura, osmolaridad,
pH, entre otros. De tal forma que cada célula está
constantemente expuesta a diversas condiciones de
estrés que se acentúan durante procesos fisiopato-
lógicos. Ante estas condiciones, las células desarro-
llaron un mecanismo evolutivo para detectar,
monitorear y responder a cambios extremos del

medio ambiente con el fin de mantener la homeos-
tasis celular.1-4

En situaciones de estrés celular, la síntesis pro-
teica se ve afectada dando lugar a proteínas mal ple-
gadas o con una conformación inadecuada, lo que
puede propiciar la formación de agregados proteicos
no funcionales y comprometer la viabilidad celular.
En estas condiciones se activa la transcripción de
genes que principalmente está dirigida hacia proteí-
nas reparadoras conocidas como proteínas de cho-
que térmico (Hsp), lo que inicia la reparación
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prenden 80% de esta subfamilia y son las encargadas
de modular la mayoría de sus acciones intracelula-
res.8,9

La Hsp90α y la Hsp90β mantienen hasta 85% de
identidad a nivel de proteína. En condiciones fisioló-
gicas, la proporción de Hsp90α es menor en compa-
ración con Hsp90β, ya que mientras la primera
constituye 40% de la proteína total citosólica de
Hsp90, la segunda conforma 60%.10 Ambas isofor-
mas pueden encontrase en forma monomérica, dimé-
rica o heterodimérica, como se ilustra en la figura
1A. La Hsp90α se encuentra en mayor proporción
en forma dimérica, mientras que la Hsp90β princi-
palmente en forma monomérica. Es importante men-
cionar que la conformación dimérica de Hsp90 es la
forma funcional.11

El gene para Hsp90α consta de 10 exones que codi-
fican para un transcrito de 5.3 Kb, lo que da lugar a
una proteína de 733 aminoácidos con un peso molecu-
lar de 86 kDa. A pesar de que el gene de Hsp90β
consta de 11 exones y el transcrito es de 6.8 Kb, la
proteína resultante es más pequeña, formada por 726
aminoácidos con un peso molecular de 84 kDa.2 Los
genes que codifican para estas proteínas se localizan
en distintos cromosomas dentro del genoma. El pri-
mer exón en ambas isoformas no se traduce, pero aún
se desconoce la razón de esta omisión en la transcrip-
ción. Se ha observado que la región promotora juega
un papel importante en las diferencias de expresión de
cada una de las isoformas, por lo que se ha propuesto
que son reguladas de manera diferente. Esto se apoya
por el hecho de que Hsp90α contiene cinco elementos
de respuesta a estrés térmico (HSE) en la región pro-
motora, mientras que Hsp90β sólo contiene dos, lo
que podría explicar por qué Hsp90α es conocida como
la isoforma inducible.12,13

La figura 1B muestra la estructura general de la
Hsp90α y de la Hsp90β en donde se puede apreciar
que es similar para ambas isoformas y que está com-
puesta principalmente por un domino carboxilo ter-
minal (C-terminal), un dominio medio, un domino de
carga y un dominio amino terminal (N-terminal). El
dominio C-terminal, junto con el dominio medio, son
importantes para la dimerización de Hsp90, siendo
el estado dimérico crítico para su activación. En el
dominio de carga abundan aminoácidos con carga
negativa (de ahí su nombre) y hasta la fecha no se
conoce su función. El dominio medio es el responsa-
ble de la actividad de chaperona de las Hsp90, debi-
do a que está implicado en la unión a diversas
proteínas. Finalmente, el dominio N-terminal es el
encargado de la unión e hidrólisis de ATP y es el si-
tio de unión a algunos fármacos como la geldanamici-

proteica y la activación de vías de señalización que
permiten una mejor adaptación al estado de estrés
en el que se encuentra la célula.4

En la década de los sesenta, Ritossa, et al.5 de-
mostraron por primera vez la presencia de las proteí-
nas de choque térmico en las glándulas salivales de
Drosophila melanogaster. En este estudio, se obser-
vó que un incremento súbito en la temperatura au-
mentaba la expresión de una familia de genes, que
más tarde se denominó como proteínas de estrés.
Durante los siguientes años, se demostró que esta
respuesta al estrés se encuentra conservada desde
las bacterias hasta los mamíferos. A partir de este
momento se abrió un campo nuevo de estudio para
la caracterización de las Hsp y de los procesos celu-
lares en los que intervienen estas proteínas.

LAS PROTEÍNAS DE CHOQUE TÉRMICO

Las proteínas de choque térmico pertenecen a una
familia multigénica con un peso molecular que varía
entre los 10 y los 150 kDa. Se han clasificado de
acuerdo a su peso molecular en seis subfamilias: la
Hsp de 100-110 kDa, la de 90 kDa, la de 70 kDa,
la de 60 kDa, la de 40 kDa y la subfamilia de Hsp’s
con peso molecular de 18-30 kDa.6,7 Estas proteínas se
encuentran tanto en organismos procariontes como
eucariontes y presentan una alta homología a nivel de
secuencia nucleotídica y de aminoácidos. Se encuen-
tran principalmente en el citosol y su principal fun-
ción es mantener la homeostasis celular y evitar el
daño proteotóxico. Durante condiciones adversas
la expresión de algunas subfamilias de Hsp aumenta
con el fin de reparar las proteínas dañadas. En este
proceso, las Hsp pueden ensamblar correctamente a
las proteínas parcialmente dañadas y degradar a las
que fueron dañadas irreversiblemente.

PROTEÍNAS DE CHOQUE
TÉRMICO DE 90 KDA (Hsp90)

Una de las subfamilias más abundantes son las
proteínas de choque térmico de 90 kDa, objeto de
nuestra revisión. Las Hsp90 comprenden de 1 a 2%
de la proteína citosólica total y su expresión puede
llegar a aumentar hasta 15% en condiciones de
estrés celular. Hasta el momento, se han descrito
cinco isoformas de Hsp90: la Grp94, la Hsp90N, la
TRAP1, la Hsp90α y la Hsp90β que se diferencian
básicamente por su localización intracelular. La
Hsp90α y la Hsp90β se encuentran en el citosol, a
diferencia de las otras isoformas que se encuentran
asociadas a organelos. Estas dos isoformas com-
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ceptor de hormonas esteroideas23,24 y las sintasas de
óxido nítrico.25-28 Asimismo, recientemente se descri-
bió que la Hsp90α también puede prolongar la vida
media de sus proteínas cliente, a través de estabili-
zar y prevenir la degradación proteosomal de las
proteínas a las que se une.29

Dentro de las principales funciones celulares de
Hsp90 se encuentran:

1. Asistir en el plegamiento de proteínas inmaduras,
lo que proporciona la conformación adecuada y
evita la agregación proteica.

2. Favorecer la translocación de sus proteínas
cliente a organelos o a las membranas celular y
nuclear.

3. Activar a las proteínas cliente a través de facili-
tar su fosforilación y/o dimerización.

na (GA) y el radicicol (RA) que inhiben la actividad
de chaperona de las Hsp90.14-17

PRINCIPALES FUNCIONES
CELULARES DE Hsp90

La función celular más estudiada y conocida de
las Hsp90 es que actúan como moduladoras alostéri-
cas de varias proteínas denominadas “proteínas
cliente de Hsp90”, lo que les confiere su función
como chaperonas moleculares. En la última década,
la lista de proteínas cliente de Hsp90 ha aumentado
sustancialmente y en ella se encuentran (http://
www.picard.ch/downloads/Hsp90interactors): facto-
res transcripcionales,18,19 proteínas cinasas20-22 y
proteínas que participan en la regulación transcrip-
cional y trasduccional de señales, tales como el re-

Figura 1. A. Comparación de la conformación y abundancia citoplásmica entre la Hsp90α y la Hsp90β en condiciones normales. B. Estructura ge-
neral de la subfamilia de las Hsp90α y Hsp90β. La estructura está compuesta por cuatro dominios: dominio N-terminal, dominio de carga, dominio medio
y dominio C-terminal, así como la unión con sus proteínas cliente, siendo este paso dependiente de la hidrólisis de ATP. (Modificada del sitio:
www.ulysse.u-bordeaux.fr/atelier/ikramer/biocell_diffusion/gbb.cel.fa.107.b3/content/access.htm).
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4. Degradar proteínas dañadas irreversiblemente
mediante ubiquitinación.30

5. Mediar procesos anti-apoptóticos, a través de in-
hibir algunas vías que llevan a la muerte celular
programada, como lo es la inhibición de la acti-
vación de caspasa 3 y 9, así como de inhibir al ac-
tivador de la caspasa derivado de la mitocondria
conocido como SMAC/DIABLO (second mito-
chondria-derived activator of caspase-direct IAP
binding protein with low pl).31

6. Participar en el desarrollo y diferenciación celu-
lar, mediante la regulación del ciclo celular.32

MECANISMOS DE
REGULACIÓN E INDUCCIÓN DE LAS Hsp90

En condiciones normales, la inducción de las
Hsp90 se inicia con la liberación del factor de res-
puesta a estrés térmico (HSF1), que comúnmente se
encuentra asociado a Hsp90 en el citosol. Una vez li-
berado, el HSF1 se transloca al núcleo en donde se
une a elementos de respuesta a estrés térmico
(HSE), dando lugar a la activación de la transcrip-
ción de proteínas de choque térmico, la aparición de
nuevos mensajeros de Hsp90 y el subsecuente au-
mento en la expresión de estas proteínas.33 A su vez,
las Hsp90 son reguladas por proteínas cinasas y/o
fosfatasas.6,34 A este respecto, se conoce que Hsp90β
contiene cinco sitios potenciales de fosforilación por
la familia de proteínas cinasas PKA, mientras que
Hsp90α sólo contiene tres. Asimismo, se ha reporta-
do que Hsp90 es regulada de forma positiva por la
proteína fosfatasa PP1, la cual favorece la madura-
ción de sus proteínas cliente, previniendo la hiper-
fosforilación de Hsp90.35

Hsp90 EN LA FISIOLOGÍA VASCULAR

En 1998 García-Cardeña, et al.25 mostraron por
primera vez que Hsp90 es capaz de interactuar con la
sintasa de óxido nítrico endotelial (eNOS). La tras-
cendencia de este hallazgo en la fisiología vascular
fue demostrada por el hecho de que esta interacción
activa a eNOS, lo que produce un aumento en la ge-
neración de óxido nítrico (NO), que es un compuesto
vasodilatador que regula el tono vascular y la presión
arterial. En este estudio también se demostró que el
desacople entre eNOS y Hsp90, que fue inducido por
un inhibidor selectivo de Hsp90, produjo vasocons-
tricción en los anillos de aorta aislados, lo que se
asoció con una reducción de los niveles de GMPc, el
segundo mensajero de óxido nítrico. Años más tarde,
Pritchard, et al.36 confirmaron que el desacople entre

eNOS y Hsp90 reducía la síntesis de NO, pero ade-
más demostraron que eNOS en ausencia de Hsp90
era capaz de sintetizar al anión superóxido (O2-). El
impacto de la activación de eNOS por Hsp90 en
condiciones fisiopatológicas fue documentado por Ku-
patt, et al.37 quienes reportaron que la sobre-expre-
sión de Hsp90 mediante transfección in vivo reduce el
daño cardiovascular inducido por isquemia/reperfu-
sión cardiaca. La inducción de la expresión de Hsp90
en los cardiomiocitos promovió una mayor asociación
de eNOS a Hsp90, aumentó la fosforilación activante
de eNOS por Akt (S1177) y redujo la fosforilación in-
activante de eNOS (T497), por lo que la protección
conferida resultó en un aumento en la formación de
NO. Estos estudios apoyan la idea de que el efecto
dual que parece ejercer eNOS en la generación de los
radicales de NO y del O2- en la fisiología vascular es
regulado por Hsp90.

Otra evidencia que muestra la participación de
Hsp90 en la regulación de la actividad de eNOS
se ha observado durante la angiogénesis. Durante
este proceso, el factor de crecimiento del endotelio
vascular (VEGF) ejerce sus efectos angiogénicos a
través de la activación de eNOS. En esta vía, se ha
documentado que el VEGF induce la asociación tem-
prana de Ca2+ con la calmodulina, lo que promueve la
liberación de eNOS de la caveolina I, la cual mantie-
ne a eNOS unida a la membrana en un estado inacti-
vo. El complejo Ca2+/calmodulina también promueve
la asociación entre eNOS y Hsp90, donde finalmente
Hsp90 recluta a la proteína cinasa B/Akt para mediar
la activación de eNOS, a través de su fosforilación en
el residuo de la serina 1177 con la consecuente mayor
síntesis de NO.38 Lo anterior establece una secuen-
cia crítica temporal en la vía de la angiogénesis me-
diada por NO, en donde la señalización por VEGF
activa la vía eNOS-Hsp90-Akt. En apoyo a esto, Sun,
et al.39 reportaron que Hsp90 no sólo activa la fosfo-
rilación de eNOS vía Akt, sino que también regula la
transcripción génica y la estabilidad de eNOS.

Estudios recientes han mostrado que las estatinas
poseen acciones protectoras adicionales a su propie-
dad hipocolesterolemiante. En este contexto y de for-
ma interesante, se ha demostrado que las estatinas
regulan en forma indirecta la activación de Hsp90,
aumentando su fosforilación en los residuos de tiro-
sina,40 lo que promueve una mayor síntesis de NO y
neovascularización mediada por eNOS y Akt.38

El efecto de Hsp90 en la vía de eNOS/NO no sólo
radica en la activación de esta enzima, sino también
se ha demostrado que Hsp90 estabiliza a la guanila-
to ciclasa (GCs) que es una proteína clave en la se-
ñalización del NO. Esto fue demostrado en
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condiciones de citotoxicidad por grandes cantidades
de NO, donde el daño endotelial se asoció con una
reducción en la estabilidad de la GCs por Hsp90.41

La relevancia del desacople entre eNOS y Hsp90
ha sido también documentada en procesos fisiopa-
tológicos, como la diabetes mellitus que se carac-
teriza por una deficiencia en la biodisponibilidad
de NO. Estudios recientes conducidos in vitro e in
vivo demostraron que concentraciones elevadas de
glucosa en el medio del cultivo celular y en un mo-
delo de diabetes tipo I en la rata, la Hsp90α es fos-
forilada en la treonina 89 por la proteína cinasa A
(PKA) dependiente de AMPc, lo que induce su
translocación hacia el exterior de las células endo-
teliales y reduce la actividad de eNOS y, por
lo tanto, la producción de NO. Este fenómeno es
revertido cuando se previene la translocación de
Hsp90, lo cual se consiguió por un cambio en la
treonina 89 por alanina de la Hsp90α, evitando
así que PKA pueda fosforilar a Hsp90 y transpor-
tarla a la membrana.42

Lo anterior sugiere que Hsp90 puede ser un nue-
vo blanco terapéutico para prevenir el daño endote-

lial observado en diversas enfermedades en las cua-
les se requiera aumentar la producción de NO, o
bien, prevenir o favorecer la formación de vasos san-
guíneos de novo. Los efectos de Hsp90 en la fisiolo-
gía vascular se resumen en la figura 2.

Hsp90 EN PROCESOS NEOPLÁSICOS

A diferencia de los tratamientos iniciales que fue-
ron usados en la terapia anti-cáncer en los que se
utilizaban agentes citotóxicos, la tendencia actual
se ha enfocado en blancos terapéuticos que partici-
pen en las vías de señalización que conllevan a la
enfermedad. Estudios recientes han mostrado que
la sobre-expresión de Hsp90 juega un papel funda-
mental en la adaptación, proliferación y sobreviven-
cia de las células tumorales. Es por esta razón, que
la inhibición de Hsp90 se ha considerado como una
maniobra terapéutica para evitar o reducir la carci-
nogénesis. Como se detalla en la figura 3, la impor-
tancia de Hsp90 radica en promover la estabilidad y
la actividad de pro-oncogenes y de oncogenes, den-
tro de los cuales destacan: ERBB2, el factor de creci-

Figura 2. Significado fisiológico vascular de la Hsp90 y las vías que regula para el mantenimiento del tono vascular y angiogénesis.
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miento epidermal humano (HER-2), la proteína cina-
sa B/Akt, la cinasa dependiente de ciclina (CDK4), el
gene supresor de tumor (p53) y el factor inducible
por hipoxia (HIF1).43-46

Si bien la geldanamicina fue el primer inhibidor
de Hsp90 utilizado en la clínica con buenos resulta-
dos sobre la reducción del crecimiento tumoral, la
razón de la declinación en su uso se debió a la hepa-
totoxicidad reportada. Actualmente existen diferen-
tes moléculas inhibidoras de Hsp90 dentro de los
cuales se encuentran análogos de la geldanamicina,
tales como el 17-alilamino-17- dimetoxigeldanamici-
na (17-AAG), que se utilizan solos o en combinación
con agentes quimioterapéuticos en el tratamiento
contra el cáncer. El uso terapéutico de 17-AAG se
encuentra actualmente en fase clínica II.43

Hsp90 EN LA FISIOLOGÍA RENAL

A pesar de la implicación de las proteínas de cho-
que térmico de 90 kDa en múltiples procesos celula-
res, poco se conoce del papel que juegan en la
fisiología y fisiopatología renal. En 1990, Matsuba-
ra, et al.47 desarrollaron un anticuerpo dirigido con-
tra Hsp90 de la rata y observaron la presencia de
inmunotinción en el citoplasma de las células de los
túbulos proximales y distales de la corteza renal.
Sin embargo, se desconocía cuál isoforma de Hsp90
se expresaba en el riñón y menos aún el patrón de
expresión de cada isoforma. Por lo tanto, en un tra-
bajo reciente de nuestro laboratorio caracterizamos
la expresión y localización de la Hsp90α y de la
Hsp90β en la nefrona.48 Primero nos dimos a la ta-

Figura 3. Modelo que describe el
efecto citoprotector y anti-tumoral de los
inhibidores de Hsp90, geldanamicina y ra-
dicicol, como blancos terapéuticos en el
tratamiento contra el cáncer.

rea de evaluar la expresión de cada isoforma y en-
contramos que los niveles de RNAm y de proteína
fueron más abundantes en la medula renal que en la
corteza. El análisis de inmunohistoquímica mostró
que la Hsp90α y la Hsp90β se localizaban desde el
glomérulo hasta la punta de la papila y que el pa-
trón de expresión fue muy similar entre ambas iso-
formas. Específicamente, observamos que en la
corteza la Hsp90α y la Hsp90β se localizan en los ca-
pilares glomerulares, en las células mesangiales y en
la cápsula de Bowman. También se detectó la pre-
sencia de ambas proteínas en el citoplasma de célu-
las epiteliales de los túbulos proximales y distales,
con una importante inmunotinción en la membrana
apical. La presencia de Hsp90 en el borde en cepillo
del túbulo proximal no parece ser exclusiva de la
subfamilia de Hsp90, ya que en dos trabajos anterio-
res al nuestro, Aufrich, et al.49 y Schober, et al.50

observaron el mismo patrón de localización para la
Hsp25, que fue su presencia en el glomérulo y en
menor proporción en la vasculatura con una fuerte
inmunotinción en la membrana apical de las células
del túbulo proximal y una ligera inmunotinción en
el citoplasma y núcleo de este epitelio. En este estu-
dio también observamos que en la medula externa,
la Hsp90α y la Hsp90β están localizadas en el cito-
plasma de las células del asa gruesa ascendente de
Henle, mientras que en la medula interna estas pro-
teínas se localizaron principalmente en la membrana
basolateral de las células del asa delgada de Henle,
en los túbulos colectores y en la pelvis renal.48 La
distribución y la expresión específica de la Hsp90α y
de la Hsp90β observada a lo largo de la nefrona, su-
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pecto, Chen, et al.56 utilizando células embrionarias
de epitelio renal de humano (HEK-293) transfecta-
das con TonEBP, mostraron por co-inmunoprecipi-
tación que este factor forma un complejo con
proteínas de estrés, dentro de las cuales destacan
primordialmente la Hsp90α y la Hsp90β. En condi-
ciones de hiperosmolaridad, la inhibición de Hsp90
por geldanamicina disminuyó tanto la expresión de
TonEBP, como su actividad transcripcional. Estos
resultados sugieren que en la medula renal, la cito-
protección necesaria frente al estrés producido por
hiperosmolaridad es mediada por Hsp90.

Los estudios realizados hasta el momento sobre el
papel fisiológico de Hsp90 son muy escasos y menos
aún se conoce el papel específico de Hsp90α y de
Hsp90β. De forma general podemos resumir que
Hsp90 participa en la regulación de la reabsorción
de sodio y en reducir el estrés osmótico en la medula
renal. Asimismo, estudios muy recientes de nuestro
laboratorio sugieren que Hsp90 está implicada tam-
bién en el mantenimiento de la función renal. Consi-
derando que el NO producido por eNOS en el
endotelio de los capilares glomerulares regula el tono
vascular renal y la filtración glomerular, hemos ob-
servado que la inhibición de Hsp90 produce vaso-
constricción renal y disminución de la filtración
glomerular, lo que se asocia con una reducción en la
producción de NO, que resultó por cambios en la fos-
forilación y en la dimerización de eNOS.57

Hsp90 EN LA FISIOPATOLOGÍA RENAL

En cuanto a condiciones fisiopatológicas renales,
se ha encontrado que la intoxicación con metales
pesados como mercurio, zinc, cobalto, hierro y ar-
sénico, así como fármacos nefrotóxicos, como gen-
tamicina y cisplatino producen un aumento de la
expresión de Hsp90 en los túbulos renales, princi-
palmente en el segmento S3 del túbulo proximal.58

Aunado a esto, Morita, et al.59 demostraron me-
diante Western blot e inmunohistoquímica un au-
mento en la expresión de la Hsp73 y la Hsp90
después de 60 min de isquemia renal unilateral en la
rata. En otro estudio, se observó que la inducción de
estas proteínas, durante el daño renal por isquemia/
reperfusión, se localizó en el túbulo proximal y en
células de asa de Henle, comprobando que el aumen-
to de estas proteínas persiste en la regiones de rege-
neración celular.60 De manera similar, Komatsuda,
et al.61 reportaron un caso clínico de un paciente
con insuficiencia renal aguda, oliguria e hiperten-
sión severa, en donde la biopsia renal reveló un au-
mento en la expresión de Hsp90 en el citoplasma de

gieren que estas proteínas podrían estar involucra-
das en la regulación de la filtración glomerular, así
como en la reabsorción y la secreción tubular, fun-
ciones características de la nefrona.

Dentro de las funciones de Hsp90 en la fisiología
renal, la más conocida, es su participación en la es-
tabilización, activación y translocación del receptor
de mineralocorticoide, a través de formar un hetero-
complejo con Hsp70, Hip (p48), Hop (p56) y Hsp40.
Una vez que la aldosterona se une al complejo re-
ceptor mineralocorticoide/Hsp90/cochaperonas, el
complejo hormona/receptor es trasladado al núcleo
donde se une a los elementos de respuesta a aldoste-
rona, lo que a su vez activa la transcripción de di-
versos genes que responden a esta hormona como lo
son: el canal epitelial de sodio (ENaC), el cotrans-
portador de sodio-cloro (NCC), el canal de potasio
(ROMK) y la bomba Na-K ATPasa,51-53 con lo que la
aldosterona ejerce su acción clásica que es promover
la reabsorción de sodio y la excreción de potasio.

Además del papel de Hsp90 en la reabsorción de
sodio en el túbulo distal y colector, Ortiz, et al.54

mostraron que esta proteína también está implicada
en regular la actividad del cotransportador de
Na+K+:2Cl- en el asa de Henle. Estos autores obser-
varon que cuando eNOS está en el citoplasma de es-
tas células epiteliales, el NO producido por esta
isoforma inhibe al cotransportador, pero cuando
eNOS se transloca a la membrana basolateral y no
produce NO, esto activa al cotransportador. Intere-
santemente, también demostraron que Hsp90 es la
responsable de transportar a eNOS, ya que cuando
incubaron las asas de Henle aisladas y perfundidas
con geldanamicina se evitó que eNOS fuera traslada-
da a la membrana basolateral y por lo tanto la acti-
vidad del cotransportador se redujo.55 Estos resultados
sugieren que Hsp90 participa también en la reabsor-
ción de sodio en el asa de Henle.

Otra función recientemente descrita de Hsp90 es
su participación en la adaptación a la hiperosmolari-
dad. La osmolaridad de la medula renal es de cuatro
a cinco veces mayor que la encontrada en la corteza
y en otros tejidos y está continuamente expuesta a
cambios en la concentración de osmolitos que son fi-
namente sensados por una proteína conocida como
TonEBP (Tonicity-responsive Enhancer Binding
Protein), la cual pertenece a la familia de factores
nucleares NFAT (por sus siglas en inglés: Nuclear
Factor of Activated T cell). El TonEBP protege a las
células epiteliales del estrés hiperosmótico activando
la transcripción de genes como: el cotransportador
Na+/mio-inositol, el cotransportador Na+/Cl-/betai-
na, Na+ /Cl-/taurina y aldosa reductasa. A este res-
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las células del segmento S3 del túbulo proximal en la
etapa de recuperación y regeneración tubular.

En la fisiopatología de la isquemia renal, el daño
tubular observado se asocia con una pérdida de la
polaridad de la membrana celular de las células del
epitelio tubular. A este respecto Bidmon, et al.,62

usando el modelo de isquemia bilateral en la rata,
mostraron mediante análisis de Western blot que la
bomba de sodio potasio ATPasa se relocaliza de
la membrana basolateral al citoplasma y que es in-
dispensable la presencia de Hsp90 para trasladar y
estabilizar a la bomba del citoplasma hacia la mem-
brana basolateral y con ello nuevamente restaurar
la polaridad de la membrana celular.

CONCLUSIONES

La evidencia descrita hasta el momento muestra
que Hsp90 participa en diversas funciones en el teji-
do renal, dentro de las que destacan:

• Regular la reabsorción de sodio, a través de esta-
bilizar y activar al receptor de mineralocorticoi-
des y regular la actividad del cotransportador
Na+K+:2Cl-.

• Mantener el gradiente electroquímico, al estabili-
zar la bomba de sodio potasio ATPasa.

• Regular la producción de NO mediante la interac-
ción con eNOS y favorecer su activación por Akt.

• Sin menospreciar su principal función de chape-
rona que consiste en estabilizar o aumentar la
actividad de diversas proteínas que parecen con-
servar la homeostasis renal, como se muestra en
la figura 4.

Sin embargo, se requieren más estudios que per-
mitan dilucidar la función individual de Hsp90α y de
Hsp90β en diversas vías de señalización, no sólo en
la fisiología renal, sino también en diversas condi-
ciones fisiopatológicas que hasta ahora no han sido
exploradas.
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Therapeutic benefit of spironolactone in experimental chronic is characterized by derangement of renal function and
cyclosporine A nephrotoxicity. architecture. Renal dysfunction seems to be the result

Background. Cyclosporine A (CsA) is an immunosuppres- of enhanced vasoconstrictor factors release, particularlysive drug used to prevent tissue allograft rejection. However,
due to increased endothelin production and to the activa-its long-term utilization is limited due to chronic nephrotoxicity
tion of the renin-angiotensin-aldosterone system (RAAS)for which no prevention is available. This study evaluated the

effect of spironolactone on renal functional and structural alter- [2–5], while the structural damage, such as arteriolopathy
ations induced by CsA, and assessed whether the protective and tubulointerstitial fibrosis, appears to be the conse-
effect was associated with a reduction of transforming growth quence of several mechanisms including hypoxia, freefactor-� (TGF-�) and the change of extracellular matrix pro-

radical production and up-regulation of transformingtein mRNA level.
growth factor-�1 (TGF �1) synthesis [6–11]. The increaseMethods. Male Wistar rats fed with low sodium diet were

divided in four treatment groups: vehicle, CsA (30 mg/kg), spiro- in this profibrotic cytokine, TGF-�1, results in the activa-
nolactone (20 mg/kg), or CsA�spironolactone. After 21 days, tion of extracellular matrix protein synthesis, such as
creatinine clearance (CCr), blood CsA, arteriolopathy in renal

collagen I and fibronectin [10, 12] as well as an increasetissue, and TGF-�, collagen I, collagen IV, fibronectin, and epi-
in the renal apoptosis index [7, 13, 14], which are knowndermal growth factor (EGF) mRNA levels in renal cortex were

determined. to be associated with the development of kidney injury.
Results. CsA reduced the CCr and up-regulated TGF-�, colla- In addition, it has been shown recently that epidermal

gen I and fibronectin mRNA expression with a significant devel- growth factor (EGF), which mediates regeneration in
opment of arteriolopathy, and reduced EGF mRNA levels. In

tubular cells after renal damage, is significantly reducedcontrast, spironolactone administration prevented the fall in re-
during chronic CsA nephrotoxicity [14]. Thus, the reduc-nal function and TGF-�, collagen I, and fibronectin up-regula-

tion, together with a reduction of arteriolopathy and tubulo- tion in EGF might contribute to enhance the structural
interstitial fibrosis. changes observed in this condition.

Conclusion. Our data show that aldosterone plays an impor- Considerable attention has been directed to angioten-tant role as a mediator of renal injury induced by CsA. Thus,
sin II (Ang II) as a mediator of renal damage progressionmineralocorticoid receptor blockade may be a potential strat-
observed in several nephropathies, including chronicegy to prevent CsA nephrotoxicity.
CsA toxicity. As a consequence, a therapeutic advantage
has been observed with the use of angiotensin-enzyme-
converting (ACE) inhibitors or Ang II receptor antago-Long-term cyclosporine (CsA) immunosuppressive

therapy in allograft recipients and in patients with auto- nists to retard the progression rate of renal failure in
immune diseases has been limited due to the concomi- the clinical setting, including the chronic nephropathy
tant development of chronic nephrotoxicity [1], which associated with diabetes mellitus [15–17]. Although aldo-

sterone is part of the renin-angiotensin-aldosterone axis,
little attention has been addressed to this mineralocorti-Key words: aldosterone, arteriolopathy, interstitial fibrosis, TGF-�,

renal function, low sodium diet, mineralocorticoid therapy. coid as a potential key molecule mediating renal damage.
Recent studies suggest that aldosterone could play anReceived for publication January 22, 2002
important role in the progression of renal disease. Con-and in revised form July 17, 2002

Accepted for publication August 12, 2002 tinuous infusion of aldosterone in normal rats induced
up-regulation of TGF-� mRNA in the kidney (abstract; 2003 by the International Society of Nephrology
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Juknevicius et al, J Am Soc Nephrol 11:622A, 2000) and urine, V is the urine flow rate and P is plasma concentra-
tion. In all studied groups urinary protein excretion wasthe inhibition of aldosterone actions with the aldosterone

receptor blocker, spironolactone, reduced renal damage determined using the trichloroacetic acid (TCA) turbidi-
metric method [22], and serum aldosterone and potas-without lowering blood pressure in both the renal ablation

model and the stroke-prone spontaneously hypertensive sium levels were determined by radioimmunoassay (RIA)
and with a NOVA4 electrolyte analyzer (NOVA Bio-rat [18–20]. Hostetter et al speculated that the mecha-

nism by which mineralocorticoids promote renal injury medical, Waltham, MA, USA), respectively. Blood CsA
concentration also was determined by monoclonal radio-in these models could be explained by the up-regulation

of TGF-�1 induced by aldosterone [21]. In this regard, immunoassay kit (TDx/TDxFLx; Abbott Laboratories,
Abbot Park, IL, USA) in groups receiving CsA.the structural injury that is observed in the chronic CsA

nephropathy model in the rat (induced by administration Kidneys were obtained from six rats of each group for
histological study. Rats were anesthetized by intraperito-of CsA in animals fed a low salt diet) has been associated

with an increase in TGF-�1 expression [9, 10], which can neal injection of sodium pentobarbital and their kidneys
were excised, macroscopically divided into renal cortexbe partially abrogated by the concomitant administration

of the Ang II receptor antagonist losartan [9]. However, and medulla, frozen in liquid nitrogen, and kept at �80�C
until used.because losartan administration also will result in a re-

duction of aldosterone release, it is unknown if the pro-
Histological studiestective effect of losartan is due to blockade of the Ang II

receptors in the kidney, by the reduction of aldosterone Before renal cortex separation, one half of the left
kidney was taken and fixed in alcoholic Bouin’s solutionsecretion, or by a combination of both mechanisms.

Our present study used a model of chronic CsA nephro- for light microcopy studies. After an appropriate dehy-
dration, kidney slices were embedded in paraffin, sec-toxicity and showed that spironolactone administration
tioned at 3 �, and periodic acid-Schiff (PAS), Van Giesoneffectively prevented renal dysfunction and up-regulation
and trichromic stains were performed. Arteriolopathyof TGF-�1 and extracellular matrix proteins mRNA, and
percentage was determined by counting at least 100 af-reduced the structural damage induced by CsA. These
ferent arterioles showing the characteristic lesion of thisdata suggest that aldosterone is a key molecule in the
model. Arteriolopathy was counted as present or non-pathogenesis of chronic CsA nephropathy.
present (dichotomic variable). Thus, the results are ex-
pressed as the percentage of affected arterioles over total

METHODS number of arterioles. The degree of tubulointerstitial fi-
The present study utilized the chronic CsA nephrotox- brosis was evaluated by morphometry. For this purpose,

icity model in the rat that is produced by the administra- ten subcortical periglomerular fields per Van Gieson
tion of CsA and a low sodium diet. Four groups of twelve stained section (magnification, �200) were randomly se-
male Wistar rats, weighing 350 g and fed with low salt diet lected in kidneys from the different groups. The images
(0.02%), were included in the study. Group I (V) animals were recorded and the affected areas were delimited and
received 0.1 mL SC of olive oil as the vehicle every 24 semiquantified using the Leica processing and analysis
hours. Group II (CsA) rats were treated with a daily dose system Ltd., (Leica Imaging System Ltd., Cambridge,
of CsA 30 mg/kg SC. Group III (SPIRO) received 20 mg/ UK). Finally, the proportion of fibrosis was calculated
kg/day of spironolactone by gastric gavage, and group dividing the interstitial fibrosis by total area. The histo-
IV comprised rats treated with CsA�SPIRO. All animals logical analysis was performed without knowing the
were treated during 21 days. The V and SPIRO groups group at which each kidney belonged.
were pair-fed with the CsA and CsA�SPIRO groups,

Molecular studiesrespectively.
RNA isolation. Total RNA was isolated from each re-

Functional studies nal cortex or medulla following the guanidine isothyocia-
Systolic blood pressure was measured by a non-inva- nate-cesium chloride method [23]. Integrity of isolated

sive tail cuff method at the end of the experimental total RNA was examined by 1% agarose gel electrophore-
protocol (Model 179, IITC Life Science, Woodland Hills, sis and RNA concentration was determined by UV-light
CA, USA). All animals were placed in metabolic cages absorbance at 260 nm (Beckman DU640, Brea, CA, USA).
and urine that was spontaneously voided during every Northern blot analysis. Aliquots of 20 �g of total RNA
24 hours was collected. Serum and urine creatinine con- from each renal cortex sample were separated by 0.9%
centration were measured with an autoanalyzer (Tech- agarose/formaldehyde gel electrophoresis and transferred
nicon RA-1000; Bayer Co. Tarrytown, NY, USA). Renal to a nylon membrane (Biotrans; ICN, East Hills, NY,
creatinine clearances were calculated by the standard USA), and fixed by UV cross linking (Stratalinker; Strata-

gene, La Jolla, CA, USA). The probes used were TGF-�1,formula CCr � U · V/P, where U is the concentration in
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collagen alpha I chain and collagen alpha IV chain ob- Statistical analysis
tained from mouse, as well as fibronectin and glyceralde- The results are presented as mean � SEM. The sig-
hyde-3-phosphate dehydrogenase (GADPH) from rat. nificance of the differences between groups was tested
Labeling of cDNA probes was done using the Random by analysis of variance (ANOVA) comparison using
Primer Labeling Kit (Boehringer, Mannheim, Germany) Bonferroni’s correction for multiple comparisons. Statis-
and [	32P]-dCTP (Amersham, Little Chalfont, Bucking- tical significance was defined as two-tailed P 
 0.05.
hamshire, UK) accordingly to the manufacturer’s instruc-
tions. Hybridization was performed overnight at 42�C in

RESULTS5 � standard sodium citrate (SSC), 50 mmol/L sodium
Physiological and functional studiesphosphate (pH 6.8), 50% formamide, 5 � Denharts solu-

tion, 0.1% sodium dodecyl sulfate (SDS), and 250 �g/mL All treatments were well tolerated by all rats along
of Torula yeast total RNA. Membranes were washed the study. The CsA and CsA�SPIRO groups lost body
three times for 10 minutes at room temperature in 2 � weight gradually over 21 days of treatment. Mean body

weights for these groups were 355.4 � 6.2 and 353.6 �SSC, 0.1% SDS, and twice for 45 minutes at 68�C in
1.68 g, respectively, at the beginning of the experiment0.1 � SSC, 0.1% SDS. Autoradiographs were scanned
and 276.2 � 4.1 and 294.0 � 7.4 g, respectively, at theand the hybridization bands were measured by densito-
end. In contrast, the V and V�SPIRO groups that weremetric analysis.
pair-fed showed a slight gain in body weight during theSemiquantitative RT-PCR. The relative level of EGF
study. The initial body weights were 358.5 � 4.2 andand GAPDH mRNA expression was assessed in the renal
356.3 � 6.0 g, respectively, and final body weights werecortex by semiquantitative reverse transcription-poly-
384.75 � 5.8 and 369.1 � 7.1 g, respectively.merase chain reaction (RT-PCR), as previously described

Figure 1 depicts the most important physiological pa-[24, 25]. Briefly, primer sequences [26, 27] were custom
rameters that were evaluated in control and experimen-obtained from Invitrogen (Gaithersburg, MD, USA).
tal groups. After 21 days, systolic blood pressure (SBP)Reverse transcription (RT) was carried out using 10 �g
was measured. As has been previously reported by sev-of total RNA from the renal cortex of each rat. RT was
eral authors [7, 12, 14, 28], CsA administration in thisperformed at 37�C for 60 minutes in a total volume of
experimental model is not associated with hypertension.20 �L using 200 U of the Moloney murine leukemia virus
SBP in the control group was 125.5 � 3.4 whereas itreverse transcriptase (Invitrogen), 100 pmol of random
was 132.6 � 8.6 mm Hg in CsA treated rats (P � NS).hexamers (Invitrogen), 0.5 mmol/L of each dNTP (Sigma
Spironolactone also had no effect in SBP (123.5 �Chemical Co., St. Louis MO, USA), and 1� RT buffer
3.1 mm Hg). Thus, all of the rats studied were normoten-[75 mmol/L KCl; 50 mmol/L Tris-HCl; 3 mmol/L MgCl2; sive. As shown in Figure 1B, the amount of proteins in

10 mmol/L dithiothreitol (DTT), pH 8.3]. One tenth of
urine was not different among the groups, and although

the RT from each individual sample was used for EGF,
the proteinuria levels were less in CsA treated rats, as

and GAPDH amplification in 20 �L final volume reac- reported previously [12], this difference was not statisti-
tions containing 0.2 �Ci of [	32P]-dCTP (�3000 Ci/mmol, cally different. In order to evaluate the effect of cyclospo-
9.25 MBq, 250 �Ci). PCR cycles were performed in a rine and spironolactone on the well known increase in
DNA thermal cycler (M.J. Research, Watertown, MA, serum potassium levels produced by these compounds,
USA). The control gene was amplified simultaneously serum potassium was determined in all four groups. As
in each reaction. Amplification kinetics for EGF and the Figure 1C shows, CsA administration resulted in hyper-
housekeeping gene GAPDH in renal cortex total RNA, kalemia since the serum potassium in this group was
and the optimal number of cycles for each primer pair 4.3 � 0.3 mEq/L, which is significantly different to the
were assessed as we previously reported [24, 25]. To control group (3.4 � 0.2 mEq/L, P 
 0.05). Serum potas-
analyze the PCR products, one-half of each reaction was sium in the CsA�SPIRO group was 4.4 � 0.2 mEq/L.
electrophoresed in a 5% acrylamide gel. Bands were Thus, spironolactone administration had no further ef-
ethidium bromide stained and visualized under UV light, fect on serum potassium levels. Finally, it is well known
cut out, suspended in 1 mL of scintillation cocktail (Eco- that a low sodium diet activates aldosterone production.
lume; ICN, Aurora, OH, USA), and counted by liquid Figure 1D shows a significant increase in aldosterone
scintillation (Beckman LS6500). All reactions were per- levels in all of the groups studied. Although values were
formed individually from each cortex total RNA in dupli- slightly higher in rats receiving spironolactone, the differ-
cate. Genomic DNA contamination was checked by ences were not significant.
treating all RNA samples with RNAse-free DNAase I To evaluate the effect of aldosterone inhibition with
and by carrying samples through PCR procedure without spironolactone on renal function, creatinine clearance

(CCr), as an index of glomerular filtration rate, was mea-adding reverse transcriptase.
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Fig. 1. (A) Systolic blood pressure, (B ) uri-
nary protein excretion, (C ) serum potassium,
and (D) serum aldosterone levels in the vehicle
group (�), CsA treated animals ( ), SPIRO
group ( ) and CsA�SPIRO treated rats (�).
*P 
 0.05 vs. V, SPIRO. Although not shown,
serum aldosterone levels in rat fed with nor-
mal salt diet are around 100 pg/mL.

CsA�SPIRO rats of 3594 � 133 ng/mL was 14% lower
than the value of 4199 � 99 ng/mL obtained in rats treated
with CsA alone. Although the reduction was statistically
significant (P 
 0.05), it does not explain the protection
conferred by spironolactone in CsA-treated animals, since
the blood CsA concentration was still within the toxic
range reported by other investigators [10, 11, 14]. In ad-
dition, it is known that one tenth of CsA is metabolized
in the kidney. Accordingly, it is feasible that the small
reduction in CsA blood levels observed in CsA�SPIRO
group could be secondary to the restoration of renal
function.

Fig. 2. Glomerular filtration rate estimated by creatinine clearance in
vehicle group (�), animals treated with CsA during 21 days with 30 Histological studiesmg/kg ( ), SPIRO group ( ) and CsA�SPIRO treated rats (�) main-
taining on low sodium diet, *P 
 0.05 vs. V, SPIRO, and CsA�SPIRO To establish if aldosterone receptor blockade with
groups. spironolactone also reduces or prevents the structural

damage induced by CsA administration, the degree of
afferent arteriolopathy and tubulointerstitial fibrosis was

sured at the end of the 21 days of treatment in the four quantified. The percentage of arteriolopathy was ob-
groups of rats. As shown in Figure 2, the administration tained by counting at least 100 preglomerular afferent
of CsA resulted in a significant reduction in the glomeru- arterioles in each rat. A representative light microscopy
lar filtration rate, from 1.49 � 0.1 mL/min in the V group image of the characteristic arteriolar lesion of CsA ne-
to 0.72 � 0.1 mL/min in CsA group, whereas inhibition phropathy is shown in Figure 3A. This alteration was
of aldosterone with spironolactone in the V�SPIRO mainly located in the preglomerular afferent arteriole
group had no effect on this parameter (1.58 � 0.2 mL/ and extended several microns upstream, consisting of an
min). Interestingly, spironolactone administration pre- enlargement of the smooth muscle cells and resulting in
vented the fall in renal function induced by CsA treat- a partial or total narrowing of the arteriolar lumen. The
ment, since the CCr in the CsA�SPIRO treated rats was affected cell cytoplasm showed eosinophylic, PAS posi-
1.34 � 03 mL/min. This CCr value was not statistically tive, homogeneous or granular degeneration. Endothe-
different from values observed in V and V�SPIRO con- lial cells looked prominent and perivascular cells seemed
trol groups. To differentiate if the protective effect of proliferated. The percentage of afferent arterioles show-
spironolactone was related to a decrease in CsA blood ing this kind of lesion is shown in Figure 3B. As we
levels, we assessed the CsA concentration in blood from previously reported [29], in the control group treated

with vehicle alone, a few afferent arterioles were shownCsA and CsA�SPIRO groups. The value observed in
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Fig. 3. (A) Afferent arteriolopathy in CsA
treated rat during 21 days (PAS stain �350).
(B) Percentage of afferent arterioles injured,
which was estimated in at least 100 preglomer-
ular afferent arterioles from vehicle group
(�), CsA treated animals ( ), SPIRO group
( ) and CsA�SPIRO treated rats (�). *P 

0.05 vs. V, SPIRO and CsA�SPIRO groups,
and †P 
 0.05 vs. V, SPIRO and CsA groups.

Fig. 4. (A) Tubulointerstitial fibrosis observed
in a salt depleted rat treated with CsA (Van
Gieson stain �200). (B) Mean percentage of
injured area obtained in at least ten fields.
*P 
 0.05 vs. V, SPIRO and CsA�SPIRO
groups and †P 
 0.05 vs. V, SPIRO and CsA
groups.

to have arteriolopathy (2.6%), possibly as a result of the Northern blot analysis of total RNA from renal cor-
tex using specific probes for TGF-�, collagen I, collagenactivation of the RAAS system induced by a low sodium

diet. This low frequency of arteriolopathy was similar in IV, and fibronectin are shown in Figure 5, together with
the Northern blot analysis of the housekeeping genethe SPIRO group. In contrast, as expected, in the chronic

CsA group, arteriolar lesion was present in as much as GAPDH that was used to control each experiment. The
densitometric analysis of TGF-�1 is shown in Figure 6.28% of glomeruli, whereas this percentage of arteriolo-

pathy was reduced to 14% in the CsA�SPIRO group. In contrast to vehicle-treated animals, CsA administra-
tion in sodium-depleted rats produced a marked increaseThe photomicrograph presented in Figure 4A is a

representative example of the tubulointerstitial fibrosis in TGF-�1 mRNA levels. The TGF-�/GAPDH ratio was
1.1 � 0.1 in the vehicle group and 4.5 � 0.5 in the CsAobserved in CsA sodium-depleted animals. The morpho-

metric analysis is shown in Figure 4B. As expected, signif- group (P 
 0.01). The administration of aldosterone an-
tagonist spironolactone had no effect on TGF-�1 mRNAicant tubulointerstitial fibrosis was observed in the group

receiving CsA. In contrast, spironolactone was able to expression, since the TGF-�/GAPDH ratio in the SPIRO
group was 1.6 � 0.1. In contrast, in CsA�SPIRO groupreduce this alteration. These observations suggest that

at least part of the CsA-induced arteriolar and tubulo- the TGF-�/GAPDH ratio was 2.0 � 0.4. This value was
significantly lower than the expression observed in theinterstitial lesions are mediated by aldosterone, and dem-

onstrates that spironolactone not only prevents the nega- CsA group (2.0 � 0.4 vs. 4.5 � 0.5, P 
 0.05), but not
different to the value observed in the SPIRO grouptive effects of CsA at the functional, but also at the

structural level. (2.0 � 0.4 vs. 1.6 � 0.1, P � NS). Accordingly, spironolac-
tone administration prevented the TGF-�1 up-regula-

Molecular studies tion induced by CsA.
The effects of CsA and spironolactone on the expres-To begin to understand the mechanisms by which spi-

sion of extracellular matrix proteins such as collagen I,ronolactone protects the kidney from CsA toxicity, we
collagen IV, and fibronectin mRNAs in renal cortex areevaluated the gene expression level of extracellular ma-

trix proteins that are known to be involved in the patho- shown in Figure 7. Chronic CsA nephrotoxity was associ-
ated with a fivefold up-regulation of collagen I. The ratiogenesis of chronic renal injury. The autoradiographs of
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Fig. 5. Northern blot analysis of mRNA from
renal cortex of the four study groups using
specific probes for TGF-�1, collagen I, colla-
gen IV, fibronectin and GAPDH. Each lane
was loaded with 20 �g of total RNA from a
different rat, corresponding to each group as
stated.

significance with ANOVA for multiple comparisons (V
group 0.36 � 0.01 vs. CsA group 0.51 � 0.07, t � 2.77,
P � 0.05). However, the ratio of collagen IV/GAPDH
observed in the CsA�SPIRO group (0.18 � 0.03) was
significantly lower than the ratio in the CsA treated
group (0.51 � 0.07, t � 6.1, P 
 0.01). Thus, CsA induced
up-regulation of extracellular matrix proteins mRNA in
renal cortex, and this effect of CsA was prevented when
spironolactone was simultaneously administered.

It has been suggested previously that down-regulation
of the EGF contributes to the structural damage induced
by toxic agents, including CsA [14, 30], since EGF is a

Fig. 6. TGF-�1 mRNA levels in renal cortex are represented as the potent mitogenic agent and its expression has been asso-ratio between TGF-�1 and GAPDH bands densitometry in vehicle group
ciated with renal repair following ischemic injury. Thus,(�), CsA-treated animals ( ), SPIRO group ( ) and CsA�SPIRO

treated rats (�). *P 
 0.05 vs. V, SPIRO and CsA�SPIRO groups and we analyzed the effect of CsA and spironolactone on the
†P 
 0.05 vs. CsA group. EGF mRNA levels in renal cortex following a semi-

quantitative RT-PCR strategy. The upper panel of Fig-
ure 8 shows the PCR products obtained for each rat and
the lower panel shows the mean ratio between EGFof collagen I/GAPDH in the CsA group was 3.8 � 0.9,
and GAPDH of each group. CsA treatment induced awhereas in the V group it was 0.6 � 0.05, P 
 0.01. This
significant reduction in the expression of EGF as com-up-regulation of collagen I induced by CsA was abro-
pared to the V group (1.5 � 0.1 vs. 3.9 � 0.1, respectively,gated by spironolactone, since the ratio in CsA�SPIRO
P 
 0.01). Interestingly, spironolactone alone also in-group was 1.6 � 0.3. A similar observation was obtained
duced a slight decrease in EGF mRNA levels (3.0 � 0.1in the analysis of fibronectin mRNA expression that is
SPIRO, P 
 0.05 vs. V group). However, when spirono-shown in Figure 7B. The ratio of fibronectin/GAPDH in-
lactone was administered with CsA, the ratio of EGF/creased in CsA treated rats and this up-regulation was
GAPDH was 2.2 � 0.3. This value was significantlyprevented by spironolactone. The values of the ratio be-
higher than the value observed in the CsA group, sug-tween collagen IV and GAPDH are shown in Figure 7C.
gesting that spironolactone partially reversed the down-The expression of collagen IV in the CsA group was in-

creased, but the difference with the V group did not reach regulation of EGF induced by chronic CsA toxicity.
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Fig. 8. Epidermal growth factor mRNA levels in renal cortex assessed
by RT-PCR. (A) An acrylamide gel showing EGF and GAPDH ampli-
fication bands for all of the study groups. Each lane was loaded with
10 �L of the RT-PCR reaction from different animals. (B ) Graphic
representation of the mean ratio between EGF and GAPDH for the
Vehicle group (�), CsA-treated animals ( ), SPIRO group ( ) and
CsA�SPIRO treated rats (�). *P 
 0.05 vs. V and †P 
 0.05 vs. CsA
group.

constriction, which is due at least in part to activation
of the renin-angiotensin-aldosterone system (RAAS).
Our data show that CCr of the rats treated with spirono-
lactone and CsA was similar to the vehicle-treated ani-
mals and significantly higher than the CCr observed in
the CsA group (Fig. 2). Therefore, aldosterone receptor
blockade completely prevented the decrease in glomeru-
lar filtration rate induced by CsA. It is unlikely that
this spironolactone-conferred protection was due to the
effect of this diuretic agent on the blood pressure levels,
since this model is not associated with the development

Fig. 7. Effects of CsA and SPIRO on the expression of extracellular of hypertension. SBP was similar among all of the study
matrix proteins. (A) Collagen I, (B) fibronectin and (C ) collagen IV groups. It is also unlikely that protection conferred byin vehicle group (�), CsA-treated animals ( ), SPIRO group ( ) and

spironolactone was secondary to the small reduction onCsA�SPIRO treated rats (�). *P 
 0.05 vs. V, SPIRO and
CsA�SPIRO groups and †P 
 0.05 vs. CsA-treated rats. CsA blood levels observed in the CsA�SPIRO group.

It has been shown that CsA levels above 1000 pg/mL
are enough to produce renal damage [10, 11, 14]. In

DISCUSSION addition, because it is known that one tenth of CsA is
Using a model of chronic CsA nephrotoxicity in the metabolized in the kidney, the small reduction in CsA

rat, our present study shows that aldosterone receptor blood levels observed in CsA�SPIRO group was proba-
blockade with spironolactone effectively prevents the bly secondary to the restoration of renal function.
fall in renal function, as well as reduces the arteriolopa- This beneficial effect of spironolactone was associated
thy and tubulointerstitial fibrosis induced by CsA. The with a significant reduction of arteriolopathy and tubulo-
protective effect of spironolactone was associated with interstitial fibrosis, which is the structural hallmark of
prevention of the CsA-induced up-regulation of TGF-�, CsA injury in the kidney. Several therapeutic agents such
collagen I, collagen IV, and fibronectin, and partial resto- as endothelin [31] and angiotensin inhibitors [9, 14, 31],
ration of CsA-inducing down-regulation of EGF mRNA vascular endothelial growth factor (VEGF) [28], polysul-
levels in renal cortex. phate pentosan [29] and l-arginine [32, 33] have been

A chronic CsA nephrotoxicity model induced by CsA investigated as possible tools to reduce chronic CsA
nephrotoxicity. However, most of these treatments haveadministration in rats fed with a low salt diet is character-

ized by renal failure accompanied by severe renal vaso- not effectively reduced both functional and structural
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changes induced by CsA in the kidney. Although admin- Increased attention has arisen on aldosterone as a
potentially important mediator of chronic heart failureistration of losartan [9, 14], VEGF [28], and polysulfate

pentosan [29] partially prevented the structural damage and renal disease. The use of spironolactone improves the
survival rate in patients with chronic heart disease [38].induced by CsA, these agents did not improve the renal

dysfunction during chronic CsA nephrotoxicity. Moreover, studies in two different experimental models
of renal disease, one due to hypertension and the otherThe mechanism for arteriolopathy and chronic renal

damage to the kidney induced by CsA is unknown and, due to renal ablation, has shown that aldosterone infu-
sion abrogates the renal protection conferred by Ang IIthus, the mechanism of protection by spironolactone is

not clear. Acute experimental CsA nephrotoxicity is di- inhibition either with ACE inhibitors, or Ang II recep-
tor antagonists. In the model of severe hypertension inrectly related to renal vasoconstriction and this form

of nephrotoxicity can be completely prevented by co- stroke-prone spontaneously hypertensive rats that were
fed with high salt diet, Rocha et al observed that glomer-administration of dexamethasone [34], arginine [35, 36],

or glycine [6] as well as enalapril and spironolactone [4]. ular and vascular lesions were prevented with spironolac-
tone or captopril, and the effect of captopril was reversedThomson et al [4] and Iacona et al [37] observed that

spironolactone improved renal function during acute when rats were treated with aldosterone [19, 20]. In the
renal ablation model, Greene, Kren and Hostetter pro-CsA nephrotoxicity in the rat. In contrast, chronic CsA

toxicity not only involves renal injury due to hypoxia, but vided evidence that aldosterone contributes to the devel-
opment of hypertension and renal injury [18]. In thesealso is due to up-regulation of TGF-� and extracellular

matrix proteins [9, 10] as well as an increase in apoptosis rats with 5/6 nephrectomy, losartan and enalapril reduces
proteinuria and nephrosclerosis, but the protection con-[7]. Interestingly, Viera et al have shown up-regulation

of TGF-� expression within the afferent arterioles, sug- ferred by these agents was completely avoided when
aldosterone was re-infused to maintain levels compara-gesting that this cytokine not only mediates interstitial

lesions, but also might be a mediator of hypertrophy ble to untreated rats with reduced renal mass. In addi-
tion, selective blockade of aldosterone with epleroneobserved in juxtaglomerular arterioles [11]. Shihab et al

showed that chronic CsA toxicity in the rat is associated reduced proteinuria and glomerulosclerosis in L-NAME
hypertensive rats [39]. Thus, aldosterone seems to playwith up-regulation of TGF-� expression, and that this

effect could be prevented by Ang II blockade, either an important role in the progression of renal diseases.
In this regard, recently it has been suggested that patientswith the enzyme converting inhibitor enalapril or the

angiotensin II receptor antagonist losartan [9]. The use with diabetic nephropathy and already treated with ena-
lapril may obtain further benefit by adding spironolac-of these compounds, however, did not prevent renal dys-

function, suggesting that up-regulation of TGF-� during tone to their daily treatment [40].
The exact mechanisms by which spironolactone pro-CsA toxicity is independent of renal hemodynamics, and

is mediated, at least in part, directly by Ang II. With our tects the kidney from CsA toxicity are not clear from
our current data and further studies will be necessary tocurrent data, however, we propose that CsA-induced

overexpression of TGF-� is not mediated by Ang II. clarify this issue. However, our observation that renal
function was completely restored by spironolactone ad-Instead, it is mediated by aldosterone, since it can be

completely prevented by spironolactone (Fig. 6). In this ministration in CsA-treated rats suggests that, in addition
to its effect on TGF-� expression, aldosterone blockaderegard, preliminary evidence shows that aldosterone in-

fusion in normal rats increased TGF-� mRNA levels in counterbalances the renal vasoconstriction induced by
CsA. Although the mechanisms for this effect remain tothe kidney (abstract; Juknevicius et al, J Am Soc Nephrol

11:622A, 2000). The chronic model for CsA toxicity is be elucidated, it has been proposed that aldosterone mod-
ulates the vascular tone [41], possibly through increasedproduced in rats that are fed with low salt diet. Hence,

the activity of the renin-angiotensin system is enhanced vasoconstrictive effects of catecholamines [42], impaired
vasodilation in response to acetylcholine [43], up-regula-and this also includes the increased release of aldoste-

rone. Therefore, the beneficial effect of losartan or enala- tion of �-adrenergic and Ang II receptors [44–46], and
a direct aldosterone effect, which could be mediated bypril on TGF-� expression observed by Shihab et al [9]

is probably the result of decreasing aldosterone release non-genomic mechanisms [41]. The fact that arginine ad-
ministration also prevented renal dysfunction and par-that is expected to occur when angiotensin blockers are

used. In contrast to Shihab et al, we observed that spiro- tially reversed the structural injury during chronic CsA
toxicity [10] suggests that the possible vasodilatory actionnolactone not only prevented the increase in the expres-

sion of TGF-� in the renal cortex, but also the functional of spironolactone administration is responsible, at least
in part, for the renal protection observed in our study.and structural damage induced by CsA. Thus, spirono-

lactone appears to be a helpful agent that effectively Epidermal growth factor (EGF) is a 53-amino acid
polypeptide that is known to be important as mediator ofoffers a therapeutic benefit in chronic CsA nephrotoxic-

ity in the rat. renal repair following injury. Recently, Yang et al showed
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of proteins with sulfoasalicylic and tricholoroacetic acid. Proc Soc
Exp Biol Med 92:748–751, 1956Reprint requests to Norma A. Bobadilla, Ph.D., Unidad de Fisiologı́a

23. Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning. A Labo-Molecular, Vasco de Quiroga No. 15, Tlalpan, 14000, México City, México.
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Trujillo, Joyce, Victoria Ramı́rez, Jazmı́n Pérez, Ivan Torre-
Villalvazo, Nimbe Torres, Armando R. Tovar, Rosa M. Muñoz,
Norma Uribe, Gerardo Gamba, and Norma A. Bobadilla. Renal
protection by a soy diet in obese Zucker rats is associated with
restoration of nitric oxide generation. Am J Physiol Renal Physiol 288:
F108–F116, 2005. First published August 24, 2004; doi:10.1152/
ajprenal.00077.2004.—The obese Zucker rat is a valuable model for
studying kidney disease associated with obesity and diabetes. Previ-
ous studies have shown that substitution of animal protein with soy
ameliorates the progression of renal disease. To explore the partici-
pation of nitric oxide (NO) and caveolin-1 in this protective effect, we
evaluated proteinuria, creatinine clearance, renal structural lesions,
nitrites and nitrates urinary excretion (UNO2

�/NO3V), and mRNA and
protein levels of neuronal NO synthase (nNOS), endothelial NOS
(eNOS), and caveolin-1 in lean and fatty Zucker rats fed with 20%
casein or soy protein diet. After 160 days of feeding with casein, fatty
Zucker rats developed renal insufficiency, progressive proteinuria,
and renal structural lesions; these alterations were associated with an
important fall of UNO2

�/NO3V, changes in nNOS and eNOS mRNA
levels, together with increased amount of eNOS and caveolin-1
present in plasma membrane proteins of the kidney. In fatty Zucker
rats fed with soy, we observed that soy diet improved renal function,
UNO2

�/NO3V, and proteinuria and reduced glomerulosclerosis, tubu-
lar dilation, intersticial fibrosis, and extracapilar proliferation. Renal
protection was associated with reduction of caveolin-1 and eNOS in
renal plasma membrane proteins. In conclusion, our results suggest
that renal protective effect of soy protein appears to be mediated by
improvement of NO generation and pointed out to caveolin-1 over-
expression as a potential pathophysiological mechanism in renal
disease.

plasma membrane proteins; endothelial nitric oxide synthase; nitrites
and nitrates excretion

SEVERAL RISK FACTORS ASSOCIATED with an increased rate of
progression in renal disease have been informed, including
African-American race, male sex, hypertension, obesity, dia-
betes, hyperlipidemia, smoking, high-protein intake, phosphate
retention, and metabolic acidosis (36). Although obesity is
often associated with diabetes and hypertension, which are two
of the most common risk factors for the development of
end-stage renal disease (ESRD), it has been suggested that
obesity per se is an independent risk factor (22). Massive
obesity has been shown to produce nephrotic syndrome (56,
58), and it has been reported that proteinuria and segmental
glomerulosclerosis can be present in obese patients, even in the

absence of diabetes (59). In addition, a large-scale study
including 6,818 renal biopsies from 1986 to 2000 revealed a
10-fold increase in renal lesion, such as glomerulomegaly and
focal segmental glomerulosclerosis, which were associated
with obesity. Increased frequency of obesity-related glomeru-
lopathy over the studied time ran in parallel with the increased
prevalence of obesity within general population (33).

Mediators involved in obesity-induced renal injury are
poorly understood. Available information comes from studies
performed in rats and dogs fed with high-fat diet (23, 25) and
from fatty Zucker rat (17, 31, 34, 38, 41, 49), an animal model
of genetic obesity that results from inactivating mutation in
leptin receptor gene. Homozygous Zucker rats (fa/fa) exhibit
most of the metabolic picture seen in human obesity, including
hypercholesterolemia, hypertriglyceridemia, hyperinsulinemia,
and proteinuria. These animals also develop glomerular hyper-
tension, hypertrophy, and sclerosis (6, 17, 31, 49) and often die
due to ESRD (31). The mechanism by which renal disease is
produced in obese Zucker rats is largely unknown, but it has
been shown that consumption of plant-derived proteins retards
the development and progression of renal disease in humans
and in several animal models of disease (9, 27, 30, 46, 52, 61).
Maddox et al. (39) observed that soy protein diet reduces
plasma cholesterol levels, urinary protein excretion, and the
rate of progression of glomerular injury in obese Zucker rat.
The mechanisms by which soy protein conferred renal protec-
tion, however, were not established, but it has been suggested
that could be related to the high content of phytoestrogens in
soybean products, compared with animal sources of protein
(54). Isoflavones (the most common phytoestrogens in soy
plant) have been shown to possess antiproliferative and anti-
oxidant properties (51, 57) and to act as weak estrogens (40) by
blocking transcription of growth factor-�1 (35) and by inhib-
iting activation of transcription factors such as nuclear fac-
tor-�B and activator protein-1 (62, 63).

A number of recent studies showed that nitric oxide (NO)
synthesis is reduced in chronic renal disease in both humans
and animals (2, 48, 55, 60). Therefore, it has been suggested
that an impaired NO synthetic pathway could have a key role
in mediating the complex renal hemodynamic and nonhemo-
dynamic mechanisms associated with the progression of renal
disease (for a review, see Ref. 44). In this regard, Frisbee and
Stepp (16) informed that obese Zucker rats exhibit a consid-
erable impairment of endothelium-dependent vasodilatation in
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skeletal muscle arterioles, raising the possibility that NO defi-
ciency could contribute to progression of renal disease in this
animal model. Caveolin-1, the resident integral membrane
protein of caveolae, is upregulated in bovine aortic endothelial
cells exposed to serum of hypercholesterolemic patients (12),
and several lines of evidence demonstrate that, by interacting
with endothelial NO synthase (eNOS), caveolin-1 inhibits the
activity of this enzyme (19, 20, 32), thus reducing NO produc-
tion. In addition, it is known that soy protein has a higher
L-arginine content, the precursor of NO. Taking all this infor-
mation together, we reasoned that one of the possible mecha-
nisms by which soy diet confers renal protection in Zucker rats
could be related to improvement of NO generation. Here, we
show that renal protection conferred by soy protein diet in
Zucker rats is associated with increase in NO metabolites
excretion rate, changes in expression pattern of NO synthases,
and reduction of caveolin-1 expression within the kidney.

MATERIALS AND METHODS

Twenty-four lean (Fa/Fa) and 40 obese (fa/fa) Zucker rats were
obtained at 5 wk of age (Harlan, Indianapolis, IN) and randomly
divided into four groups: lean and obese Zucker rats fed ad libitum
with 20% casein protein, constituting Fa/Fa�cas and fa/fa�cas
groups, respectively. The other two groups of lean and obese Zucker
rats were fed with 20% soy protein, forming Fa/Fa�soy and fa/
fa�soy groups, respectively. Body weight and food intake were
recorded every day. Rats were placed in metabolic cages every 30
days at 22°C with 12:12-h light-dark cycle and free access to water
and thereafter were anesthetized with carbon dioxide and killed by
decapitation. Obese rats were studied at 30, 60, 90, 120, and 160 days,
whereas lean rats at 90, 120, and 160 days. All procedures followed
were in accordance with our institutional guidelines.

Functional studies. Individual 24-h urine samples were collected
by placing animals in metabolic cages. Urinary protein excretion was
measured by TCA turbidimetric method (26). Serum and urine creat-
inine concentration were measured with an autoanalyzer (Technicon
RA-1000, Bayer, Tarrytown, NY), and renal creatinine clearance was
calculated by the standard formula C � U*V/P, where U is the
concentration in urine, V is urine flow rate, and P is the plasma
concentration. The end products of NO, nitrites, and nitrates (NO2

�

and NO3
�) were estimated in 24-h urine samples by reducing NO3

� to
NO2

� using nitrate reductase (Roche) and �-adenine nicotinamide
(�-NADPH, Sigma), followed by nitrites quantification with the
Griess reagent, as we and others previously reported (8, 43).

Serum insulin was determined by RIA with rat insulin kit (Linco
Research, St. Charles, MO). The sensitivity for rat insulin assay was
0.1 ng/ml, and the intra- and interassay coefficients of variation were
�5 and �5%, respectively. Immune complexes were counted with
cobra II gamma counter (Packard Instrument, Menden, CT). Serum
cholesterol and tryglicerides were measured enzimatically according
to the manufacturer’s instructions (Lakeside Diagnostics).

RNA isolation. Total RNA was isolated from cortexes or medullas
of each group following guanidine isothyocianate-cesium chloride
method (47). The integrity of isolated total RNA was examined by 1%
agarose gel electrophoresis, and RNA concentration was determined
by UV light absorbance at 260 nm (Beckman DU640, Brea, CA).

RT-PCR. Relative level of NOS and caveolin mRNA expression
was assessed in renal cortex and medulla by semiquantitative RT-
PCR, as previously described (3, 4). Briefly, all primer sequences
were custom obtained from GIBCO BRL (Gaithersburg, MD). Sense
nNOS primers were 5�-GAACCCCCAAGACCATCC-3� and anti-
sense 3�-GGCTTTGCTCCCACAGTT-5�, which amplified a frag-
ment of 308 bp, bases 692 to 999 (3); sense inducible (i)NOS primers
were 5�-GTG TTC CAC CAG GAG ATG TTG-3� and antisense
5�-CTC CTG CCC ACT GAG TTC GTC-3�, which amplified a

fragment of 570 bp, bases 1407 to 1977 (42); sense eNOS primers
were 5�-CCG GAA ATT CGA ATA CCA GCC TGA TCC ATG
GAA-3� and antisense 5�-GCC GGA TCC TCC AGG AGG GTG
TCC ACC GCA TG-3�, which amplified a fragment of 614 bp, base
2456 to 3069 (1), and caveolin-1 sense primers were 5�-ATG TCT
GGG GGT AAA TAC GT-3� and antisense: 5�-CCT TCT GGT TCC
GCA ATC AC-3�, which amplified a fragment of 230 bp, bases 1 to
230 (50). To evaluate or reduce nonspecific effects of experimental
treatment and to semiquantify NOS isoforms or cavelin-1 expression,
we amplified a fragment of GAPDH, using primers previously de-
scribed (3). Genomic DNA contamination was checked by treating all
RNA samples with DNAase and by carrying samples through PCR
procedure without adding reverse transcriptase.

RT was carried out using 2.5 �g of total RNA from renal cortexes
or medullas. Before RT reaction, total RNA was heated at 65°C for 10
min. RT was performed at 37°C for 60 min in a total volume of 20 �l
using 200 U of the Moloney murine leukemia virus reverse transcrip-
tase (GIBCO BRL), 100 pmol of random hexamers (GIBCO BRL),
0.5 mM of each dNTP (Sigma, St. Louis, MO), and 1	 RT buffer (75
mM KCl, 50 mM Tris �HCl, 3 mM MgCl2, 10 mM DTT, pH 8.3).
Samples were heated at 95°C for 5 min to inactivate the reverse
transcriptase and diluted to 40 �l with PCR grade water. One-tenth of
RT individual samples of each group was used for each NOS isoform
or GAPDH amplification in 20-�l final volume reactions containing
1	 PCR buffer (10 mM Tris �HCl, 1.5 mM MgCl2, 50 mM KCl, pH
8.3), 0.1 mM of each dNTP, 0.2 �Ci of [
32P]-dCTP (�3,000
Ci/mmol, 9.25 MBq, 250 �Ci), 10 �M of each primer, and one unit
of Taq DNA polymerase (GIBCO, BRL). Samples were overlaid with
30 �l of mineral oil and PCR cycles were performed in a DNA
thermal cycler (M.J. Research, Watertown, MA), with the following
profile: denaturation 1 min at 94°C; annealing 1 min at 55°C for
nNOS, iNOS, and caveolin, 58°C for eNOS primers; and 1 min
extension step at 72°C. Last cycle was followed by a final extension
step of 5 min at 72°C. Control gene was coamplified simultaneously
in each reaction.

Amplification kinetics were performed following our standard
procedure (3–5, 11). To analyze PCR products, one-half of each
reaction was electrophoresed in a 5% acrylamide gel. Bands were
ethidium bromide stained and visualized under UV light, cut out,
suspended in 1 ml of scintillation cocktail (Ecolume, ICN, Aurora,
OH), and counted by liquid scintillation (Beckman LS6500, Fullerton,
CA). The amount of radioactivity recovered from the excised bands
was plotted in a log scale against the number of cycles. To semiquan-
tify each NOS isoform, caveolin, and the control gene, all reactions
were performed at least by quadruplicate.

Western blot analysis. Plasma membrane proteins from pooled
renal cortexes or medullas were isolated by homogenization in su-
crose buffer (0.32 M sucrose, 5 mM Tris �HCl, pH 7.5, 2 mM EDTA).
Homogenates were centrifuged at 3,000 g, supernatants were then
centrifuged at 20,000 g, and final supernatants were centrifuged at
100,000 g. Each pellet was resuspended in a buffer containing 5 mM
Tris �HCl (pH 7.5) and 2 mM EDTA. For nNOS detection, total
proteins were also extracted from pooled cortexes or medullas by
homogenization in four volumes of lysis buffer (225 mM mannitol, 75
mM sucrose, 0.1 mM EDTA, pH 7.0; 0.5 mM MOPS, pH 7.0,
containing 5 mM benzamidine and 5 mM DTT). Homogenates were
centrifuged at 4,000 g for 4 min at 4°C to remove tissue debris without
precipitating plasma membrane fragments. Protein concentrations
were assessed in duplicate using Bio-Rad DC Protein assay (Bio-Rad,
Hercules, CA). Protein samples containing 70 �g of total protein or 50
�g of plasma membrane proteins in 10 �l loading buffer (6% SDS,
15% glycerol, 150 mM Tris, 3% bromophenol blue, 2% �-mercapto-
ethanol, pH 7.6) were resolved by SDS-PAGE, semidried, and elec-
troblotted onto polyvinylidene difluoride membranes (Bio-Rad).
Thereafter, membranes were cut and the lower part was incubated
with a rabbit caveolin-1 antibody 1:500 (Abcam, Lexington, KY)
overnight at 4°C, whereas the upper membrane was incubated with a
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goat actin antibody 1:2,500 (Santa Cruz Biotechnology, Santa Bar-
bara, CA). Additional membranes containing total proteins or plasma
membrane proteins were also incubated with rabbit nNOS polyclonal
antibody 1:500 (Cayman Chemical, Ann Harbor, MI) and monoclonal
eNOS antibody 1:250 (Zymed Laboratories, San Francisco, CA),
respectively. Thereafter, membranes were washed three times for 30
min with TBS-T. For caveolin and nNOS detection, each membrane
was incubated with the secondary antibody AP-conjugated goat anti-
rabbit IgG 1:2,500 (Bio-Rad) for 60 min at 37°C and washed again.
For eNOS detection, membranes were incubated with a secondary
antibody AP-conjugated goat anti-mouse IgG 1:3,000 (Bio-Rad) for
60 min at 37°C and washed again. Whereas for actin detection,
membranes were incubated with a secondary antibody donkey anti-
goat IgG-HRP (Santa Cruz Biotechnology). Proteins were detected by
using an enhanced chemiluminescence kit (Bio-Rad) and autoradiog-
raphy, following the manufacturer’s recommendations. Bands were
scanned for densitometric analysis.

Histological studies. Before renal cortex and medulla separation,
one-half of the left kidney was taken and fixed in formalin-phosphate
buffer for light microcopy studies. After appropriate dehydration,
kidney slices were embedded in paraffin, sectioned at 3 �m, and
periodic acid-Schiff (PAS), eosin-hematoxilin, and trichromic stains
were performed. Focal and global glomeruloesclerosis as well as
extracapillar proliferation were counted in at least 150 glomeruli.
Tubular atrophy and dilation were evaluated in �300 tubules. The
degree of tubulointerstitial fibrosis was evaluated by morphometry as
we previously reported (11). For this purpose, 10 subcortical periglo-
merular fields per Masson-stained section (magnification 	200) were
randomly selected in kidneys from the different groups. The images
were recorded, and the affected areas were delimited and semiquan-
tified using Leica processing and analysis system (Leica Imaging
System, Cambridge, UK). Finally, the proportion of fibrosis was
calculated dividing the interstitial fibrosis by total area per field
excluding the luminal tubular area. The histological analysis was
performed without knowing the group at which each kidney belonged.

Statistical analysis. Comparison among the groups for continuous
data was made by using ANOVA. When ANOVA showed a statisti-
cally significant difference, a group-by-group comparison was per-
formed using a t-test with a Bonferroni’s correction for multiple
comparisons.

RESULTS

Physiological parameters of the four groups of Zucker rats at
the end of the study are presented in Table 1. As expected,
body weight in obese rats was significantly elevated compared
with that in lean controls. At the end of the study, obese rats fed
with casein protein diet gained significantly less weight than
rats fed with soy probably due to their physical deterioration.
Kidney weight was also higher in obese rats compared with
lean rats. The obese rats fed with soy (fa/fa�soy) appeared to
have less renal hypertrophy than fa/fa�cas group, given their
significantly lower kidney weights. This difference remained
significant when kidney/body weight ratio was calculated: the
ratio in fa/fa�cas vs. fa/fa�soy was 0.42 � 0.07 and 0.23 �

0.01 g/100 g body wt, respectively. Obese rats developed
hypercholesterolemia, hypertriglyceridemia, and hyperinsulin-
emia compared with lean controls. Whereas in obese soy-
feeding rats, cholesterol and tryglicerides serum levels were
significantly lower than fa/fa�cas, without changes in insulin
serum levels, confirming hypolipidemic effect of soy diet.

Figure 1 shows urinary protein excretion and creatinine
clearance in lean and obese rats fed with casein or soy diet
along the study. No differences in urinary protein excretion
were observed in lean rats during the period of the study, which
remained within normal values (Fig. 1A). In contrast, a signif-
icant progressive increase in proteinuria was observed in fa/
fa�cas group throughout the study. Abnormal urinary protein
excretion began at day 60, at which the average value was
70.9 � 7.8 mg/24 h and at the end of the study proteinuria in
this group was 280.5 � 83.6 mg/24 h. Interestingly, soy protein
intake was associated with a significant reduction in proteinuria
levels in obese rats, because at the day 60, average value was
25.0 � 8.0 mg/24 h and at day 160, the value was 92.8 � 39.4
mg/24 h. These differences were statistically significant com-
pared with fa/fa�cas group.

Fig. 1. A: creatinine clearance. B: urinary protein excretion measured every 30
days along the study of lean � casein (�, Fa/Fa�cas), lean � soy Fa/Fa�soy
(■ ), Zucker � casein (E, fa/fa�cas), and Zucker � soy (F, fa/fa�soy) groups.
*P � 0.05 all groups.

Table 1. Physiological parameters in lean and obese Zucker rats at the end of the study

Group
Mean Food

Intake, g
Body

Weight, g
Left Kidney
Weight, g

Cholesterol,
mg/dl

Triglycerides,
mg/dl

Insulin,
mg/dl

Fa/Fa�cas 24.2�3.3 480�20 1.3�0.1 98�13 126�9 2.2�0.5
Fa/Fa�soy 24.2�3.3 440�16* 1.3�0.1 67�5* 78�5* 1.4�0.3
fa/fa�cas 22.4�1.0 592�48* 2.4�0.2* 575�66* 814�116* 7.5�3.1*
fa/fa�soy 21.2�1.3 708�45† 1.6�0.03† 180�31† 458�42† 6.4�0.9*

Values are means � SE. *P � 0.05 vs. Fa/Fa�cas. †P � 0.05 vs. fa/fa�cas. Cas, casein.
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As shown in Fig. 1B, creatinine clearance in obese rats
tended to be lower than control animals, but the difference was
less evident in those rats fed with soy protein. Because at 160
days obese rats fed with casein had lesser body weight than soy
animals, creatinine clearance was corrected by considering
body weight of each animal. Glomerular filtration rate per
100 g of body weight in Fa/Fa�cas and Fa/Fa�soy was
0.26 � 0.01 and 0.34 � 0.02 ml �min�1 �100 g�1 (P � 0.06),
respectively, and in fa/fa�cas and fa/fa�soy was 0.04 � 0.02
and 0.11 � 0.02 ml �min�1 �100 g�1 (P � 0.03), respectively.
Although creatinine clearance in fa/fa�soy was not completely

normalized at the end of the study, a soy protective effect was
clearly observed in this group, when it was compared with
fa/fa�cas group.

Figure 2 shows the quantification of the most important
lesions observed in fatty Zucker rats, and representative
images are shown in Fig. 3. Fatty Zucker rats fed with casein
exhibited the characteristic renal histological picture of this
model that is segmental glomerulosclerosis, tubular dilation
and atrophy, cast formation, and tubulointerstitial fibrosis.
In fa/fa�cas group, percentage of glomerulosclerosis, tubu-
lar dilation, and tubulointerstitial fibrosis was 33.0 � 11.8,

Fig. 2. Renal histological alterations in fatty Zucker rats
after 160 days of feeding with casein (open bars) or soy diet
(solid bars). Glomerulosclerosis (A) and extracapillar pro-
liferation percentage (D) were calculated from at least 150
observed glomeruli, whereas tubular dilation percentage (B)
was obtained from 300 examined tubules. Finally, the
percentage of fibrosis (C) was calculated dividing the in-
terstitial fibrosis by total area from 10 fields per Masson
stained. *P � 0.05 vs. fa/fa�cas.

Fig. 3. Representative renal light micro-
scopic findings of fatty Zucker rats after 160
days that were fed with casein or soy protein
diet. Kidney slides were stained with periodic
acid-Schiff, showing greater focal glomeru-
losclerosis and tubular dilation in fa/fa�cas
(A) than fa/fa�soy (B) group (magnification
	100). Also, tubulointerstitial fibrosis (C)
and extracapillar proliferation (D) were more
prominent in fa/fa�cas than fa/fa�soy group
(Masson stain 	200).
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14.7 � 9.8, and 10 � 1.9%, respectively. All structural
changes observed in obese rats were significantly reduced
by soy protein diet. In fa/fa�soy group, mean percentage
value of glomerulosclerosis, tubular dilation, and tubuloin-
terstitial fibrosis were 8.3 � 5.8, 2.5 � 1.1, and 4.6 � 0.5,
respectively. Thus our results indicate that the consumption
of soy diet by obese Zucker rats reduces structural and
functional changes.

To characterize the soy-protective effect on NO synthesis,
end NO metabolites were quantified in urine. Urinary nitrites
and nitrates excretion (UNO2/NO3V) is shown in Fig. 4 in lean
and obese Zucker rats at 160 days after feeding with casein or
soy protein diets. In lean Zucker rats, soy feeding had no effect
on end NO metabolites excretion. In contrast, fa/fa�cas rats
exhibited a significant reduction in UNO3/NO2V. Mean value
was 238 � 77 nM/24 h in fa/fa�cas group vs. 3,114 � 702

nM/24 h in Fa/Fa�cas (P � 0.004); however, the reduction
observed in UNO3/NO2V in fa/fa�cas rats was restored by soy
protein intake, because average excretion in fa/fa�soy group
was 1,615 � 456 nM/24 h, a value that is significantly higher
to that observed in fa/fa�cas group.

To explore if soy-induced renal protection is related to
changes in intrarenal expression of NOS, neuronal (n)NOS and
eNOS mRNA and protein levels were evaluated by semiquan-
titative RT-PCR and Western blot analysis, respectively (Figs.
5 and 6). Figure 5, left, shows that in renal cortex, soy protein
diet in lean rats did not produce changes in eNOS or nNOS
mRNA levels compared with rats fed with casein. In contrast,
cortical nNOS mRNA level was upregulated in obese rats fed
with casein, an effect that was reverted in fa/fa�soy group,
together with a significant increase of eNOS expression in
renal cortex. As shown in Fig. 5, right, eNOS mRNA in
medulla was downregulated in fa/fa�cas rats, whereas soy
protein was associated with a significant increase of eNOS in
both lean and obese animals. No changes in medulla nNOS
mRNA levels among all groups were observed.

Western blotting was used to assess protein expression of
these enzymes. Actin was used as control protein to normalize
each sample. Figure 6 shows the abundance of eNOS in plasma
membrane proteins extracted from renal cortex (A) and me-
dulla (B). Figure 6, top insets, are representative images of
eNOS immunoblot. The eNOS protein level was similar in lean
rats fed with casein or soy protein diet. In contrast, in fa/
fa�cas group, there was a significant increase by threefold of
eNOS in plasma membrane proteins from renal cortex; this
effect was not observed in the medulla. As expected, nNOS
was not detected in membrane proteins fraction (data not
shown); thus total proteins were used to analyze nNOS expres-
sion. No difference in cortical nNOS expression was observed
in lean and obese rats, regardless the source of protein; how-

Fig. 4. Urinary nitrates and nitrites excretion (UNO3/NO2V) in lean and obese
Zucker rats. Open bars represent animals fed with casein and solid bars
represent rats fed with soy diet during 160 days. *P � 0.05 vs. all groups.

Fig. 5. mRNA levels of endothelial nitric
oxide synthase (eNOS) and neuronal NOS
(nNOS) in renal cortex (A and C) and me-
dulla (B and D) of lean (Fa/Fa) and obese
(fa/fa) Zucker rats at the end of the study, as
stated. Open bars represent casein and solid
bars represent soy diet-fed rats. Values were
normalized by housekeeping gene expres-
sion. *P � 0.05 vs. Fa/Fa�cas. †P � 0.05
vs. fa/fa�cas. **P � 0.05 Fa/Fa�soy
group.
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ever, an increase in medulla nNOS protein was observed in
fa/fa�cas compared with Fa/Fa�cas group (1.8 � 0.2 vs.
0.8 � 0.1, respectively), effect that was abrogated when rats
were fed with soy diet (1.0 � 0.1; data not shown).

Because it is known that eNOS activity is modulated by
caveollin-1, level of expression of this protein was evaluated in
renal cortex and medulla. As shown in Fig. 7, in renal cortex
Fa/Fa�cas and Fa/Fa�soy groups exhibited similar caveo-
lin-1 mRNA levels. Caveolin-1/GAPDH ratio was 1.45 � 0.10
and 1.25 � 0.18, respectively. In contrast, fa/fa�cas group
was associated with a significant caveollin-1 upregulation by
almost twofold (2.60 � 0.33, P � 0.008 vs. Fa/Fa�cas).
Intriguingly, soy protein intake in obese rats prevented this
upregulation, because caveolin-1/GAPDH ratio was 1.33 �
0.08 (P � 0.004). In renal medulla, similar results were
observed. Casein-fed obese Zucker rats had higher caveollin-1
mRNA level than lean rats fed with casein: 2.29 � 0.32 vs.
1.04 � 0.04, respectively (P � 0.005). This effect was pre-
vented by soy protein diet, because the value in fa/fa�soy
group was 1.39 � 0.05. In addition, caveolin-1 protein levels
were assayed in plasma membrane proteins obtained from rat
renal cortex and medulla by using Western blot analysis
(Fig. 8). Western blot analysis confirmed our findings at
mRNA level, caveolin-1 protein in isolated plasma membranes
from renal cortex was significantly higher in fa/fa�cas that
Fa/Fa�cas rats and the increase of these protein was normal-

ized when rats were fed with soy protein diet (fa/fa�soy
group). A similar pattern was observed in renal medulla;
however, the difference did not reach statistical significance.

DISCUSSION

In the present study, we observed that obese Zucker rats fed
with casein developed a progressive renal disease characterized
by proteinuria and glomeruloesclerosis that were associated
with hypercholesterolemia, hypertrygliceridemia, and hyperin-
sulinemia. Renal progressive disease, as well as the increase in
cholesterol and triglycerides levels, was significantly amelio-
rated when the obese Zucker rats were fed with soy instead
casein protein diet. These observations are consistent with a
previous report (39), but little is known about the mechanism
of the renal soy-protective effect. In this regard, hypertension
seems not to be responsible for renal damage in this animal
model, because Maddox et al. (39) observed that fatty Zucker
rats exhibited only a slight increase in systolic blood pressure
that cannot explain the development and progression of renal
disease. Moreover, arterial pressure was not modified when
rats were fed with soy. Data from this study revealed that soy
diet conferring renal protection is associated with restoration of
NO production.

A number of recent studies showed that NO synthesis is
reduced in chronic renal disease in both humans and animals

Fig. 6. Inactive form of eNOS protein was
assessed by Western blot analysis in proteins
isolated from renal cortex plasma membrane
(A) and medulla (B) in lean and obese
Zucker rats. Insets: representative images of
eNOS and actin immunoblot. Charts repre-
sent optical density ratio between eNOS and
actin. Open bars correspond to rats fed with
casein and solid bars correspond to rats fed
with soy. *P � 0.05 vs. all groups.

Fig. 7. Caveolin-1 mRNA levels in renal cortex (A) and
medulla (B) of lean and obese Zucker rats. The open bars
represent the ratio of cavelin-1 and housekeeping gene of
rats fed with casein, whereas solid bars are rats fed with soy
diet. *P � 0.05 vs. Fa/Fa�cas. **P � 0.05 vs. all groups.
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(2, 48, 55, 60), suggesting that availability of NO in kidney is
an important factor in defining the rate of progression injury in
renal disorders. To explore the role of NO in renal protection
conferred by soy protein diet, we evaluated the expression
pattern of nNOS and eNOS in renal cortex and medulla, as well
as NO metabolites excretion. We observed that both nNOS and
eNOS expression pattern in obese rats fed with casein (fa/
fa�cas) was different to that observed in lean animals fed with
the same diet. At mRNA levels, there was an upregulation of
nNOS in cortex and a downregulation of eNOS in medulla,
these changes were normalized by soy diet. At protein level,
fa/fa�cas group presented a significant increase of nNOS in
total proteins from renal medulla. Physiological significance of
this observation is unclear because the role of nNOS in renal
medulla is unknown. However, upregulation of nNOS was
prevented in obese rats fed with soy diet. Interestingly, fa/
fa�cas group had a greater amount of eNOS in membrane
proteins fraction, an effect that was also reverted in fa/fa�soy
rats. Although eNOS expression was higher in fa/fa�cas
group, it is unlikely that eNOS in this animal model is active
because most of this enzyme was located in plasma membrane,
a location in which it is known that association with caveolin-1
precludes its activity. In addition to these findings, we observed
an unexpected small, but significant, increase in caveolin-1
mRNA and protein expression in renal medulla from lean
animals fed with soy. Because the physiological role of caveo-
lin-1 in renal medulla is not known, interpretation of this
finding is difficult. Interestingly, a recent study demonstrated
that caveolin-1 knockout mouse develops hypercalciuria and
urolithiasis, suggesting that caveolin-1 is a critical determinant
of urinary calcium homeostasis (7).

Supporting that changes in the NO synthetic pathway are
altered in the fatty Zucker rats and that it is corrected by soy
diet, we found that NO2

�/NO3
� urinary excretion in fa/fa�cas

rats was considerably depressed and soy protein intake was
associated with restoration of NO systemic production. In
addition, recent studies showed that obese Zucker strain has an

impairment in NO-mediated dilation of skeletal muscle arte-
rioles, suggesting a deficient NO availability (16a, 24).

NO biosynthesis is tightly regulated by a variety of mecha-
nisms ranging from transcriptional to posttranslational level
(37). Recent studies indicate that some proteins directly inter-
act with NOS-forming complexes that regulate NOS activity or
spatial distribution in the cell. For instance, eNOS is regulated
by proteins residing in or recruited to plasmalemmal caveolae
of endothelial cells. Caveolins, the resident scaffolding pro-
teins of caveolae, and calmodulin undergo reciprocal Ca2�-
dependent association and dissociation with eNOS in the
caveolar membrane that inhibits (caveolins) and activates (cal-
modulin) eNOS activity (10, 13, 21, 32). Thus it has been
suggested that association of eNOS to the caveolae through
caveolin-1 maintains eNOS in its inactive form; on the con-
trary, the release of eNOS from caveolae is thought to facilitate
the synthesis of NO (13, 21, 32). In support to this, it has been
demonstrated that the mice with targeted disruption of caveo-
lin-1 exhibit enhanced eNOS activity (10). Given the caveolin
importance in regulating NO generation, we evaluated the
expression of this protein. We observed that in normal lean
rats, caveolin-1 is more abundant in medulla than in cortex
plasma membrane proteins and that caveolin-1 mRNA and
protein levels were significantly upregulated in cortex and
medulla of fatty Zucker rats fed with casein, suggesting that
increased expression of caveolin-1, together with greater
amount of eNOS in plasma membrane, further decreases NO
production in renal tissue. An interesting observation of this
study is that soy protein diet significantly reduced caveolin-1
expression and eNOS abundance in plasma membranes in the
kidney of these animals, suggesting that another mechanism by
which soy diet improves NO generation is by decreasing the
expression of caveolin-1, a natural inhibitor of NO synthesis
(10, 13, 18, 21).

Several studies in humans and animals have revealed that
soy protein intake ameliorates proteinuria and progression of
renal disease (9, 27, 30, 39, 46, 52, 53, 61). There are several

Fig. 8. Caveolin-1 Western blot analysis.
Top insets: representative autoradiographs of
caveolin-1 and actin from plasma membrane
proteins extracted from renal cortex and me-
dulla in lean and obese Zucker rats. Graphic
representation of optical density showing the
ratio between caveolin-1 and actin in renal
cortex (A) and medulla (B). Open bars rep-
resent rats fed with casein and solid bars
represent rats fed with soy. *P � 0.05 vs.
Fa/Fa�cas.
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possible mechanisms to explain this effect of soy. 1) Isofla-
vones. A component of soy that is believed to be involved in
this protective effect is the isoflavones, by mechanisms that are
still unclear, but include the following possibilities. Isoflavones
comprise the most common class of phytoestrogens present
mainly in soybean products. After ingestion, isoflavones are
hydrolyzed in the intestine by bacterial �-glucosidases and
converted to the bioactive aglicones: genistein and daidzein.
Because isoflavones possess an important hypocholorester-
olemic effect observed in this study (Table 1), this is one of the
mechanisms that have been suggested to be involved in renal
protection induced by these compounds (34, 39, 46). Renopro-
tection also could result from antioxidant properties of isofla-
vones, which not only could avoid formation of free radicals
(45) but also might result in enhancing NO availability (29).
Finally, preliminary evidence suggests that diadzein directly
downregulates caveolin-1 protein expression in rat aorta,
which in turn was associated with twofold increase in NO
metabolites (61a). 2) Amino acid content in soy protein.
Although both soy and casein protein sources contain the same
amount of total amino acids, there are differences in the
proportion of certain residues. For instance, L-arginine, precur-
sor of NO, is more abundant in soy than in casein protein (7.6
vs. 3.7%, respectively) and glycine, another residue that has
been shown to produce vasodilation (28), is also more abun-
dant in soy protein (4.2 vs. 1.8%, respectively). Therefore,
soy-fed rats received a greater proportion of two residues that
could be directly involved in vasodilatory processes. 3) Soy-
induced hypocholesterolemia. It is possible that caveolin-1
downregulation results from hypocholesterolemic effect of soy
diet, because Fielding and Fielding (15) postulated that caveo-
lae behave as sensors of free cholesterol content of the cell and
that depletion of caveolar cholesterol leads to downregulation
of caveolin-1 at mRNA and protein levels (14). Moreover,
Feron et al. (12) observed that exposure of bovine endothelial
cells to serum from hypercholesterolemic patients resulted in
upregulation of caveolin-1, an effect that was associated with
an impairment of basal NO release, together with an increase in
formation of inhibitory caveolin-eNOS complex; thus these
studies suggest that cholesterol level regulates caveolin-1 ex-
pression.

In summary, our data show that nephropathy associated with
obesity in the obese Zucker rat model could be reduced by
feeding animals with soy, instead casein protein diet. The
protective effect of soy diet was associated with reduction in
cholesterol and triglyceride levels, as well as correction of a
marked reduction in NO generation, that was associated with
restoration of a normal pattern of NOS expression in the kidney
and reduction of eNOS, together with a downregulation of
caveolin-1 in plasma membrane proteins.
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Vaidya, Vishal S., Victoria Ramirez, Takaharu Ichimura, Norma
A. Bobadilla, and Joseph V. Bonventre. Urinary kidney injury mole-
cule-1: a sensitive quantitative biomarker for early detection of kidney
tubular injury. Am J Physiol Renal Physiol 290: F517–F529, 2006. First
published September 20, 2005; doi:10.1152/ajprenal.00291.2005.—Sen-
sitive and specific biomarkers are needed to detect early kidney injury.
The objective of the present work was to develop a sensitive quantitative
urinary test to identify renal injury in the rodent to facilitate early
assessment of pathophysiological influences and drug toxicity. Two
mouse monoclonal antibodies were made against the purified ectodomain
of kidney injury molecule-1 (Kim-1), and these were used to construct a
sandwich Kim-1 ELISA. The assay range of this ELISA was 50 pg/ml to
5 ng/ml, with inter- and intra-assay variability of �10%. Urine samples
were collected from rats treated with one of three doses of cisplatin (2.5,
5, or 7.5 mg/kg). At one day after each of the doses, there was an
approximately three- to fivefold increase in the urine Kim-1 ectodomain,
whereas other routinely used biomarkers measured in this study [plasma
creatinine, blood urea nitrogen (BUN), urinary N-acetyl-�-glucosamini-
dase (NAG), glycosuria, proteinuria] lacked the sensitivity to show any
sign of renal damage at this time point. When rats were subjected to
increasing periods (10, 20, 30, or 45 min) of bilateral ischemia, there was
an increasing amount of urinary Kim-1 detected. After only 10 min of
bilateral ischemia, Kim-1 levels on day 1 were 10-fold higher (5 ng/ml)
than control levels, whereas plasma creatinine and BUN were not in-
creased and there was no glycosuria, increased proteinuria, or increased
urinary NAG levels. Thus urinary Kim-1 levels serve as a noninvasive,
rapid, sensitive, reproducible, and potentially high-throughput method to
detect early kidney injury in pathophysiological studies and in preclinical
drug development studies for risk-benefit profiling of pharmaceutical
agents.

biomarkers; nephrotoxicity; enzyme-linked immunosorbent assay;
cisplatin; ischemia; acute renal failure

ALTHOUGH THERE HAS BEEN a significant progress in understand-
ing the biochemical and molecular mechanisms of ischemic or
toxic forms of acute kidney injury (AKI) in animal models,
translation of these findings to therapeutics useful in clinical
practice remains challenging (13, 38). One of the predominant
reasons for the slow translation of the results from bench to
bedside, especially in the treatment of existing AKI, is the
absence of reliable biomarkers of injury in animal and human
studies (36, 39). The Food and Drug Administration’s critical
path initiative has reinforced the need for additional biomark-
ers to predict drug toxicity in preclinical studies. These biomar-
kers can act as surrogate endpoints and/or aid in making

efficacious and cost-saving decisions including terminating
drug development more quickly (39a). Easily quantifiable and
sensitive biomarkers can be influential in every phase of
therapeutics, from drug discovery and preclinical evaluation
through each phase of clinical trials and into postmarketing
studies.

Routinely used measures of renal function, such as levels of
blood urea nitrogen (BUN) and serum creatinine, increase
significantly only after substantial kidney injury occurs and
then with a time delay (15). In drug development, minimizing
nephrotoxicity is highly desirable. Insensitivity of tests affects
the evaluation of toxicity in preclinical studies by allowing
drug candidates, which have low but nevertheless important
nephrotoxic side effects in animals, to pass the preclinical
safety criteria only to be found to be clinically nephrotoxic in
humans at great costs to patients. The kidney is one of the
primary sites of drug toxicity. Despite this, the tests available
to detect toxicity and early ischemic renal injury are either
invasive and difficult to quantitate or noninvasive, nonspecific,
and insensitive. Acute kidney failure is a common disease and
is associated with a high mortality rate (5, 38). It has been
recognized that better biomarkers for kidney injury are needed
both for animal studies and for use in humans where early
detection of kidney injury will influence therapy and poten-
tially morbidity and mortality.

Urine has been examined as a source for biomarkers given
its easy availability and reduced complexity when compared
with serum. Many urinary proteins such as �- and �-glutathi-
one-S-transferases (�- and �-GST; see Ref. 7), neutrophil
gelatinase-associated lipocalin (NGAL; see Ref. 24), cysteine-
rich protein 61 (CYR-61; see Refs. 26), interleukin (IL)-18
(28), clusterin (2), F-actin (34), N-acetyl-�-D-glucosaminidase
(NAG; see Ref. 42), etc., have been evaluated as noninvasive
indicators of renal injury. However, problems with reliable use
of these proteins to identify and monitor kidney injury includes
instability in the urine, modification due to physicochemical
properties of the urine, delayed appearance, inconsistency of
upregulation with different models of nephrotoxicity, absence
of sustained elevation throughout the time course of renal
injury to monitor progression and regression of injury, and lack
of a high-throughput detection method.

We have cloned a potential biomarker for AKI named
kidney injury molecule-1 (Kim-1; see Ref. 16). Kim-1 is a type
1 transmembrane protein that is not detectable in normal
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kidney tissue but is expressed at very high levels in dediffer-
entiated proximal tubule epithelial cells in human and rodent
kidneys after ischemic or toxic injury (12, 16). The Kim-1
ectodomain is stable in the urine for prolonged periods of time
and can be detected in the kidney and urine in a number of
nephrotoxic models in animals (1, 17) and in humans with AKI
(13). Although we have previously developed a sensitive
ELISA assay to measure human KIM-1 in the urine (12), this
unfortunately does not detect either rat or mouse Kim-1.

The present study was designed to develop, evaluate, and
validate a high-throughput detection method for quantitating
Kim-1 in rat urine and to test the sensitivity of this assay to
detect kidney injury before changes in other tests used rou-
tinely to detect kidney injury. The test was applied and vali-
dated in two well-established and widely used mechanistically
distinct animal models of renal injury: cisplatin-induced neph-
rotoxicity and bilateral renal ischemia-reperfusion (I/R; see
Ref. 32).

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (275–300 g) were purchased from
Charles River laboratories (Wilmington, MA), and male Wistar rats
(275–300 g) were purchased from Harlan (Indianapolis, IN). Rats
were maintained in central animal facilities in Boston and Mexico
City under conditions of 21 � 1°C and 50–80% relative humidity at
all times in a 12:12-h light-dark cycle over wood chips free of any
known chemical contaminants. The rats were fed with commercial
rodent chow (Teklad rodent diet no. 7012), given water ad libitum,
and acclimated for 1 wk before use. All animal maintenance and
treatment protocols were in compliance with the Guide for Care and
Use of Laboratory Animals as adopted and promulgated by the United
States National Institutes of Health and were approved by our Insti-
tutional Animal Care and Use Committees.

Cisplatin-Induced Nephrotoxicity Studies

Male Sprague-Dawley rats were administered 2.5, 5, or 7.5 mg
cisplatin/kg intraperitoneally in 0.9% saline or the same volume of
vehicle as controls (n � 4/dose for each time point). Animals were
euthanized by an overdose of pentobarbital sodium (200 mg/kg ip) at
days 1, 2, 3, 4, or 5. Blood was collected from the dorsal aorta in
heparinized tubes for measurement of BUN and creatinine. One
kidney was perfused via the left ventricle with PBS and then with
paraformaldehyde lysine periodate (PLP) for 10 min for histology and
immunostaining, as described below. The other kidney pedicle was
clamped before PLP perfusion, and that kidney was snap-frozen for
immunoblotting and RNA extraction. Another set of rats (n � 10/dose
for each time point) was kept in Nalgene rat metabolic cages (Fisher)
before and subsequent to administration of cisplatin. Urine was
collected daily for 5 days and stored in aliquots at �80°C. Urine was
centrifuged at 6,000 g for 15 min, and the supernatant was used to
measure creatinine, glucose, protein, NAG, and Kim-1 as described
below.

Tissue Collection, Preparation, and Histology

Kidneys from control and treated rats at various time points were
perfused via the left ventricle with PBS at 37°C and then with PLP for
10 min (17, 30). The right contralateral pedicle-clamped unfixed
kidney, to be used for biochemical analyses, was removed immedi-
ately after perfusion was started. After an initial 10- to 15-min period
of perfusion fixation, the left kidney was removed, washed with
ice-cold normal saline (0.9% NaCl), and cut sagitally into two halves.
One half of the left kidney was kept in the PLP fixative overnight at

4°C, rinsed with PBS, and kept in PBS containing 0.2% sodium azide
at 4°C before cryosectioning. Pieces of fixed kidneys were equili-
brated for at least 1 h at room temperature in PBS containing 30%
sucrose, embedded in optimum cutting temperature medium, frozen in
liquid nitrogen, and cryosectioned (5 �m). Sections on glass slides
were kept in �20°C until further processing. The other half was fixed
with 10% phosphate-buffered formaldehyde for 48 h. The tissues were
then transferred to 70% ethyl alcohol, processed, and embedded in
paraffin wax. Kidney sections (5 �m) were stained with hematoxylin
and eosin for histological examination under a light microscope. The
kidney harvested for biochemical analysis was washed with PBS,
hemisected, and snap-frozen in liquid nitrogen; tissue was stored at
�70°C.

Renal I/R Studies

Twenty-five male Wistar rats weighing 	300 g were anesthetized
with an intraperitoneal injection of pentobarbital sodium (30 mg/kg)
and placed on a homeothermic table to maintain core body tempera-
ture at 37°C, by means of a rectal probe attached to a temperature
regulator that was in turn attached to a homeothermic blanket. A
midline laparotomy was made, renal pedicles were isolated, and
bilateral renal ischemia was induced by clamping the renal pedicles
for 0, 10, 20, 30, or 45 min. Reperfusion commenced when the clips
were removed. Occlusion was verified visually by change in the color
of the kidneys to a paler shade and reperfusion by a blush.

After reperfusion (2 h), the rats were placed in metabolic cages at
22°C with a 12:12-h light-dark cycle and allowed free access to water.
Individual 24-h urine samples were collected.

Renal Functional Parameters

In the cisplatin studies, plasma and urine creatinine concentrations
were measured using a Beckman Creatinine Analyzer II. BUN was
spectrophotometrically measured at 340 nm using a commercially
available kit (catalog no. TR12421; Thermotrace). Collected urine
samples were centrifuged at 6,000 rpm for 15 min. Supernatants were
collected and diluted 1:10 with deionized water. Diluted urine samples
were used for analysis of creatinine. Urine glucose (catalog no.
1530–500; Thermo-DMA), protein (catalog no. TP0400; Sigma), and
NAG (catalog no. 875406; Roche Diagnostics) were measured spec-
trophotometrically (41) according to the manufacturers’ protocols.

In the I/R studies, urinary protein excretion was measured by the
TCA turbidimetric method (14). Serum and urine creatinine concen-
tration and BUN were measured with an autoanalyzer (Technicon
RA-1000; Bayer, Tarrytown, NY), and renal creatinine clearance was
calculated by the standard formula C � (U 
 V)/P, where U is the
concentration in urine, V is urine flow rate, and P is the plasma
concentration.

RNA Isolation

Total RNA was isolated from cortices of each group using the
guanidine isothiocyanate-cesium chloride method (33). Integrity of
isolated total RNA was examined by 1% agarose gel electrophoresis,
and RNA concentration was determined by ultraviolet light absor-
bance at 260 nm (model DU640; Beckman, Brea, CA).

Kim-1 Semiquantitative RT-PCR

Relative levels of Kim-1 and glyceraldehyde-3-phosphate dehydro-
genase (GADPH) mRNA expression were assessed in renal cortex
and medulla by semiquantitative RT-PCR, as previously described (4,
10). Briefly, primer sequences were custom made by GIBCO-BRL
(Gaithersburg, MD). Kim-1 primers were designed from the rat Kim-1
sequence. The sense primer was 5�-CGGTGCCTGTGAGTAAATA-
GAT-3� and antisense 3�-CTGGCCATGACACAAATAAGAC-5�,
which amplified a fragment of 418 bp, bases 1 to 418. To evaluate or
reduce nonspecific effects of experimental treatment and to semiquan-
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tify Kim-1 expression, we amplified a fragment of GAPDH using
primers previously described (31). Genomic DNA contamination was
checked by treating all RNA samples with DNase and by carrying
samples through the PCR procedure without adding reverse transcrip-
tase (RT).

RT was carried out using 2.5 �g total RNA from renal cortices.
Before RT reaction, total RNA was heated at 65°C for 10 min. RT was
performed at 37°C for 60 min in a total volume of 20 �l using 200
units of the Moloney murine leukemia virus RT (GIBCO-BRL), 100
pmol random hexamers (GIBCO-BRL), 0.5 mM of each dNTP
(Sigma Chemical, St. Louis, MO), and 1
 RT buffer (75 mM KCl, 50
mM Tris �HCl, 3 mM MgCl2, and 10 mM dithiothreitol, pH 8.3).
Samples were heated at 95°C for 5 min to inactivate the RT and
diluted to 40 �l with PCR-grade water. One-tenth of RT individual
samples of each group was used for Kim-1 or GAPDH amplification
in 20 �l final volume reactions containing 1
 PCR buffer (10 mM
Tris �HCl, 1.5 mM MgCl2, and 50 mM KCl, pH 8.3), 0.1 mM of each
dNTP, 0.2 �Ci [�-32P]dCTP (	3,000 Ci/mmol, 9.25 MBq, 250 �Ci),
10 �M of each primer, and 1 unit Taq DNA polymerase (GIBCO-
BRL). Samples were overlaid with 30 �l mineral oil, and PCR cycles
were performed in a DNA thermal cycler (Whatman; Biometra), with
the following profile: denaturing for 1 min at 94°C, annealing for 1
min at 57°C, and 1 min extension step at 72°C. The last cycle was
followed by a final extension step of 5 min at 72°C. The control gene
was coamplified simultaneously in each reaction. The optimal number
of cycles for each primer pair was determined through kinetic ampli-
fication following our standard procedure (4, 10). To routinely semi-
quantify Kim-1 and the control gene, 23 and 18 cycles were used. All
reactions were performed individually from each total RNA isolated
from each renal cortex. Genomic DNA contamination was checked by
treating all RNA samples with RNase-free DNase I and by carrying
samples through the PCR procedure without adding RT.

To analyze PCR products, one-half of each reaction was electro-
phoresed in a 5% acrylamide gel. Bands were ethidium bromide
stained and visualized under ultraviolet light, cut out, suspended in 1
ml scintillation cocktail (Ecolume; ICN, Aurora, OH), and counted by
liquid scintillation (model LS6500; Beckman, Fullerton, CA). Kim-1
mRNA levels are expressed as the ratio of the radioactivity amount
recovered from the excised Kim-1 bands over the radioactivity of the
respective gene control bands. The RT-PCR semiquantitative analysis
was performed at least in quadruplicate.

Kim-1 Real-time PCR

PCR primers and 6-carboxyfluorescein (FAM) or VIC dye-labeled
TaqMan minor groove binder (MGB) probes sets were selected from
the Applied Biosystems Assays-on-demand product line and were
specifically used to detect and quantify cDNA sequences without
detecting genomic DNA. For Kim-1 and 18S rRNA expression
analysis, FAM and VIC probes, respectively, have been designed
(4331182 and 4319413E; Applied Biosystems). FAM and VIC were
used as fluorescent reporter dyes and conjugated to 5� ends of probes
to detect amplification products. The amount of FAM or VIC fluo-
rescence in each reaction liberated by the exonuclease degradation of
the TaqMan probe during PCR amplification was measured as a
function of PCR cycle number using an ABI 7000 Prism (Applied
Biosystems). PCR was carried out in 96-well plates on cDNA equiv-
alent to 2.5 ng total RNA isolated individually from each renal cortex.
Thermal cycling conditions were 10 min at 95°C followed with 40
cycles at 95°C for 1 min and 60°C for 1 min. Data were collected
using the ABI PRISM 7000 SDS analytical thermal cycler (Applied
Biosystems). Each individual sample was tested in triplicate to ensure
statistical significance. The relative quantification of Kim-1 gene
expression was performed using the comparative threshold cycle (Ct)
method (21). The Ct value is defined as the point where a statistically
significant increase in the fluorescence has occurred. The number of
PCR cycles (Ct) required for the FAM and VIC intensities to exceed

a threshold just above background was calculated for the test and
reference reactions. In all experiments, 18S rRNA was used as
control. Results were analyzed in a relative quantification study by the
ratio Kim-1/18S rRNA. Negative controls were included in the reac-
tion plate.

Recombinant Rat Kim-1 Ectodomain Protein

The soluble form of rat Kim-1 was obtained as described earlier
(3). Briefly, a construct [rat Kim-1 (mucin)-Ig] was made that encoded
the extracellular domain of rat Kim-1 (residues 1–234) attached to the
Fc portion of human IgG1 hinge, calponin homology (CH2 � CH3)
domains and cloned into an expression vector PEAG347, obtained
from Biogen Idec. Transfected Chinese hamster ovary (CHO) cell
lines expressing the fusion protein were selected, adapted in suspen-
sion with the hybridoma serum-free media (BD Biosciences), and
grown in a cell factory (Fisher Scientific). The rat Kim-1-Fc protein
was purified from the conditioned media by chromatography on a
protein A-Sepharose column (Amersham Biosciences). In brief, the
protein A-Sepharose column (2 
 20 cm) was equilibrated with 20
mM sodium phosphate and 0.15 M NaCl (pH 7). The conditioned
media was applied, and the column was washed with the equilibration
buffer. The column was eluted with 25 mM sodium phosphate and 0.1
M NaCl (pH 2.8). Fractions (1 ml) were collected in 1.5-ml Eppendorf
tubes containing 50 �l neutralizing buffer (0.5 M sodium phosphate,
pH 8.6). The concentration of each fraction was measured by a
sandwich ELISA using rabbit anti-human-IgG-Fc as a trapping anti-
body and horseradish peroxidase (HRP)-labeled goat anti-human
IgG-Fc as a secondary antibody. This was further confirmed by
measuring the Kim-1 protein concentration using a protein assay
reagent (Bio-Rad). Fractions of similar concentrations were combined
and dialyzed [mol wt cut off (MWCO) � 30,000] against PBS
overnight at 4°C and concentrated using 30,000 MWCO amicon
centriplus centrifugal filters (Millipore).

Mouse Monoclonal Antibodies Against Rat Kim-1 Ectodomain

Mice were immunized with purified rat Kim-1-Fc protein to gen-
erate monoclonal antibodies using standard antibody production tech-
niques by contract to Dr. Jun Hayashi’s laboratory at the University of
Maryland (Baltimore, MD). Eighteen hybridoma clones were selected
that were positive for Kim-1-Fc and negative for human IgG-Fc.
These clones were adapted in suspension with the serum-free hybrid-
oma media (BD Biosciences) grown in 175-cm2 tissue culture flasks.
The monoclonal anti-rat Kim-1 ectodomain (MARKE) antibodies
were purified from conditioned media using a protein G-Sepharose
column (Amersham Biosciences). In brief, the protein G-Sepharose
column (2 
 20 cm) was equilibrated with 20 mM sodium phosphate
and 0.15 M NaCl (pH 7). The conditioned media was applied, and the
column was washed with the equilibration buffer. The column was
eluted with 100 mM glycine buffer and 0.1 M NaCl (pH 2.7).
Fractions (1 ml) were collected in 1.5-ml Eppendorf tubes containing
50 �l neutralizing buffer (1 M Tris-Cl, pH 9). Absorbance of each
fraction was measured in a quartz cuvette at 280 nm (absorbance of
1 � 0.8 mg/ml) using a spectrophotometer (Molecular Devices).
Fractions of similar concentrations were combined and dialyzed
against PBS overnight at 4°C and concentrated using amicon cen-
triplus centrifugal filters with 30,000 MWCO (Millipore).

Rat Kim-1 Sandwich ELISA

Biotinylation of MARKE-1. One MARKE antibody (MARKE-
Trap), at a concentration 	1.5 mg/ml, served as a trapping/primary
antibody. The other MARKE antibody (concentration 	2.2 mg/ml)
was biotinylated using the Pierce EZ-Link NHS-PEO4-Biotin conju-
gating kit (Pierce) to act as a detecting/secondary antibody. The
number of moles of biotin/mole of protein was determined to be six
(corresponding to very high efficiency of biotinylation) using an
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EZ-Biotin Quantitation Kit. The nonreacted and hydrolyzed biotiny-
lation reagent was removed by dialyzing with PBS, pH 7, overnight
at 4°C.

Construction of Kim-1 sandwich ELISA. The wells of an ELISA
plate (MaxiSorp; Nunc, Naperville, IL) were coated with MARKE-
Trap [overnight incubation at 4°C with 100 �l antibody and 10 �g/ml
in coating buffer (0.1 M potassium phosphate buffer, pH 9)]. The plate
was washed three times using a squirt bottle with wash solution
(PBS-0.05% Tween, PBST). The wells were then blocked for 1 h at
37°C with a blocking solution (3% BSA/PBS with 0.02% sodium
azide), and after the incubation period the plate was washed again
three times with PBST. One hundred microliters of either standard rat
Kim-1-Fc pure protein in serial dilutions (0–5 ng/ml) or urine samples
from control and treated groups were added to the plate in duplicate,
and the plate was incubated for 1.5 h at 37°C. All of the dilutions of
Kim-1 standards, urine samples, MARKE-1, and HRP-conjugated
streptavidin antibody were done in a sample diluent (2.38% HEPES,
0.6% NaCl, 1% BSA, and 0.1% Tween, pH 7.4). After three washes
with PBST, biotinylated MARKE-1 antibody was added, followed by
HRP-conjugated streptavidin. Color was developed by adding 3,3,5,5-
tetramethyl benzidine substrate (Sigma), and the reaction was stopped
after 15 min by adding 1 N HCl. The absorbance was measured at 450
nm using a plate reader (Molecular Devices). The urinary Kim-1
concentration was calculated based on the standard curve and ex-
pressed in absolute terms (ng/ml).

Evaluation of the Kim-1 ELISA. The performance characteristics of
the Kim-1 ELISA were evaluated by measuring the sensitivity, assay
range, specificity, reproducibility, recovery, dilutional linearity, and
interference. The analytical recovery was determined by adding a
known amount of 750 or 1,500 pg/ml recombinant Kim-1-Fc into
vehicle-treated rat urine samples and quantitating the Kim-1 levels in
these spiked samples. To assess the recovery of Kim-1 in urine from
animals with kidney injury, a known amount of 750 or 1,500 pg/ml
recombinant Kim-1-Fc was added to 5 mg cisplatin/kg treated rat
urine samples containing 300–2,100 pg/ml Kim-1. This was done to
verify that there was no interfering substance in the urine of animals
with AKI and to demonstrate that cisplatin, which is in the urine of
these animals, does not interfere with the assay (27). Dilutional
linearity was evaluated in normal and cisplatin-treated rat urine to
justify sample dilution to fit the concentrations of Kim-1 in the linear
range of the standard curve (0–5,000 pg/ml). Cisplatin-treated rat
urine samples containing 6, 8, 12, or 18 ng/ml (as measured by the
Kim-1 ELISA) corresponding to medium and high concentration of
Kim-1 were diluted 1:5, 1:10, 1:20 using sample diluent, and the
Kim-1 levels were measured by ELISA.

Immunofluorescence Microscopy

Immunocytochemistry for Kim-1 was performed as previously
described (17). Sections were thawed, washed with PBS, and blocked
in 1.5% normal goat serum in PBS (blocking solution) for 30 min.
Sections were then incubated for 1 h with the primary antibodies
[MARKE-1, MARKE-2, and MARKE-Trap (5 �g/ml) diluted in the
blocking solution]. The sections were washed with PBS and incubated
with anti-mouse Cy3 conjugated (1:800 dilution; Jackson) in PBS for
30 min. At the final step, sections were washed with PBS and mounted
with Vector Shield mounting reagent (Vector) containing 12.5 �g/ml
DAPI to identify nuclei. As a negative control, the same concentration
of mouse IgG (5 �g/ml) was used for the primary antibody.

Statistics

All results are expressed as means � SE. Treatment means were
compared with control means by ANOVA and subsequent Student’s
t-test. The level of significance was set at P � 0.05 in all cases.

RESULTS

Construction and Purification of Rat Kim-1 Ectodomain
Fusion Protein

Rat Kim-1 maps to chromosome 10 (10q21) of the rat
genome and is conserved across species with 77% identity to
mouse Kim-1, 30% identity to chimpanzee, and 38% identity
with human KIM-1. The protein structure of rat Kim-1 consists
of a total of 307 amino acids (aa) with a signal peptide (1–21
aa), a highly conserved 6-cysteine-rich Ig-like domain (22–
130), a serine-threonine- and proline-rich mucin domain con-
taining several N- and O-linked glycosylation sites (131–235),
a transmembrane domain (236–256), and a short cytoplasmic
tail (257–307) containing a tyrosine kinase phosphorylation
site from 291 to 297 aa (Fig. 1A). The Kim-1 ectodomain is
shed from the proximal tubule after injury and has been
detected by Western blot analysis in the urine of rats treated
with nephrotoxicants (17). To quantitate the release of Kim-1
into the urine, monoclonal antibodies were generated that are
specific to the ectodomain of rat Kim-1. A plasmid encoding a
fusion protein of the rat Kim-1 ectodomain (1–234 aa) with the
Fc portion of human IgG was generated (Fig. 1B), stably
transfected into CHO cells, and purified from the conditioned
media as described in MATERIALS AND METHODS. Three different
batches of purified and dialyzed rat Kim-1-Fc were loaded on
the gel, and the purity was assessed by Commassie staining
(Fig. 1C) and Western blot analysis (Fig. 1D) using HRP-
labeled anti-human IgG-Fc antibody. In the Commassie-
stained blot, the strongest band was of the Kim-1-Fc protein at
85 kDa that corresponds to the predicted molecular weight of
the glycosylated Kim-1 ectodomain (1–234 aa) fused to the Fc
portion of human IgG. Similar results were obtained in the
Western blot with only one band at 85 kDa in all three batches
of purified Kim-1-Fc, attesting to its purity.

Monoclonal Antibodies and Evaluation of Performance
Characteristics of the Kim-1 ELISA

To obtain highly specific MARKE antibodies, mouse mono-
clonal antibodies were generated against the pure recombinant
Kim-1-Fc protein. The hybridoma cells were screened and
selected in such a way that the conditioned media recognized
Kim-1-Fc but did not recognize human IgG-Fc. Three such
MARKE antibodies were purified using protein G-Sepharose,
and the efficiency of three of these antibodies (MARKE-1,
MARKE-2, and MARKE-Trap) to detect Kim-1-Fc was esti-
mated by Western blot analysis (Fig. 2A). All three purified
antibodies at the concentration of 1 �g/ml recognized 25
ng/lane of Kim-1-Fc without any nonspecific binding. This
suggested that all three MARKEs were able to detect the
denatured Kim-1-Fc protein. To further evaluate whether these
antibodies would detect nondenatured three-dimensional Kim-
1-Fc protein in a sandwich ELISA (Fig. 2B), MARKE-1 and -2
(2 �g/ml) were biotinylated to act as secondary antibodies, and
MARKE-Trap (10 �g/ml) was used as a trapping antibody.
Both MARKE-1 and -2 were able to detect Kim-1 when
MARKE-Trap was used as a primary trapping antibody. When
either MARKE-1 or -2 was used as the trapping antibody and
the other as the detecting antibody, these two antibodies could
not be made to effectively identify Kim-1, suggesting that they
may be binding to the same or overlapping epitopes of Kim-1.
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Thus a Kim-1 ELISA was constructed using MARKE-Trap as
the primary antibody and MARKE-1 as a secondary antibody.
The evaluation of the performance characteristics of the Kim-1
ELISA is as follows (Table 1).

Sensitivity (�39 pg/ml). A standard curve was generated
using serial dilutions of Kim-1-Fc protein in sample diluent
starting with 5,000 pg/ml (Fig. 2C). The sensitivity of this
assay, or lower limit of detection (LLD), was defined as the
lowest Kim-1-Fc concentration that could be differentiated
from zero (assay blank/sample diluent) by Student’s t-test. The
LLD was 39 pg/ml sample diluent (n � 5; P � 0.001).

Assay range (0–5,000 pg/ml). The assay range was esti-
mated by calculating the coefficient of variation (CV) of each
standard constructing five independent standard curves. The
CV obtained for each standard from 78.1 to 5,000 pg/ml
sample diluent was �10%. The standard curve concentrations
used for all the Kim-1 ELISAs were 5,000, 2,500, 1,250, 625,
312.5, 156.3, and 78.13 pg/ml.

Specificity. This ELISA is specific for the measurement of
natural and recombinant rat Kim-1. It does not detect mouse
and human KIM-1 (data not shown). It also does not detect
human IgG-Fc or an irrelevant protein (C-RET, a protoonco-
gene reported to be involved in sporadic papillary thyroid
carcinoma) fused with human IgG (C-RETFc), attesting to the
specificity of the antibodies to bind Kim-1.

Reproducibility. The precision profile was assessed by use of
urine samples collected on days 1 and 2 after 5 mg cisplatin/kg
that contained different concentrations of Kim-1 (732, 1,203,
1,692, 2,120, 2,630, and 4,250 pg/ml). Intra- and interassay
CVs ranged from 2 to 4.9% (n � 6) and from 2.7 to 9.6% (n �
3 in 3 different plates), respectively (Fig. 2D).

Recovery. The analytical recovery was determined by add-
ing 750 or 1,500 pg/ml recombinant Kim-1-Fc to vehicle-
treated or 5 mg cisplatin/kg-treated rat urine samples contain-
ing 300–2,100 pg/ml Kim-1. Recoveries of Kim-1 ranged from
of 90 to 110%.

Dilution linearity. When cisplatin-treated rat urine samples
containing 6, 8, 12, or 18 ng/ml corresponding to medium and
high concentrations of Kim-1 were diluted 1:5, 1:10, and 1:20,
each sample gave results close to linearity (r � 0.95–0.99),
confirming parallelism between the standards and the urine
samples (data not shown).

Interference. Urine samples containing 732 or 2,630 pg/ml
Kim-1 were supplemented with potentially interfering agents,
including cisplatin and mercuric chloride, at various concen-
trations. We tested cisplatin, since we used it as a model
nephrotoxicant in this study, and mercuric chloride to assess
the ability of metals to potentially interfere with the Kim-1
ELISA. There was no significant interference from ascorbic
acid (�56.8 mmol/l), albumin (�5 g/l), globin (�0.1 g/l),
cisplatin (�5 mM), creatinine (�132.6 mmol/l), creatine
(�38.1 mmol/l), mercuric chloride (�3 mM), urea (�1.0
mol/l), or sodium chloride (�0.5 mol/l), indicating that the
estimation of Kim-1 was not affected by interference from a
wide range of urinary constituents that are expected to be
present in the urine after AKI.

Nephrotoxicity of Cisplatin as Measured by BUN, Plasma
Creatinine, and Histopathology

We used a widely established and well-studied cisplatin-
induced AKI model (1, 17, 18) to induce nephrotoxicity and to
evaluate whether Kim-1 could serve as an early predictor of
nephrotoxicity. Low (2.5 mg/kg), medium (5 mg/kg), or high
(7.5 mg/kg) doses of cisplatin were administered intraperito-
neally in 0.9% saline or the same volume of vehicle to male
Sprague-Dawley rats. Because previously we had shown only
mild changes in BUN, serum creatinine, and histopathology
after a low dose of 2.5 mg cisplatin/kg (1, 17, 18), we only
collected urine from this group. After 5 or 7.5 mg cisplatin/kg,
BUN or plasma creatinine did not increase significantly until
day 2 but increased 	4- and 10-fold, respectively, over base-

Fig. 1. Structure of kidney injury molecule-1
(Kim-1) and construction and purity of the rat
Kim-1 ectodomain-Fc fusion protein. A:
structure of rat Kim-1 protein consists of 307
amino acids (aa) with a signal peptide, Ig-like
domain, mucin region, transmembrane do-
main (TM), and a short cytoplasmic tail with
a tyrosine kinase phosphorylation site from
291–297 aa. B: Kim-1 ectodomain fusion
protein was produced by creating an expres-
sion construct that encoded the extracellular
domain of Kim-1 (1–234) fused to the Fc
portion of human IgG1 as described in MATE-
RIALS AND METHODS. Purity of the Kim-1-Fc
fusion protein was assessed by PAGE of 3
different batches of purified and dialyzed
Kim-1-Fc and detection by Commassie re-
agents (C) and Western blot (D) using horse-
radish peroxidase (HRP)-labeled anti-human
IgG-Fc antibody. TSP, threonine, serine, pro-
line; TM, transmembrane.
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line (day 0) on day 3 (Fig. 3, A and B). BUN and creatinine
further increased on day 4 by 5- to 7-fold and 20-fold over
baseline, respectively, reflecting significant renal dysfunction
and kidney injury (Fig. 3, A and B). After 7.5 mg cisplatin/kg,
50% mortality was observed on day 4, whereas no mortality
was observed with the 5 mg/kg dose until day 5. Histological
examination of the kidney sections revealed no significant
alterations on day 1 after 5 (Fig. 3D) or 7.5 (Fig. 3E) mg
cisplatin/kg compared with the controls (Fig. 3C). On day 2
after either dose, there was some single cell necrosis, tubular
dilation, and sloughing of cells in the lumen of the S3 segment
of proximal tubules into the outer stripe of the outer medulla
(OSOM; Fig. 3, F and G). On day 3 after either dose, there was
significant proximal tubular necrosis, particularly in the S3

segment, and intratubular casts were clearly seen (Fig. 3, H and

I). The inflammation, edema, tubular degeneration, dead cells,
necrosis, and apoptosis were most severe in the 7.5-mg cispla-
tin/kg-treated group.

Urinary Kim-1 Levels Over Time in Response to Varying
Doses of Cisplatin

Previous studies from our laboratory have shown Kim-1
protein levels to be upregulated in the kidney by immunocy-
tochemistry and ectodomain shedding into the urine by immu-
noblot analysis from day 1 to 6 after 10 mg cisplatin/kg in rats
(17). We have previously lacked, however, a sensitive and
high-throughput method of detecting Kim-1 in the urine. With
the highly specific and sensitive ELISA we constructed to
quantitate Kim-1, we found an approximate three- to fivefold

Fig. 2. Monoclonal antibodies to rat Kim-1, principle of Kim-1 ELISA, standard curve, and precision profile. A: monoclonal anti-rat Kim-1 ectodomain
(MARKE)-1, MARKE-2, and MARKE-Trap detect Kim-1 ectodomain fusion protein by Western blot analysis. Purified Kim-1-Fc (25 ng/lane) was loaded on
3 different lanes for PAGE and transferred onto a polyvinylidene difluoride membrane that was then cut into 3 strips. Each strip was incubated with 1 �g/ml
of either MARKE-1, -2 or MARKE-Trap. Rabbit anti-mouse polyclonal antibody was used as a secondary antibody. B: Kim-1 ELISA is based on a typical
sandwich ELISA assay protocol using 96-well plates coated with MARKE-Trap, which traps the Kim-1 antigen present in the urine. Biotinylated MARKE-1
is used as a secondary antibody, and this complex is colorimetrically detected using a spectrophotometer at 450 nm. C: typical standard curve using recombinant
Kim-1 ectodomain fusion protein was made using serial dilutions from a 10 ng/ml stock concentration. The standard curves were repeated several times. The
intra- and interassay variability was �5%; R2 � 0.99 represents a very high correlation coefficient. The equation of the line (y � 0.0006x � 0.0532) can be used
to calculate the unknown concentration of Kim-1 (x) by substituting the absorbance value (y). D: precision profile for Kim-1 ELISA. The intra-assay and
interassay reproducibility of the Kim-1 ELISA was calculated by adding 5 different concentrations of Kim-1 (750, 1,000, 1,500, 2,000, and 2,500 pg/ml) to
control urine samples. For the intra-assay variability, each sample was measured in n � 6 replicates within one plate. For the interassay variability, each sample
was measured 3 times in three different plates. CV, coefficient of variation; OT, overnight; TMB, 3,3,5,5-tetramethylbenzidine.
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increase in urinary Kim-1 on day 1 after 2.5, 5, or 7.5 mg
cisplatin/kg compared with the vehicle-treated controls (day 0).
Urinary Kim-1 levels further increased to 	9- to 12-fold
baseline on day 2 (Fig. 4). Kim-1 levels peaked on day 3 after
administration of 7.5 mg cisplatin/kg, reaching 	26 ng/ml in
the animals that subsequently succumbed (50%). The remain-
ing 50% of the rats that survived this high dose had Kim-1
levels 	22 ng/ml on days 4 and 5. Kim-1 levels remained
between 15 and 25 ng/ml for 2.5 and 5 mg cisplatin-treated
groups from days 3 to 5, indicating a plateau in the excretion
of Kim-1 associated with severe kidney injury. Thus there was
a time-dependent progressive increase in Kim-1 after 2.5, 5, or
7.5 mg cisplatin/kg administration from day 0 to day 3 after
which there was a plateau of urinary Kim-1 levels.

Immunocytochemical Localization of Kim-1 in the Kidney
after 5 mg/kg Cisplatin Administration using Three Different
Monoclonal Antibodies

As indicated previously, MARKE-Trap was used as a pri-
mary antibody, and biotinylated MARKE-1 or -2 was used as
secondary antibody in the Kim-1 ELISA. We tested by immu-
nocytochemistry the efficacy of these three monoclonal anti-
Kim-1 ectodomain antibodies (including MARKE-2) to local-

ize Kim-1 in tissue from animals treated with 5 mg/kg cisplatin
(Fig. 5). With the use of the three MARKEs, there was no
Kim-1 staining on day 0, indicating undetectable expression of
Kim-1 under normal conditions (Fig. 5, A, E, and I). On day 1
after cisplatin, all three MARKEs showed a very similar
pattern of positive Kim-1 staining in an apical membrane
distribution in the OSOM in isolated epithelial cells of the S3

segments of the proximal tubules (Fig. 5, B, F, and J). The
expression significantly increased on day 3 after 5 mg cispla-
tin/kg administration, consistent with the high urinary Kim-1
levels (13.4 � 4.4 ng/ml). Kim-1 was localized on the apical

Fig. 3. Plasma blood urea nitrogen (BUN), creatinine, and
renal histopathology over a time course after administration
of 5 or 7.5 mg cisplatin/kg. Male Sprague-Dawley rats (n �
4) were administered 5 or 7.5 mg cisplatin/kg ip in 0.9%
saline. Blood and kidney tissue were taken on days 0–5.
Because the administration of 7.5 mg cisplatin/kg resulted
in 50% mortality by day 4, 8 rats were treated in this group
to get 4 survivors on day 4 and 5 each. BUN (A) and
creatinine (B) were measured. *P � 0.05 compared with
0-h time point. C–I: representative photomicrographs of
hematoxylin and eosin-stained kidney sections from respec-
tive treatment groups. C: vehicle-treated control; D, F, and
H: days 1, 2, and 3, respectively, after 5 mg cisplatin/kg; E,
G, and I: days 1, 2, and 3 after 7.5 mg cisplatin/kg,
respectively. All fields were chosen from outer stripe of
outer medulla (OSOM). Arrowheads indicate sloughing of
cells, tubular dilation, and necrosis.

Fig. 4. Measurement of urinary Kim-1 by ELISA over time after cisplatin
administration. Male Sprague-Dawley rats (n � 10 for each) were adminis-
tered 2.5, 5, or 7.5 mg cisplatin/kg ip in 0.9% saline. Animals were kept in
Nalgene rat metabolic cages overnight, and 12-h urine samples were collected
in the morning from 0 to 5 days. Urine was centrifuged at 6,000 rpm for 15 min
and stored in aliquots at �80°C for further analysis. Measurement of Kim-1 in
the urine samples was performed by ELISA, as described in MATERIALS AND

METHODS. Each sample was measured in triplicate diluted 1:5, 1:10, and 1:20
in sample diluent to fit in the linear range of the standard curve. The urinary
Kim-1 content is expressed as ng/ml. *P � 0.05 compared with the value at
time 0.

Table 1. Performance characteristics of Kim-1 ELISA

Parameter Result

Sensitivity Lowest limit of detection: 39 pg/ml
Assay range 78.1–5,000 pg/ml
Specificity Does not cross-react with mouse or human KIM-1
Intra-assay variability 2–4.9%
Inter-assay variability 2.7–9.6%
Recovery 90–110%
Dilution linearity 1:5, 1:10, and 1:20
Interference None identified

Kim-1, kidney injury molecule 1.
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membranes of the injured tubules, which were dilated and also
had protein casts. In some parts of the OSOM region, the
Kim-1 staining pattern appeared diffusely cytoplasmic. On day
5 after the 5 mg/kg dose, although the Kim-1 levels in the urine
(17.8 � 4.6 ng/ml) did not increase very dramatically from day
3 (13.38 � 4.37 ng/ml), there was a significantly greater Kim-1
protein expression in the kidneys as detected by all three
MARKEs (Fig. 5, D, H, and L). The localization was apical
and diffusely cytoplasmic but was much more widespread
expressed throughout the injured region of the OSOM. Thus all
three antibodies can very sensitively detect a progressive inju-
ry-dependent expression of denatured (Fig. 2A) or undenatured
(Figs. 4 and 5) Kim-1 in the kidney after cisplatin nephrotox-
icity.

Kim-1 as an Early Diagnostic Indicator of AKI After
Cisplatin Nephrotoxicity

BUN, plasma creatinine, urinalysis, glycosuria, and protein-
uria are currently the most widely used biomarkers for renal
dysfunction and injury. In the urine samples collected on days
0, 1, and 2 from rats treated with 2.5, 5, or 7.5 mg cisplatin/kg
glucose (Fig. 6A), protein (Fig. 6B) and NAG (Fig. 6C) were
measured and compared with urinary Kim-1 (Fig. 6D) to
evaluate the efficiency of Kim-1 as an early diagnostic indica-
tor of kidney injury. In the 2.5 mg cisplatin/kg group, there was
no significant increase in urine glucose (Fig. 6A), protein (Fig.

6B), or NAG (Fig. 6C) on days 1 and 2; however, by contrast,
there was an 	5-fold increase in Kim-1 on day 1 that further
increased up to 	12-fold on day 2 (Fig. 6D). Thus the
concentrations of urinary Kim-1 were significantly higher on
days 1 and 2, indicating renal injury when none of the con-
ventionally used biomarkers of renal injury, including glycos-
uria, proteinuria, or urinary NAG levels, were able to predict
this. Similarly, in the 5 and 7.5 mg cisplatin/kg groups, there
were no significant differences in the urinary glucose, protein,
NAG (Fig. 6, A–C), BUN (Fig. 6E), or plasma creatinine (Fig.
6F) values on day 1, but there was an approximate three- to
fivefold increase in urinary Kim-1 levels, indicating significant
renal injury as early as day 1. The 	7- to 10-fold increase in
Kim-1 on day 2 was accompanied by increases in glycosuria,
proteinuria, and NAG values after 5 or 7.5 mg cisplatin/kg
(Fig. 6, A–D). These results suggest that Kim-1 is a highly
sensitive and early indicator of renal dysfunction useful for
detection of even minor alterations in renal structural and
functional integrity, as demonstrated by its significant upregu-
lation on day 1 after 2.5 mg/kg cisplatin.

Comparison of Kim-1 with other Biomarkers of Kidney
Injury in Renal I/R Model

To generalize the effectiveness of Kim-1 as a sensitive and
early diagnostic biomarker for AKI, we quantitated the Kim-1
ectodomain in the urine of male Wistar rats after different

Fig. 5. Immunofluorescence staining to detect Kim-1 expression in the kidney after 5 mg cisplatin/kg administration using the MARKE antibodies. Purified and
concentrated 5 �g/ml MARKE-1 (A–D), MARKE-2 (E–H), or MARKE-Trap (I–L) were used for immunohistochemical localization of Kim-1 in the
paraformaldehyde lysine periodate (PLP)-fixed frozen kidney sections from day 0 to 5 after 5 mg cisplatin/kg administration, as described in MATERIALS AND

METHODS. Arrows indicate the progressive increase of Kim-1 staining primarily on the apical membrane over time. No staining was observed on day 0 or when
using mouse IgG as a negative control (data not shown).
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periods of bilateral I/R injury. There was no significant in-
crease in BUN (Fig. 7A) or plasma creatinine (Fig. 7B) on day
1 after 10 or 20 min of bilateral I/R injury. By contrast, 1 day
after 30 or 45 min bilateral I/R injury, BUN increased approx-

imately four- to fivefold, and plasma creatinine increased
approximately five- to sixfold, indicating severe renal dysfunc-
tion. Twenty-four hours after 10 min of bilateral I/R injury,
Kim-1 was fivefold higher (Fig. 7E) than sham-operated con-

Fig. 6. Comparison of Kim-1 with routinely
used biomarkers as an early diagnostic indi-
cator of kidney injury. Urinary glucose (A),
protein (B), and N-acetyl-�-glucosaminidase
(C), and urine Kim-1 (D) were measured on
days 0, 1, and 2 after 2.5, 5, or 7.5 mg
cisplatin/kg administration. BUN (E) and
plasma creatinine (F) were measured on
these days after 5 and 7.5 mg/kg cisplatin
administration. *P � 0.05 compared with
value on day 0.

Fig. 7. Functional renal injury and urine Kim-1 levels
after different times of renal ischemia. Male Wistar rats
were subjected to 0 (sham), 10, 20, 30, or 45 min of
bilateral ischemia by clamping the renal pedicles for
the stipulated time and then removing the clamps and
confirming reperfusion. After reperfusion (2 h), the rats
were placed in metabolic cages, and urine, blood, and
tissue were collected at 24 h. BUN (A) and plasma
creatinine (B) concentrations were measured, and cre-
atinine clearance (D) was calculated as per MATERIALS

AND METHODS. Urine protein (C) and Kim-1 (E) con-
centrations were also measured. *P � 0.05 compared
with value in sham-treated group.
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trols, whereas there was no significant decrease in the creati-
nine clearance (Fig. 7D) nor an increase in proteinuria (Fig.
7C) with this length of ischemia. With 20 min bilateral I/R
injury, there was a 50% reduction in creatinine clearance (Fig.
7D) with no significant change in proteinuria (Fig. 7C). Urine
was collected for 24 h starting after initiation of reperfusion.
Urinary Kim-1 was 	50-fold higher than controls in this
collection (Fig. 7E). As seen previously in the cisplatin-in-
duced nephrotoxicity model (Fig. 4), the urinary Kim-1 levels
were quantitatively in the 25–35 ng/ml range in the 20, 30, or
45 min bilateral I/R groups after 24 h. Creatinine clearance
decreased by 75 and 85%, respectively, after 30 or 45 min
bilateral I/R (Fig. 7D), with a significant increase in proteinuria
occurring only in the 45-min bilateral I/R group (Fig. 7C).
Thus, in the bilateral I/R injury model, as in the cisplatin
model, Kim-1 was a highly sensitive indicator of renal dys-
function, with fivefold higher Kim-1 levels in the 24-h collec-
tion of urine after 10-min bilateral I/R injury at a time when
BUN, plasma creatinine, creatinine clearance, and urinary
protein were unchanged from controls.

Renal I/R-Induced Injury-Dependent Changes in Kim-1 Gene
Expression and its Correlation with Creatinine Clearance

To correlate Kim-1 gene expression with the degree of
injury, Kim-1 mRNA was quantitated using semiquantitative

(Fig. 8, A and B) and quantitative (Fig. 8C) RT-PCR after
different periods of bilateral I/R injury. In concordance with
the urinary Kim-1 protein levels, which increased approxi-
mately fivefold after 10 min bilateral I/R injury, Kim-1 mRNA
levels were also significantly upregulated at 24 h in this group
(Fig. 8, A–C). With the use of quantitative real-time PCR, a
much more sensitive measure of gene expression (Fig. 8C),
Kim-1 mRNA was 	25-fold higher than controls after 10 min
bilateral I/R injury at 24 h. There was an injury-dependent
increase in Kim-1 mRNA, as seen in both semiquantitative and
quantitative real-time PCR, with an 	160-, 280-, and 350-fold
increase (Fig. 8C) in Kim-1 mRNA at 24 h after 20, 30, or 45
min bilateral I/R injury, respectively. These data complement
the findings of an injury-dependent increase in Kim-1 protein
expression (Fig. 5) after 5 mg/kg cisplatin. Collectively, these
results indicate that both Kim-1 mRNA and protein expression
increase as a function of injury. The correlation coefficient
relating creatinine clearance as a parameter of renal function to
Kim-1 mRNA levels was 0.732, with a statistical significance
of P � 0.0001 (Fig. 8D).

DISCUSSION

We report the development of a quantitative assay for
measuring Kim-1 in the rat urine as a biomarker for AKI and
demonstrate that marked increases in urinary Kim-1 can be

Fig. 8. Kim-1 mRNA levels in kidney after different periods of ischemia and correlation of Kim-1 mRNA in kidney with creatinine clearance. Kim-1 mRNA
levels were measured by semiquantitative (A and B) and quantitative (C) real-time RT-PCR in renal cortex of rats at 24 h after 0, 10, 20, 30, and 45 min of bilateral
ischemia [sham control (N), I-10, I-20, I-30, and I-45, respectively]. A: mRNA was isolated from renal cortex, and the RT-PCR products were separated on a
5% ethidium bromide acrylamide gel. Top, Kim-1 mRNA after different periods of renal ischemia. Bottom: renal glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA values, which were used as internal standard. B: Kim-1 mRNA level was semiquantitated by excising the bands from the ethidium
bromide-stained gel and counted by liquid scintillation. The results are presented as the ratio of PCR products (cpm) of Kim-1 and GAPDH � SE. C: real-time
PCR was carried out in 96-well plates on cDNA derived from 2.5 ng total RNA isolated individually from each renal cortex. The amount of fluorescence in each
reaction liberated by the exonuclease degradation of the TaqMan probe during PCR amplification was measured as a function of the PCR cycle number using
an ABI 7000 Prism (Applied Biosystems). Results are presented as relative Kim-1-to-18S rRNA ratios compared with the sham value. D: values of creatinine
clearance (Cl) are plotted vs. Kim-1-to-GAPDH mRNA ratios. The r value of 0.732 indicates a high degree of correlation between creatinine clearance and Kim-1
mRNA expression with a significance of P � 0.0001. *P � 0.05 compared with value in the sham-treated group.
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measured under conditions where changes in other standard
indicators are not measurable. These results have direct impli-
cations for evaluation of nephrotoxicity in animals where
sensitive and specific measures of toxicity have been elusive.
Nephrotoxicity often is evaluated by reliance on serum creat-
inine levels, an insensitive measure of kidney injury, or histo-
logical analysis, which requires killing a large number of
animals and is inherently difficult to quantitate. The Kim-1
assay is a very sensitive and robust system with minimal
interference from other components of the diseased urine and
is not affected by variation in physicochemical properties of
the urine. The assay has a dynamic range from 0 to 5,000 pg/ml
with the lowest limit of detection being �38 pg/ml and an
inter- and intra-assay variability �10% (Fig. 2, C and D).

The performance characteristics of the developed ELISA are
comparable to the commercially available ELISAs to measure
cytokines in rat serum (e.g., tumor necrosis factor-�, IL-6) as
markers of inflammation. Although an extensive performance
characteristic evaluation has not been reported for the human
KIM-1 ELISA, both the rat Kim-1 and human KIM-1 ELISAs
are highly comparable in terms of sensitivity, inter- and intra-
assay variability, and recovery (12). For the development of the
rat Kim-1 ELISA, a panel of 18 mouse monoclonal antibodies
was made against rat Kim-1-Fc fusion proteins from which
three were purified, dialyzed, and concentrated to 	2.5 mg/ml.
Two of these were used in the ELISA, and all three were used
for immunocytochemistry. We found that just 500 ng/well
MARKE-trap and 100 ng/well biotinylated MARKE-1 were
sufficient to efficiently bind Kim-1 antigen in 100 �l urine.

Investigators have relied on a set of tests to detect AKI in
rodent models that include serum creatinine, BUN, urine vol-
ume, urinalysis (including pH, specific gravity, glycosuria,
proteinuria), kidney weight (wet wt-to-dry wt ratio), and his-
topathology. A significant disadvantage of these tests is the
time delay between injury and detection, making the tests
insensitive and unreliable for diagnostic and prognostic mea-
surements (36). Specific proteins excreted in the urine after
injury to particular segments of the nephron can serve as
biomarkers for assessing the site and severity of renal damage
(44). Previously used biomarkers can be broadly classified into
the following three categories (13): 1) enzymes: e.g., alanine
aminopeptidase (AA), alkaline phosphatase (AP), 
-glutamyl-
transpeptidase (
-GT), NAG, cathepsin B, lysozyme, and lac-
tate dehydrogenase (LDH); 2) low-molecular-weight proteins:
e.g., �2-microglobulin, �1-microglobulins, and retinol-binding
protein; and 3) kidney-derived antigens: e.g., �-GST, clusterin,
CYR-61, NGAL, and F-actin. These biomarkers have been
studied in various models of nephrotoxicity, but a number of
disadvantages have been identified. AA, AP, and 
-GT are
stable only for 4 h after urine collection, and urine samples
have to be gel filtered to remove potentially interfering sub-
stances. �2-Microglobulin is unstable in acidic pH; therefore,
the urine has to be neutralized immediately after collection
(44). The �-GST assay requires that the urine be stored with a
specific preservative. �-GST is localized to the proximal tubule
and is readily and rapidly released in the urine when renal
tubular injury occurs (40). NAG, a proximal tubular brush-
border enzyme, is a sensitive and persistent indicator of renal
proximal tubule injury, but some metals and other nephrotoxi-
cants directly inhibit NAG activity and therefore in such cases
NAG cannot be used as a biomarker (41, 43). Other markers

suffer from lack of specificity in measuring kidney injury.
Serum, biliary, and urinary levels of 
-GT and LDH also
increase after hepatic parenchymal injury (20). Elevation of
urinary IL-6, IL-8, and IL-18 has been implicated as biomar-
kers for AKI, but these are also nonspecific since they are
elevated with sepsis involving liver or lung in the absence of
renal injury (8, 19, 28). Another problem with currently iden-
tified biomarkers is the onset of elevation and sustainability of
the increase. AA and CYR-61 are significantly elevated in the
urine at day 1 after renal damage but fail to remain elevated at
later time points in spite of persistent renal injury (26, 37).
Finally, most of the assays used for measuring urinary biomar-
kers are either enzymatic or colorimetric assays, thereby pre-
venting high-throughput detection of samples, which is re-
quired when handling a large number of samples over exten-
sive time courses.

NGAL is upregulated and can be detected in the kidney (22)
and urine of mice three h after cisplatin (20 mg/kg) and has
been proposed as an early biomarker for diagnosing AKI (24,
25). These rodent studies have been extended to humans in a
recent study indicating that NGAL levels at 2 h is a very
powerful predictor of AKI in children after cardio pulmonary
bypass (23). Similarly, CYR-61, a secreted protein, is present
early in the urine after I/R but currently can only be detected by
immunoblotting the urine and kidney extracts at 3–6 h after 30
min bilateral I/R injury (26). Urinary CYR-61 levels are
reduced over time despite the continuous progression of injury.
Clusterin, a protein associated with programmed cell death and
tissue reorganization, as measured by RIA, has been correlated
with the elevation of creatinine and NAG in the gentamicin-
induced renal injury model in rats (2). Clusterin mRNA and
protein levels, however, did not increase until day 5 in the
cisplatin-induced renal injury model (35). F-actin is released in
the urine in rats at 1 h after 25 min renal ischemia because of
actin depolymerizing factor-mediated disruption of microvillar
microfilament and apical membrane (34). Increased urinary
actin along with IL-6 and IL-8 have also been suggested as
useful markers for the prediction of sustained acute renal
failure after ischemia in humans (19).

An ideal biomarker to detect AKI in animal studies should
be organ and site specific, sensitive to detect minor perturba-
tions in renal function, correlate with the degree of tubular
injury, persist throughout the time course of renal injury to
indicate progression and regression of injury, be noninvasive,
and be quantifiable by a high-throughput method to facilitate
large sample size measurements. In addition, it would also add
to the merit of the biomarker if it were conserved across
species from fish to rodents to humans, allowing for the
extrapolation of the results and use of the same marker in
preclinical and clinical studies. Kim-1 is expressed predomi-
nantly on the apical membrane of the epithelial cells of prox-
imal tubules after injury. An upregulation of Kim-1 in the urine
indicates kidney proximal tubular injury (Fig. 5) except when
proximal cells have also become dedifferentiated for another
reason, such as in renal cell carcinoma (11). Urinary Kim-1
levels increase at least fivefold on day 1 after 5 and 7.5 mg/kg
cisplatin, whereas BUN and plasma creatinine increases were
seen only from day 3 onward (Fig. 3, A and B). Similar results
were obtained in the I/R injury model where 10 min bilateral
I/R injury caused a significant increase in urinary Kim-1
without any changes in plasma creatinine, BUN, creatinine
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clearance, or proteinuria. Thus Kim-1 is upregulated and shed
in the urine with mild insults, which result in minimal injury,
thus attesting to the sensitivity and early diagnostic ability of
Kim-1 to serve as a biomarker for AKI. An injury-dependent
increase in Kim-1 mRNA is observed in the I/R model with
progressively increasing Kim-1 gene expression levels after 10,
20, 30, or 45 min bilateral I/R injury (Fig. 8, A–C). A similar
trend in the injury-dependent increase in Kim-1 protein expres-
sion is evident from the immunohistochemical staining of
Kim-1 on days 0–5 after 5 mg/kg cisplatin (Fig. 5). Thus
Kim-1 gene expression and surface protein expression correlate
very well with the degree of renal tubular injury (Fig. 7C).

A significant advantage of measuring Kim-1 as a biomarker
for AKI is that it is conserved across species and is upregulated
after renal injury in zebrafish (unpublished observations), mice
(29), rats (17), nonhuman primates (9), and humans (12)
encompassing a complete array of preclinical to clinical risk
assessment models. Thus quantitation of urinary Kim-1 is
likely to be very useful for the evaluation of kidney injury in
animal pathophysiological studies and predictive toxicology
and may improve our ability to identify effective therapeutic
agents for kidney injury and eliminate nephrotoxic compounds
early in the drug development process.
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Mejı́a-Vilet JM, Ramı́rez V, Cruz C, Uribe N, Gamba G,
Bobadilla NA. Renal ischemia-reperfusion injury is prevented by
the mineralocorticoid receptor blocker spironolactone. Am J
Physiol Renal Physiol 293: F78–F86, 2007. First published March
20, 2007; doi:10.1152/ajprenal.00077.2007.—Renal ischemia and
reperfusion (I/R) injury is the major cause of acute renal failure and
may also be involved in the development and progression of some
forms of chronic kidney disease. We previously showed that a
mineralocorticoid receptor (MR) blockade prevents renal vasocon-
striction induced by cyclosporine that leads to acute and chronic renal
failure (Feria I, Pichardo I, Juarez P, Ramirez V, Gonzalez MA, Uribe
N, Garcia-Torres R, Lopez-Casillas F, Gamba G, Bobadilla NA.
Kidney Int 63: 43–52, 2003; Perez-Rojas JM, Derive S, Blanco JA,
Cruz C, Martinez de la Maza L, Gamba G, Bobadilla NA. Am J
Physiol Renal Physiol 289: F1020–F1030, 2005). Thus we investi-
gated whether spironolactone administration prevents the functional
and structural damage induced by renal ischemia-reperfusion (I/R).
Five groups were studied: sham-operated animals, rats that underwent
20 min of ischemia and 24 h of reperfusion, and three groups that
received spironolactone 1, 2, or 3 days before I/R, respectively. Renal
I/R produced significant renal dysfunction and tubular damage. Spi-
ronolactone administration completely prevented a decrease in renal
blood flow, the development of acute renal failure, and tubular
apoptosis. The protection conferred by spironolactone was character-
ized by decreasing oxidative stress, as evidenced by a reduction in
kidney lipoperoxidation, increasing expression of antioxidant en-
zymes, and restoration of urinary NO2/NO3 excretion. Endothelial
nitric oxide synthase expression was upregulated by a mineralocorti-
coid receptor blockade in I/R groups; in addition, an increase in
activating phosphorylation of this enzyme at residue S1177 and a
decrease in inactivating phosphorylation at T497 were observed. In
conclusion, our study shows that spironolactone administration
prevents the renal injury induced by I/R, suggesting that aldoste-
rone plays a central role in this model of renal injury.

endothelial nitric oxide synthase; apoptosis; lipoperoxidation

RENAL ISCHEMIA-REPERFUSION (I/R) injury is the major cause of
acute renal failure in both native and transplanted kidneys
(22). Ischemic acute renal failure is a syndrome that devel-
ops following a transient drop in total or regional blood flow
to the kidney. Although reperfusion is essential for the
survival of ischemic tissue, there is evidence that reperfu-
sion itself causes additional cellular injury (48). The mech-
anisms of renal I/R injury involve both vascular and tubular
factors, but despite advances in preventive strategies, this

disease continues to be associated with significant morbidity
and mortality (21) and there is no successful specific therapy
except for supportive care (10).

Recent studies in humans and experimental models have
shown that aldosterone plays a pivotal role in the pathophysi-
ology of cardiovascular and renal injury. In this regard, clinical
trials have evidenced that mineralocorticoid receptor (MR)
blockade improves the survival of patients with chronic heart
disease (29, 30, 33, 34) and chronic renal failure (4, 5). The
protective effect of MR blockade is associated with decreased
fibrosis and vascular inflammation, suggesting that aldosterone
is a profibrotic hormone (16, 19). In addition, the effectiveness
of MR antagonism in ameliorating glomerular and/or tubulo-
interstitial injury has also been documented in several models
of nephropathy, including spontaneously hypertensive stroke-
prone rats (36, 37), angiotensin II- and nitric oxide synthase
inhibitor-treated rats (38), aldosterone-treated rats (15), dia-
betic nephropathy type 1 and 2 (13), and in a model of
unilateral ureteral obstruction (44). We previously observed
that aldosterone also plays an important role in nephrotoxicity
induced by the immunosuppressant cyclosporine A (CsA), an
agent that is extensively used for prevention of allograft rejec-
tion (8, 31, 32). In these studies, we observed that in chronic
nephropathy an MR blockade reduced structural injury (32)
and helped to avoid the progression of renal damage in a model
of preexisting chronic CsA nephrotoxicity (31) by mechanisms
that involved the reduction of TGF-� expression, lipoperoxi-
dation, and cell death by apoptosis. Interestingly, in the course
of these studies, we noticed that an MR blockade prevents the
well-known effect of CsA-inducing renal vasoconstriction (2,
7, 8). CsA administration in rats for 7 days was associated with
a reduction in renal blood flow by 50%. This reduction was
completely prevented by spironolactone (32), suggesting that
aldosterone modulates renal vascular tone in this model. In
support of these findings, Gros et al. (12) have recently shown
that acute aldosterone exposure induced a dose-dependent
vasoconstriction through myosin light chain phosphorylation
in clonal adult human vascular smooth muscle cells. This effect
was prevented by spironolactone, suggesting that aldosterone-
mediating vasoconstriction may represent an important patho-
physiological mechanism of vascular disease. Thus we rea-
soned that if aldosterone plays a role in renal vasoconstriction,
then spironolactone could be protective against acute I/R in-
jury.
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MATERIALS AND METHODS

Thirty male Wistar rats (200–300 g) were included and divided
into five groups: sham-operated (sham), rats subjected to ischemia-
reperfusion (I/R), and three groups of rats that were treated during 1,
2 or 3 days with spironolactone (20 mg/kg by gastric gavage) before
I/R was performed (Sp1, Sp2, and Sp3, respectively). This is the most
commonly used dose of spironolactone in rats (8, 9, 13, 25, 35,
37, 47).

Kidney I/R injury animal model. Rats were anesthetized by intra-
peritoneal injection with pentobarbital sodium (30 mg/kg). Animals
were placed on a heating pad to maintain a constant temperature and
monitored with a rectal thermometer. A midline abdominal incision
was made, and both kidneys were exposed. Renal ischemia was
induced by nontraumatic vascular clamps over the pedicles for 20
min. After clamps were released, the incision was closed in two layers
with 2-0 sutures. Sham-operated animals underwent anesthesia, lap-
arotomy, and renal pedicle dissection only. All animal procedures
were followed in accordance with our institutional guidelines for
animal care.

Functional parameters. Two hours after renal ischemia, rats were
placed in metabolic cages at 22°C with a 12:12-h light-dark cycle and
allowed free access to water. Individual 24-h urine samples were
collected. Urinary protein excretion was measured by a TCA turbidi-
metric method (14) and N-acetyl-� glucosaminidase (NAG) was
measured spectrophotometrically (49). Serum and urine creatinine
concentrations were measured with an autoanalyzer (Technicon RA-
1000, Bayer, Tarrytown, NY), and renal creatinine clearance was
calculated by the standard formula C � (U � V)/P, where U is the
concentration in urine, V is the urine flow rate, and P is the serum
concentration. Serum aldosterone was quantitatively determined by
radioimmunoassay following the procedures described by the manu-
facturer (DiaSorin, Saluggia, Italy).

Twenty-four hours after renal ischemia-reperfusion, rats were anes-
thetized with an intraperitoneal injection of sodium pentobarbital (30
mg/kg) and placed on a homeothermic table. The trachea and femoral
arteries were catheterized with polyethylene tubing (PE-240 and
PE-50). The rats were maintained under euvolemic conditions by
infusing 10 ml/kg body wt of isotonic rat plasma during surgery. The
mean arterial pressure was monitored with a pressure transducer
(model p23 db, Gould) and recorded on a polygraph (Grass Instru-
ments, Quincy, MA). Via a midline abdominal incision, the left renal
artery was exposed. An ultrasound transit-time flow probe (1RB,
Transonic, Ithaca, NY) was placed around the left renal artery and
filled with ultrasonic coupling gel (HR Lubricating Jelly, Carter-
Wallace, New York, NY) for recording the renal blood flow.

Histopathological studies. At the end of the experiment, the right
kidney was removed and quickly frozen for molecular studies and the
left kidney was perfused through the femoral catheter with a phos-
phate buffer, thereby preserving the mean arterial pressure of each
animal. Following blanching of the kidney, the perfusate was replaced
by a freshly prepared 10% formalin buffer and perfusion was contin-
ued until fixation was completed. After appropriate dehydration,
kidney slices were embedded in paraffin, sectioned at 4-�m and
stained via the periodic acid-Schiff technique. Ten subcortical and
juxtamedullary fields were recorded from each kidney slide by using
a digital camera incorporated in a Nikon microscope. The affected
tubular area was analyzed blindly by an expert nephropathologist.
Tubular damage was characterized by a loss of brush border, lumen
dilatation or collapse, and detachment from basement membrane.
Digital microphotographs were recorded for each rat to assess by
morphometric analysis the total tubular area (excluding luminal,
interstitial, and glomerular areas) and damaged tubular area, delimited
by using eclipse net software (magnification �400). The damaged
tubular area was expressed as a proportion of the affected tubular area
and total tubular area.

Terminal transferase-dUTP-nick-end labeling assay. Apoptosis in
kidney sections was determined by terminal transferase-dUTP-nick-
end labeling (TUNEL) assay using an ApopTag in situ apoptosis
detection kit (S7101, Chemicon International, Temecula, CA). Slides
were prepared by following the procedures previously described (50).
A minimum of 10 subcortical and 10 juxtamedullary fields (magnifi-
cation �400) per kidney were evaluated in all kidney tissues, and the
images were recorded and analyzed blindly. Only tubular cells that
contained TUNEL-positive nuclei with the characteristic morphology
of apoptosis, including nuclear fragmentation and nuclear condensa-
tion, were quantified. TUNEL-positive cells were counted, and the
results were expressed as the number of TUNEL-positive nuclei per
square millimeter.

Renal lipoperoxidation. Malondialdehyde (MDA), a measure of
lipid peroxidation, was assayed in the form of thiobarbituric acid-
reactive substances (TBARS) as previously reported (43). Briefly,
after homogenization of the tissue, the reaction was performed in
an 0.8% aqueous solution of thiobarbituric acid in 15% TCA and
heated at 95°C for 45 min, and the mixtures were centrifuged at
3,000 g for 15 min. Supernatant absorbance was read at 532 nm.
TBARS were quantified using an extinction coefficient of 1.56 �
105 M/cm and expressed as nanomoles of TBARS per milligram of
protein. The tissue protein was estimated using the Bradford
method.

RNA isolation and real-time PCR. Total RNA was isolated from
each kidney following the guanidine isothiocyanate-cesium chloride
method (40) and checked for integrity by 1% agarose gel electro-
phoresis. Reverse transcription was carried out using 2.5 �g of total
RNA from each rat at 37°C for 60 min using 200 U of the Moloney
murine leukemia virus reverse transcriptase (Invitrogen). The mRNA
levels of SOD, GPx, catalase, and procaspase-3 were quantified by
real-time PCR with the ABI Prism 7300 Sequence Detection System
(TaqMan, Applied Biosystems, Foster City, CA). FAM or VIC dye-
labeled probes were selected from the Applied Biosystems Assays-on-
Demand ABI product line and were specifically used to detect and
quantify cDNA sequences without detecting genomic DNA. Primers
and probes for SOD, GPx, catalase, and procaspase-3 were ordered
as kits: Rn00589772_m1, Rn00577994_g1, Rn00560930_m1, and
Rn00563902_m1 (Assays-on-Demand, ABI). As endogenous control, we
used eukaryotic 18S rRNA (predesigned assay reagent, ABI, external
run) to correct for potential variations in RNA loading or the efficiency of
the amplification reaction. The relative quantification of SOD, GPx,
catalase, and procaspase-3 gene expression was performed using the
comparative CT method (24).

Western blot analysis. Renal proteins were isolated by homogeni-
zation and used for immunoblot analysis with rabbit endothelial nitric
oxide synthase (eNOS) antibody, phospho-eNOS T495 antibody, or
phospho-eNOS S1177 antibody, all used at 1:500 (Cell Signaling
Technology). Afterward, membranes were incubated with a secondary
antibody, horseradish peroxidase-conjugated rat anti-rabbit IgG
(1:2,500, Alpha Diagnostics, San Antonio, TX). To control protein
loading and transfer, all membranes were simultaneously probed with
an actin antibody (1:2,500) and secondary antibody donkey anti-goat
IgG- horseradish peroxidase (Santa Cruz Biotechnology, Santa Cruz,
CA). Proteins were detected with an enhanced chemiluminescence kit
(Amersham) and autoradiography, following the manufacturer’s rec-
ommendations. All Western blot analyses were performed within the
linear range of protein loads and antibody use. The bands were
scanned for densitometric analysis.

Statistical analysis. Results are presented as means � SE. Signif-
icance of the differences among groups was tested by ANOVA using
Bonferroni’s correction for multiple comparisons. All comparisons
passed the normality test. Statistical significance was defined when the
P value was �0.05.
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RESULTS

We first investigated whether a prophylactic MR blockade
prevented renal dysfunction and structural injury induced by
renal I/R in the rat. As shown in Fig. 1, after 24 h of renal
reperfusion, rats which underwent renal ischemia developed
renal dysfunction that was evidenced by an increase of serum
creatinine from 0.56 � 0.06 to 1.64 � 0.06 mg/dl and the
concomitant reduction of creatinine clearance from 1.4 � 0.2
to 0.4 � 0.1 ml/min (Fig. 1, A and B). Renal impairment was,
in part, related to renal plasma flow reduction by 33%, without
changes in mean arterial pressure (Fig. 1, C and D). In contrast,
in the three groups that were pretreated with the MR blocker
spironolactone for 1, 2, or 3 days before renal I/R (Sp1, Sp2,
and Sp3 groups), the fall in renal plasma flow was completely
prevented (Fig. 1C), which was associated with normalization
of serum creatinine (Sp1: 0.88 � 0.2 mg/dl, Sp2: 0.66 � 0.1
mg/dl, and Sp3: 0.60 � 0.04 mg/dl) (Fig. 1A) and the concom-
itant reestablishment of renal function, as shown by the values
of creatinine clearance (Fig. 1B).

Light microscopic studies revealed that renal I/R produced
severe tubular damage characterized by a loss of brush border,
lumen dilatation or collapse, and cellular detachment from
tubular basement membranes observed in both renal cortex
(Fig. 2, A and E; low and high power, respectively) and outer
medulla (not shown). All these lesions were practically absent
in rats exposed to spironolactone previous to renal I/R (Fig. 2,

B–H) and were quantitatively confirmed by morphometric
analysis of the percentage of injured tubular areas. As a result,
the percentage of affected tubular areas in the I/R group was
66.2 � 0.7 compared with 6.1 � 1.4, 9.1 � 2.5, and 6.6 �
2.0% in the Sp1, Sp2, and Sp3 groups, respectively (Fig. 2I).
An assessment of classic markers of tubular injury supported
these observations. Proteinuria and NAG excretion increased
five- and threefold, respectively, in the I/R group. Accordingly,
in rats pretreated with spironolactone, the levels of these
tubular injury markers were similar to those found in sham-
operated rats and significantly different from the untreated I/R
group (Fig. 2, J and K). Figure 3A shows that animals subjected
to renal I/R presented a significant elevation of serum aldoste-
rone levels by more than fivefold compared with sham-oper-
ated rats. Aldosterone levels were not different among I/R
groups. As shown in Fig. 3B, an MR blockade in this model
was not associated with an increase in serum potassium levels.

We observed a significant fall in the amount of urinary
NO2/NO3 excretion by one-half in I/R untreated rats, suggest-
ing that nitric oxide (NO) deficiency contributes not only to
reduce renal plasma flow but also to extend renal injury. Also
noteworthy was the fact that spironolactone completely pre-
vented the fall in urinary NO2/NO3 excretion, as shown Fig. 4A.
Thus we analyzed the expression levels and phosphorylation
state of eNOS. The eNOS expression levels and phosphoryla-
tion in S1177 and T497 residues were not affected by I/R, as

Fig. 1. Renal functional parameters in sham,
untreated ischemia-reperfusion (I/R), and spi-
ronolactone-treated groups for 1 (Sp1), 2 (Sp2),
and 3 (Sp3) days before renal I/R induction, as
stated. I/R-induced renal failure was evidenced
by a significant increase in serum creatinine (A),
together with a reduction of renal creatinine
clearance (B) and renal blood flow (RBF; C)
without changes in mean arterial pressure
(MAP; D) in the I/R untreated group. Renal
dysfunction was completely prevented in I/R
spironolactone-pretreated rats. *P � 0.05 vs. all
studied groups.
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shown in Fig. 4, B–D. Kidney eNOS protein levels were
significantly increased in rats that received the prophylactic
treatment with spironolactone (Fig. 4B). In addition, spirono-
lactone treatment was associated with an increase in activating
eNOS S1177 phosphorylation (Fig. 4C) and a decrease in
inactivating eNOS T497 phosphorylation (Fig. 4D).

We thus reasoned that spironolactone might also be associ-
ated with the prevention of a reperfusion-induced increase in
oxidative stress and apoptosis. Therefore, kidney lipoperoxi-
dation and the mRNA levels of antioxidant enzymes were
evaluated. Tubular ischemic injury induced by I/R was asso-
ciated with a significant increase in kidney lipoperoxidation by

threefold, which was prevented by the prophylactic treatment
with an MR blocker, since the first day of pretreatment
(Fig. 5A). The reduction of lipoperoxidation observed in the
spironolactone-treated groups was accompanied by a signifi-
cant increase in SOD and glutathione peroxidase as antioxidant
enzymes, while the catalase mRNA levels did not change
(Fig. 5, B–D).

In situ labeling of cell nuclei by the TUNEL method showed
that I/R produced a significant increase in apoptosis cell death
measured by positive nuclei stain per square milliliter that was
more evident in juxtamedullary areas than in subcortical sec-
tions, as shown in Fig. 6, A and B. These observations were

Fig. 2. A–H: subcortical histological sections of kidneys stained with periodic acid-Schiff (PAS) from groups studied as stated. Lower-power (�100; A–D) and
high-power (�400; E–H) microphotographs are shown. A and E are representative microphotographs of a kidney section from an I/R untreated rat. Arrowheads
in E indicate detachment from basement membrane of tubular epithelial cells; yellow arrow indicates tubular dilation, loss of brush border, and flattened epithelial
cells, and HC indicates the presence of hyaline cast. These lesions were practically absent in I/R rats treated with spironolactone from 1–3 days (B–H).
I: morphometric quantification of affected tubular area. J: urinary protein excretion levels. K: urinary N-acetyl-�-glucosaminidase (NAG) excretion. Error bars
represent SE. **P � 0.05 vs. all studied groups.
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confirmed by the quantification of positive nuclei per square
milliliter, graphically expressed in Fig. 6I, showing �100 and
300 positive nuclei/ mm2 in subcortical and juxtamedullary kid-
ney sections, respectively, of rats that were subjected to renal I/R.
Spironolactone pretreatment for 1 day before renal I/R reduced the
number of positive nuclei in both areas (Fig. 6, B and C and I and

J). Nevertheless, apoptosis was completely prevented when an
MR blockade started 2 or 3 days before I/R (Fig. 6, C–J). In
accordance with these observations, renal I/R injury produced a
significant increase in pro-caspase-3 mRNA levels and this effect
was reversed by the pretreatment with a MR blockade adminis-
tered starting on the first day before I/R (Fig. 6K).

Fig. 3. Effect of I/R and mineralocorticoid
(MR) blockade treatment on serum aldosterone
and potassium levels. A: all rats that were
subjected to I/R presented a marked elevation
of serum aldosterone levels compared with the
sham-operated group. B: neither renal I/R nor
spironolactone treatment modified serum po-
tassium levels. Error bars represent SE. *P �
0.05 vs. sham-operated rats.

Fig. 4. Renoprotective mechanisms of MR blockade in renal injury induced by I/R. A: renal injury induced by I/R was associated with a significant reduction
of urinary nitric oxide (NO) metabolites (NO2/NO3), and this effect was prevented by an MR blockade. B–D: effect of spironolactone administration on
endothelial nitric oxide synthase (eNOS) expression and eNOS phosphorylation was evaluated by Western blot analysis using specific eNOS and phospho-eNOS
antibodies. Renal eNOS expression and phosphorylation were not altered by I/R injury. In contrast, significant changes were observed in treated I/R groups. eNOS
protein expression was increased by 1.5- to 2-fold in spironolactone-treated rats. In addition, the amount of phospho-eNOS S1177 was increased, while
phospho-eNOS T497 was reduced. Error bars represent SE. *P � 0.05 vs. all compared groups. **P � 0.05 vs. sham and I/R groups.
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DISCUSSION

In the present study, we show the novel finding that spirono-
lactone administration protects the kidney against I/R injury.
Specifically, our data show that pretreatment for 1, 2, or 3 days
before rats were subjected to renal I/R prevented 1) renal
dysfunction, 2) histological signs of tubular injury evidenced
also by a reduction of urinary protein and NAG excretion, and
3) reperfusion injury supported by reduction of kidney lipoper-
oxidation and cell death by apoptosis.

The mechanisms of renal acute injury induced by I/R seem
to be multifactorial and interdependent and involve hypoper-
fusion, hypoxia, inflammatory responses, and free radical-
induced damage. The first step in initiating the pathophysiol-
ogy of ischemic acute renal failure is renal blood flow reduc-
tion (27). In fact, we observed that renal blood flow and
creatinine clearance remained significantly lower 24 h after
renal I/R compared with sham-operated rats (Fig. 1). These
alterations were accompanied by a significant increase in
serum aldosterone levels (Fig. 3). There is increasing evidence
to support potential roles of aldosterone in the pathogenesis of
renal injury (3, 30). Here, we shown that administration of
spironolactone before induction of renal I/R prevented renal
blood flow and renal function reduction, suggesting that aldo-
sterone promotes renal vasoconstriction and plays a potential
role in the pathophysiology of acute renal failure. In support of
these observations, previous studies from our laboratory
showed that spironolactone prevented renal vasoconstriction
induced by cyclosporine (8, 32) In addition, Arima et al. (1)
demonstrated that aldosterone causes vasoconstriction in affer-
ent and efferent rabbit arterioles, and, more recently, Gros et al.
(12) reported that aldosterone mediated a dose-dependent con-
traction in clonal adult human vascular smooth muscle cells,
which was inhibited by spironolactone and eplerenone, sug-
gesting that the vasoconstrictor effect was due to the MR
blockade. In this study, in addition of its profibrotic effects, we
observed that aldosterone participates in promoting renal va-
soconstriction during renal I/R, an effect that was prevented by
spironolactone, implying that aldosterone induces renal vaso-
constriction by a mechanism that requires the coupling of
aldosterone to its receptor. In support of this possibility, a
recent study shows that aldosterone induced vasoconstriction
by decreasing the endothelial expression of glucose-6-phos-

phate dehydrogenase, which, in turn, decreased the NO avail-
ability, and these effects were reversed by spironolactone
administration, implying that the MR is involved (23). It has
been reported that aldosterone exerts its actions by genomic
and nongenomic mechanisms. The first is dependent on the
classic MR, which promotes or prevents the transcription of
certain genes, whereas the second seems to be mediated by an
“unknown receptor,” which mediates fast actions indepen-
dently of gene transcription (for a review, see Ref. 29). In this
regard, it is known that the MR is a protein heterocomplex that
includes a steroid-binding protein receptor and heat shock
proteins (HSPs) of 56, 70, and 90 kDa. The presence of HSPs
actually increases the receptor affinity for binding aldosterone,
and when hormone binds to its receptor, HSPs are released.
Interestingly, Tumlin et al. (45) reported that HSPs released are
capable of activating calcineurin phosphatase. Thus it is pos-
sible that by its binding to the MR, aldosterone induces
responses by at least two different mechanisms: by the classic
pathway at the transcriptional level and by a nongenomic
mechanism associated with the effects that occur through HSP
release. Thus both genomic and nongenomic mechanisms could
be dependent on the aldosterone binding to the classic MR.

As mentioned above, the decrease in renal blood flow is of
critical importance in initiating and extending the pathophysi-
ology of acute renal failure. Vasomotor tone is strongly af-
fected by NO derived from eNOS. While NO derived from
inducible NOS may contribute to the ischemic injury of renal
tubules, there is evidence that the vascular effect of NO derived
from eNOS in glomerular afferent arterioles is protective
against I/R damage (41). Indeed, decreased eNOS function is
one of the features of endothelial dysfunction associated with
acute renal failure (11). In this regard, increased eNOS activity
induced by ischemic preconditioning protected the kidneys
from I/R (51). Also, the inhibition of Rho kinase in rats which
underwent renal I/R preserved renal blood flow by improving
eNOS function (46). These studies indicate an important role
for eNOS activity as a protector against renal I/R. We ob-
served, in the present study, a significant reduction in the
amount of NO2/NO3 excreted in the urine after 24 h of renal
I/R. Intriguingly, spironolactone prevented the reduction of
these NO metabolites in the urine, suggesting that the improve-
ment of NO generation is another mechanism associated with

Fig. 5. Effect of renal I/R and MR blockade on renal lipoperoxidation and antioxidant enzymes mRNA levels. A: spironolactone administration prevented the
kidney lipoperoxidation induced by I/R (malondialdehyde; MDA). This renoprotective effect was associated with increased mRNA levels of SOD and glutathione
peroxidase (GPx; B and C), with no changes in catalase (D).
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protection induced by an MR blockade. It is possible that this
effect of spironolactone is largely responsible for renal blood
flow preservation in I/R spironolactone-treated rats. However,
to analyze other possible mechanisms by which spironolactone
improved NO production, the amount of eNOS and phosphor-
ylation of active and inactive eNOS was determined. Phos-
phorylation of serine residue S1177 of eNOS is associated with
activation of this enzyme, whereas phosphorylation of threo-
nine residue T497 decreased its activity (42). When the spi-
ronolactone-pretreated I/R group was compared with the I/R
untreated group, upregulation of eNOS protein levels, in-
creased phosphorylation of residue S1177 of eNOS, and re-
duced phosphorylation of residue T497 of eNOS were ob-
served. In support of these findings, it has been reported that
aldosterone reduces NO generation in human umbilical vein
endothelial cells by a mechanism that includes the reduction of
eNOS S1177 phosphorylation and increased free radical pro-

duction (28). Thus increased amounts of activated eNOS in the
kidney could be responsible for the observed increase in
urinary NO2/NO3 excretion and reestablishment of renal blood
flow in I/R spironolactone-treated animals.

It is well known that hypoxia, as a result of ischemia and
subsequent reperfusion, is characterized by increased reactive
oxygen species (ROS) and decreased efficacy of the antioxi-
dant system, which lead to tubular cell injury and death (17). In
the present, study we observed that renal I/R produced signif-
icant tubular damage at a histological level, as was evidenced
also by the elevation of the amount of urinary protein and NAG
excretion as tubular injury markers. Tubular damage observed
was associated with an increase in renal TBARS contents as a
marker of ROS generation (Fig. 5). Furthermore, a MR pro-
phylactic blockade normalized renal TBARS levels and pre-
vented the development of tubular injury. In support to these
observations, it has been demonstrated that aldosterone in-

Fig. 6. Apoptotic cellular death. A–H: representative subcortical and juxtamedullary kidney sections showing positive nuclei for apoptosis determined by
terminal deoxynucleotide transferase-mediate dUTP nick end labeling (TUNEL) assay (coffee brown) in the studied groups, as indicated. I and J: quantification
of TUNEL-positive nuclei (by mm2) in subcortical and juxtamedullary areas. Note the marked increase in the number of TUNEL-positive cells (arrows) in I/R
untreated group (A and E). A significant reduction was seen in treated I/R groups, which was practically absent when spironolactone was given 2 or 3 days before
I/R. I/R injury was associated with an increase in pro-caspase 3 mRNA kidney levels that was reduced by spironolactone pretreatment (K). Error bars represent
SE. *P � 0.05 vs. sham-operated rats. **P � 0.05 vs. all groups.
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duced ROS generation by NADPH oxidase activation in cul-
tured adult rat ventricular myocytes and mesangial cells (26,
39). Our results suggest that aldosterone may also contribute to
induce ROS generation during a process of I/R. Thus, in
addition to preventing renal hypoperfusion, MR antagonism
reduced ROS generation and increased the mRNA levels of
antioxidant enzymes (SOD and GPx), resulting in the preser-
vation of tubular renal structure, as was shown by the light
microscopic findings and the normalization of tubular injury
markers.

Ischemic renal injury has been traditionally associated with
tubular cell necrosis. However, apoptosis has emerged as a
significant mode of cell death during renal I/R (20). Recent
reports have demonstrated that interference with the apoptotic
program translates into a protective effect during renal ische-
mia (6, 18), recognizing that the pathways associated with
apoptosis may be very critical in the cell injury observed
during I/R. In this study, untreated rats that underwent renal I/R
presented a significant elevation of cell death by apoptosis in
subcortical and juxtamedullary sections. The renoprotective
effect of spironolactone was also associated with an important
reduction of apoptosis in these sections. Because hypoxia and
increased free radical generation resulting from renal hypoper-
fusion and reperfusion are known to trigger cell death by
apoptosis, it is possible that the reduction of apoptosis ob-
served in spironolactone-treated rats may result from the im-
provement of renal plasma flow (Fig. 1C) and decreased renal
tissue lipoperoxidation (Fig. 5A).

In summary, in this study we show that aldosterone plays a
central role in renal injury induced by I/R and emphasizes that
spironolactone administration for 24–96 h before induction of
renal I/R injury prevents the renal dysfunction and structural
damage observed in this model. The mechanism of protection
includes preservation of renal plasma flow and reestablishment
of urinary NO2/NO3 excretion that was accompanied by in-
creased expression of eNOS and phosphorylation at its residue
S1177, and reduction of lipoperoxidation and cell apoptotic
death. Based on our results, it will be intriguing to investigate
the potential role of spironolactone in other models of renal
ischemia, such as the cold ischemia associated with renal
transplantation and I/R in other organs as that occurs in
myocardial infarction treated with angioplasty. Our results may
open new therapeutic avenues for the prevention of tissue
damage in patients that are expected to be exposed to renal I/R,
such as renal transplantation, high risk cardiovascular surgery,
or I/R in other organs.
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Esaú Floriano-Sánchez c, Abel Santamarı́a d, Victoria Ramirez e,
Norma A. Bobadilla e, José Pedraza-Chaverri a,∗
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Abstract

It has been suggested that oxidative stress is involved in d-serine-induced nephrotoxicity. The purpose of this study was to assess if
oxidative stress is involved in this experimental model using several approaches including (a) the determination of several markers of
oxidative stress and the activity of some antioxidant enzymes in kidney and (b) the use of compounds with antioxidant or prooxidant
effects. Rats were sacrificed at several periods of time (from 3 to 24 h) after a single i.p. injection of d-serine (400 mg/kg). Control
rats were injected with l-serine (400 mg/kg) and sacrificed 24 h after. The following markers were used to assess the temporal aspects
of renal damage: (a) urea nitrogen (BUN) and creatinine in blood serum, (b) kidney injury molecule (KIM-1) mRNA levels, and
(c) tubular necrotic damage. In addition, creatinine clearance, proteinuria, and urinary excretion of N-acetyl-�-d-glucosaminidase
(NAG) were measured 24 h after d-serine injection. Protein carbonyl content, malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-
HNE), fluorescent products of lipid peroxidation, reactive oxygen species (ROS), glutathione (GSH) content, and heme oxygenase-1
(HO-1) expression were measured as markers of oxidative stress in the kidney. Additional experiments were performed using the
following compounds with antioxidant or pro-oxidant effects before d-serine injection: (a) �-phenyl-tert-butyl-nitrone (PBN),
a spin trapping agent; (b) 5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato iron(III) (FeTPPS), a soluble complex able to
metabolize peroxynitrite; (c) aminotriazole (ATZ), a catalase (CAT) inhibitor; (d) stannous chloride (SnCl2), an HO-1 inductor; (e)
tin mesoporphyrin (SnMP), an HO inhibitor. In the time-course study, serum creatinine and BUN increased significantly on 15–24 and
20–24 h, respectively, and KIM-1 mRNA levels increased significantly on 6–24 h. Histological analyses revealed tubular necrosis at
12 h. The activity of antioxidant enzymes catalase, superoxide dismutase, glutathione peroxidase, and glutathione reductase remained
unchanged at all times studied. Protein carbonyl content, MDA, 4-HNE, and ROS remained unchanged at all time-points studied.
GSH content decreased transiently on 9 and 12 h. Interestingly, fluorescent products of lipid peroxidation decreased significantly
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on 3–24 h. HO-1 expression was undetectable by Western blot and the immunohistochemistry studies revealed that the intensity of
HO-1 staining was weak. The administration of PBN, FeTPPS, ATZ, SnCl2, and SnMP did not prevent or enhance renal damage
induced by d-serine. Our data taken as a whole suggest that oxidative stress is not involved in the early phase of the nephrotoxicity
induced by d-serine.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

d-Serine is an endogenous ligand for the glycine-
binding site on the N-methyl-d-aspartate receptor
(Mothet et al., 2000). Recent studies have shown that
d-serine supplementation reduces the negative symp-
toms of schizophrenia (Tuominen et al., 2006; Heresco-
Levy et al., 2005; Tsai et al., 1998); however, high
doses of d-serine have shown to be nephrotoxic (Carone
et al., 1985; Carone and Ganote, 1975). d-Serine is
reabsorbed in the proximal straight tubules of rat kid-
ney causing selective necrosis (Silbernagl et al., 1999)
which is accompanied by aminoaciduria, proteinuria
and glucosuria (Carone et al., 1985). In contrast simi-
lar doses of l-serine did not produce any nephrotoxic
effect (Carone and Ganote, 1975). The mechanism of
d-serine-induced toxicity is not yet completely under-
stood. It has been suggested that tyrosine catabolism
(Williams and Lock, 2004) and d-amino acid oxi-
dase (d-AAO, EC 1.4.3.3) activity (Williams and Lock,
2005; Maekawa et al., 2005) may be involved in d-
serine toxicity. In this regard, Williams and Lock (2005)
found that the administration of sodium benzoate, an
inhibitor of d-AAO, prevents d-serine induced nephro-
toxicity. d-AAO catalyzes the oxidative deamination of
d-amino acids, including d-serine, to produce the cor-
responding �-keto acids plus ammonia and hydrogen
peroxide (H2O2) (Nagata, 1992), the last is a reac-
tive oxygen specie (ROS). In the kidney, d-AOO is
localized within the peroxisomes of tubular epithelial
cells (Pilone, 2000). The H2O2 production by d-AAO
and the protective effect of reduced glutathione (GSH)
administration on d-serine induced tubular dysfunc-
tion and renal GSH depletion (Silbernagl et al., 1997)
may suggest the participation of oxidative stress in
d-serine induced nephrotoxicity. However, the possi-
ble participation of oxidative stress in this experimen-
tal model has not been fully explored. Therefore, the
aim of the present study was to assess if oxidative
stress is involved in the renal damage induced by d-
serine in rats using several approaches including: (a)
the determination of a number of markers of oxida-
tive damage [e.g. heme oxygenase-1 (HO-1) expres-

sion, ROS determination and GSH content], (b) the
determination of the activity and/or content of several
antioxidant enzymes [e.g. catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GPx)],
and (c) the use of compounds with antioxidant [e.g.
�-phenyl-tert-butyl-nitrone (PBN), 5,10,15,20-tetrakis
(4-sulfonatophenyl) porphyrinato iron (III) (FeTPPS)]
or pro-oxidant [e.g. 3-amino-1,2,4-triazole (ATZ)
effects.

2. Materials and methods

d-Serine, l-serine, PBN, ATZ, p-nitrophenyl-N-acetyl-
�-d-glucosaminide, 2,4,-dinitrophenylhydrazine (DNPH),
streptomycin sulphate, guanidine, 1-methyl-2-phenylindole,
trimethoxypropane, 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB), GSH, oxidized glutathione (GSSG), glutathione
reductase (GSH-Rx), NADPH, 2-vinylpyridine, acry-
lamide, bis-acrylamide, nitro blue tetrazolium (NBT),
2′,7′-dichlorofluorescein (DCF), and deoxyribonucleoside
triphosphate (dNTP), were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Trichloroacetic acid (TCA), SnCl2,
HCl, H2O2, sulfosalicylic acid, acetonitrile and methanol
were purchased from Mallinckrodt Baker Inc. (Phillipsburg,
NJ, USA). Tin mesoporphyrin (SnMP) was purchased from
Frontier Scientific Inc. (Logan, UT, USA). Anti-HO-1, anti-
Mn–SOD, and anti-Cu/Zn–SOD antibodies and recombinant
rat HO-1 protein (used as a western blot control) were
purchased from StressGen Biotechnologies Co. (Victoria, BC,
Canada). Anti-CAT antibodies and FeTPPS were purchased
from Calbiochem (San Diego, CA, USA). Anti-�-actin
antibodies were purchased from Chemicon International, Inc.
(Temecula, CA, USA). Anti-4-hydroxy-2-nonenal (4-HNE)
antibodies were from Oxis International, Inc. (Portland, OR,
USA). Dichlorodihydrofluorescein diacetate (DCFH-DA) was
from Molecular Probes (Eugene, OR, USA). Commercial kits
were used to measure creatinine (Bayer, cat # B014569-01)
and BUN (Spinreact, cat # 1001325). Declere was from Cell
Marque (Hot Springs, AR, USA). ABC-kit Vectastain was
from Vector Laboratories (Orton Southgate, Peterborough,
UK). Diaminobenzidine substrate was from DAKO Corpo-
ration (Carpinteria, CA, USA). Moloney murine leukemia
virus reverse transcriptase and random hexamers were from
Invitrogen (Carlsbad, CA, USA). The KIM-1 primer and probe
was ordered as kit: RN00597703 m1 (Assays-on-Demand,
ABI).
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3. Experimental design

3.1. Animals

Male Sprague–Dawley (Harlan Teklad, Mexico City, Mex-
ico) rats weighting initially 180–200 g were used along the
study. Rats were maintained in stainless steel metabolic cages
to collect 24-h urine. Animals were sacrificed by decapitation,
blood was collected to obtain serum and both kidneys were dis-
sected and immediately frozen in liquid nitrogen. Experimental
protocols followed the guidelines of Norma Oficial Mexicana
(NOM-ECOL-087-1995); all procedures were made to mini-
mize animal suffering.

3.2. Time-course study

Animals were sacrificed 3, 6, 9, 12 15, 20, and 24 h after
d-serine administration (400 mg/kg, i.p). Control group was
formed by rats treated with l-serine 400 mg/kg i.p. and sacri-
ficed 24 h later. Kidneys were removed to evaluate the histolog-
ical damage and to perform immunohistochemical analyses,
as well as to assess the activity and content of some antiox-
idant enzymes, and the content of HO-1, protein carbonyl,
GSH, and malondialdehyde (MDA). Blood serum was obtained
to determine the concentration of creatinine and blood urea
nitrogen (BUN). In addition, 24 h after d- or l-serine injec-
tion, total protein and N-acetyl-�-d-glucosaminidase (NAG)
activity were measured in the urine samples collected. We
studied the animals 24 h after l-serine or d-serine injection
taking into account that in a previous study we found a
peak of renal damage evaluated by proteinuria and urinary
excretion of NAG at this time point (unpublished observa-
tions).

3.3. Effect of PBN, FeTPPS, ATZ, SnCl2, and SnMP on
d-serine nephrotoxicity

In additional groups of animals (n = 6 rats/group), we tried
to modulate the renal damage induced by d-serine using com-
pounds able to protect against oxidative/nitrosative damage
(PBN and FeTPPS) or to enhance it (ATZ). PBN and FeTPPS
were given i.p. 30 min before d-serine administration at a dose
of 100 mg/kg (Pedraza-Chaverri et al., 1992) and 15 mg/kg
(Chirino et al., 2004), respectively. ATZ was given i.p. (1 g/kg)
(Pedraza-Chaverri et al., 1999) 24 h before d-serine adminis-
tration.

Furthermore we tested if the modulation of HO-
1 expression/activity was able to alter d-serine induced nephro-
toxicity. HO-1 was induced by a single i.p. injection of SnCl2

(100 mg/kg) (Barrera et al., 2003) and HO was inhibited by a
single i.p. injection of SnMP (15 mg/kg) (Wang et al., 2001)
12 h and 3 h, respectively, before d-serine injection. Rats were
sacrificed 24 h after d-serine administration. SnMP inhibits
both the inducible HO-1 and constitutive HO-2 isoforms and
SnCl2 induces specifically the HO-1 isoform (Akagi et al.,
2005; da Silva et al., 2001).

3.4. Biochemical markers of renal injury

Creatinine in serum and urine was measured in a creatinine
analyzer (Bayer RA1000) (Miles Inc., Diagnostic Division,
Tarrytown, NY, USA) using a commercial kit. These data were
used to calculate creatinine clearance with the standard for-
mula. Urea was also measured using a commercial kit; BUN
was obtained correcting the urea value by a 2.14 factor (Woo
et al., 1979). NAG activity was measured using p-nitrophenyl-
N-acetyl-�-d-glucosaminide as substrate and proteinuria was
measured by a turbidimetric method using TCA (Barrera et al.,
2003).

3.5. Histological and immunohistochemical analyses

For light microscopy, kidney tissue was fixed by immer-
sion in buffered formalin (pH 7.4) and embedded in paraffin.
For histological analysis, sections (3 �m) were stained with
hematoxylin and eosin. For immunohistochemistry, kidney
sections (3 �m) were deparaffined and then boiled in Declere
to unmask antigen sites; the endogenous activity of peroxidase
was quenched with 0.03% H2O2 in absolute methanol. Kidney
sections were incubated overnight at 4 ◦C with 1:200 dilution
of mouse anti 4-HNE monoclonal antibodies or 1:500 dilu-
tion of rabbit anti HO-1 polyclonal antibodies in phosphate
buffered saline (PBS). Bound antibodies were detected with
avidin-biotinylated peroxidase complex ABC-kit Vectastain
and diaminobenzidine substrate. After appropriate washing in
PBS, slides were counterstained with hematoxylin. All speci-
mens were examined by light microscopy Axiovert 200M (Carl
Zeiss, Germany). The percentage of positive cells was deter-
mined with a computerized image analyzer KS-300 3.0 (Carl
Zeiss, Germany). This software detects positive cells in brown
and automatically determines the percentage per field. All sec-
tions were incubated under the same conditions with the same
concentration of antibodies and in the same running, so the
immunostaining was comparable among the different experi-
mental groups. For the negative control, preimmune goat serum
was used instead of the primary antibodies (Sánchez-González
et al., 2004).

3.6. Renal mRNA levels of KIM-1

3.6.1. RNA isolation
Total RNA was isolated in a pool including four rats of each

group following the guanidine isothyocianate-cesium chloride
method (Sambrook et al., 1989). Integrity of isolated total RNA
was examined by 1% agarose gel electrophoresis and RNA con-
centration was determined by UV-light absorbance at 260 nm
(Beckman DU640, Brea, CA, USA). Reverse transcription
(RT) was carried out using 2.5 �g of total RNA from renal cor-
tex of each rat. RT was performed at 37 ◦C for 60 min in a total
volume of 20 �l using 200 U of the Moloney murine leukemia
virus reverse transcriptase, 100 pmol of random hexamers,
0.5 mM of each dNTP, and 1× RT buffer [75 mM KCl, 50 mM
Tris–HCl, 3 mM MgCl2, 10 mM dithiothreitol (DTT), pH 8.3].
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3.6.2. Real-time PCR
The renal mRNA levels of KIM-1 were quantified by real-

time PCR on the ABI Prism 7300 Sequence Detection System
(TaqMan, Applied Biosystems ABI, Foster City, CA, USA)
as previously reported (Vaidya et al., 2006; Perez-Rojas et
al., in press). FAM or VIC dye-labeled probes were selected
from the Applied Biosystems Assays-on-Demand ABI product
line and were specifically used to detect and quantify cDNA
sequences without detecting genomic DNA. For KIM-1 and
18S rRNA expression FAM and VIC probes were used, respec-
tively. The FAM and VIC were used as fluorescent reporter dies
to detect amplification products. Validation of amplification
efficiency was made for every primer/probe set and was calcu-
lated for each run. As endogenous control, we used eukaryotic
18S rRNA (pre-designed assay reagent Applied by ABI, exter-
nal run) to correct for potential variation in RNA loading or
efficiency of the amplification reaction. Standard curves for
each primer/probe were computed from a series of serial tem-
plate dilutions from 0.187 through 187 ng. PCR was carried
out in 96-well plates on cDNA equivalent to 3.5 ng of total
RNA. Thermal cycling conditions were 10 min at 95 ◦C fol-
lowed with 40 cycles at 95 ◦C for 1 min, and 60 ◦C for 1 min.
Data were collected using the ABI PRISM 7300 SDS analytical
thermal cycler (Applied Biosystems). Each individual sample
was tested in triplicate. The relative quantification KIM-1 gene
expression was performed using the comparative Ct method
(Livak and Schmittgen, 2001). The threshold cycle (CT) is
defined as the fractional cycle number at which the reporter
fluorescence reaches a certain level (i.e., usually 10 times the
standard deviation of the baseline). In all experiments, 18S
eukaryotic rRNA was used as control. Negative controls were
included in the reaction plate.

3.7. Assay of reactive oxygen species (ROS)

ROS formation was estimated according to previous reports
(Ali et al., 1992; Pérez-Severiano et al., 2004), making discrete
modifications to adapt the method for kidney homogenates.
Kidney tissue samples (55 mg) were obtained and homoge-
nized in 2.2 ml of saline solution (0.9% NaCl). Aliquots of
1.5 ml were incubated with 0.5 ml of 5 �M DCFH-DA at 37 ◦C
for 60 min. Fluorescence signals were recorded at the end of
the incubation at an excitation wavelength of 488 nm and an
emission wavelength of 525 nm in a Perkin-Elmer LS55 lumi-
nescence spectrometer. A standard curve was constructed using
increasing concentrations of DCF incubated in parallel. Results
were expressed as nmol of DCF formed/mg of protein/min. For
this and other experimental procedures, protein concentrations
were measured according to the method described by Lowry
et al. (1951).

3.8. Protein carbonyl content

Protein carbonyl groups, a relatively stable marker of pro-
tein oxidation by ROS, were detected by their reactivity with
DNPH to form protein hydrazones in renal cortex (Barrera
et al., 2003). Homogenates were prepared in phosphate buffer

(pH 7.4) and incubated with streptomycin sulphate during 12 h.
Then, homogenates were incubated with DNPH and vortexed
continuously at room temperature for 1 h. Samples were pre-
cipitated with TCA and centrifuged at 2236 × g at 4 ◦C for
10 min. The pellet was washed with ethanol/ethyl acetate (1:1)
to remove free DNPH reagent, samples were centrifuged at
2236 × g at 4 ◦C for 10 min. Washing procedure was repeated
two times. The resulting protein pellet was resuspended in
guanidine 6 M. Samples were incubated at 37 ◦C for 15–30 min
to aid dissolution of the protein. The concentration of DNPH
was determined at its maximum wavelength (360 nm) and the
molar absorption coefficient of 22,000 M−1 cm−1 was used
to quantify the levels of protein carbonyls. Blanks were pre-
pared by replacing DNPH by HCl. The samples were then read
against the blanks. Samples were spectrophotometrically ana-
lyzed against a blank of guanidine solution (6 M guanidine with
2 mM potassium phosphate).

3.9. Renal MDA content

A solution of 1-methyl-2-phenylindole in a mixture of ace-
tonitrile/methanol (3:1) was added to the renal homogenates.
The reaction was started by adding 37% HCl. The absorbance
(A) at 586 nm was measured upon incubation of the reaction
mixture at 45 ◦C for 40 min. For each series of assays, a blank
(in which the sample was replaced by water) was included, and
its postreaction absorbance was further subtracted from the A
value. For each assay homogenate, a sample blank in which the
reagent was replaced by acetonitrile/methanol (3:1, v/v) was
included. It was used a standard curve of trimethoxypropane
(Gerard-Monnier et al., 1998) and the results were expressed
as nmol of MDA per mg of protein.

3.10. Assay of lipid fluorescent products

Lipid peroxidation was assessed in kidney tissue by
discrete modifications to the assay of lipid fluorescent
products previously reported by Pérez-Severiano et al. (2004)
and Santamarı́a et al. (2003). Briefly, kidney tissue samples
(50 mg) were homogenized in 3 ml of isotonic saline solution.
Aliquots of 1 ml were added to 4 ml of a chloroform-methanol
mixture (2:1, v/v). After vortexing for 10 s, the mixture
was ice-cooled for 45 min to allow phase-separation. The
fluorescence of the chloroform layer was measured in a
Perkin-Elmer LS55 luminescence spectrometer at 370 nm
of excitation and 430 nm of emission wavelengths. The
sensitivity of the equipment was adjusted with a standard
curve of quinine (original stock containing 0.1 �g/ml of
quinine in 50 mM H2SO4). Results were expressed as relative
fluorescence units (RFU) per mg of protein.

3.11. Renal glutathione content

GSH was determined by following the rate of reduction
of DTNB by GSH at 412 nm. The quantification of GSSG
was performed using the Griffith’s method (Hermes-Lima and
Storey, 1996; Griffith, 1980). Briefly, frozen tissue samples
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were homogenized in ice-cold 5% (w/v) sulfosalicylic acid
(previously bubbled with nitrogen gas for 10 min), then fur-
ther bubbled with nitrogen gas for 10 s and centrifuged at
15,000 × g for 5 min. Supernatants were removed and imme-
diately used to measure total glutathione, expressed as GSH-
equivalents (GSH-eq = GSH + 2GSSG), thus preventing any
acid hydrolysis. The assay for GSH-eq was performed in potas-
sium phosphate buffer, pH 7.2, containing sample, NADPH and
DTNB. The absorbance at 412 nm was recorded up to stabiliza-
tion, after which GSH-Rx was added. The rate of reduction of
DTNB was compared to a GSH standard curve. To determine
GSSG, extracts prepared in 5% (w/v) sulfosalicylic acid were
mixed with 2-vinylpyridine (prepared in ethanol) and the pH
adjusted to 7.0 with NaOH. The GSH derivation was completed
after 1 h incubation at room temperature, after which GSSG
alone was quantified in the same way that GSH-eq determina-
tion. A standard curve of GSSG was done in the presence of
ethanol to correct its effect on the assay. GSH content was cal-
culated as the difference between total glutathione and GSSG
content.

3.12. Western blot analyses

Total kidney and kidney microsomal proteins were sepa-
rated by SDS-PAGE and transferred to nitrocellulose mem-
branes (Amersham; Piscataway, USA). Membranes were incu-
bated with 5% milk in 10 mM Tris–HCl (pH 7.4), 150 mM
NaCl, 0.05% Tween-20 (TBS) buffer at 4 ◦C overnight. After
washing with TBS, membranes were incubated with anti-HO-
1 (1:2000), anti-CAT (1:400), anti Mn–SOD (1:4000), anti
Cu/Zn–SOD (1:5000), or anti �-actin (1:1000) antibodies for
1 h at room temperature under constant shaking. Membranes
were then washed and probed with horseradish peroxidase-
conjugated donkey anti-rabbit IgG (Amersham) at a dilution
of 1:2000. Chemiluminescence detection was performed with
the Amersham ECL detection kit according to the manufac-
turer’s instructions (Barrera et al., 2003).

3.13. Activity of antioxidant enzymes

Renal CAT activity was assayed by a method based on
the decomposition of H2O2 by CAT contained in the sam-
ples (Aebi, 1984). This reaction follows a first-order kinetic
given by the equation k = 2.3/t log A0/A, where k is the first-
order reaction rate constant, t is the time over which was
measured the decrease of H2O2 (15 s), and A0/A is the opti-
cal density at times 0 and 15 s, respectively. The results were
expressed in k/mg protein. SOD activity in kidney homogenates
was assayed by a previously reported method (Oberley and
Spitz, 1984), based in the NBT reduction to formazan. The
amount of protein that inhibits NBT reduction to 50% of max-
imum was defined as one unit of SOD activity. Results were
expressed as U/mg protein. Renal GPx activity was assayed
by a method previously described (Lawrence and Burk, 1976).
When GPx reduces H2O2, the enzyme consumes GSH and
produces GSSG which is reduced to GSH by GSH-Rx using

NADPH. In this method the NADPH consumption is measured
at 340 nm. Results were expressed as U/mg protein. Renal
GSH-Rx activity was assayed by a method previously reported
(Carlberg and Mannervik, 1975). The NADPH consumption in
the reaction was measured at 340 nm. Results were expressed
as U/mg protein. One unit of GPx or GSH-Rx is defined as
the amount of enzyme that oxidizes 1 �mol of NADPH per
minute.

3.14. Statistics

Data were expressed as mean ± S.E.M. Data were analyzed
with the software Prism 3.02 (GraphPad, San Diego, CA, USA)
by one-way analysis of variance followed by Dunnett post test
or Bonferroni multiple comparisons method, as appropriate.
Comparisons between two groups were performed by non-
paired t-test. p < 0.05 was considered significant.

4. Results

4.1. Renal damage induced by d-serine

d-Serine administration induced a significant time-
dependent increase of serum creatinine and BUN on
15–24 and 20–24 h, respectively. Creatinine and BUN
values increased five- and three-fold, respectively, com-
pared to l-serine treated rats (Fig. 1). The increase
observed in serum creatinine revealed renal dysfunc-
tion induced by d-serine, thus creatinine clearance was
significantly reduced from 1.26 ± 0.1 ml/ml in l-serine
treated rats to 0.12 ± 0.03 ml/min in d-serine-treated rats
(p < 0.001). Tubular damage was evinced by the increase

Fig. 1. Time-course study of (A) serum creatinine and (B) blood urea
nitrogen after a single i.p. injection of d-serine (400 mg/kg). Con-
trol rats were injected with l-serine (400 mg/kg) and sacrificed 24 h
later. Data are mean ± S.E.M. n = 4 rats (3–20 h) and 10 rats (24 h).
*p < 0.001 and **p < 0.05 vs. l-serine.
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Fig. 2. Time-course study of kidney injury molecule (KIM-1) mRNA
levels after a single i.p. injection of d-serine (400 mg/kg). Control rats
were injected with l-serine (400 mg/kg) and sacrificed 24 h later. Data
are mean ± S.E.M. n = 4 rats for each time. *p < 0.001 and **p < 0.05
vs. l-serine. SEM in the l-serine group was very small.

of KIM-1 mRNA levels which were detected earlier than
creatinine and BUN. Thus, KIM-1 increased more than
10-fold on 6–24 h after d-serine administration (Fig. 2).
These findings were highlighted with the significant
increase of urinary NAG and total protein excretion (16
and 4-times, respectively) detected 24 h after d-serine
administration (Fig. 3) and tubular necrosis observed by
histological analysis (data not shown).

Fig. 3. Urinary excretion of (A) N-acetyl-�-d-glucosaminidase (NAG)
and (B) total protein 24 h after a single i.p. injection of d-serine
(400 mg/kg) or l-serine (400 mg/kg). Data are mean ± S.E.M. n = 15
rats for each group. *p < 0.001 vs. l-serine.

Fig. 4. Time-course study of changes in renal (A) MDA content and
(B) lipid fluorescent products after a single i.p. injection of d-serine
(400 mg/kg). Control rats were injected with l-serine (400 mg/kg) and
sacrificed 24 h later. Data are mean ± S.E.M. n = 4 (3–15 h) and 10
(24 h). Changes in renal MDA content were not significative. *p < 0.001
vs. l-serine. RFU: relative units of fluorescence.

4.2. Oxidative damage markers

In spite of renal dysfunction and structural damage
induced by d-serine administration, renal ROS content
was similar at all periods of time studied and renal protein
carbonyl content remained unchanged in d-serine treated
rats (data not shown). In order to evaluate oxidative
stress we looked for renal lipid peroxidation by mea-
suring MDA, 4-HNE, and fluorescent products of lipid
peroxidation. Also GSH content and HO-1 expression
were measured. But, we did not found any significant

Fig. 5. Effect of d-serine or l-serine on renal HO-1 content measured
by western blot. Analysis was performed 3, 6, 9, 12, 15, and 24 h after a
single injection of d-serine (400 mg/kg) and 24 h after a single injection
of l-serine (400 mg/kg). Panel A shows the result when it was used
total renal homogenate, and panel B shows the result when it was used
renal microsomes. l-serine and d-serine were unable to induce changes
in HO-1 expression. Recombinant rat HO-1 protein (5 ng, right lane)
was used as a western blot control and �-actin was used as a loading
control (panel C). A representative image of western blot is shown in
each panel.
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Table 1
Glutathione content in kidneys from l-serine (control) and d-serine treated rats (3–24 h)

GSH-eq* GSSG* GSH* GSH/GSSG (GSHeq/GSH) × 100

Control 5.4 ± 0.2 0.29 ± 0.07 4.8 ± 0.2 17.7 ± 3.5 89.1 ± 2.1
3 h 4.6 ± 0.3 0.29 ± 0.02 4.0 ± 0.3 14.3 ± 1.2 87.4 ± 1.0
6 h 5.8 ± 0.4 0.32 ± 0.02 5.2 ± 0.9 16.3 ± 2.2 88.6 ± 1.5
9 h 3.2 ± 0.6** 0.30 ± 0.01 2.6 ± 0.6** 8.7 ± 1.5 80.4 ± 3.3
12 h 3.3 ± 0.6** 0.33 ± 0.03 2.6 ± 0.6** 9.7 ± 3.7 79.1 ± 5.5
15 h 3.8 ± 0.9 0.25 ± 0.04 3.3 ± 0.9 13.3 ± 2.2 86.1 ± 2.5
24 h 4.1 ± 0.4 0.25 ± 0.02 3.6 ± 0.4 14.8 ± 2.4 87.1 ± 1.5

l-Serine and d-serine were given as a single i.p. injection at a dose of 400 mg/kg. l-Serine injected rats were sacrificed 24 after. Total glutathione
is expressed as GSH-equivalents (GSH-eq = GSH + 2GSSG). Data are mean ± S.E.M. n = 4 (3–15 h), and 10 (24 h). *mmol/g tissue; **p < 0.05 vs.
control.

change in renal MDA (Fig. 4A) and 4-HNE was unde-
tected by immunostaining (data not shown). Moreover,
renal lipid fluorescent products levels decreased signif-
icantly from 3 to 24 h (Fig. 4B) and GSH content and
GSH-eq diminished transiently on 9 and 12 h (Table 1).
In addition, HO-1 expression was undetectable in kidney
(Fig. 5). The immunohistochemical studies revealed that
the intensity of HO-1 staining was weak (Fig. 6).

4.3. Antioxidant enzymes

Renal activity of total SOD, GPx, and GSH-Rx was
similar at all periods of time studied after d-serine
administration (data not shown). d-Serine administra-
tion decreased CAT activity about 33% at 24 h. Also, we
determined the renal protein content of CAT, Mn–SOD,
and Cu/Zn–SOD by western blot, but in accord with the

Fig. 6. Effect of a single i.p. injection of d-serine (400 mg/kg) on renal HO-1 expression measured by immunohistochemical analysis at the following
time-points 3, 6, 9, 12, 15, 20, and 24 h. Control rats were injected with l-serine (400 mg/kg) and sacrificed 24 h later. A weak HO-1 immunostaining
in brown (arrows) was observed on 3, 6 and 9 h, particularly in some distal tubular segments. Later, the immunostaining decreases until being done
almost imperceptible but generalized to 12, 15, 20 and 24 h. Pictures are representative (n ≥ 6 slides), panels represent 400× magnification.
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Fig. 7. Effect of (A) PBN (100 mg/kg), (B) FeTPPS (15 mg/kg) or (C) ATZ (1 g/kg) on blood urea nitrogen 24 h after a single i.p. injection of
d-serine (400 mg/kg). PBN and FeTPPS were given 30 min before d-serine. ATZ was given 24 h before d-serine. Control rats were injected with
the same doses of l-serine, PBN, FeTPPS or ATZ. Data are mean ± SEM. n = 6 for each group. *p < 0.001 and **p < 0.01 vs. l-serine.

activity results of these enzymes, d-serine administra-
tion did not modify the amount of these proteins (data
not shown).

4.4. Effect of PBN, FeTPPS, ATZ, SnCl2 and SnMP
on d-serine nephrotoxicity

Administration of PBN, FeTPPS or ATZ was unable
to modify the d-serine induced nephrotoxicity evalu-
ated by the following markers: BUN (Fig. 7), serum
creatinine, proteinuria and urinary excretion of NAG
(Table 2). In order to determine if the modulation of
HO-1 was able to alter d-serine induced nephrotoxicity,

we treated a group of rats with SnCl2, a potent HO-
1 inductor (Kappas and Maines, 1976), and a group
of rats with SnCl2 plus an HO inhibitor (SnMP). The
administration of SnCl2 or SnCl2 + SnMP did not atten-
uate the renal damage induced by d-serine (Fig. 8).
Urinary NAG excretion (U/24 h) in the groups studied
was: l-serine: 0.13 ± 0.03, d-serine: 2.84 ± 1.11*, d-
serine + SnCl2: 3.86 ± 037*, d-serine + SnCl2 + SnMP:
4.00 ± 1.14* (*p < 0.05 versus l-serine). The renal dam-
age was not exacerbated as judged by serum creatinine,
creatinine clearance, and urinary excretion of total pro-
tein and NAG. Interestingly, BUN was exacerbated in
SnCl2 and SnCl2 + SnMP groups.

Table 2
Effect of PBN, FeTPPS or ATZ on renal injury markers in rats with d-serine induced nephrotoxicity

Total protein excretion (mg/24 h) NAG excretion (U/24 h) Serum creatinine (mg/dl)

l-Serine (n = 16) 10.4 ± 1.9 0.08 ± 0.02 0.54 ± 0.06
d-Serine (n = 15) 43.1 ± 6.2* 1.26 ± 0.48* 2.86 ± 0.37*

d-Serine
PBN (n = 4) 42.9 ± 7.6* 0.60 ± 0.10* 2.80 ± 0.38*

FeTPPS (n = 6) 60.7 ± 7.0* 1.06 ± 0.32* 3.10 ± 0.04*

ATZ (n = 4) 51.0 ± 6.7* 1.15 ± 0.40* 3.07 ± 0.10*

PBN (n = 5) 11.1 ± 1.4 0.01 ± 0.00 0.38 ± 0.07
FeTPPS (n = 5) 6.3 ± 2.1 0.02 ± 0.02 0.27 ± 0.03
ATZ (n = 5) 6.5 ± 0.9 0.06 ± 0.04 0.28 ± 0.02

Data are mean ± S.E.M. *p < 0.001 vs. l-serine. PBN: a-phenyl-tert-butyl-nitrone; FeTPPS: 5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato
iron(III); ATZ: aminotriazole; NAG: N-acetyl-p-d-glucosaminidase.
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Fig. 8. Effect of SnCl2 and tin mesoporphyrin (SnMP) on blood urea nitrogen (A), serum creatinine (B), creatinine clearance (D), and proteinuria
(D) 24 h after a single i.p. injection of d-serine (400 mg/kg). SnCl2 (100 mg/kg) and SnMP (15 mg/kg) were given 12 h and 3 h, respectively, before
d-serine. l-Serine and d-serine were given at a dose of 400 mg/kg and the rats were sacrificed 24 h later. Data are mean ± S.E.M. n = 6 for each
group. *p < 0.001 vs. l-serine and **p < 0.05 vs. d-serine.

4.5. HO-1 expression in rats treated with PBN,
FeTPPS, ATZ, SnCl2, and SnMP

HO-1 was not detected in kidneys of rats treated
with PBN, FeTPPS, and ATZ with or without d-
serine (data not shown). In contrast, the HO-1 induc-
tion in the groups of rats treated with SnCl2 was con-
firmed by western blot (Fig. 9) and by immunostaining
(Fig. 10).

Fig. 9. Effect of SnCl2 and tin mesoporphyrin (SnMP) on renal
HO-1 content measured by western blot in d-serine injected rats.
Rats were sacrificed 24 h after a single injection of 400 mg/kg of d-
serine or l-serine. SnCl2 (100 mg/kg) and SnMP (15 mg/kg) were
given 12 h and 3 h, respectively, before l-serine. n = 6 for each
group.

4.6. Experiments with a higher dose of d-serine

In an additional group of animals, rats were injected
i.p. with 800 mg/kg of d-serine and control rats were
injected i.p. with l-serine (800 mg/kg). Both groups of
rats were sacrificed 24 h later. Renal damage was made
evident by the increase in BUN and serum creatinine
and by the decrease in creatinine clearance as well as
by the increase in urinary excretion of protein and NAG
(Table 3). In spite of this renal damage, MDA and protein
carbonyl content levels in kidney remained unchanged
compared to l-serine treated rats (Table 3) and renal
HO-1 expression was undetectable by western blot sug-
gesting lack of oxidative stress. In good agreement with
the previous data, the administration of SnCl2 was unable
to prevent the increase in BUN and serum creatinine or
the decrease in creatinine clearance induced by d-serine.
In addition, the renal activity of SOD, GPx and GSH-Rx
remained unchanged in these animals (data not shown).

5. Discussion

It has been suggested that d-AAO and oxidative
stress may be involved in d-serine induced nephrotoxic-
ity (Williams and Lock, 2005; Maekawa et al., 2005;
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Fig. 10. Effect of SnCl2 and tin mesoporphyrin (SnMP) on renal HO-1 expression evaluated by immunohistochemical analysis. HO-1 was expressed
copiously in the groups injected with SnCl2 in proximal tubules whereas the immunostaining was weak in the d-serine group. The doses of reagents
and time of study are given in the legend to Fig. 8. Pictures are representative (n ≥ 6 slides), panel represents 400× magnification.

Silbernagl et al., 1997). H2O2 is produced during d-
serine metabolism by the enzyme d-AAO and this ROS
may be a source of the highly reactive hydroxyl radicals.
This fact and the protective role of GSH observed in
this experimental model (Silbernagl et al., 1997) sup-
port the role of oxidative stress in d-serine-induced
nephrotoxicity as has been shown in several models of

Table 3
Effect of a higher dose of d-serine (800 mg/kg) on renal injury markers
in rats with d-serine induced nephrotoxicity

l-Serine
(800 mg/ml)

d-Serine
(800 mg/ml)

Blood urea nitrogen (mg/dl) 20.41 ± 1.71 68.56 ± 7.3*

Serum creatinine (mg/dl) 0.33 ± 0.05 2.47 ± 0.31*

Urinary total protein
excretion (mg/24 h)

9.63 ± 4.43 49.7 ± 15.35*

Urinary NAG excretion
(U/24 h)

0.082 ± 0.04 1.59 ± 0.8*

Creatinine clearance (ml/min) 0.74 ± 0.19 0.08 ± 0.01*

Renal MDA content
(nmol/mg protein)

1.17 ± 0.26 1.01 ± 0.32

Renal protein carbonyl
content
(nmol DNPH/mg protein)

3.15 ± 0.6 3.32 ± 0.51

Data are mean ± S.E.M. *p < 0.001 vs. l-serine. n = 6 for each group.
*p < 0.001 vs. l-serine.

nephrotoxicity including those produced by K2Cr2O7
(Barrera et al., 2003), maleate (Pedraza-Chaverri et al.,
2006), and ischemia and reperfusion, cisplatin, gentam-
icin, lipopolysaccharide, myoglobin, and cyclosporine A
(reviewed by Ueda et al., 2001).

Based on the above data, we measured an array of
oxidative stress markers in d-serine injected rats includ-
ing HO-1 expression, because this enzyme has been used
as an oxidative stress marker in other models of renal
damage including those induced by maleate (Pedraza-
Chaverri et al., 2006), cyclosporine A (Galletti et al.,
2005), and cisplatin, glycerol, ischemia and reperfu-
sion, HgCl2, and in acute inflammatory nephropathies
(reviewed by Kanakiriya and Nath, 2001).

The nephrotoxicity induced by d-serine injection was
made evident by established markers of renal injury
including BUN, serum creatinine, KIM-1 mRNA levels,
and urinary excretion of total protein and NAG. Serum
creatinine and BUN increased significantly 15 and 20 h
after d-serine injection. In addition, renal KIM-1 mRNA
levels increased 6 h after d-serine injection confirming
that KIM-1 is an early biomarker of nephrotoxicity as
has been postulated previously (Vaidya et al., 2006).
The increase in the urinary excretion of total protein and
NAG at 24 h and the tubular necrosis observed by histo-
logical studies confirmed additionally the nephrotoxicity
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induced by d-serine in our experimental conditions. In
spite of this renal damage we were unable to observe
an increase in the oxidative stress markers in the kidney
of rats treated with d-serine. ROS formation and MDA,
and protein carbonyl levels were not altered significantly
and 4-HNE was undetected by immunostaining in this
experimental model. The lack of 4-HNE immunostain-
ing at the kidney cortex, the renal site of d-serine induced
toxicity, is consistent with the MDA data obtained in
the whole kidney. Furthermore, fluorescent products of
lipid peroxidation decreased after d-serine injection; at
present, it is unclear why this marker decreased in d-
serine injected rats. We are tempting to speculate that
d-serine may be interfering with this determination. It
was found a decrease in the content of GSH and GSH-
eq, but this was a transient effect observed only on 9 and
12 h. Taken into account the lack of evidence of oxida-
tive stress with the majority of the markers measured
we can not reach the conclusion that oxidative stress is
involved in d-serine induced nephrotoxicity. Additional
studies are required to study GSH metabolism in this
experimental model.

Interestingly, it has been observed that the renal
lesions induced by d-serine are unusual. Ganote et al.
(1974) observed that mitochondria from kidneys of d-
serine treated animals retain their pycnotic configuration
long after the cell is necrotic, rather than swelling and
accumulating calcium, or developing amorphous densi-
ties in the matrix as occurs in most other forms of cellular
injury. They also found that the condensed mitochon-
dria do not show dilation of the intracristal spaces. The
above observations suggest that the effect of d-serine on
mitochondria is different from other renal toxins which
may be involved, at least in part, in the lack of oxida-
tive damage observed in our experimental model. In
addition, it is possible that the a-ketoacid produced by
the action of the enzyme d-AAO on d-serine (hydrox-
ypyruvate) (Williams et al., 2005) may have H2O2 scav-
enging activity which prevents that oxidative stress be
evident. Hydroxypyruvate is structurally related to pyru-
vate which is a known H2O2 scavenger (Salahudeen et
al., 1991). However, more studies are required to address
more precisely this point.

Western blot analysis performed with samples
obtained from the whole kidney revealed that HO-1
expression was not induced; the immunohistochemical
studies were consistent since revealed only a very weak
and/or localized HO-1 immunostaining. This protein has
been considered as a marker of oxidative stress in sev-
eral experimental models (Zarkovic, 2003; Calabrese
et al., 2005; Miwa et al., 2004; Schipper et al., 1998;
Browne et al., 1999). In a previous study (Barrera et

al., 2003) we found only a discrete increase in HO-1
expression in association with oxidative stress in rats
with K2Cr2O7-induced nephrotoxicity. The lack of func-
tional role of HO-1 protein in d-serine treated rats was
obtained by the pharmacological manipulation of HO-1
expression and HO activity. Western blot and immuno-
histochemical analyses revealed that HO-1 was copi-
ously expressed by the pretreatment with SnCl2. Neither
HO-1 induction nor HO inhibition was able to mod-
ify d-serine induced nephrotoxicity. The manipulation
of HO-1 expression/activity has a profound effect on
the development of damage induced by oxidative stress
(Barrera et al., 2003; Kanakiriya and Nath, 2001; Nath,
2006; Pedraza-Chaverri et al., 2006). These data strongly
argue against a role of oxidative damage in d-serine
induced nephrotoxicity.

It was observed that pretreatment with SnCl2
increased significantly BUN values in d-serine + SnCl2
and d-serine + SnCl2 + SnMP groups compared to l-
serine treated groups suggesting an exacerbation of renal
dysfunction. However, we were unable to see this exac-
erbation with the other markers of renal injury (serum
creatinine, creatinine clearance, and urinary excretion of
total protein and NAG). Taking all the renal function data
as a whole, we could conclude that SnCl2 does not exac-
erbate the renal dysfunction observed in d-serine-treated
animals. The effect observed on BUN could probably be
related to a direct effect of SnCl2 on nitrogen metabolism
but not to changes in HO-1 expression (the exacerba-
tion was also observed in the d-serine + SnCl2 + SnMP
group).

It is known that SnCl2 injection decreases CYP450
content which is secondary to the increase in HO activ-
ity (da Silva et al., 2001). Taking into account that
SnCl2 injection was without effect on d-serine induced
nephrotoxicity; our data may suggest that CYP450 is not
involved in d-serine induced nephrotoxicity.

We also used an array of compounds with antioxidant
or prooxidant properties. It has been shown that PBN
(Pedraza-Chaverri et al., 1992) and FeTPPs (Chirino
et al., 2004) are able to reduce the damage associated
with oxidative/nitrosative stress in renal ischemia and
reperfusion and cisplatin nephrotoxicity, respectively. In
contrast, it has been shown that the administration of
ATZ enhances the renal oxidative damage induced by
puromycin aminonucleoside (Pedraza-Chaverri et al.,
1999). These compounds were unable to protect or
enhance the renal damage in our experimental model,
which strongly suggests that oxidative stress in not
involved in the development of this damage. We also
found that the activity of several antioxidant enzymes
including CAT, SOD, GPx, and GSH-Rx and the renal
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content of CAT, Mn-SOD, and Cu/Zn–SOD remained
unchanged in d-serine treated rats. This suggests that
there is no deficiency in the renal antioxidant enzymes,
which is consistent with the majority of oxidative stress
markers obtained in the present work.

In conclusion, the results in this work taken as a
whole suggest that oxidative stress is not involved in
d-serine-induced nephrotoxicity, at least in our experi-
mental conditions. To further explore the mechanisms
by which d-serine induces nephrotoxicity, the potential
role of cytokines and chemokines, altered eicosanoid
metabolism, and the disbalance between vasoconstrictor
(e.g. endothelin-1, thromboxane A2, platelet activating
factor) and vasodilator (e.g. prostacyclin) factors deserve
to be considered.
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(Abstract).

Silbernagl, S., Volker, K., Dantzler, W.H., 1999. d-Serine is reabsorbed
in rat renal pars recta. Am. J. Physiol. 276, F857–F863.

Tsai, G., Yang, P., Chung, L., Lange, N., Coyle, J., 1998. d-Serine
added to antipsychotics for the treatment of schizophrenia. Biol.
Psychiatry 44, 1081–1089.

Tuominen, H., Tiihonen, J., Wahlbeck, K., 2006. Glutamatergic drugs
for schizophrenia. Cochrane Database Syst. Rev. 2, CD003730.

Ueda, N., Mayeux, P.R., Baliga, R., Shah, S.V., 2001. Oxidant mecha-
nisms in acute renal failure. In: Molitoris, B.A., Finn, W.F. (Eds.),
Acute Renal Failure. W.B. Saunders Co., Philadelphia, pp. 60–
77.

Vaidya, V.S., Ramirez, V., Ichimura, T., Bobadilla, N.A., Bonventre,
J.V., 2006. Urinary kidney injury molecule-1: a sensitive quantita-
tive biomarker for early detection of kidney tubular injury. Am. J.
Physiol. Renal Physiol. 290, F517–F529.

Wang, W.P., Guo, X., Koo, M.W., Wong, B.C., Lam, S.K., Ye, Y.N.,
Cho, C.H., 2001. Protective role of heme oxygenase-1 on trini-
trobenzene sulfonic acid-induced colitis in rats. Am. J. Physiol.
Gastrointest. Liver Physiol. 281, G586–G594.

Williams, R.E., Lock, E.A., 2004. d-Serine-induced nephrotoxicity:
possible interaction with tyrosine metabolism. Toxicology 201,
231–238.

Williams, R.E., Lock, E.A., 2005. Sodium benzoate attenuates d-serine
induced nephrotoxicity in the rat. Toxicology 207, 35–48.

Williams, R.E., Major, H., Lock, E.A., Lenz, E.M., Wilson, I.D.,
2005. d-Serine-induced nephrotoxicity: a HPLC-TOF/MS-based
metabonomics approach. Toxicology 207, 179–190.

Woo, J., Treuting, J.J., Cannon, D.C., 1979. Metabolic intermediates
and inorganic ions. In: Henry, J.B. (Ed.), Clinical Diagnosis and
Management by Laboratory Methods. Saunders Company.

Zarkovic, K., 2003. 4-hydroxynonenal and neurodegenerative dis-
eases. Mol. Aspects Med. 24, 293–303.

Neevia docConverter 5.1



For Peer Review

 
 
 

 
 

 
 

RenaStick: A Rapid Urine Test for Early Detection of Kidney 

Injury. 
 
 

Journal: Journal of the American Society of Nephrology 

Manuscript ID: JASN-2008-12-1300 

Manuscript Type: Original Article - Basic Research 

Date Submitted by the 
Author: 

24-Dec-2008 

Complete List of Authors: Vaidya, Vishal; Harvard Medical School, Renal Division 
Ford, Glen; BioAssay Works, L.L.C 
Waikar, Sushrut; Brigham and Women's Hospital, Renal Division 
Wang, Yizhuo; Brigham and Women's Hospital, Renal Division 
Clement, Matthew; Brigham and Women's Hospital, Renal Division 
Ramirez, Victoria; Instituto de Investigaciones Biomédicas and 
Instituto Nacional de Ciencias Médicas y Nutrición Salvador 
Zubiránde México, Molecular Physiology Unit 
Glaab, Warren; Merck Research Laboratories, Safety Assessment 
Troth, Sean; Merck Research Laboratories, Safety Assessment 
Sistare, Frank; Merck Research Laboratories, Safety Assessment 
Prozialeck, Walter; Midwestern University, Department of 
Pharmacology 
Edwards, Joshua; Midwestern University, Department of 
Pharmacology 
Bobadilla, Norma A; Instituto de Investigaciones Biomédicas and 
Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, 
Molecular Physiology Unit 
Mefferd, Stephen; BioAssay Works, L.L.C 
Bonventre, Joseph; Brigham and Womens Hospital, Renal Division; 
Brigham and Women's Hospital, Renal Division 

Keywords: acute renal failure, drug nephrotoxicity, kidney 

  
 
 

 

ScholarOne support: (434)817 2040 ext.167

Journal of the American Society of NEPHROLOGY

Neevia docConverter 5.1



For Peer Review

 

1 

RenaStick: A Rapid Urine Test for Early Detection of Kidney Injury. 

Vishal S. Vaidya1¶, Glen Ford2, Sushrut S. Waikar1, Yizhuo Wang1, Matthew Clement1, Victoria 

Ramirez3, Warren E. Glaab4, Sean P. Troth4, Frank D. Sistare4, Walter C. Prozialeck5, Joshua 

R. Edwards5, Norma A. Bobadilla3, Stephen Mefferd2, and Joseph V. Bonventre1. 

  

1Renal Division, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical 

School, Boston, MA 02115; 2BioAssay Works, L.L.C., Ijamsville, MD 21754; 3Molecular 

Physiology Unit, Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de 

México and Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, Mexico City, 

Mexico; 4Merck Research Laboratories, Safety Assessment, West Point, PA, 19486; 

5Department of Pharmacology, Midwestern University, Downers Grove, IL, 60515.  

 

Running Title: RenaStick to Detect Kidney Injury 

Abstract: 193 words 

Text: 1492 words 

 

¶Correspondence may be addressed to:  

Vishal S. Vaidya, PhD, Brigham and Women’s Hospital, Harvard Medical School, Harvard 

Institutes of Medicine, Renal Division, Rm 550, 4 Blackfan circle, Boston, MA 02115. Tel: 617-

525-5974. Fax: 617-525-5965. E-Mail: vvaidya@partners.org 

 

  

 

Page 1 of 29

ScholarOne support: (434)817 2040 ext.167

Journal of the American Society of NEPHROLOGY

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60Neevia docConverter 5.1

mailto:vvaidya@partners.org


For Peer Review

 

2 

ABSTRACT 

Kidney injury molecule-1 (Kim-1) is the first marker of kidney injury deemed qualified by the 

FDA and EMEA to monitor drug-induced kidney injury in preclinical studies and on a case-by-

case basis in clinical trials. We report development and evaluation of a rapid direct lateral flow 

immunochromatographic assay that detects urinary Kim-1 within 15 minutes. The intensity of the 

Kim-1 band in rat RenaStick correlated very well with the levels of Kim-1 as measured by 

microbead-based assay (r2 = 0.91; p<0.0001), histopathological damage and renal Kim-1 

immunostaining in dose and time dependent manner following kidney injury induced by 

Cadmium, Gentamicin or 20 min bilateral renal ischemia/reperfusion. In humans, median urinary 

KIM-1 band intensity was significantly higher in patients with acute kidney injury (AKI) than in 

healthy volunteers (p<0.05). RenaStick also enabled temporal evaluation of kidney injury and 

recovery in patients who developed postoperative AKI following a cytoreductive surgery with 

intraoperative local cisplatin administration for malignant mesothelioma. In summary, RenaStick 

allows sensitive detection of Kim-1 thereby serving as a convenient, quick and clear ‘yes or no’ 

diagnostic assay for kidney damage to facilitate rapid and early detection of kidney injury in 

preclinical and clinical studies. 
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It is estimated that by 2015, more than 700,000 individuals in the United States will have end 

stage renal disease (ESRD) and more than 107,000 ESRD related deaths will occur annually(4). 

Acute Kidney injury (AKI) is an important risk factor for progression to ESRD(11) and therefore 

early detection of AKI prior to significant loss of kidney function would permit more timely 

diagnosis of AKI, prediction of injury severity, and safety assessment during drug development. 

Current metrics such as serum creatinine (SCr) and blood urea nitrogen (BUN) lack the 

sensitivity and/or specificity to adequately detect kidney damage(3, 11, 12). Recently, the 

Critical Path Institute’s Preventive Safety Testing Consortium (PSTC) identified kidney injury 

molecule-1 (Kim-1 or KIM-1 in humans) as an early diagnostic biomarker for monitoring acute 

kidney tubular toxicity in preclinical studies and the FDA and EMEA encouraged its use for 

safety monitoring on a case-by-case basis in clinical trials 

(http://www.fda.gov/bbs/topics/NEWS/2008/NEW01850.html). In a multi-site preclinical rat 

toxicology study involving 17 studies, we showed that urinary Kim-1 not only outperformed the 

conventional markers such as BUN, serum creatinine (SCr) and urinary NAG for assessing 

renal injury, but did so achieving an ROC-AUC of 0.91 to 0.99, the highest performing biomarker 

of all those we have examined to date(13). Urinary Kim-1 has been shown to be a sensitive and 

early diagnostic indicator of renal injury in a variety of acute and chronic kidney injury models (8, 

14, 18, 6, 9, 16). Human studies have confirmed the promise of KIM-1 for the diagnosis and 

prediction of outcome of AKI(5, 7, 15, 17).  

Urinary Kim-1 measurements have been performed using microsphere-based Luminex 

xMAP technology(13, 15) that requires 3-4 hours of assay time and is dependent on a large 

analyzer(2). The objective of this study was to develop and evaluate a greater ease-of-use 

direct lateral flow immunochromatographic assay (LFIA) that has visual read out and is 
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sensitive, specific and high throughput thereby allowing rapid (within minutes) point of care 

detection of urinary Kim-1 in rats and humans. 

 

Development and evaluation of rat and human RenaStick.  

 Colloidal gold nanoparticles were coated with previously tested mouse monoclonal anti-Kim-

1 antibody against rat Kim-1 ectodomain or rabbit polyclonal antibody against human KIM-1 (13-

15). When the sample containing Kim-1 is added to the sample well, the colloidal sphere 

complex bound to Kim-1 rapidly migrates by capillary action through a nitrocellulose membrane 

to a test-line that is coated with another epitopically distinct antibody against Kim-1. The 

presence of detectable levels of the Kim-1 in the test sample results in the formation of a dark 

red test-line within minutes as the gold spheres containing Kim-1 are deposited on the test line 

(Supplementary Fig. 1a). The assay range was found to be linear from 1 ng/ml to 20 ng/ml (n=4) 

(Supplementary Figures 1b-c and 2a-b). The lower limit of detection was 0.5 ng/ml for rat 

RenaStick and 0.8 ng/ml for human RenaStick (n=4). The analytical recovery for rat and human 

Kim-1 was within the acceptable range from 78 % to 108 % for 5 ng/ml (Supplementary Figures 

1 d and 2c) and 75 % to 106 % for 1 ng/ml (data not shown).  

 

Evaluation of rat RenaStick in preclinical models of kidney injury. 

We evaluated whether Cadmium (Cd) induced nephrotoxicity can be sensitively detected by 

RenaStick.  Cadmium is a widely disseminated industrial and environmental pollutant with the 

kidney as the primary target of toxicity following chronic low levels of exposure(9). In control rats 

urine Kim-1 levels were undetectable (Fig. 1a), consistent with the results of the microbead 

based assay (Supplementary Table 1), and consistent with the absence of histological damage 

(Fig. 1f) and lack of kidney Kim-1 protein expression (Fig. 1j). Kim-1 was detected after 0.6 
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mg/kg (Fig. 1b) of Cd administration for 5 days/week for 4 weeks with a further increase seen 

following 1.2 mg/kg (Fig. 1 c & e) and following 2.4 mg Cd/kg (Fig. 1 d & e). The intensity of the 

Kim-1 band correlated very well with the levels of Kim-1 as measured by microbead-based 

assay (Supplementary Table 1a), histopathological damage (Fig. 1 g-i) and renal Kim-1 

immunostaining (Fig.  1 k-m). Even the individual variability among the four rats in the same 

group was clearly distinguished by the RenaStick band intensities and correlated with the 

microbead assay, demonstrating the sensitivity of the RenaStick.    

Gentamicin is an important antibiotic with nephrotoxic side effects in humans(1). Gentamicin 

administration for 9 days resulted in a distinct dose dependent increase in the rat urinary Kim-1 

band intensity paralleling the Kim-1 values measured using the microbead-based method (Fig. 2 

a-c, Supplementary Table 1b). The conventional markers of kidney injury, BUN and SCr, were 

elevated significantly only following the 120 mg/kg/day dose (Fig. 2 e & f) when significant 

tubular degeneration and necrosis was observed histologically (Fig. 2i). Mild histological 

damage, as defined by single cell necrosis, dilation of tubules and basophilia was evident in the 

40 mg/kg/day group (Fig. 2h). This milder injury was sensitively detected by the RenaStick 

assay for urinary Kim-1 (Fig. 2 b & d, Supplementary Table 1b).  

Ischemia/reperfusion (I/R) results in acute kidney injury showed that 9 hours after 20 min of 

bilateral I/R (Fig. 3 c & i, Supplementary Table 1c) there was ~ 4-fold increase in Kim-1 by the 

RenaStick assay as compared to sham. Kim-1 levels peaked at 24 h (Fig. 3 e & i) and returned 

to levels persistently above baseline at 96 and 120 h after reperfusion (Fig. 3 g & h, 

supplementary Table 1c). This time course correlated with histological changes of the kidney 

marked by single cell necrosis and sloughing of cells in tubules at 9 h (Fig. 3k) followed by 

proximal tubular necrosis with associated inflammation and cast formation at 18 and 24 h (Fig. 

3l) and subsequently regeneration and restoration of damaged epithelium at 120 h (Fig. 3m). 
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The amount of Kim-1 urinary excretion detected by RenaStick correlated well with Kim-1 protein 

expression in the kidney (Fig. 3 o-q). 

 

Evaluation of human RenaStick in patients with or without various forms of acute kidney injury 

(AKI).  

We tested the ability of RenaStick to identify human KIM-1 in samples from patients with 

and without AKI. Supplementary Table 2 shows the results of KIM-1 quantification using a 

microbead based assay, and Figures 4a-c show the corresponding results using RenaStick. 

Median urinary KIM-1 band intensity was significantly higher in AKI patients than in healthy 

volunteers (p<0.05). The quantification between RenaStick and the microbead-based assay was 

comparable, with a Pearson correlation coefficient of 0.88 (p < 0.0001) (data not shown). 

Supplementary Table 3 and Figure 4 d-f show how Renastick performs on serially collected 

urine from two patients who developed postoperative AKI following a cytoreductive surgery with 

intraoperative local cisplatin administration for malignant mesothelioma. In each patient, 

preoperative and 6h samples were negative according to RenaStick, and also measured below 

800 pg/ml on the microbead based assay. At 24h, peak KIM-1 levels were identified by both 

techniques, with decreasing values at subsequent time points. 

 

The opportunity to use the same marker for both the preclinical and clinical setting facilitates 

clinical monitoring of toxicity that has been demonstrated at higher doses in preclinical 

development or in a single test species and human relevance is suspect. Rat RenaStick 

sensitively detects 2-3 fold increases in urinary Kim-1, which have been shown to exceed the 

threshold defining early and mild reversible kidney tubular injury by histopathology(13). Human 

RenaStick sensitively detects KIM-1 levels exceeding 800 pg/ml, which we showed to be an 
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optimal cutoff (75% sensitivity, 89% specificity) in a cross sectional study of patients with and 

without AKI(15). Levels measured by a microbead based assay were found to be comparable to 

levels using rat RenaStick (r2=0.91) and human renaStick (r2=0.88) (p < 0.0001), suggesting 

that RenaStick can replace the more cumbersome and time intensive ELISA based systems for 

quantification of KIM-1. Our results from two patients undergoing surgery demonstrate the 

clinical applicability of RenaStick: levels of KIM-1 were undetectable before and 6h surgery, and 

became detectable (> 800 pg/ml) at 24h when they peaked and declined thereafter. Since 

urinary KIM-1 levels are undetectable in rats or humans without any proximal tubular damage 

the RenaStick serves as a convenient, quick and clear ‘yes or no’ diagnostic assay for kidney 

damage.  

One limitation of RenaStick is the quantification of absolute values of KIM-1. Because of the 

kidney’s ability to dilute and concentrate the urine, levels of biomarkers are often expressed as a 

ratio to the urinary concentration of creatinine, which accounts for variations in urinary flow rate. 

Creatinine dipsticks are available, and could be used alongside KIM-1 to aid interpretation.  

In summary, we report the development of first point of care diagnostic dipstick assay for the 

first kidney toxicity biomarker qualified by the FDA and EMEA. A point of care device for 

detection of Kim-1 in urine should facilitate predictive safety assessment in precinical studies 

and evolution of clinical trial safety monitoring with respect to kidney injury(10) and aid in 

development of effective preventative strategies.  
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CONCISE METHODS 

Animals.  

 All animals were maintained in respective central animal facility over wood chips free of any 

known chemical contaminants under conditions of 21 ± 1°C and 50-80% relative humidity at all 

times in an alternating 12 h light-dark cycle.  Rats were fed with commercial rodent chow 

(Teklad rodent diet # 7012), given water ad lib, and were acclimated for 1-week prior to use. All 

animal maintenance and treatment protocols were in compliance with the Guide for Care and 

Use of Laboratory animals as adopted and promulgated by the National Institutes of Health and 

were approved by respective Institutional Animal Care and Use Committees (IACUC). 

 
Experimental design for rat RenaStick evaluation. 

 Cadmium-induced kidney toxicity model: Male Sprague Dawley rats (n=4/group) weighing 

275-300 g were maintained in individual plastic cages received varying doses of CdCl2 (Cd dose 

of 0.6, 1.2, or 2.4 mg/kg/5 days per week for 4 weeks) subcutaneously as previously 

reported(9). Control group animals (n=4) received daily injections of the saline vehicle alone.  

 Gentamicin-induced kidney toxicity study: Male Sprague Dawley rats (265-316 g) received a 

daily intraperitoneal (ip) injection of either vehicle (0.9% sodium chloride) or 40 or 120 

mg/kg/day gentamicin sulfate (n=5 rats/dose group) for 9 days and were necropsied on day 10.    

 Renal Ischemia-reperfusion studies: Fifty-six male Wistar (W) rats weighing approximately 

270-300 g were anesthetized with an intraperitoneal injection of pentobarbital sodium (30 

mg/kg) and placed on a homeothermic table to maintain core body temperature at 37°C, by 

means of a rectal probe attached to a temperature regulator which was in turn attached to a 

homeothermic blanket.  A midline laparotomy was made, renal pedicles were isolated, and 

bilateral renal ischemia was induced by clamping the renal pedicles for 0 or 20 min as described 

previously(14). Occlusion was verified visually by change in the color of the kidneys to a paler 

Page 8 of 29

ScholarOne support: (434)817 2040 ext.167

Journal of the American Society of NEPHROLOGY

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60Neevia docConverter 5.1



For Peer Review

 

9 

shade and reperfusion by a blush. Reperfusion commenced when the clips were removed. The 

rats were divided in groups of eight rats each after 9, 18, 24, 72, 96 and 120 h of reperfusion. A 

group of 4 rats underwent sham surgery and served as controls. Rats (n=4) per group were 

immediately placed in metabolic cages at 22°C. Individual urine samples were collected at 9, 18, 

24, 72, 96 and 120 h after reperfusion for analysis of Kim-1. Another set of rats (n=4) was 

sacrificed by overdose of pentobarbital (200 mg/kg, ip) at 9, 18, 24, 72, 96 and 120 h after 

reperfusion.  

 To confirm the results obtained from RenaStick urinary Kim-1 was measured using 

previously described microbead based assay(13). 

 

Urine Collection.  

 Urine was collected prior to necropsy (18 hr +/- 2 hr collection period) and the rats were 

placed in standard metabolic cages and fasted prior to collection.  Urine samples were collected 

from individual animals into containers surrounded by dry ice and were stored at -80°C until 

thawing for urinalysis.  After the initial thawing at 22°C, samples were placed on wet ice and 

volume measurement was performed (precipitates were allowed to settle by gravity and were 

discarded).  Typically, 2.5 ml urine samples were used for routine clinical chemistry urinalysis 

(Roche Modular Analyzer): manual specific gravity, pH, protein, glucose, creatinine, occult 

blood, creatinine, and ketones were measured. For the remaining urine volumes, small aliquots 

were made and stored at -80°C until biomarker analysis to avoid repeated freeze-thaw cycles.   

 

Blood Collection & Clinical Chemistry.  

 Rats were fasted overnight prior to necropsy and bled from the vena cava with 2 ml collected 

into a serum separator tube and centrifuged 1,500 X g for 10 min at 4°C. An additional 2 ml of 
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collected blood was placed into an EDTA collection tube and centrifuged 900 X g for 15 min at 

4°C to isolate plasma.  Isolated plasma and serum samples were stored at -80°C until use. 

Blood urea nitrogen (BUN) (mg/dL) and creatinine were measured using a standard clinical 

chemistry analyzer (Roche-Modular).  

 

Histopathology.  

 At necropsy, tissues were collected from Cadmium or Gentamicin treated rats for histology 

soon after the last blood collection and exsanguination.  Both kidneys (5 mm section including 

the papilla, cortex, and medulla) were isolated from each animal and placed in 10% neutral 

buffered formalin (NBF). In renal I/R study one kidney was perfused via the left ventricle with 

phosphate-buffered saline and then with 4 % paraformaldehyde lysine periodate (PLP) for 

10 min for histology. Tissues were fixed for a minimum of 24 hr, processed and embedded in 

paraffin.  Embedded tissues were cut into 4-6 micron sections and stained with hematoxylin and 

eosin (H&E).  Tissues from control and treated animals were examined microscopically using a 

light microscope.  

 

Immunohistochemical or Immmunofluorescence visualization of Kim-1.  

 For immunohistochemistry paraformaldehyde lysine periodate-fixed tissue sections (in 

ischemia/reperfusion injury study), (5µm) were deparaffinized in xylene, rehydrated with a series 

of alcohol washes and then incubated for 20 min at 95°C in a citrate buffer solution (Zymed 

Laboratories, #00-5000, South San Francisco, CA). The samples were then processed for 

visualization of Kim-1 using a monoclonal anti-rat Kim-1 antibody (MARKE-2) and the same 

labeling protocol for paraffin embedded tissue samples as described previously(14). For 

immunofluorescence staining of Kim-1 in Cadmium study sections in were thawed, washed with 
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PBS, fixed in -200C methnol, and blocked in 1.5% normal goat serum in PBS (blocking solution) 

for 30 min. Sections were then incubated for 1 h with monoclonal anti-rat Kim-1 antibody 

(MARKE-2) (5 µg/ml) diluted in the blocking solution. The sections were washed with PBS and 

incubated with anti-mouse FITC conjugated (1:75 dilution, Pierce) in PBS for 30 min. At the final 

step, sections were washed with PBS and mounted with Vector Shield mounting reagent 

(Vector) containing 12.5 µg/ml DAPI to identify nuclei. As a negative control, the same 

concentration of mouse IgG (5 µg/ml) was used for the primary antibody. 

 

Selection of participants and urine sample collection.   

 Urine samples from patients with and without elevated urinary KIM-1 levels (1000 pg/ml) 

were obtained from our cross sectional study on urinary biomarkers of AKI(15). Urine samples 

had been kept frozen at -80C and then thawed for quantitation by RenaStick and repeat 

measurement of KIM-1 as previously described(15). Patients without elevated urinary KIM-1 

levels were healthy volunteers (N = 9) and critically ill patients with no clinical evidence of AKI 

(N = 3). Patients with elevated urinary KIM-1 levels had acute tubular necrosis (N = 7) and 

recent cardiac catheterization (N = 3); two patients had no other identifiable clinical evidence of 

acute kidney injury. 

 Serial pre- and post-operative urine samples were obtained from two patients with 

postoperative AKI from cytoreductive surgery with intraoperative local cisplatin administration for 

malignant mesothelioma. Urine samples were obtained pre-operatively, 6h postoperatively, and 

then every day for up to five days.  The Institutional Review Board approved the protocols for 

recruitment and sample collection. 

 Urine was collected from spontaneous voids or from indwelling Foley catheters. Urine 

dipstick analysis was performed (Multistix 8 SG, Bayer Corporation), followed by centrifugation 
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and microscopic examination of the urine sediment (Olympus microscope). The urine 

supernatant was aliquoted into 1.8 ml eppendorf tubes and frozen within 2 hours of collection at 

-80 0C. At the time of assay samples were thawed, vortexed, and centrifuged at 14,000 rpm at 4 

0C and supernatant was pipetted for KIM-1 measurement. 

 

Development and Evaluation of direct lateral flow immunochromatographic assay for 

measurement of Kim-1. 

 Coupling of gold nanoparticles to Kim-1 capture antibodies: Forty nm gold nanoparticles 

obtained from BioAssay Works were coated with mouse monoclonal anti Kim-1 antibody 

(MARKE-1)(14) or rabbit polyclonal antibody against human KIM-1(15) by adjusting the pH of 

the gold particles with a bicarbonate buffer to slightly above the isoelectric point of the Kim-1 

antibody.  Approximately two hundred (200) molecules of antibody were coated onto each gold 

sphere, blocked with BSA and sprayed on polyester ribbon. The ribbon was air-dried at 37°C for 

two hours and stored in a desiccated chamber. BioAssay Works’ nitrocellulose membrane was 

striped with a 2 mg/ml solution of another epitopically distinct anti Kim-1 antibody at a rate of 1 

µl per square cm.  A control line of goat anti-mouse for rat RenaStick and anti-rabbit for human 

RenaStick was also striped down at the same rate. The striped down membrane and air-dried 

ribbon were assembled in overlapping fashion on a plastic laminate (see Supplementary Figure 

1a). Strips were cut 4 mm-wide and placed in plastic immunochromatographic housing.  

 Evaluation of the assay:  Positive and negative Kim-1 urine samples were diluted two-fold in 

a TRIS-buffered saline solution and 150 µL of the mixture was added to the sample well of the 

immunochromatographic housing. Results were read within fifteen minutes.  Kim-1 antigen 

detection levels in urine starting at 500 pg/ml were realized with a dose-response covering a 

three-log range. The inter assay variability was determined by adding diseased urine samples 
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containing low (1.3 ng/ml), medium (8.6 ng/ml) and high (19 ng/ml) levels of Kim-1 to nine 

RenaSticks (n=3 each) was less than 10 % (data not shown).  

  

Quantitation of Kim-1 band intensities. 

 The strips were read using a CAMAG Thin Layer Chromatography (TLC) 3 Scanner, 

CAMAG Scientific Inc., Wilmington, NC.  The CAMAG scanner is designed for densitometric 

measurement of thin-layer chromatograms and other objects up to 200x200mm in size. The 

scanner was set to read at a wavelength of 546 in the light absorption-mode at a scanning 

speed of 5 mm per second.  The scanning produces peaks and the peak height correlates with 

the signal. The band intensity units were represented on Y-axis in the respective injury models 

with respect to either dose or time on X-axis using Prism 4 software, GraphPad Software, Inc. 

La Jolla, CA. Statistical comparison between control and treated was obtained by two tailed 

student t-test and a p value less than 0.05 was assessed as statistically significant. 

Comparisons between quantitated Kim-1 band intensity and log-transofrmed Kim-1 

measurements by the microbead assay were assessed by the Pearson correlation coefficient.
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Figure 1. Urinary Kim-1 measurements using rat RenaStick (a-e), histological damage (f-i) 

and Kim-1 immunostaining (j-m) following cadmium induced kidney injury. Male Sprague 

Dawley rats (n=4/group) were injected subcutaneously with varying doses of CdCl2 (Cd dose of 

0.6, 1.2, or 2.4 mg/kg) or saline 5 days per week for 4 weeks. (a-d) After 4 weeks rats were 

placed in metabolic cages and urine was collected. Seventy microlitres of urine sample from 

each rat was mixed with 70 µl of TRIS-buffered saline solution, added to the RenaStick sample 

well and incubated for 15 minutes. (e) Each RenaStick was scanned using CAMAG TLC 

scanner and the densitometric units obtained were plotted. * Statistically higher than 

control/sham (p<0.05). (f-i) At necropsy samples of both kidneys were isolated from each animal 

and placed in 10% neutral buffered formalin (NBF) for H & E staining and histology assessment. 

(j-m) In addition, non-fixed cryosections of the kidney tissue were processed for the 

immunoflourescent visualization of Kim-1. Representative photomicrographs of H & E stained 

kidney sections and immunostaining for Kim-1 respectively from following groups: (f, j) control, 

(g, k) 0.6 mg Cd/kg, (h, l) 1.2 mg Cd/kg, (i, m) 2.4 mg Cd/kg. All fields were chosen from outer 

renal cortex. Arrows in panels from b-d indicate retraction and sloughing of cells, tubular 

congestion and necrosis. The fluorescent images in panel’s j-m indicate Kim-1 staining in the 

apical membrane of the proximal tubules in similar fields of the outer renal cortex.  

 

Figure 2. Urinary Kim-1 measurements using rat RenaStick (a-d), clinical chemistry (e, f) 

and histological damage (g-i) following gentamicin induced kidney toxicity. Male Sprague 

Dawley rats received Gentamicin sulfate at 0, 40, or 120 mg/kg/day (n=5 rats/dose group) for 9 

days and urine samples were collected on day 10 by keeping rats in metabolic cages. (a-c) 

Urinary Kim-1 was measured from each rat by mixing 70 µl of urine sample with with 70 µl of 

TRIS-buffered saline solution and adding it to the RenaStick sample well. Results were read in 
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15 minutes. (d) Each RenaStick was scanned using CAMAG TLC scanner and the 

densitometric units obtained were plotted. * Represents statistically higher than control (p<0.05). 

On day 10 for animals were necropsied for evaluation of (e) blood urea nitrogen (BUN), (f) 

serum creatinine and (g-i) histomorphologic evaluation of kidneys (H&E staining). All fields were 

chosen from outer stripe of outer medulla (OSOM). Arrows in panel’s g and i indicate sloughing 

of cells, tubular dilation and necrosis. Bar represents 50 µm.  

 

Figure 3. Urinary Kim-1 measurements using rat RenaStick (a-i), kidney histopathology (j-

m) and immunohistochemistry for Kim-1 (n-q) over time following 20 min bilateral renal 

ischemia/reperfusion injury. 

Male Wistar rats were subjected to 0 (sham) or 20 min of bilateral ischemia by clamping the 

renal pedicles for 20 min and then removing the clamps and confirming reperfusion. (a-h) Rats 

were placed in metabolic cages and urine was collected at 6, 9, 18, 24, 72, 96 and 120 h 

following reperfusion. Urinary Kim-1 was measured from each rat by mixing 70 µl of urine 

sample with 70 µl of TRIS-buffered saline solution and adding it to the RenaStick sample well. 

Results were read in 15 minutes. (i) Each RenaStick was scanned using CAMAG TLC scanner 

and the densitometric units obtained were plotted. * Represents statistically higher than sham 

(p<0.05). (j-q) Rats were euthanized at various times and kidney tissue was collected: 

Representative photomicrographs of H & E stained kidney sections and immunohistochemistry 

for Kim-1 respectively from following time points: (j, n) 0 h (sham control); (k, o) 9 h; (i, p) 24 h; 

(m, q) 120 h. All fields were chosen from the outer stripe of outer medulla (OSOM). Arrows in 

panels from k-m indicate sloughing of cells, tubular dilation and necrosis. Panel’s o-q show Kim-

1 staining in the apical membrane of the proximal tubules in the OSOM region. Bar represents 

50 µm.  
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Figure 4. Urinary Kim-1 measurements using human RenaStick in (a-c) cross sectional 

study involving twenty-four patients with or without acute kidney injury and (d-f) 

prospective study in two patients with cisplatin induced kidney toxicity over time.  

 

 

SUPPLEMENTARY FIGURES 

Figure 1. Characteristics of rat RenaStick. (a) Principle of lateral flow 

immunochromatographic assay. (b) Visual concentration dependent decrease in Kim-1 band 

intensity was observed in rat RenaStick. (c) The density of the Kim-1 band was quantitated 

using a CAMAG thin layer chromatography (TLC) scanner and a standard curve was obtained 

by plotting the concentration of recombinant rat Kim-1 protein on the X-axis and corresponding 

densitometric units on the Y-axis. The X-axis is broken in to three segments for better data 

representation. (d) The analytical recovery was determined by adding a known concentration of 

recombinant rat Kim-1 ectodomain (5 ng/ml) into buffer or urine samples from control or treated 

rats (n=3 each). Arrow indicates band corresponding to Kim-1. 

 

Figure 2. Characteristics of human RenaStick. (a) Visual concentration dependent decrease 

in KIM-1 band intensity was observed in human RenaStick. (c) The density of the KIM-1 band 

was quantitated using a CAMAG thin layer chromatography (TLC) scanner and a standard 

curve was obtained by plotting the concentration of recombinant human KIM-1 protein on the X-

axis and corresponding densitometric units on the Y-axis. The X-axis is broken in to two 

segments for better data representation. (d) The analytical recovery was determined by adding 

a known concentration of recombinant human KIM-1 ectodomain (5 ng/ml) into buffer or urine 
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samples from patients with or without kidney injury (n=3 each). Arrow indicates band 

corresponding to KIM-1. 
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SUPPLEMENTARY TABLE 1: Urinary Kim-1 values measured by microbead based xMAP technology in three mechanistically 
different kidney injury models caused by a) Cadmium, b) Gentamicin or c) 20 min bilateral ischemia/reperfusion injury. 
 

a) Cadmium toxicity 
model Control 0.6 mg/kg 1.2 mg/kg 2.4 mg/kg 

183.5 358.7 1351.8 2471.4 

317.8 199 1849.6 3208.9 

192.5 185.2 3402.7 3007.3 
Urinary Kim-1 (pg/ml) 

measured after 4 weeks 

225.3 207.3 1816.6 5127 

     
b) Gentamicin toxicity 

model Control 40 mg/kg/day 120 mg/kg/day 

239.1 611.7 22226.5 

235.5 931.6 19087.9 

232 569 10846.3 

234 569.5 2596.6 

Urinary Kim-1 (pg/ml) 
measured after 10 days 

200.7 851 11930.5 

         

Hours after reperfusion c) Ischemia/Reperfusion 
injury model Sham 

6 9 18 24 72 96 120 

118.9 150.9 769 4212.9 22160.6 5574.9 5057.6 2902.7 

225.3 114.1 709.3 5218.3 46097.8 5610.3 3623.9 1793.3 

140.4 69.8 512.6 8627.2 10311.4 2391.2 5087 2261.5 

Urinary Kim-1 (pg/ml) 
measured at different time 

points following 
reperfusion  

192.5 202.9 1137 9085.7 14209.9 5674.5 4701.2 1320.4 
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SUPPLEMENTARY TABLE 2: Urinary KIM-1 values measured by microbead based xMAP technology in patients with or without 
acute kidney injury. 
 

Healthy Volunteers Acute kidney injury 

Patient 1 265.74 Patient 1 3755.07 

Patient 2 227.09 Patient 2 1152.76 

Patient 3 91.39 Patient 3 11038.52 

Patient 4 172.99 Patient 4 1079.53 

Patient 5 467.87 Patient 5 2313.62 

Patient 6 102.98 Patient 6 5113.29 

Patient 7 179.35 Patient 7 3222.66 

Patient 8 176.46 Patient 8 1319.39 

Patient 9 391.64 Patient 9 1062.23 

Patient 10 249.49 Patient 10 1309.99 

Patient 11 241.02 Patient 11 1492.79 

Patient 12 97.56 Patient 12 13500.26 
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SUPPLEMENTARY TABLE 3: Urinary KIM-1 values measured by microbead based xMAP technology in patients with acute kidney 
injury following cisplatin administration. 
 

Time of urine collection following 
cisplatin administration Patient 1 Patient 2 

Pre-Op 11.58 143.00 

2-8 hours 50.28 100.45 

24 hours 4785.38 7834.17 

48 hours 5365.37 1714.50 

72 hours 1168.11 2381.15 

96 hours -- 2177.99 

120 hours -- 564.58 
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