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RESUMEN

El dafio renal por isquemia-reperfusion (I/R) es la principal causa de lesion
renal aguda en rifiones nativos y trasplantados. Esta enfermedad resulta de una
disminucién en el flujo sanguineo renal con subsecuente reduccién en la llegada de
oxigeno y nutrientes al epitelio tubular renal. A pesar de los avances en la
estrategias preventivas, la LRA continua con alta morbilidad y mortalidad que no se
han modificado en las ultimas cuatro décadas, debido a que se conoce poco sobre
los mecanismos moleculares involucrados y también porque las herramientas
disponibles para establecer un diagnostico temprano de LRA no son Io
suficientemente sensibles y especificas. Aunado a esto, recientemente se ha
reconocido a la LRA como un factor de riesgo para el desarrollo de enfermedad
renal crénica o bien como responsable de acelerar la aparicion de la enfermedad
renal cronica terminal.

El presente proyecto afronté este problema de salud publica desde tres
abordajes: el primero se enfocO a caracterizar si la proteina de choque térmico de
72 kDa (Hsp72) puede servir como biomarcador de LRA en un modelo de dafio renal
por I/R en la rata y en pacientes diagnosticados con LRA,; el segundo se disei6 para
profundizar en el conocimiento sobre el papel que juegan las proteinas de choque
térmico de 90 kDa (Hsp90a y Hsp90p) en la fisiopatologia de la lesion renal aguda
inducida por I/R en la rata; y el tercero se disefi¢ para estudiar los mecanismos por
los cuales un episodio de LRA pueden llevar al desarrollo de la ERC y evaluar si el
tratamiento con espironolactona puede prevenir el desarrollo de la ERC provocada
por un episodio de I/R en la rata.

En la primera parte mostramos que Hsp72 es un biomarcador urinario capaz

de estratificar diferentes grados de dafo renal, ademas de ser un biomarcador



temprano ya que esta proteina se detectd en la orina desde 3 h después de la
induccion de isquemia. Otra caracteristica no menos importante de este biomarcador
fue su capacidad para monitorear la eficacia de una maniobra renoprotectora. En
concordancia con nuestros estudios experimentales, uno o dos dias antes del
diagnostico de LRA en pacientes criticamente enfermos, se observo un incremento
significativo en los niveles urinarios de Hsp72, sugiriendo que efectivamente Hsp72
puede ser un biomarcador temprano de LRA en humanos.

En la segunda parte del proyecto encontramos que la sobre-expresion de
Hsp90a o de Hsp90p tienen el mismo efecto renoprotector al ser transfectadas 48 h
antes de la induccién de la isquemia renal en la rata. El efecto renoprotector se
asoci6 con la preservacion de la sintesis de 6xido nitrico y del estado de fosforilacion
de la serina 1177 de la sintasa de 6xido nitrico endotelial. Ademas demostramos que
la técnica de transfeccion intra-renal es eficiente para que el material genético se
introduzca en las células de la vasculatura y del epitelio tubular.

Finalmente en la tercera parte de este estudio caracterizamos un modelo
experimental de ERC inducida por un periodo de LRA en la rata. Diversos
mecanismos fueron los responsables del desarrollo de ERC, entre ellos se
encuentran: una mayor proliferacidn celular tubular, la activacion de la via de TGF-f,
el desarrollo de fibrosis tubulo-intersticial, mayor estrés oxidante y una mayor
respuesta inflamatoria. Ademas mostramos que el prevenir la LRA con
espironolactona previno el desarrollo de ERC.

Por lo tanto este trabajo contribuye de manera importante al entendimiento de
los mecanismos involucrados en la LRA, a resolver la problematica de establecer un
diagndstico oportuno de LRA y a la prevencion de la ERC inducida por un episodio

de LRA.



.LINTRODUCCION



Los rifiones son dos organos que se localizan detras del peritoneo a cada
lado de la columna vertebral. Se encuentran desde la vértebra toracica numero 12
hasta la tercera vértebra lumbar. Los rifilones llevan a cabo diversas funciones en
nuestro organismo, varias de ellas son indispensables para la vida. Dentro de estas
funciones se encuentran: la regulacion de los equilibrios hidrico y electrolitico, la
excrecion de los deshechos metabdlicos y de sustancias bioactivas que afectan la
funcién corporal, la regulacién de la presion arterial, la produccién de vitamina D y
eritropoyetina y realizar una parte de la gluconeogénesis durante el ayuno
prolongado [1].

La unidad funcional del rifion se conoce como nefrona. Cada rifidn consiste de
800,000 a 1,200,000 nefronas; cada una de ellas es una entidad independiente
hasta el punto en que su tubulo colector se une con los tubulos colectores de otras
nefronas. La nefrona consiste de un componente vascular que es el penacho capilar
o glomérulo en el cual se lleva a cabo el proceso de filtracion (el agua y los solutos
de la sangre dejan el sistema vascular) y un componente de epitelio tubular o tubulo,
en el cual, se llevan a cabo los procesos de reabsorcion y secrecion que formaran la
orina final. El tubulo renal se divide en tubulo proximal, asa de Henle, tubulo distal y
tubulo colector. La mayor parte del filtrado glomerular se reabsorbe en los tubulos
renales. Cada segmento es especifico para diferentes sustancias o iones que se van
a reabsorber [1].

La formacion de orina comienza con la filtracion glomerular (flujo de liquido de
los capilares glomerulares a la capsula de Bowman). Al volumen del filtrado que se
forma por unidad de tiempo se conoce como tasa de filtracion glomerular (TFG).
Tipicamente la funcidn renal se cuantifica mediante la TFG, siendo normal cuando
es alrededor 180 litros/dia 0 125 ml/min en el humano [1] [2].

Los rifiones son los 6rganos que reciben la mayor cantidad de sangre por



gramo de peso. Una forma de expresar el flujo de sangre renal es considerando la
fraccién del gasto cardiaco que pasa por los riflones. Por ejemplo, en un sujeto de
unos 60 kg de peso, el gasto cardiaco es de unos 6 litros/min, de este gasto
cardiaco el rifidn recibe el 21% (1.6 litros/min). Dividiendo este volumen por el peso
de ambos rifiones, se obtiene un flujo de sangre de 420 ml/min/100 gr de tejido, flujo
sustancialmente mayor que el del higado, o del musculo en reposo [1] [2]. Esto
refleja que el rifidn es un organo metabodlicamente muy activo, por lo que las
consecuencias de que la sangre no llegue adecuadamente al rindn pueden ser muy

importantes para la funcidon de este érgano.

LESION RENAL AGUDA

El dafo renal por isquemia/reperfusion (I/R) es la principal causa de lesion
renal aguda en riflones nativos y trasplantados y resulta de una disminucién en el
flujo sanguineo renal con una subsecuente reduccién en la llegada de oxigeno y
nutrientes al epitelio tubular renal [3]. Aunque la reperfusion es esencial para que
sobreviva el tejido isquémico, hay evidencia de que la reperfusién por si misma
causa dafo celular adicional [4]. La lesion renal aguda es un sindrome que se
caracteriza por la pérdida rapida de la funcion renal, dentro de las primeras 48 h que
se produjo el evento isquémico. A pesar de los avances en las estrategias
preventivas, la LRA continua con alta morbilidad y mortalidad que no se han
modificado en las ultimas cuatro décadas [5]. Se conoce que la LRA afecta al 15%
de los pacientes hospitalizados, siendo su incidencia entre el 40 y 60% en los
pacientes en terapia intensiva y alrededor del 40% de estos pacientes fallece por
esta causa. La LRA también es frecuente en los pacientes que son sometidos a
cirugia cardiaca o abdominal, los que presentan shock séptico, hemorragia o

deshidratacion o bien pacientes que son tratados con medicamentos nefrotdxicos o



que reciben medios de contraste [6]. Por lo tanto, la LRA constituye un problema de
salud publica por su frecuencia creciente, su asociacion con graves complicaciones
y altos costos, asi como su elevada mortalidad a corto y a largo plazo. Dos razones
por las que la mortalidad de la LRA no ha sido mejorada de manera sustancial es
porque no se conocen con detalle los mecanismos moleculares involucrados y
porque las herramientas disponibles para establecer un diagnéstico temprano de
LRA no son lo suficientemente sensibles y especificas [5]. En la practica medica
actual, la LRA se diagnostica mediante la deteccion de un incremento en los niveles
de creatinina sérica [7], sin embargo, este parametro no es confiable ya que es un
marcador tardio de dafio renal y esto puede ser claramente explicado por el hecho
de que una cantidad importante del tejido renal puede sufrir dafio sin reflejar
cambios en la concentracion de creatinina sérica y por lo tanto no se observan
cambios en la tasa de filtracion glomerular, por ejemplo, los donadores de rifion
pierden el 50% de la masa renal total sin presentar elevacion en los niveles de
creatinina sérica. Ademas la elevacion de la creatinina en suero ocurre hasta 48 h
después de que la lesion en el tejido renal ha ocurrido [8] [9]. Es importante resaltar
que el inicio temprano del tratamiento contra la LRA mejora de manera sustancial el
pronostico de los pacientes con LRA, por lo que el desarrollo de un biomarcador de
dafio renal temprano y sensible es crucial [10].

Aunado a la falta de biomarcadores sensibles y tempranos para el diagnostico
oportuno de LRA, anteriormente se pensaba que las personas que se recuperaban
de un episodio de LRA, no tenian ninguna consecuencia posterior en la funcion y
estructura renal. Sin embargo, evidencia reciente basada en observaciones
epidemioldgicas en pacientes que sufrieron LRA indican que esto no es asi. Por lo
que, se ha propuesto que la LRA es un factor de riesgo para desarrollar enfermedad

renal cronica, ademas de que puede promover la transicion de ERC a enfermedad



renal cronica terminal, es decir cuando los rifiones practicamente ya no funcionan y
para que el paciente sobreviva debe someterse a terapia sustitutiva (hemodialisis o
dialisis peritoneal) o bien recibir un trasplante de rifidn [11, 12, 13, 14, 15]. También,
se ha descrito que la probabilidad de desarrollar ERC o ERCT es proporcional a la
severidad y a la duraciéon de la LRA [16]. Ademas estudios epidemiologicos
muestran que la incidencia y la prevalencia de la ERC y de la ERCT ha aumentado
considerablemente en las ultimas tres décadas, al igual que los gastos generados en
el cuidado de estos pacientes. En Estados Unidos el programa de ERCT ocupa el
6.7 % del total de los gastos médicos [11]. Tomado todo en consideracion, resulta
indispensable el estudio de los mecanismos por los cuales un episodio de LRA
puede desencadenar y conducir a la afectacion de la funcidn y la estructura renal en
forma progresiva, asi mismo, es de vital importancia encontrar maniobras
farmacoldgicas que eviten la LRA con lo que, se evitara el desarrollo de la ERC y de
la ERCT. A pesar de la gran importancia que tiene la LRA como factor de riesgo
para desarrollar ERC, no se han estudiado a fondo los mecanismos responsables, lo
que ademas permitiria estudiar estrategias farmacoldgicas para reducir o prevenir la

progresion a ERC.

MECANISMOS DE DANO DURANTE LA LESION RENAL AGUDA

Durante el curso de la LRA, una de las regiones afectadas es el endotelio
vascular [4]. En el riidn post-isquémico las pequeinas arteriolas presentan mayor
vasoconstriccion que aquellas de un rindn normal, esto se debe principalmente a un
desbalance en la produccién de factores vasoactivos. Después de la isquemia se
incrementan los niveles de endotelina-1, angiotensina Il, tromboxano A2,
prostaglandinas, leucotrienos, adenosina y de la aldosterona [17, 18, 19, 20].

Ademas, la vasoconstriccion se potencia debido a una reduccion en la producciéon de



oxido nitrico (NO) [21]. Estos efectos son aumentados por un incremento en la
adhesion de leucocitos al endotelio, lo que ocluye a los pequefos vasos y
compromete la microcirculacion vascular renal. Ademas del proceso isquémico, esta
vasoconstriccion propicia aun mas una disminucion en la llegada de oxigeno y
nutrientes al endotelio. El nUmero de vasos en la medula externa disminuye después
de la I/R, fendbmeno conocido como rarefaccion capilar [22]. Este fenbmeno puede
facilitarse debido a la regulacion a la baja de factores pro-angiogénicos como el
factor de crecimiento vascular (VEGF) [23]. La reduccion en el numero de vasos
genera hipoxia crénica que puede conducir al desarrollo de dafio al epitelio tubular y
generacion de fibrosis tubulo-intersticial a largo plazo.

Otro de los factores que contribuye de manera importante en la patogénesis
de la LRA es la activacibn de Ila respuesta inmune. Los neutrdfilos,
monocitos/macrofagos, células dendriticas y células T son importantes actores
durante un fendmeno de isquemia/reperfusion renal [24]. Los neutrofilos se adhieren
al endotelio activado y se acumulan en los rifiones de pacientes con LRA,
particularmente en la red capilar peritubular [25]. Producen proteasas,
mieloperoxidasa, especies reactivas de oxigeno y diferentes citocinas, lo que lleva a
un incremento en la permeabilidad vascular y reduccion en la integridad del epitelio
tubular y de las células endoteliales, agravando asi la lesion renal [26]. A pesar de
que el infiltrado inflamatorio se ha reconocido como deletéreo durante la LRA,
estudios recientes han mostrado que el factor de estimulacioén de colonias-1 (CSF-1)
promueve la proliferacién de los macréfagos y células dendriticas residentes, asi
como, su diferenciacion hacia un fenotipo de macréfagos reparadores de tejido tipo
M2. Sin embargo durante la LRA el endotelio se ve afectado y hay infiltracion de
macrofagos inflamatorios tipo M1 que, en vez de promover la reparacion perpetuan

el dafo por inflamacién [27].
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Uno de los principales sitios donde se presenta muerte celular durante la LRA
es en el epitelio del tubulo proximal, especificamente en el segmento S3 [28]. La
aparicion de cilindros y de células tubulares en la orina es una evidencia de que
existe muerte celular por apoptosis y necrosis acompanada de desprendimiento de
las células tubulares [29]. El proceso de lesion y de reparacion en el epitelio tubular
se esquematiza en la figura 1. La isquemia resulta en pérdida de la polaridad y de la
integridad del citoesqueleto, desaparece el borde en cepillo caracteristico de la
porcidn luminal de las células epiteliales y se des-localizan las moléculas de
adhesion y otras proteinas como la sodio-potasio-ATPasa [30] [31]. Con este tipo de
dafio, tanto células viables como no-viables se desprenden de la membrana basal y
se proyectan hacia la orina. Las células y los restos celulares que se proyectan hacia
la orina se combinan con fibronectina y la uromodulina (proteina Tamm Horsfall)
para formar cilindros que obstruiran el flujo urinario hasta que la presion intra-tubular
se incremente, los cilindros lleguen a la vejiga y se puedan detectar en la orina. En
condiciones donde la LRA no ha sido tan severa, las células viables migran y cubren
la membrana basal. Estas células se dividen y reemplazan a las células que se
desprendieron, se diferencian y restablecen la polaridad normal del epitelio [32] [33]
[34] [35]. Dentro de las proteinas sobre-reguladas en el tubulo proximal y que se han
propuesto como moléculas citoprotectoras contra la LRA estan la hemo-oxigenasa y
las proteinas de choque térmico [36] [37] [38]. Sin embargo, es frecuente que la
reparacion no sea adecuada y esta respuesta mal adaptada puede conducir al
desarrollo de fibrosis crénica [14]. Por lo tanto, la LRA puede llevar a una reparacion
tubular incompleta, inflamacién tubulo-intersticial persistente, proliferacion de

fibroblastos y deposicion de matriz extracelular.
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Figura 1. Dafio tubular y reparacion normal después de la LRA. Después de la I/R, las células
epiteliales pierden su polaridad y el borde en cepillo que las caracteriza. Se presenta muerte celular
por necrosis o apoptosis y desprendimiento de las células de la membrana basal tubular. Las células
viables migran, proliferan y remplazan a las células que se desprendieron, restableciendo asi la
polaridad normal del epitelio. Figura modificada de Bonventre and Yang, 2011 [4].

LAS PROTEINAS DE CHOQUE TERMICO

En situaciones de estrés celular como en la LRA, la sintesis proteica se ve
afectada dando lugar a proteinas mal plegadas o con una conformacién inadecuada,
lo que puede propiciar la formacién de agregados proteicos no funcionales y
comprometer la viabilidad celular. En estas condiciones se activa la transcripcién de
genes que principalmente estan dirigidos hacia proteinas reparadoras conocidas

como proteinas de choque térmico (Hsp), lo que inicia la reparacion proteica y la

12



activacion de vias de sefalizacion que permiten una mejor adaptacion al estado de
estrés en el que se encuentra la célula [39] [40] [41].

La familia de proteinas de choque térmico esta formada por varios genes que
codifican para proteinas con peso molecular que varia desde los 10 hasta los 160
kDa y se han clasificado de acuerdo a su peso molecular en seis subfamilias
conocidas como: las 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 con peso molecular de 18-30kDa [42].
Una de las subfamilias mas abundantes es la de Hsp90 que esta conformada por 5
isoformas: Grp94, Hsp90N, TRAP1, Hsp90a y Hsp908; que se diferencian
basicamente por su localizacion intracelular. Las isoformas citosolicas Hsp90a y
Hsp90p ocupan el 80% de esta subfamilia y conforman del 1 al 2% de la proteina
citosdlica total en la mayoria de las células [43].

Tanto la Hsp90a como la Hsp90p son genes multicopia y se han identificado en
diferentes cromosomas; el gen que codifica para HSP90 alfa esta ubicado en los
cromosomas 1, 3, 4, 11 y 14 con un tamafo de 7393 pb generando un transcrito de
2912 pb que traduce una proteina de 733 aminoacidos, sin embargo unicamente la
copia del gen ubicada en el cromosoma 14 presenta actividad. En cambio, el gen
que codifica para HSP90 beta se encuentra en los cromosomas 4, 6, 10, 13, 14y 15
con un tamafio de 8210 pb y un RNAm de 2567 pb, que traduce una proteina de 726
aminoacidos; la copia que presenta actividad es la que se localiza en el cromosoma
6 [44] [45].

La transcripcion de los genes de HSP90 se regula principalmente por los
elementos de respuesta a choque térmico (HSE). En células Jurkat (células T en
leucemia) se demostré6 que Hsp90a es altamente regulada por al menos 3
secuencias HSE con el motivo ‘nGAAnN’ localizadas en la region 5’ y que son de vital

importancia para la expresién constitutiva e inducible de la proteina. En cambio, en
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Hsp90p los elementos de respuesta a estrés térmico se localizan en dos regiones
diferentes: en la regidon 5’ no transcrita (responsable de la expresion constitutiva) y
en el primer intrén, donde se regula la trascripcidn inducible funcionando como
potenciador de la trascripcion en condiciones celulares adversas [46].

Ambas isoformas son reguladas por el factor de transcripcidon de choque
térmico-1 (Heat Shock Factor, HSF-1). En condiciones normales HSF-1 se localiza
en el citoplasma en estado inactivo unido a diferentes chaperonas incluyendo
Hsp90, cuando se produce estrés celular, ya sea fisico o quimico, HSF-1 es
liberado del complejo, fosforilado y se transloca al nucleo, en donde forma un trimero
activo que se une a los elementos de respuesta HSE, lo que activa la transcripcién
de los genes de choque térmico [47] [48] [49].

Hsp90 se compone de cuatro dominios (Figura 2), el primer dominio es el
amino terminal donde se localiza el sitio de union de ATP, también conocido como
dominio ATPasa, aqui el ATP es hidrolizado en ciclos de asociacién y disociacion
entre Hsp90 y sus proteinas cliente [50]. Este dominio es particularmente importante
porque es aqui donde se unen los inhibidores de Hsp90, como geldanamicina,
radiciol y 17-AAG que compiten por el sitio de unién a ATP y de esta forma impiden
que Hsp90 se una a sus proteinas cliente. El segundo dominio es el denominado
‘cargado”, por la presencia de aproximadamente 30 aminoacidos con carga negativa
y este segmento parece ser importante para que la Hsp90 realice los cambios
conformacionales durante el ciclo ATPasa y recientemente se report6 que ha
evolucionado para sufrir modificaciones post-traduccionales que modifican la
actividad chaperona de Hsp90 [51] [52]. El tercer dominio es el llamado “dominio
medio” en donde se unen proteinas cliente, entre ellas eNOS y cinasas como la Akt
y por ultimo el dominio carboxilo terminal donde se realiza la dimerizacion de Hsp90,

la cual es una union flexible y producto de cambios en el ambiente celular. Estudios
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bioquimicos recientes muestran que en el extremo carboxilo hay un segundo sitio de
unién a ATP, sensible a novomicina y cis-platino [53]. La funcion de este sitio aun se
desconoce, pero algunos autores sugieren que ambos sitios de unién a ATP pueden
funcionar de forma cooperativa. Recientemente ha tomado importancia las
modificaciones pos-traduccionales que sufre Hsp90, como la fosforilacion, la cual
puede afectar su actividad de chaperona. Por ejemplo, se ha demostrado que la
fosforilacién de Hsp90 en la treonina 22 es importante para mantener la habilidad de
esta proteina para dimerizar y en consecuencia para realizar la hidrolisis de ATP y
su funcién de chaperona y ademas para discriminar entre sus proteinas blanco

especificas [54].

Dominio

Cargado Dominio medio

Unidn de ATP Sitios de regulacién  Unidn de proteinas cliente (mds de 100) Dimerizacién
Hidrdlisis ATP Flexibilidad eNOS
Inhibidores AKT

Factores de transcripcion

Figura 2. Dominios en la estructura proteica de Hsp90.

Hsp90 modula la actividad y estabilidad de un amplio rango de proteinas
cliente. La union a estas proteinas le permite participar en diferentes procesos
celulares como lo son: la regulacion del ciclo celular, la respuesta inmune, el estrés
celular, la apoptosis, la remodelacion del citoesqueleto y participar en procesos
cancerigenos [55]. Entre las mas de 100 proteinas cliente conocidas de Hsp90 se

encuentran: la familia de los receptores de hormonas esteroideas, algunos factores
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de transcripcion, cinasas de tirosina, subunidades de proteinas G y las sintasas de
oxido nitrico neuronal, inducible y endotelial (eNOS) [56] [57] [58].

Se conoce que la asociacidon entre Hsp90 y eNOS es un paso critico para la
produccion de NO y por lo tanto para la regulacion del tono vascular [56]. Hsp90
participa en el plegamiento de las sintasas de oxido nitrico y también se ha
reportado que determina la insercidén del grupo hemo dentro de la proteina inmadura.
Ademas, Hsp90 se puede asociar con eNOS en células endoteliales en estado basal
y en células endoteliales estimuladas con el factor de crecimiento vascular endotelial
e incrementar la produccion de NO. Se ha descrito que diferentes estimulos como, la
presencia de Angiotensina Il, el incremento en los niveles de calcio intracelular, el
VEGF o cambios en las fuerzas de rozamiento en los vasos sanguineos por
vasoconstriccion, son capaces de incrementar la sintesis de NO mediada por la
eNOS [59] [60].

El NO producido difunde a la célula de musculo liso y activa a la guanilato
ciclasa soluble GCs. La GCs promueve la conversion de GTP a CMPc, el cual tiene
tres efectos: 1) inhibe la entrada de calcio a la célula, 2) activa los canales de
potasio favoreciendo asi la hiperpolarizacion y 3) activa a la fosfatasa de las
cadenas ligeras de miosina, asistiendo la defosforilacion de cadenas ligeras de
miosina: En conjunto estos tres efectos producen un efecto relajador del musculo
liso y por ende se produce vasodilatacion [61] [62].

La asociacion entre Hsp90 y eNOS se mostro por primera vez en 1998 [56] en
un estudio en el que se observdé mediante ensayos de inmunoprecipitacion que
Hsp90 establece una interaccién directa con eNOS, ademas de que esta interaccion
produce un aumento en la actividad de esta enzima, generando mayor produccion
de NO. Para conocer el papel fisiologico de esta interaccion, se incubaron anillos de

aorta con un inhibidor de Hsp90: la geldanamicina y se encontré que la produccion
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de NO disminuia, asi como la relajacion dependiente de endotelio, por lo que se
concluyé que la interaccion Hsp90-eNOS tiene un papel preponderante en la
regulacion del tono vascular a través de regular el efecto vasodilatador del NO.

Recientemente se caracterizo el sitio de unién de Hsp90 a eNOS [63], mediante
el uso de péptidos “sefiuelo” de la eNOS que fueron disefiados en la region de
unién a Hsp90 (aa 291-400). Los péptidos fueron incubados con lisados de células
de endotelio de bovino y se determin6 cual de estos péptidos inhibia la asociacion
de Hsp90 con eNOS. Se mostré que el péptido B2 (disefiado del aa 301 al 320)
disminuyo la produccion de NO y la asociacion de Hsp90, concluyendo asi que
eNOS se une a Hsp90 en los aminoacidos 301 a 320.

Posteriormente se demostré que el desacople de la interaccion de Hsp90 con
eNOS, mediante la inhibicion farmacologica de Hsp90 con geldanamicia, no solo
resulta en una disminucion en la generacion de NO, sino también aumenta la
produccién del 0%, por lo que concluyeron que la interaccion Hsp90-eNOS es
esencial para la produccion de NO y que la inhibicion de Hsp90 desacopla la
actividad de la eNOS para producir NO, en cambio incrementa la produccion de 0%
dependiente de eNOS [64].

Existen varios sitios de fosforilacion en la estructura proteica de eNOS, sin
embargo se conoce que dos de ellos son lo que tienen mayor consecuencia sobre la
actividad de eNOS, son las fosforilaciones que ocurren en los residuos de Ser1177
en el dominio de reductasa y la fosforilacion en la Tre495 que ocurre en el dominio
de unidn a calmodulina. Hsp90 facilita la fosforilacion de eNOS en la Ser1177 y
promueve la generacion de NO, en cambio cuando esta interaccion se pierde, se
fosforila la Tre495 y se promueve la generacion de 0% [65] [66] [67]. Las cinasas

que se ha reportado pueden fosforilar a la Tre495 incluyen a Rho cinasa y PKC-f.

17



Las cinasas reportadas que fosforilan al residuo de Ser1177 son Akt, PKA, AMPK 'y
PKC-a [68].

En resumen, la Hsp90 activa a eNOS a través de tres mecanismos diferentes:
1) Favorecer que el calcio y la calmodulina se unan a eNOS, 2) Mantener la forma
dimérica activa de la eNOS y 3) Facilitar la fosforilacion de la serina 1177 (Ser-1177)
de la eNOS por la cinasa Akt.

En forma contraria, el desacople entre Hsp90 y eNOS propicia la fosforilacidon
de la treonina 497 (Tre-497) de eNOS, con lo que no solo se inactiva, sino que
también se favorece que eNOS ahora produzca el anién superoxido. Sin embargo,
pocos de estos estudios especifican cual isoforma de Hsp90 ejerce estos efectos

(Figura 3).

Nucleo Nlcleo

Figura 3. En condiciones basales la eNOS se localiza en la caveola unida a caveolina-1 y es
fosforilada en la treonina 495 previniendo su unién a calmodulina, manteniendo a eNOS en un estado
inactivo. En respuesta a un estimulo celular, se disocia la interaccion de eNOS con caveolina-1 y
ahora interactia con Hsp90, la cual facilita la unidon de calmodulina, la dimerizacién de eNOS y la
fosforilacion en el residuo de serina 1177 por AKT 6 PKC-a, lo que en conjunto propiciara la activacion
de eNOS para la produccion adecuada de 6xido nitrico. Figura modificada de Fleming I, 2010 [68].
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OXIDO NIiTRICO E ISQUEMIA/REPERFUSION (I/R)

El éxido nitrico que proviene de la sintasa de oxido nitrico endotelial (eNOS)
resulta de gran importancia durante la fisiopatologia de la I/R. Este hecho se ha
evidenciado en diferentes estudios, uno de ellos donde se demostréo que la I/R
induce una disminucion en la expresion de la eNOS en células endoteliales, efecto
que se observa desde las 3 h después de la reperfusion. En este mismo estudio se
demostré que la inhibicion de eNOS se debe al reclutamiento de des-acetilasas de
histonas hacia la regiéon promotora del gen de eNOS, inhibiendo asi su transcripcion
referencia [69]. Otro estudio evidencio que las ratas de la cepa Norway (BN/Mcw)
son mas resistentes a la I/R del miocardio que las ratas de la cepa Dahl S (SS/Mcw)
y que esta caracteristica se debe a que presentan mayor cantidad de NO secundario
a una mayor asociaciéon de eNOS con Hsp90 y a una mayor biodisponibilidad de la
tetrahidrobiopterina, un cofactor importante en la sintesis de NO [70].

La implicacion de eNOS en la regulacion del tono vascular sugiere que
maniobras que estimulen la produccidén de 6xido nitrico pudieran prevenir o mejorar
el dafo por I/R. A este respecto, estudios recientes en rata han mostrado que el pre-
acondicionamiento con periodos cortos de isquemia protege contra el dafio inducido
por I/R. Interesantemente, esta proteccion es mediada por la activacion de Akt y de
eNOS, promoviendo asi una mayor generacion de NO. Ademas el impacto benéfico
que tiene el pre-acondicionamiento isquémico puede ser eliminado cuando se inhibe
la produccion de NO antes del pre-acondicionamiento [71]. En este mismo sentido la
importancia de Hsp90 se evidencio en un estudio en donde se efectud isquemia
intestinal en donde las ratas fueron tratadas con geldanamicina (inhibidor de la
actividad de Hsp90) o bien con LY-294002 (inhibidor de la PI3K, enzima que inicia la
fosforilacion de Akt y en consecuencia la fosforilacion de la Ser 1177 de eNOS). Los

animales se estudiaron 30 minutos después de inducir la isquemia y se observo que
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la inhibicion de Hsp90 o de PI3k revirtid la activacion de eNOS y de Akt que se
observa normalmente en la isquemia intestinal y ademas empeoré el dano inducido
por la isquemia [72]. En el rindn, un estudio pretendié evaluar el papel de Hsp90 en
la isquemia renal, para lo cual, se indujo la expresion de las proteinas de choque
térmico a través de la administracion de dosis altas de geldanamicina y sus
analogos, con el fin de liberar el factor de transcripcion HSF1. En este estudio se
utilizé el modelo de I/R renal en el raton y se observdé que la administracién de
geldanamicina protegié a nivel funcional y morfolégico contra el dafo por I/R, sin
embargo esta proteccion fue mediada principalmente por la induccion de Hsp70 y no
de Hsp90 por lo tanto en ese estudio no se logré disecar el papel especifico que
juega Hsp90 en la lesion renal aguda inducida por I/R [73].

Dentro de la funciones conocidas de Hsp90 en la fisiologia renal se
encuentran: La participacion en la estabilizacidén, activacion y translocacién del
receptor de mineralocorticoides, a través de formar un heterocomplejo con Hsp70,
Hip (p48), Hop (p56) y Hsp40, su implicacion en regular la actividad del
cotransportador de sodio, potasio y 2 cloros (NKCC) en el asa de Henle y su
colaboracion en la adaptacion a la hiperosmolaridad en la médula renal a través de
su interaccion con la proteina encargada de sensar el estrés osmético TonEBP [55].
Finalmente también se ha mostrado que los inhibidores de Hsp90 pueden reprimir la
sefializacion de TGF-B1 e inhibir el desarrollo de fibrosis renal. En un modelo de
obstruccion unilateral ureteral se demostr6 que la administracion de 17-AAG
disminuyo la expresion de alfa-SMA, fibronectina y colagena | y ademas restablecid
la expresion de E-caderina. El 17-AAG inhibio la fosforilacién de Smad2, Akt, GSK3-
B y ERK. Estos efectos anti-fibréticos fueron mediados por el bloqueo en la
interaccidon entre Hsp90 y el receptor de TGF-f tipo I, promoviendo su ubiquitinacion

y de esta manera disminuyendo la sefalizacidn a través de este receptor [74].
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Desde hace varios afios en nuestro laboratorio hemos estado interesados en
ahondar en el conocimiento sobre el papel que juegan estas proteinas a nivel renal,
por lo que en un primer trabajo, caracterizamos la expresion y localizacién de
Hsp90a y Hsp90p en la nefrona de la rata. Encontramos que estas proteinas se
expresan en forma abundante, siendo mayor su expresion en la medula renal que en
la corteza. Mediante inmunohistoquimica, también se observé que se encuentran
localizadas en la mayoria de las estructuras de la nefrona, pero no se observo
diferencia en el patron de localizacion de cada isoforma [75]. En un estudio posterior,
observamos que la inhibicion farmacologica de Hsp90a y Hsp90f con radicicol
produce una reduccion en el FSR y la tasa de filtrado glomerular en la rata. Este
efecto fue mediado por la disminucion de la sintesis de NO y por cambios en la
fosforilacion y dimerizacion de la sintasa de NO endotelial, lo que sugiere que Hsp90
regula la via de eNOS/NO en el rifidn [76]. Para establecer el papel especifico de
cada isoforma, evaluamos el efecto de la sobre-expresion de Hsp90a y Hsp90p in
vitro, mediante su clonacion y transfeccion en células HEK-293. En el cultivo celular,
la sobre-expresién de Hsp90a produjo un aumento significativo en la sintesis de NO,
lo que se asocio con un incremento en la fosforilacion activante de eNOS, mientras
que la sobre-expresion de Hsp90p no solo redujo la sintesis de NO sino que también
produjo un incremento en los niveles de anidn superoxido y esto se asocid con un
incremento en la fosforilacion inactivante de eNOS [77]. Debido a que se observd
que en células HEK-293, la sobre-expresion de ambas isoformas de Hsp90 modifica
la regulacion de la produccion de NO y del anion superodxido (radicales libres que
participan en la regulacién del tono vascular renal), en este trabajo se pretende
evaluar cual es el efecto que tendria la transfeccion de Hsp90a. y de Hsp90p sobre la

funcién renal y en un proceso fisiopatologico tan relevante como lo es la LRA
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inducida por isquemia-reperfusion. A pesar de que se conoce que Hsp90 interactua
con eNOS también se sabe que establece interaccidn con mas de 300 proteinas
cliente, por lo que, no se sabe si su sobre-expresion puede llegar a ser benéfica o
deletérea en un fenomeno de I/R. Un ejemplo es el caso de la Hsp27, la cual al ser
sobre-expresada sistémicamente en ratones, promovio que en respuesta a I/R renal,
los ratones transgénicos presentaran menor funcién renal comparada con los
ratones silvestres, este efecto se asocid con mayor muerte celular por necrosis y
ademas por una mayor cantidad de citocinas pro-inflamatorias e infiltrado
inflamatorio. Cuando se transfirieron esplenocitos o neutréfilos de los ratones
transgénicos a ratones normales se observd que estos ultimos tenian mayor
cantidad de dafio renal. Estas observaciones sugieren que a pesar de que Hsp27 se
asocie con proteccion contra la muerte celular, cuando se sobre-expresa de manera
sistémica promueve una mayor respuesta inflamatoria debida a la I/R [78]. Es por lo
anterior que en este trabajo se utilizo la técnica de transfeccion intra-renal para
evaluar especificamente el efecto de la sobre-expresion renal de ambas isoformas

de Hsp90 frente a la lesion renal aguda inducida por isquemia.

BIOMARCADORES DE LESION RENAL AGUDA

Como ya se menciond, se conoce que el inicio temprano del tratamiento para
la LRA mejora de manera importante el pronodstico de los pacientes. Ademas es
necesario encontrar marcadores que puedan estratificar el grado del dafio renal que
cada paciente tiene y de esta manera poder monitorear a aquellos pacientes que
estén en alto riesgo de progresar a enfermedad renal cronica. Durante varias
décadas el diagndstico de la LRA se ha basado en la elevacion de la concentracion
de creatinina sérica, del nitrégeno ureico en sangre (BUN) o por la presencia de

oliguria. Sin embargo estos no son buenos biomarcadores de LRA [8]. En el caso de
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la creatinina, su concentracion puede ser influenciada por factores no-renales como
la actividad muscular, el peso corporal, la edad, el género, la raza y la ingesta
proteica. Ademas, la elevacidén de creatinina ocurre después de 48 h que ocurrio el
insulto, por lo que dificimente se puede establecer un diagnostico temprano
utilizando este parametro [79]. En el caso del BUN también puede ser influenciado
por otros factores como una dieta alta en proteinas, la terapia con glucocorticoides o
un trauma. Asi mismo se ha reportado que un gran numero de pacientes pueden
padecer LRA sin pérdida de la funcién excretora, por lo que tomando en cuenta la
oliguria se subestimaria el numero de pacientes con dafio tubular agudo [80]. Es por
ello que la identificacibn de nuevos biomarcadores de LRA es una necesidad
imperante. Durante el desarrollo de un nuevo biomarcador se deben cubrir 5 fases
diferentes: 1) Estudios experimentales que identifiquen moléculas cuya expresion o
concentracion se modifique durante la LRA en la rata o el ratdn; 2) la identificacion
de un método reproducible y confiable para cuantificar al biomarcador en cuestion en
muestras de orina o sangre; 3) ensayos clinicos para detectar el biomarcador en
muestras de pacientes diagnosticados con LRA y la evaluacion de la utilidad del
biomarcador para detectar la LRA en comparacién con los métodos convencionales,
4) validacion en gran escala para determinar las propiedades del biomarcador tal
como la sensibilidad y especificidad y 5) verificar que el uso del biomarcador tenga
un efecto benéfico en una poblacién a nivel del tratamiento, evolucion de la
enfermad y del prondstico de estos pacientes [81]. En los ultimos afios, muchos
estudios se han enfocado en el desarrollo de biomarcadores sensibles y tempranos
para la LRA. Con el advenimiento de las herramientas gendmicas y protedmicas,
varias moléculas cuya concentracion en suero u orina se modifica durante la LRA se
han identificado y se han propuesto como biomarcadores de LRA. Dentro de las

moléculas mas estudiadas y que han mostrado resultados mas prometedores se
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encuentran la gelatinasa de neutréfilos asociada a lipocalina 2 (NGAL), la molécula
de dano renal-1 (kim-1), la interleucina 18 (IL-18), la cistatina C, la N-acetil-p3-
glucosaminidasa (NAG) y la proteina de union a acidos grasos de higado (L-FABP).

NGAL es una proteina de 25 kDa que se encuentra unida covalentemente a la
gelatinasa de los neutrofilos y que se expresa en niveles bajos en diferentes tejidos
incluyendo los pulmones, estdmago, colon y las células epiteliales localizadas en el
tubulo proximal [82] [83]. NGAL es una de las proteinas que se sobre-expresan
después de un insulto isquémico con mayor rapidez (2 h) y se ha mostrado que se
eleva hasta 100 veces en pacientes diagnosticados con LRA en unidades de terapia
intensiva (UTI), ademas los niveles plasmaticos de NGAL son utiles para
diagnosticar la LRA hasta con 48 h previas a la elevacion de la creatinina sérica, con
un area baja la curva de 0.78 [84]. También se ha mostrado que NGAL puede ser un
biomarcador temprano en humanos, ya que en un estudio de una poblacion
pediatrica sometida a bypass cardiopulmonar se observé que la elevaciéon de NGAL
ocurria entre 2 a 6 h después de la cirugia, mientras que la elevacion de creatinina
se observd entre 1 a 3 dias después [85] [20]. Una de las desventajas del uso de
este biomarcador es que el NGAL, que no se produce en el rifidn, se eleva en
respuesta a estrés sistémico y por lo tanto la excrecion urinaria de NGAL se eleva en
otras condiciones patologicas o en pacientes con enfermedad renal cronica, sin que
esto refleje la presencia de LRA. A pesar de que NGAL es un biomarcador
temprano, su baja especificidad limita su consistencia como un biomarcador ideal de
LRA [86] [87].

Kim-1 es una glicoproteina trans-membranal con dominios de inmunoglobulina
y de mucina. Esta proteina es un receptor de fosfatidilserina que reconoce células en
apoptosis y confiere a las células epiteliales la capacidad de reconocer y fagocitar

células muertas que estan presentes después de la isquemia renal [88] [89]. Kim-1
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se expresa minimamente en el rindn de la rata y se sobre-expresa dramaticamente
en las células del segmento S3 del tubulo proximal después de I/R o por el dafio
renal asociado a farmacos nefrotoxicos [90]. Un ectodominio procesado
proteoliticamente puede ser facilmente detectado en la orina [91]. En pacientes con
LRA diagnosticada por la elevacion de la creatinina sérica, se observo que la
presencia de Kim-1 es mucho mayor que en los pacientes con otro tipo de dafo
renal o de ERC [92] [93]. Sin embargo Kim-1 ha demostrado tener un bajo
desempeino como biomarcador temprano de LRA [94].

La IL-18 es una citocina pro-inflamatoria que no solo sufre un procesamiento
proteolitico en el tubulo proximal durante la LRA, sino que ademas su expresion
aumenta en esta condicion. Esta proteina, se expresa en las células intercaladas del
tubulo contorneado distal, tubulo conector y colector. Se co-expresa con P2X7 y la
caspasa-1 que convierten a la pro-IL-18 en su forma activa. Posteriormente la IL-18
sale de la célula y drena en la orina [95] [96]. Se ha visto que su concentracion en
orina es mayor en los pacientes con LRA. Sin embargo para establecer un
diagnodstico temprano parece tener una baja sensibilidad pero alta especificidad
aunque se han observado resultados inconsistentes en estudios con diversas
cohortes de pacientes [97] [98].

La cistatina C es una proteina inhibidora de proteasas que se produce en todas
las células nucleadas, se libera al torrente sanguineo de forma constante y
aparentemente no es influenciada por otros factores ajenos a la tasa de filtracion
glomerular (TFG). La cistatina C se considera como un marcador de la TFG ya que
posee las caracteristicas ideales de un marcador de TGF: se filtra libremente, se
reabsorbe completamente y no se secreta en los tubulos renales [99]. Para
establecer un diagndstico temprano de LRA se ha observado que en pacientes

hospitalizados predice desde 24 h hasta con 48 h de anticipacion el desarrollo de
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LRA, sin embargo lo hace 10 h mas tarde que NGAL. Por lo tanto la cistatina C
parece tener mejor desempefio que la creatinina sérica, pero no cuando se compara
con otros marcadores descritos recientemente [100].

NAG es una enzima lisosomal que se encuentra en los tubulos proximales vy
cuya actividad en la orina sugiere la presencia de dafio en las células tubulares.
NAG ha sido efectivo para el diagndstico de nefrotoxicidad, funcién retardada del
injerto y la LRA inducida por isquemia antes que la elevacion de la creatinina sérica,
sin embargo la actividad de NAG puede ser inhibida por la urea y se ha reportado
que también se incrementa en una variedad de patologias aun en la ausencia de
LRA por lo que su insensibilidad y no-especificidad pueden limitar su uso como
biomarcador de LRA [101] [102] [103].

L-FABP se encuentra normalmente en el citoplasma de las células del tubulo
proximal en humanos. Se une a los acidos grasos y los transporta a la mitocondria o
a los peroxisomas, donde los acidos grasos son p-oxidados. L-FABP se reabsorbe
en el tubulo proximal por endocitosis mediada por megalina [104] [105]. Se ha
mostrado que es un marcador de LRA mas temprano que NGAL y NAG en pacientes
sometidos a cirugia cardiovascular, sin embargo no se ha estudiado mas a fondo su
comportamiento en humanos [106].

Diversos estudios han mostrado que las proteinas de choque térmico son
inducidas en tubulos dafados después de lesion isquémica o por farmacos
nefrotoxicos [107]. En particular la subfamilia de proteinas de choque térmico de 70
kDa (Hsp70) se compone de cuatro isoformas: Hsc70 (isoforma constitutiva), Hsp72
(isoforma inducible), mHsp75 y Grp78. La Hsp72 es una de las proteinas cuya
induccion es mayor durante la LRA. Dada su induccion en los tubulos proximales y
que el desprendimiento de células del tubulo tanto viables, como no viables se

proyecta hacia el espacio urinario; propusimos que los niveles urinarios de Hsp72
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podrian servir como biomarcador para detectar, monitorear y estratificar a los
pacientes con LRA. En este sentido, el contar con un biomarcador temprano y capaz
de estratificar el grado de dafio renal que un paciente ha sufrido, permitira ofrecer un
tratamiento farmacologico para evitar el dafio por isquemia y también permitira
detectar aquellos pacientes que estén en riesgo de desarrollar enfermedad renal
cronica inducida por LRA y de esta forma observar cuidadosamente a estos

pacientes para prevenir o retrasar la aparicion de la ERC.

PROGRESION DE LESION RENAL AGUDA A ENFERMEDAD RENAL CRONICA.

Como ya se menciond, evidencia epidemioldgica reciente muestra que la LRA
es un factor de riesgo para el desarrollo de ERC y que ademas acelera la transicion
de ERC a ERCT. De hecho, la probabilidad de desarrollar ERC o ERCT es
proporcional a la severidad y la duracidn del evento de LRA. Ademas resulta
alarmante que se ha demostrado que el 6.6% de los pacientes que tuvieron un
episodio de LRA y que recuperaron por completo la funcion renal, presentaron un
mayor riesgo de muerte y de ERC de novo en un seguimiento de 2 a 4 afios [15].

Una de las teorias sobre como la lesion renal aguda puede conducir al
desarrollo de ERC tiene que ver con una reparacion incompleta o defectuosa
después del proceso de LRA y se esquematiza en la figura 4.

Uno de los factores involucrados en el desarrollo de ERC posterior a un
epidodio de LRA es la pérdida en la densidad capilar que ocurre posterior a la I/R,
esto lleva a una disminucion del FSR y por lo tanto a una hipoxia crénica que se
convertira en un circulo vicioso de hipoxia y pérdida de capilares peri-tubulares con
activacion de la respuesta inflamatoria.

Basile y cols. [108] mostraron que después de la I/R renal en la rata no hay

proliferacion de las células endoteliales y ademas hay transicidon endotelio a
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mesénquima y esto se evidencio por la co-localizacion del marcador de células
endoteliales CD31 con el marcador de fibroblastos S100A4. Es decir, la disminucion
en la densidad vascular que ocurre después de la LRA resulta en parte por la
transicion fenotipica que sufren las células endoteliales que se combina con la
capacidad impedida de regeneracion, lo que pudiera contribuir al desarrollo de ERC..
Este mismo grupo de trabajo mostré que los capilares peritubulares medulares se
ven afectados a largo plazo y que este efecto se asociaba con problemas de
concentracion de orina [109]. Ademas, Conger et al. mostraron que el rifidn post-
isquémico de la rata pierde la capacidad de autorregular adecuadamente el flujo
sanguineo renal. Estas condiciones en conjunto perpetuan los ciclos continuos de
dafio por hipoxia e inflamacion que eventualmente conducen al desarrollo de ERC
[110].

Como ya se sefialo, después de la LRA es esencial que las células tubulares
proliferen para restablecer la estructura tubular normal, sin embargo dos estudios
recientes sugieren que las células epiteliales de los tubulos renales también tienen
un papel critico en el desarrollo de fibrosis tubulo intersticial caracteristica de la
ERC, a través de un arresto en el ciclo celular y modificaciones epigenéticas. En el
primer trabajo, Yang L. et al. demostraron que después de dafio renal por I/R, por
nefrotoxicos o por obstruccion ureteral, las células epiteliales sufren un arresto en el
ciclo celular en la fase G,/M, lo que resulta en un fenotipo que facilita la produccién
de factores pro-fibréticos como el TGF-3. Esto se debe a que en las células del
tubulo proximal que se encuentran arrestadas, la cinasa JNK se activa y sobre-
regula la produccion de citocinas pro-inflamatorias [111]. En el segundo trabajo,
Bechtel W et al. (2010) infirieron que el mantenimiento de la fibrosis puede
representar que los fibroblastos activados no pueden regresar a su estado basal.

Para ello realizaron una busqueda de cambios en la metilacion del genoma e
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identificaron varias modificaciones que ocurren en el patrén de metilacion y que son
unicas para fibroblastos obtenidos de rifiones de humano con fibrosis y los
compararon con rifiones sin fibrosis. La metilacion es una modificacién epigenética
que reduce la expresion de genes y que se puede heredar a través de la division
celular, por ello se considera como una transformacion estable del patron de
expresion de genes para una poblacion celular en particular. Los autores
identificaron 12 genes candidatos, pero demostraron que la metilacion en el gen
RASAL1 por la metiltransferasa Dnmt1.5, es esencial para la activacion cronica de
los fibroblastos [112].

Tomado todo en consideracién, resulta indispensable el estudio de los
mecanismos por los cuales un episodio de LRA puede desencadenar y conducir a
la afectacion de la funcion y la estructura renal en forma progresiva, asi mismo, es
de vital importancia encontrar maniobras farmacologicas que eviten la LRA con lo
que se evitara el desarrollo de la ERC y de la ERCT. Hasta este momento la
progresion de LRA a ERC en ratas con dos rifiones intactos no se ha explorado. Tal
modelo permitiria estudiar los mecanismos que causan la progresion a ERC y para
identificar estrategias farmacologicas que puedan prevenir 6 retrasar el desarrollo de

ERC.
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Figura 4. Mecanismos propuestos por los que la LRA puede conducir al desarrollo de ERC. Figura
modificada de Bonventre and Yang, 2011 [4].

Con el objetivo de encontrar una maniobra farmacoldégica para prevenir la
progresiéon de LRA a ERC, estudios de nuestro laboratorio han mostrado que el
bloqueo de las acciones de aldosterona por la administracién profilactica de
espironolactona (farmaco antagonista de los receptores de mineralocorticoides) o el
retiro de las glandulas suprarrenales previene el dafo funcional y estructural
inducido por un fendmeno de I/R. Ademas la administracion de espironolactona a
diferentes periodos de tiempo post-isquemia previno o redujo el dano funcional y
estructural lo que sugiere fuertemente que la aldosterona juega un papel

preponderante en el dafio renal que se observa después de un episodio de LRA
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[113, 114, 115, 116, 117, 118]. A este respecto, se ha propuesto que la aldosterona
tiene un papel importante en la regulacion del tono vascular, especificamente a
través de su union con los receptores a mineralocorticoides presentes en la
vasculatura a través muy probablemente de mediar vasoconstriccion [119]. De
hecho, la participacion del receptor de mineralocorticoides en la regulacién del tono
vascular ha sido evidenciada en un estudio donde se utilizaron ratones deficientes
de este receptor, especificamente en las células de musculo liso vascular,
observando que estos ratones presentaban una menor presion arterial durante el
envejecimiento en comparacion con los ratones silvestres. Este efecto se asocidé con
una reduccion en el tono miogénico y la contraccion vascular, asi como, menor
expresion de canales de calcio tipo L [120]. Con estos antecedentes en este trabajo
nos propusimos también, desarrollar un modelo de ERC inducida por LRA para
estudiar los mecanismos moleculares involucrados y evaluar si el bloqueo de los
receptores a mineralocorticoides con espironolactona antes o después de la I/R
puede prevenir el desarrollo de ERC.

En resumen, dado que la morbilidad y la mortalidad de la lesién renal aguda no
se ha mejorado en las ultimas cuatro décadas debido a diferentes factores, el
presente proyecto pretende abordar este problema de salud publica desde tres
abordajes: el primero se enfoca a caracterizar si Hsp72 puede servir como
biomarcador de LRA, el segundo se disefidé para profundizar en el conocimiento
sobre el papel que juegan Hsp90a y Hsp90p en la fisiologia y en un modelo de
fisiopatologia renal; y el tercero se disefid para estudiar los mecanismos por los
cuales un episodio de LRA puede llevar al desarrollo de la ERC y evaluar si el
tratamiento con espironolactona puede prevenir el desarrollo de la ERC provocada

por un episodio de LRA.
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I.OBJETIVOS



1. Establecer si la deteccion de la proteina Hsp72 en la orina puede ser

utilizada como biomarcador del daio renal inducido por I/R.

1.1. Determinar los niveles de RNAm y de proteina Hsp72 en el tejido renal de
animales sometidos a diferentes periodos de isquemia.

1.2.Estudiar si los niveles urinarios de Hsp72 se incrementan en forma
proporcional ante los diferentes grados de dafio renal inducido por diferentes
periodos de isquemia.

1.3.Correlacionar la cantidad urinaria de Hsp72 con el dafo funcional y
estructural inducido por diferentes periodos de isquemia.

1.4.Determinar si la deteccién urinaria de Hsp72 es un biomarcador temprano de
dafo renal.

1.5. Estudiar el comportamiento de Hsp72 sobre el monitoreo de una intervencion
farmacoldgica que prevenga el daio renal inducido por I/R.

1.6. Investigar si la deteccion urinaria de Hsp72 es un biomarcador sensible de
LRA en humanos, mediante el analisis de la orina de pacientes con LRA en

la unidad de terapia intensiva.

2. Evaluar el efecto de la sobre-expresion de Hsp90a y de Hsp90g en la
fisiologia renal normal y en un modelo de dafo renal por
isquemial/reperfusion.
2.1.Evaluar si la sobre expresion de Hsp90a o de Hsp90p modifica la funcion
renal normal, mediante la transfeccion intra-renal del cDNA de las isoformas
Hsp90a y Hsp90p clonadas.

2.2.Determinar si la sobre-expresion de Hsp90a o de Hsp90p mejora o empeora
el dafo renal inducido por I/R, mediante estudios fisiologicos,

histopatolégicos y moleculares.
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2.3.Investigar el efecto de la sobre expresion de Hsp90a o de Hsp90p sobre la

via de eNOS/NO en el tejido renal de las ratas sometidas a I/R.

. Estudiar si el tratamiento con espironolactona es una maniobra util para la

prevencion de la enfermedad renal crénica inducida por un periodo de LRA.

3.1.Desarrollar un modelo de enfermedad renal crénica inducida por un periodo
de lesion renal aguda.

3.2.Estudiar los mecanismos por los que la lesion renal aguda conduce al
desarrollo de enfermedad renal cronica.

3.3.Evaluar si la espironolactona previene el desarrollo de enfermedad renal

cronica inducida por un episodio de LRA.
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ILMATERIALES Y

METODOS
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Modelo de Isquemia/Reperfusién renal

Se incluyeron ratas Wistar macho de 270 a 300 g. Las ratas se anestesiaron
con pentobarbital sédico (30 mg/kg) y se colocaron en una mesa termo-regulada
para mantener la temperatura corporal a 37°C. Se realizd una incision abdominal y
se expusieron ambos rifiones. Se disecaron los pediculos renales y se indujo
isquemia bilateral (o unilateral cuando se especifique) mediante la colocacién de
clips no traumaticos para interrumpir el flujo sanguineo a los riflones por el tiempo
indicado en cada experimento. La reperfusion se logré al retirar los clips y se
confirmé mediante el cambio de coloracidén de los rifiones. La incision se cerré en
dos capas con suturas 3-0 y las ratas se dejaron evolucionar por 24 horas o por el
tiempo indicado en cada experimento. Las ratas con cirugia falsa (sham) sostuvieron

el mismo procedimiento, excepto por la colocacién de los clips.

Transfeccion intra-renal de los plasmidos pcDNA3.1/Hsp90a vy
pcDNA3.1/Hsp90p

La induccion de Hsp90a 6 Hsp90p se realizd6 mediante la estrategia de
transfeccion intra-renal izquierda 48 horas antes de inducir la isquemia. Las
isoformas Hsp90a 6 Hsp90p fueron previamente clonadas en el vector de expresion
pcDNA3.1-(+). Se diseco perfectamente la arteria renal izquierda y se colocé un clip
no-traumatico en la arteria y uno en la vena izquierda para poder inyectar 50 ug del
plasmido correspondiente en conjunto con lipofectamina 2000 (100 ul) utilizando
agujas para insulina de 31mm y de 31 G. La correcta colocacion de los liposomas en
el tejido renal se corrobor6 visualmente por el cambio de coloracion en el rifion.

Después de 2 minutos se retiraron los clips para permitir nuevamente el paso del

36



flujo sanguineo al rindn. Después de 48 horas los animales fueron sometidos a

isquemia-reperfusion.

Protocolo experimental derivado del primer objetivo

Para inducir diferentes grados de dafio renal, se incluyeron 30 ratas que se
dividieron en 6 grupos: el control y los grupos con isquemia renal bilateral de 10, 20,
30, 45 y 60 min, todos con reperfusién de 24 horas. Para evaluar si Hsp72 es un
biomarcador temprano de dafio renal se incluyeron 30 ratas que se sometieron a
isquemia de 30 min y se dividieron en 10 grupos de diferentes tiempos de
reperfusion: 3, 6, 9, 12, 18, 24, 48, 72, 96 y 120 horas. Para determinar si Hsp72 es
un marcador capaz de monitorear la eficacia de una estrategia reno-protectora se
incluyeron 30 ratas que se sometieron a I/R de 30 min. y se dividieron en 5 grupos:
un grupo de ratas no recibié tratamiento y los otro cuatro grupos recibieron un
tratamiento profilactico de espironolactona a una dosis de 20, 10, 5 y 2.5 mg/kg
respectivamente. Finalmente para evaluar la utlidad clinica de Hsp72 como
biomarcador de LRA, se estudio la concentracion de Hsp72 en pacientes sanos y en
pacientes que se diagnosticaron con LRA mediante elevacion de creatinina sérica
durante su estancia en la UTI del Instituto Nacional de Ciencias Médicas y Nutricion

Salvador Zubiran.

Protocolo experimental derivado del segundo objetivo

Se incluyeron 85 ratas Wistar macho (270-300 g) divididas en 17 grupos:

PROTOCOLO 1
1) Sham o de cirugia falsa

2) Transfeccion con vector vacio (pcDNA3.1)
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3) Transfeccion con pcDNA3.1/Hsp90a

4) Transfeccidn con pcDNA3.1/Hsp90p3
PROTOCOLO 2

5) I/R bilateral de 30 min.

6) I/R bilateral de 30 min. + vector vacio (pcDNA3.1)

7) I/IR bilateral de 30 min. + pcDNA3.1/Hsp90a

8) I/R bilateral de 30 min. + pcDNA3.1/Hsp90p
PROTOCOLO 3

9) I/R unilateral de 30 min.

10)I/R unilateral de 30 min. + vector vacio (pcDNA3.1)

11)I/R unilateral de 30 min. + pcDNA3.1/Hsp90a.

12)I/R unilateral de 30 min. + pcDNA3.1/Hsp90p
PROTOCOLO 4

13)Nefrectomia derecha

14)Nefrectomia derecha + I/R de 30 min. Izquierda

15) Nefrectomia derecha + I/R de 30 min. Izquierda + vector vacio (pcDNA3.1)

16)Nefrectomia derecha + I/R de 30 min + pcDNA3.1/Hsp90a.

17)Nefrectomia derecha + I/R de 30 min + pcDNA3.1/Hsp90p

En estos animales se evaluo: la presion arterial media, el flujo sanguineo renal, la
creatinina sérica y la excrecion urinaria de perdéxido de hidrégeno y de nitritos y
nitratos. Una porcion del rifion transfectado y/o sometido a isquemia se extrajo y se
fijo en formaldehido al 4% para el analisis histologico del grado de dafio renal
mediante morfometria. Como marcadores de dafo renal, se evalué la excrecion

urinaria de Hsp72 y de proteinas. La otra fraccidon del rifidn se separd
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macroscopicamente en corteza y meédula renal y se congel6 a -80°C para los

estudios moleculares.

Protocolo experimental derivado el tercer objetivo

Se incluyeron 75 ratas. Las ratas se sometieron a isquemia bilateral de 45
min, se suturaron y se dejaron evolucionar por 10 6 270 dias hasta su sacrificio. La
espironolactona se administré por una sonda gastrica a una dosis de 20 mg/kg/dia
durante tres dias antes de inducir I/R y se suspendio el tratamiento el dia de la
isquemia o 20 mg/kg inmediatamente después de la isquemia, 1.5 6 3 horas
después de la isquemia. Para estudiar el efecto de la administracion de
espironolactona antes de inducir la isquemia, se incluyeron cuatro grupos (n=10): 1)
ratas sometidas a cirugia falsa (S), 2) el grupo que recibi6é espironolactona 3 dias
antes de ser sometido a cirugia falsa (Sp), 3) ratas que se sometieron a isquemia
bilateral de 45 min (A-a-C), y 4) el grupo que recibio espironolactona 3 dias antes de
la isquemia (A-a-C+Sp). Cuatro animales de cada grupo se estudiaron después de
10 dias de reperfusion y el resto después de 270 dias. Cada 30 dias se realiz6
recoleccion de orina de 24 h para la determinacion de la excrecion urinaria de
proteinas. Al final del periodo experimental se registré el flujo sanguineo renal, la
presion arterial media y se calcul6 la depuracidn de creatinina. Para determinar el
efecto de la administracién de espironolactona después de inducir la isquemia se
incluyeron 7 grupos adicionales como se muestra en la figura 5 (n=5): ratas
sometidas a cirugia falsa (S), ratas que se sometieron a I/R bilateral de 45 min (A-a-
C) y ratas sometidas a I/R bilateral de 45 min y tratamiento con dosis baja de
espironolactona (20mg/kg) a las 0, 1.5 6 3 horas después de la I/R y con dosis alta

de espironolactona (80mg/kg) a las 0 y 1.5 h después de la I/R. Se extrajo el rifion
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izquierdo para estudios moleculares de PCR y Western blot y el rindn derecho se

utilizé para el analisis histolégico y de microscopia electrénica.

Protocolo Experimental

35 ratas Wistar macho

i

(250-300 @)
| ] 1 ] Sham
I/R bilateral
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Figura 5. Protocolo experimental para evaluar la eficacia del tratamiento con espironolactona
después de inducir la I/R.

Estudios Fisiolégicos

Cada 30 dias, las ratas se colocaron en jaulas metabdlicas para recoleccion
de orina de 24 h para determinar el volumen urinario, la excrecidén urinaria de
proteinas y la depuracidn de creatinina. La concentracion de creatinina en suero y
en orina se determiné con un auto-analizador (Technicon RA-1000, Bayer Co.
Tarrytown, NY). La depuracion de creatinina se calculd mediante la férmula
C=(UxV)/P, donde U es la concentracion de creatinina en orina, V es el flujo

urinario y P es la concentracion de creatinina en orina. La excrecion urinaria de
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proteinas se determin6 mediante el método de turbidimetria con acido
tricloroacetico (TCA) y se cuantifico en el espectrofotdmetro a 420nm.

Al finalizar el periodo experimental, las ratas fueron anestesiadas con
pentobarbital sodico (30 mg/kg) y puestas en una mesa termo-regulada. Se
cateterizd la arteria femoral izquierda con tubo de polietileno PE-50. La presién
arterial media fue registrada con un transductor de presion (Model p23 db, Gould.
Puerto Rico) y almacenada con un poligrafo (Grass Instruments, Quincy, MA). A
través de una incision media, la arteria renal izquierda fue expuesta y con una sonda
de ultrasonido (1RB, Transonic, Ithaca, NY) puesta alrededor de la arteria renal

izquierda se registro el flujo sanguineo renal.

Estudios histopatolégicos

Al finalizar el experimento, el rindn derecho se extrajo y se congel6 para los
estudios moleculares y el rindn izquierdo se perfundié a través del catéter de la
arteria femoral con solucién salina, preservando la presién arterial media de cada
animal. Una vez que se limpio el rindn del contenido de sangre, se perfundio con
formaldehido al 4% y se continud la perfusion hasta que se completd la fijacion. Los
rifones se sumergieron en parafina, se realizaron secciones de 4um de grosor y se
tineron con acido per-yodico de Schiff (PAS) o rojo de sirio. El analisis de las
laminillas fue ciego. Se evaluo el tamafio glomerular mediante la determinacion del
diametro del mismo. Para ello se capturaron de 10 a 15 campos de corteza renal de
las ratas utilizando una camara digital incorporada en un microscopio marca Nikon y
se midieron al menos 500 glomérulos en las microfotografias digitalizadas. Ademas
en 10 campos subcorticales se evalud el porcentaje de area tubular afectada
mediante morfometria. En este caso el dafo tubular se caracterizé por una pérdida

del borde en cepillo, dilatacion tubular y desprendimiento de las células de la
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membrana basal tubular. En las secciones tefiidas con rojo de Sirio se capturaron 10
campos subcorticales de los rifiones de diferentes grupos para evaluar el porcentaje
de fibrosis tubulo-intersticial mediante morfometria. La fibrosis tubulo-intesrticial
consistié en expansion de la matriz extracelular, deposicion de colagena junto con
distorsién o colapso de los tubulos. Se capturaron 15 imagenes y se delimito el area
afectada. El porcentaje de fibrosis se calculo al dividir el area fibrotica entre el area
total excluyendo el area glomerular. Para evaluar la proliferacion celular se realizo
inmunohistoquimica para el antigeno nuclear de proliferacion celular (PCNA)
utilizando el anticuerpo DAKO monoclonal mouse anti-PCNA antibody, clone PC10.
Se realizé el conteo de células positivas para PCNA ademas del porcentaje de
tubulos dilatados. Para evaluar la integridad de los podocitos se efectuo microscopia
electronica de transmision. Para ello un fragmento de 1x1 mm de cada corteza renal
se fij6 en glutaraldehido al 2.5%, se seccion6 en fragmentos de 50-100nm y se

analizaron en un microscopio electrénico Carl Zeiss (EM-19C).

Estudios Moleculares

Extraccion de RNA: El RNA total se extrajo de los tejidos almacenados a -80
°C mediante homogenizacion en TRIZoL (Invitrogen). Para determinar la calidad del
RNA se midié su concentracion por espectrofotometria de UV (280 nm/260 nm) y se

analizé su integridad mediante electroforesis en gel de agarosa al 1%.

RT (Transcripcion Reversa): La transcripcion reversa (RT) se llevé a cabo con
1 ug de RNA total del tejido. Primero se llevo el RNA a 65 °C por 10 min. La reaccion
se realizo utilizando 200 U de transcriptasa reversa del virus de la leucemia en el
mono (Moloney murine leukemia virus reverse transcriptase, MMLV, Stratagene),

100 pmol de hexameros al azar (random primers, Life Technologies), 0.5 mM de
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cada ANTP (una mezcla de dCTP, dATP, dGTP, dTTP, Sigma), y 1X de buffer de
TR (75 mM KCI; 50 mM Tris-HCI; 3 mM MgCI2; 10 mM DTT, pH 8.3), se incubd a
37°C por 60 min, a un volumen final de 20 ul. Una vez transcurrido el tiempo de
reaccion, las muestras se llevaron a 95°C por 5 min para inactivar la transcriptasa

reversa.

PCR en tiempo real: Se utilizaron sondas TagMan especificas para amplificar
fragmentos de DNAc de Applied Biosystems marcadas con FAM (6-
carboxyfluoresceina) o VIC, para el analisis de TGF-3, ICAM-1, IL-6, TNF-a, MCP-1,
Hsp72 y 18S RNAr como amplificacion control. FAM y VIC son colorantes
fluorescentes utilizados para detectar la amplificacion de productos. De esta forma la
cantidad de FAM o VIC, liberada por la degradacién de la sonda TagMan por
exonucleasa en la reaccion de PCR, es medida en funcion del cada ciclo de
amplificacion por reaccion PCR mediante el uso de un termociclador en tiempo real
ABI 7000 Prism (Applied Biosystems). La expresion de cada gene se cuantifico en
forma relativa usando el método comparativo de Ct [121]. Los numeros de catalogo
de las sondas utilizadas son los siguientes: TGF-$ (Rn00572010_m1), IL-6
(Rn01410330_m1), TNF-a (Rn01753871_m1), MCP-1 (Rn00580555_m1), ICAM

(Rn00446234_m1), Kim-1 (Rn00597703_m1) y Hsp72 (Rn00583013_s1).

Analisis de Western Blot: La corteza renal de cada rata se homogenizé en

buffer de lisis (50mM HEPES pH 7.4, 250mM NaCl, 5mM EDTA, 0.1% NP-40) mas
un cocktail de inhibidores de proteasas Complete (Roche), en el sobrenadante se
determiné la concentracion de proteinas por el método de Lowry (BIO-RAD).
Posteriormente las muestras se sometieron a electroforesis, se cargaron 50 ug de

proteina total en un gel SDS-PAGE al 7.5% con buffer de carga 2X en relacion 1:1
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con un volumen final de 20 ul. Las proteinas se transfirieron a una membrana de
difloruro de polivinilo, (PVDF, Millipore), previamente equilibrados con buffer de
transferencia 1X (190 mM glicina, 2 mM Tris base, SDS 0.1%) en un trans-blot (SD
cell, BioRad) durante 60 min a 9 volts, después las membranas fueron bloqueadas
por 90 min en TBS-t (buffer Tris-salina) con 5% de agente bloqueante (BioRad) y
posteriormente incubadas con el anticuerpo primario correspondiente. Se utilizaron
anticuerpos especificos para Smad2 (1:500), Smad3 (1:500), fibronectina (1:200),
colagena | (1:100), a-SMA (1:15000), Hsp72 (1:5000), Hsp90a (1:5000), Hsp90p
(1:5000), eNOS (1:500) y fosfo-anticuerpos especificos para detectar la fosforilacion
en Ser423 de Smad3 (1:500), Ser465 de Smad2 (1:500), Ser1177 de eNOS (1:500)
y Tre495 de eNOS (1:500). Después de la incubacién con cada anticuerpo primario,
las membranas se lavaron y se incubaron con el anticuerpo secundario “HRP-
conjugated rat anti-rabbit 1IgG” (Alpha Diagnostics, San Antonio, TX) utilizando una
dilucion 1:2500. Para controlar la cantidad de proteina cargada y transferida, la parte
inferior de todas las membranas se cuantifico la cantidad de actina, utilizando el
anticuerpo primario diluido a 1:2500 y el secundario 1:10000 (donkey anti-goat 1gG-
HRP, Santa Cruz Biotechnology, Santa Barbara, CA). Las proteinas se detectaron
utilizando un estuche comercial de quimioluminiscencia (Millipore) y autoradiografia,
siguiendo las recomendaciones del fabricante. Todos los analisis de Western blot se
realizaron dentro del rango lineal de la carga de proteina y del anticuerpo utilizado.
Se determiné la densidad 6ptica de cada banda para analizar la concentracién de la

proteina analizada.

Analisis de la relacion dimero/mondémero de Hsp90: La relacion

dimero/monémero de Hsp90 se evalué en proteinas no-desnaturalizadas. Las

proteinas se sometieron a electroforesis en gel de acrilamida sin SDS al 7.5% a 4°C,
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utilizando buffer de corrida y de carga sin SDS. Se transfirieron a una membrana de
PVDF (Millipore) y se realizo el analisis de Western blot para Hsp90a y Hsp90p

como se describid anteriormente en este trabajo.

Estudio de Inmunoprecipitacion: Las proteina de Hsp90a, Hsp90p o eNOS se
inmunoprecipitd utilizando el kit de inmunoprecipitacién con proteina G (Sigma
Aldrich). Cada inmunoprecipitacion se optimiz6 utilizando 5 ug de anticuerpo anti-
Hsp90a, Hsp90p 0 eNOS y 1 mg de proteina total. Las proteinas inmunoprecipitadas
se eluyeron por calentamiento con buffer Laemmli y se realizé electroforesis en
geles de SDS-PAGE al 8.5% para la deteccién de las proteinas mediante western

blot como se menciond anteriormente.

ELISA: Los niveles urinarios de Hsp72, NGAL, Kim-1 e IL-18 asi como los
niveles en tejido de TNF-a, MCP-1 e IL-6 fueron cuantificados utilizando estuches
comerciales de ELISA. Todos los procedimientos se llevaron a cabo de acuerdo a
las instrucciones del fabricante. La densidad éptica de las muestras se ley6 a 450
nm y se extrapold en la curva estandar correspondiente. Los kits utilizados fueron los
siguientes: Hsp72 (Assay Designs EKS-715), NGAL (Innovative Research
IRNGALKT), kim-1 (CosmoBIO Co CSB-E08808r), IL-18 (Invitrogen KRC2341), TNF-
o (Ray Bio ELR-TNF alpha-001C), MCP-1 (Ray Bio ELR-MCP1-001C) e IL-6 (Ray

Bio ELR-IL-6-001C).
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Estudios bioquimicos

Evaluacion del estrés oxidante: Para evaluar el estrés oxidante se determind

la excrecidn urinaria de perdxido de hidrogeno. La cantidad de peroxido de
hidrégeno (H20,), se determind utilizando el estuche comercial "Amplex® Red
Hydrogen Peroxide/Peroxidase Assay” siguiendo las instrucciones del fabricante. La
determinacién se basa en que en presencia de peroxidasa, el reactivo “Amplex Red”
reacciona con el H,O, produciendo un producto de oxidacion rojo-fluorescente; la
resurfina, la cual puede ser cuantificada espectrofotométricamente. Se mezclaron 50
ul de orina con 50 ul del reactivo del estuche comercial, las muestras se incubaron por
30 minutos a temperatura ambiente protegidos de la luz, se obtuvo la densidad 6ptica a
560 nm y la absorbancia fue extrapolada con la curva estandar para determinar la

concentracion de H»0o.

Excrecion urinaria de nitritos y nitratos: La produccion de NO se determind en
muestras de orina de recoleccion de 24 h de manera indirecta al cuantificar los
metabolitos estables de la sintesis de oxido nitrico: los nitritos y los nitratos. Para ello
se utiliz6 un ensayo comercial colorimétrico (Oxford Biomedical Research), el cual
consiste en la conversion de los nitratos a nitritos utilizando la enzima Nitrato
Reductasa. Posterior a la reduccion, los nitritos totales se cuantificaron
espectrofotométricamente mediante la reaccion de Griess a una absorbancia de

540nm, dando asi de una determinacion confiable de la produccion de NO.

Actividad de catalasa y de glutation peroxidasa (GpX): La corteza renal se

homogenizé en una solucion de buffer de fosfatos 50 mM, pH 7.0 y 0.1% de Triton.
El homogenizado se centrifugd a 15000 g por 30 min a 4°C y se utilizd para evaluar

la actividad antioxidante de las enzimas. La actividad de catalasa se determind de
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acuerdo a el método de Aebi [122] y la actividad de Gpx se detectd6 de manera
indirecta mediante un método reportado previamente por Lawrence y Burk [123]. Se
determind la concentracion total de proteina mediante el método de Lowry [124] para

normalizar la actividad enzimatica.

Analisis estadistico

Los resultados se presentan como el promedio + el error estandar (SE). Las
diferencias entre los grupos se evaluaron por analisis de varianza (ANOVA) vy la
prueba de Bonferroni para comparaciones multiples. Las diferencias en los
diametros glomerulares se evalu6 mediante analisis de contingencia y las diferencias
se evaluaron con la prueba de chi-cuadrada y la correccion de Yates. La diferencia
se considero significativa cuando el valor de p fue <0.05. Para la representacion

grafica de los datos se utilizé el programa Sigma Plot 10.0.
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IV.RESULTADOS
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RESULTADOS DEL PROTOCOLO I: Hsp72 como biomarcador sensible y
temprano de lesién renal aguda.
Hsp72 como biomacardor para estratificar la LRA

Como se mencion6 en la introduccion, la mortalidad de la LRA no se ha
disminuido en las ultimas cuatro décadas debido a que no se cuenta con un método
diagnodstico temprano que detecte este padecimiento de manera oportuna para
intervenir al paciente eficientemente y mejorar el prondstico. Es por ello que nuestro
primer objetivo se enfoco en investigar si Hsp72 puede ser un biomarcador sensible
y temprano de lesion renal aguda. Para ello, primero evaluamos si Hsp72 se
encuentra en la orina de los animales con LRA inducida por I/R y si esta proteina
puede estratificar la severidad del dafio renal inducido. Para ello, se indujeron
diferentes grados de lesion renal en cinco grupos de ratas sometidos a varios
periodos de isquemia: 10, 20, 30, 45 y 60 minutos y se compararon con el grupo
control sometido a cirugia falsa; todos los grupos se estudiaron 24 h después de la
reperfusion. En la figura 6 se muestran los parametros de funcién renal de los seis
grupos estudiados junto con la cuantificacién de dos marcadores clasicos de lesion
tubular. Aunque los incrementos en creatinina fueron significativos unicamente
después de los 30 minutos de isquemia bilateral (Figura 6A), todas las ratas
sometidas a I/R mostraron disfuncién renal caracterizada por una reduccion gradual
en la depuracion de creatinina (Figura 6B) y en el flujo sanguineo renal (Figura 6C).
Estas alteraciones no se asociaron con cambios en la presién arterial media (Figura
6D). Como se esperaba, los animales sometidos a 60 min de isquemia bilateral
fueron los que presentaron mayor grado de disfuncion renal. El dafio tubular
inducido por diferentes periodos de isquemia fue evaluado por la elevacion urinaria
de NAG y de las proteinas en la orina. De forma similar al comportamiento de la

creatinina sérica, el incremento en el NAG urinario solamente fue significativo
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después de 30 minutos de isquemia, lo que sugiere que NAG no es un marcador
sensible para detectar diferentes grados de lesion renal.

Para evaluar el grado de dafio renal, se cuantificé el dano tubular por
microscopia de luz e histomorfometria y se utilizé como el “estandar de oro" para
determinar el grado de lesion renal aguda inducido por los diferentes tiempos de
isquemia. En el panel izquierdo de la figura 7 se muestran las imagenes
representativas de secciones de rindn de ratas sometidas a diferentes periodos de
isquemia y en el panel derecho se muestra la cuantificacion de los cilindros, asi
como el porcentaje del area tubular afectada cuantificada mediante estudios
morfométricos. El dafio tubular inducido por la I/R se caracterizé por perdida del
borde en cepillo, dilatacion o colapso del lumen tubular y desprendimiento celular de
la membrana basal del tubulo (Figuras 7A - 7F). Como se aprecia en las figuras 7G y
7H hubo un incremento gradual y proporcional al periodo de isquemia inducido.
Como era de esperarse, después de 24 h de reperfusidon, el menor grado de dafio
tubular se observd en ratas que se sometieron a isquemia bilateral de 10 min y el

peor dafo se observo en ratas sometidas a 60 min de isquemia.
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Posteriormente, para evaluar si Hsp72 se induce de forma proporcional al
dafo isquémico renal inducido, se evaluaron los niveles de RNAm y de proteina de
Hsp72 en la corteza renal de ratas sometidas a diferentes periodos de isquemia.
Como se muestra en la figura 8A los niveles de RNAmM de Hsp72 se incrementaron
de manera significativa y progresiva desde los 20 minutos de isquemia bilateral.
Estos hallazgos fueron reflejados a nivel de proteina, como se muestra en la figura
8B. Es decir, el dafo renal inducido por diferentes periodos de isquemia se asocio
con un incremento gradual y significativo en los niveles de RNAm y de proteina de
Hsp72 en comparacion con las ratas sometidas a cirugia falsa. La mayor expresion
de Hsp72 se observo en el grupo con el dafo tubular mas severo, siendo el
incremento de 15 veces con respecto al grupo control. Estos resultados muestran
que la expresidon de Hsp72 es gradual y proporcionalmente incrementada de
acuerdo a la intensidad del dafio renal inducido. Por lo anterior, decidimos evaluar si
la aparicion en la orina de Hsp72 se pudiera utilizar como un biomarcador de dafio

renal inducido por I/R.

51



*¥

—

~N
*

*

Creatinina sérica
(mg/dl)
o — N w
*
*
Depuracion de creatinina
mil/min
(=] o
=3 (-]
*
*

0.0

C D
10 - 120 -
S g > % X ? 100 ] =
' - £
o * = — 80
2% 6 : =¥
5 E 2 E 60
Y EE
cE 4 g
& e %
o 7
5 2 2 2
™ a
0 0
E F
5
0.8 1 100 + *
*
" 80
< 06 © *
- § £ 60 *
—N
k<9 0.4 [ E i
40
“ £ II‘
0.2 |=| 20
0.0 0 | l
0 10 20 30 45 60 0 10 20 30 45 60
Periodo de isquemia (min) Periodo de isquemia (min)

Figura 6. Parametros de funcion renal en ratas sometidas a diferentes periodos de isquemia bilateral
(10,20,30,45 y 60 min) y 24 h de reperfusion comparadas con ratas con cirugia sham (Barras
blancas). El dafio renal inducido por I/R se determin6 mediante incrementos en la creatinina sérica (A)
y reducciones en la depuracion de creatinina (B) y flujo sanguineo renal (C) sin cambios en la presion
arterial media (D). La excrecion urinaria de NAG y de proteinas se evaluaron como marcadores de
dafio tubular (E y F). n=6 animales por grupo. *p<0.05 vs. y ¥ p<0.05 vs. 45 min de isquemia .

52



407
e *
E
s 30 *
o
~
.g 20
£ *
S
o 10 *
E y
2 [
0
H
100
<
o]
]
&
m
B
5
=
2
2 40
3 %K
w20
® *
R o0 M

0 10 20 30 45 60

Periodo de isquemia (min)

Figura 7. Secciones subcorticales de rifidén tefiidas con la técnica de PAS (periodic acid.Schiff) de A)
sham, B) 10 min, C) 20 min, D) 30 min, E) 45 min y F) 60 min de isquemia bilateral. En las imagenes
se puede observar el dafio tubular caracterizado por el desprendimiento de las células epiteliales y la
formacién de cilindros que obstruyen el lumen tubular. G) Namero de cilindros por campo y H)
cuantificacion morfométrica del porcentaje del area tubular afectada. n=6 animales por grupo. *p<0.05
vs. sham, ap<0.05 vs. 10 min, €p<0.05 vs. 20 min, £p<0.05 vs. 30 min, and ¥ p<0.05 vs. 45 min.
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Figura 8. Expresion renal de Hsp72 en ratas sometidas a diferentes periodos de isquemia,
determinados por PCR en tiempo real y analisis de western blot. A y B muestran la expresion de
RNAm y proteina de Hsp72, respectivamente. n=6 animales por grupo. *p<0.05 vs. sham, £p<0.05 vs.
30 min, y ¥ p<0.05 vs. 45 min de isquemia.
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Para demostrar si la Hsp72 podria ser detectada en la orina de animales que
sufrieron LRA, primero analizamos los niveles de RNAm de Hsp72 en la orina
colectada de los diferentes grupos estudiados. Como se muestra en la figura 9A, los
niveles de RNAm de Hsp72 se incrementaron en el grupo de 10 minutos de
isquemia comparado con el grupo control, este incremento fue mayor y proporcional
a la duracion de la isquemia en los otros grupos. Cuando estos valores fueron
comparados con el numero de cilindros, se encontré6 una correlacion significativa,
como se muestra en la figura 9B, con una r de Pearson de 0.8509 y p<0.0001. En
la figura 9C, se muestran resultados similares cuando la correlacion se hizo

entre los niveles urinarios de RNAmM de Hsp72 y el porcentaje de area tubular

afectada (Pearson r=0.9075 y p<0.0001).
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Figura 9. Niveles urinarios de RNAm de Hsp72 en ratas sometidas a diferentes periodos de isquemia.
A) ElI RNA total fue extraido individualmente de la orina de las ratas estudiadas y los niveles de
RNAm se determinaron mediante RT-PCR en tiempo real. B) Correlacion entre los niveles urinarios
de RNAm de Hsp72 y el nimero de cilindros por campo. C) Correlacion entre los niveles urinarios de
Hsp72 y el area tubular afectada. n=6 animales por grupo.*p<0.05 vs. sham.
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Se determinaron los niveles urinarios de proteina de Hsp72 mediante dos
inmunoensayos: ELISA y anadlisis de Western blot. La determinacion de Hsp72
urinaria mediante ELISA, como se muestra en la figura 10A, revel6 que esta proteina
puede ser detectada en la orina y que es un excelente marcador de LRA dada su
capacidad de diferenciar la severidad del dafio, desde ligero (10 min), moderado (20
y 30 min) y severo (45 y 60 min de isquemia). La presencia de Hsp72 correlacion6
con la extension del dafo tubular inducido por diferentes periodos de isquemia. La
mayor cantidad de Hsp72 fue detectada en el grupo que se sometié a 60 min de
isquemia y el incremento fue de 23 veces comparado con el grupo control. Como se
muestra en la figura 10B y 10C, la elevacion progresiva de la cantidad urinaria de
Hsp72 correlaciond con la intensidad del daino renal, determinado por el numero de
cilindros y el area tubular afectada con r= 0.8337 y 0.7929 respetivamente
(p<0.0001). Se observaron cambios similares cuando los niveles urinarios de Hsp72
se analizaron mediante Western blot. El panel superior de la figura 10D muestra las
autoradiografias de este analisis en la orina de 4 diferentes ratas de cada grupo
estudiado. Como se aprecia, la Hsp72 fue casi indetectable en la orina de las ratas
controles, en contraste, los niveles de proteina de Hsp72 en la orina aumentaron
progresivamente en las ratas que sufrieron periodos de isquemia crecientes. Como
se aprecia en la figura 10D, los niveles de Hsp72 determinados por Western blot, se
incrementaron significativamente desde los 10 minutos de isquemia y se elevaron
en animales sometidos a periodos de isquemia mas prolongados. La sensibilidad
para detectar diferentes grados de dafio renal fue mayor con el analisis de Western
blot que con ELISA. Por Western blot, la elevacion urinaria de Hsp72 fue de 40
veces en el grupo sometido a 10 minutos de isquemia y de 535 veces en el grupo
con dafio renal severo (60 min de isquemia), comparado con el grupo control. Como

se muestra en la figura 10E y 10F, se encontraron correlaciones mayores entre la
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cantidad urinaria de Hsp72 en la orina y la formacién de cilindros o el % de area
tubular afectada, r=0.9254 y r=0.9433, respectivamente (p<0.0001). Estos
hallazgos muestran que Hsp72 puede ser detectada en la orina de ratas
sometidas a isquemia y su deteccion urinaria es suficientemente sensible para

estratificar la extension del dano tubular.

Hsp72 como biomacardor temprano de la LRA

La siguiente pregunta a contestar fue si Hsp72 es un biomarcador temprano
de LRA y si es capaz de detectar la regeneracion tubular que ocurre después de un
fendbmeno de isquemia. Para resolver esta interrogante se determinaron los niveles
urinarios de Hsp72 en la orina de animales sometidos a 30 min de isquemia seguido
de periodos de reperfusién de 3 hasta 120 h. En la figura 11 se muestran fotografias
representativas de cortes histoldégicos de corteza renal después de periodos de
reperfusion de 3, 6, 9, 12, 18, 24, 48, 72, 96 y 120 h (11A — 11J). En el panel
derecho, se muestra la cuantificacion del porcentaje de area tubular afectada y el
conteo de cilindros por campo. Como muestra el analisis morfométrico en la figura
11K, hubo un incremento progresivo en el dafio tubular, alcanzando un pico maximo
de dano después de 18 h de reperfusion; en este punto el 50 % del area tubular se
vio afectada. Después de las 18 h de reperfusion se observd una recuperacion
tubular progresiva hasta las 120 h de reperfusion, tiempo en el cual solamente el
12% del area tubular estaba afectada. El mismo patron se observdé cuando se

cuantifico el numero de cilindros por campo, como se muestra en la figura 11L.
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Figura 10. Niveles urinarios de Hsp72 de ratas sometidas a diferentes periodos de isquemia. A)
Niveles urinarios de Hsp72 determinados por ELISA. B y C) muestran la correlacion entre los niveles
urinarios de Hsp72 y el numero de cilindros o el % de area tubular afectada, respectivamente. D)
Niveles urinarios de Hsp72 determinados pro analisis de western blot. E y F) muestran la correlacién
entre los niveles urinarios de Hsp72 y el numero de cilindros o el % de area tubular afectada,
respectivamente. n=6 animales por grupo. n=6 animales por grupo *p<0.05 vs. sham, #p<0.05 vs. 10
min, €p<0.05 vs. 20 min, £p<0.05 vs. 30 min, and ¥ p<0.05 vs. 45 min de isquemia.
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Figura 11. A-J) Cortes histologicos de corteza renal de rata tefiidos con PAS. K) Cuantificacion del
porcentaje del area tubular afectada. L) Conteo del No. de cilindros por campo. n=3 animales por
grupo *p<0.05 vs. Sham.

En la figura 12A, se muestra la deteccién urinaria de Hsp72 por ELISA donde
se observd una elevacion significativa en Hsp72 desde las 3 h después de la
reperfusién. De forma similar al dano histolégico, la mayor cantidad de Hsp72 se
observé a las 18 h y regres6 a valores basales después de 96 h de reperfusion.
Nuevamente se observé una correlacion significativa entre la cantidad urinaria de
Hsp72 y el % del area tubular afectada r’=0.65 (p<0.0001). En la figura 12C, se
muestran las autoradiografias del analisis de Western blot de 3 ratas de cada grupo
y el analisis densitométrico se muestra debajo. La cantidad urinaria de Hsp72 fue
casi indetectable en las ratas con cirugia falsa, en contraste, se observé un
incremento significativo en Hsp72 en los grupos sometidos a isquemia renal
seguidos desde las 3 h de reperfusion y que se fue incrementando la cantidad
detectada de Hsp72, teniendo un pico maximo a las 18 h y con un subsecuente

disminucién en la excrecion urinaria de esta proteina. Interesantemente, se observo
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una correlacion entre Hsp72 y el % de area tubular afectada r’= 0.55 (p<0.0001).
Estos resultados demuestran que Hsp72 es un biomarcador temprano para
detectar la LRA y sugiere que la cantidad detectada de Hsp72 en la orina puede

revelar el estado tubular de dano y recuperacion.
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Figura 12. Niveles urinario de Hsp72 mediante ELISA (A) y western Blot (C) en ratas de diferentes
tiempos de reperfusion y sus correlaciones con el % de area tubular afectada. n=3 animales por grupo
*p<0.05 vs. Sham.

Hsp72 como biomarcador de la efectividad de una intervencién renoprotectora
enla LRA

Previamente reportamos que el bloqueo de los receptores de
mineralocorticoides es una herramienta util para prevenir el dafio renal inducido por
I/R, por lo que decidimos determinar si este efecto renoprotector podria ser reflejado

por los niveles urinarios de Hsp72. La figura 13A y 13B muestran la creatinina sérica
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y la depuracion de creatinina en dos grupos de ratas, las sometidas a I/R sin
tratamiento y las que se sometieron a I/R pero que recibieron el pre-tratamiento con
espironolactona durante 3 dias antes de la I/R (I/R + Sp). La administracién de la
espironolactona previno la disfuncion renal, este efecto renoprotector se asocioé con
una reduccion significativa en los niveles urinarios de Hsp72 detectados tanto por

ELISA como por Western blot, como se muestra en las figuras 13C y 13D,

respectivamente.
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Figura 13. A y B) Creatinina sérica y depuracion de creatinina respectivamente. C) Niveles urinarios
de Hsp72 determinados por ELISA y D) Niveles urinarios de Hsp72 determinados por western blot.
N= 4 ratas por grupo*p<0.05 vs. Sham.

Para evaluar si Hsp72 nos permite monitorear diferentes grados de

renoprotecion en ausencia de elevacion de creatinina, se incluyeron diferentes
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grupos pre-tratados con dosis menores de espironolactona. Como se muestra en la
Figura 14A, las ratas pre-tratadas con espironolactona a 10 y 5 mg/kg mostraron
valores normales de creatinina sérica que contrastaron con los niveles obtenidos en
las ratas con 2.5 mg/kg, las cuales fueron practicamente iguales a las ratas con I/R
no tratadas. Interesantemente, los niveles urinarios de Hsp72 se incrementaron
significativamente desde la dosis de 10 mg/kg y se elevaron aun mas con las
menores dosis de espironolactona empleada, como se ilustra en la figura 14B. Estos
hallazgos sugieren que a menor dosis de espironolactona, menor es el grado
de renoproteccion y que esto puede ser detectado eficientemente por los

niveles urinarios de Hsp72.
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Figura 14. Niveles urinarios de Hsp72 como biomarcador de diferentes grados de renoproteccién. A)
Creatinina sérica en el grupo de I/R y en los animales tratados con dosis menores de espironolactona
(10, 5 y 2.5 mg/kg) B) Analisis de western blot en las ratas pre-tratadas con diferentes dosis de
espironolactona. N= 6 ratas por grupo. *p<0.05 vs I/R

Hsp72 como biomarcador sensible y temprano de LRA en el humano
Finalmente, para investigar si Hsp72 es un biomarcador sensible para

detectar la LRA en humanos, se determinaron los niveles de esta proteina en la

orina de sujetos sanos y se compararon con los de pacientes que desarrollaron LRA

durante su estancia en la Unidad de Terapia Intensiva (UTI) del Instituto Nacional de
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Ciencias Médicas y Nutricibn Salvador Zubiran (INNSZ) mediante analisis de
Western blot. Como se aprecia en la figura 15A, los niveles de Hsp72 fueron muy
bajos en la orina de los individuos sanos, mientras que en los pacientes con LRA, se
observé un aumento de 17 veces. Estos resultados también se confirmaron por
ELISA (15B). La variabilidad en los resultados puede deberse a los diferentes grados
de LRA que cada paciente tuvo, de hecho dos de los pacientes con la mayor
cantidad de Hsp72 en la orina fallecieron durante su estancia en la UTI. Para
identificar si Hsp72 es un biomarcador temprano de LRA en los humanos, se
tomaron muestras diarias de orina de pacientes que ingresaron a la UCI y que
tuvieron falla respiratoria complicada con alguna otra falla organica. Estos pacientes
tenian funcion renal normal al momento de su admision a la UTI. Se incluyeron 5
pacientes que desarrollaron LRA y 5 que no tenian evidencia clinica de LRA. En la
figura 15C y 15D se muestran los niveles promedio de creatinina sérica y volumen
urinario de estos pacientes respectivamente. El dia cero representa el dia que se
realizo el diagnostico de LRA por la elevacion de creatinina. En la figura 15E se
presenta el analisis de Western blot que muestra los niveles de Hsp72 en la orina
recolectada desde el dia -3 hasta el dia 5 en aquellos pacientes con LRA, donde se
puede apreciar un incremento significativo en los niveles de Hsp72 comparado con
la orina de los dias 1, 3, 5, 8 y 10 de los pacientes que no la desarrollaron (Figura
15F). Los niveles basales de Hsp72 fueron minimos en los pacientes sin LRA y 3
dias antes de aquellos diagnosticados con LRA. En concordancia con nuestros
estudios experimentales, uno o dos dias antes del diagnéstico de LRA se
observé un incremento significativo en los niveles urinarios de Hsp72,
sugiriendo que efectivamente Hsp72 puede ser un biomarcador temprano de

LRA en humanos.
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Figura 15. Niveles urinarios de Hsp72 como biomarcador de LRA en humanos determinados
mediante A) Western blot y B) ELISA. C) Niveles de creatinina sérica y D) Volumen urinario en los
pacientes con LRA (circulos negros) y sin LRA (circulos blancos) E,F) Niveles de Hsp72 urinaria en
pacientes con y sin LRA, respectivamente. En los pacientes con LRA se analizaron las orinas del dia -
3 al dia 5y en los pacientes sin LRA se analizaron las muestras de orina de los dias 1, 3, 5, 8 y 10 de
su estancia en la UTI. *p<0.05 vs. -3.
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RESULTADOS DEL PROTOCOLO II: EFECTO DE LA SOBRE-EXPRESION DE

Hsp90c. y Hsp90p EN UN MODELO DE LESION RENAL AGUDA.

Validacion de la sobre-expresion de Hsp90a y Hsp90p mediante Ila
transfeccion intra-renal de los plasmidos con las isoformas clonadas en la rata

Para establecer el tiempo 6ptimo en el que ocurre la mayor sobre-expresion
de Hsp90a o Hsp90p después de la transfeccion intra-renal del plasmido con el
cDNA clonado, se realizé una curva temporal para analizar la expresion de Hsp90a y
Hsp90p después de 24, 48 y 72 h de haber realizado la transfeccion. Como se
observa en la figura 16A y 16B, la transfeccion intra-renal de cada plasmido indujo
un incremento significativo en los niveles de proteina de Hsp90a y Hsp90p,
respectivamente en el tejido renal. En ambos casos, el pico de sobre-expresion se
detectd a las 48 h post-transfeccidn. Por este motivo todos los experimentos que
seran presentados a continuacion fueron llevados a cabo 48 h después de la

transfeccion de los plasmidos.

A qué region de la nefrona llega el material genético transfectado mediante la
técnica de transfeccién intra-renal?

Para conocer en qué region de la nefrona se localiza la sobre-expresion de
las proteinas transfectadas a través de la técnica reportada en este estudio, se
procedidé a la transfeccion intra-renal del vector que codifica para la proteina verde
fluorescente (GFP). La deteccion de esta proteina en el tejido renal se realiz6
mediante inmunofluorescencia contra GFP y se analiz6 por microscopia confocal.
Como se puede observar en la figura 16, la transfeccion del vector vacio no gener6
fluorescencia inespecifica (Figura 17A) ni fluorescencia en la longitud de onda de
GFP (17B). En cambio en las ratas transfectadas con el vector de GFP se detecto

fluorescencia en la longitud de onda esperada (668 nm) (Figuras 18B y 19B). Al
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realizar la co-localizacion de la sefial de fluorescencia con la imagen de campo claro
se puede observar que la sefial de GFP se encuentra en la vasculatura (Figura 18D)

y en el epitelio tubular (Figura 19D).
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Figura 16. A) Niveles de proteina de Hsp90a en la corteza renal de ratas transfectadas con vector
vacio (EV) 6 Hsp90a a las 24, 48 y 72 h después de la transfeccion. B) Niveles de proteina de
Hsp90p en la corteza renal de ratas transfectadas con vector vacio (EV) 6 Hsp90p a las 24,48 y 72 h
después de la transfeccion. n = 4 ratas por grupo. *p<0.05 vs. EV.
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Figura 17. Microscopia confocal de un corte de rifidn de rata transfectada con el vector vacio. A)
longitud de onda inespecifica (640 nm), B) longitud de onda esperada (668nm), C) campo claro y D)
co-localizacion de campo claro con la imagen obtenida en la longitud de onda esperada (668 nm).
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Figura 18. Microscopia confocal de un corte de rifidon de rata transfectada con el vector que codifica
para GFP. A) longitud de onda inespecifica (640 nm), B) longitud de onda esperada (668nm), C)
campo claro y D) co-localizaciéon de campo claro con la imagen obtenida en la longitud de onda
esperada (668 nm).
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Figura 19. Microscopia confocal de un corte de rifidon de rata transfectada con el vector que codifica
para GFP. A) longitud de onda inespecifica (640 nm), B) longitud de onda esperada (668nm), C)
campo claro y D) co-localizaciéon de campo claro con la imagen obtenida en la longitud de onda
esperada (668 nm).

Efecto de la sobre-expresion de Hsp90a y Hsp90p sobre la funciéon renal
normal

Para determinar si la sobre-expresion de Hsp90a y/o Hsp90p producia algun
efecto sobre los niveles de presion arterial media (PAM) o sobre algunos de los
principales parametros de funcion renal en las ratas normales, se incluyeron cuatro
grupos: 1) Sham o de cirugia falsa (S), 2) transfeccién con vector vacio (EV), 3)
transfeccion intra-renal izquierda con el plasmido de Hsp90a y 4) transfeccion intra-
renal izquierda con el plasmido de Hsp90p. Después de 48-h se determino la PAM,
el flujo sanguineo renal (FSR), los niveles de creatinina sérica y la excrecidn urinaria
de proteinas. Como podemos apreciar en la figura 19, la transfeccion de Hsp90a 6
de Hsp90p, no modifico las cifras de PAM, ni el FSR, ni la proteinuria en las ratas

control. Los resultados anteriores sugieren que la sobre-expresion de Hsp90a y
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Hsp90p no propicia cambios en el funcionamiento renal. Esto es importante porque

evidencia que la inyeccidn intra-renal no dafa la perfusion renal, ni altera la fisiologia

renal de estos animales.
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Figura 20. Efecto de la transfeccion de Hsp90¢, 6 de Hsp90p en el rindn izquierdo sobre la presion
arterial media (PAM) y algunos parametros de funcion renal en animales normales. Sham = ratas
con cirugia falsa, EV= ratas que recibieron el vector vacio, Hsp90¢ y Hsp90p=ratas normales
transfectadas con los plasmidos correspondientes de cada isoforma de Hsp90. n = 5 ratas por
grupo.

Efecto de la transfeccion intra-renal de Hsp90a y Hsp90p sobre Ila
isquemial/reperfusion

Para conocer si la sobre-expresiéon de cada una de las isoformas de Hsp90
protege o empeora el dafio por isquemia-reperfusion, se procedid a someter a un
grupo de animales a isquemia renal bilateral de 30 min y reperfusion de 24 h (I/R),

otro grupo que se transfectd con el vector vacio (EV) 48 h antes de inducir la
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isquemia y los grupos de ratas a las cuales se les transfecté Hsp90o o Hsp90p,
también 48 h antes de inducir la isquemia renal bilateral. Todos los animales se
estudiaron 24 h después de la reperfusién. Como se observa en la figura 21A, la
PAM no se modificé ni como resultado de la isquemia bilateral, ni como resultado de
la transfeccion de Hsp90a o de Hsp90p. Como era de esperarse, el dafio por la I/R
se caracterizé por una caida en el flujo sanguineo renal (Fig. 21B), por un aumento
significativo de la creatinina sérica (Fig. 21C) y por un aumento de la proteinuria (Fig.
21D). Interesantemente, la transfeccién del rifidn izquierdo con el plasmido de
Hsp90a o de Hsp90p previamente a la isquemia bilateral, previno la caida del FSR
pero no evitd la elevacion de creatinina sérica. Asi mismo, la elevacion de la
excrecion urinaria de proteinas que se observa en los animales sometidos a I/R fue
parcialmente prevenida por la transfeccion de Hsp90a o de Hsp90p. Estos
resultados nos hicieron pensar que el efecto renoprotector de la sobre-expresion de
cada isoforma de Hsp90 no lo estabamos observando tan claramente debido a que
estos animales se sometieron a isquemia bilateral y la transfeccion de una u otra
isoforma de Hsp90 solo se realizd en el riidn izquierdo. Por lo tanto, cuando
medimos la funcion renal, se refleja la funcion de los dos rifiones, por lo que el rifidon
derecho (el no transfectado) estaba enmascarando el efecto real de la sobre-
expresion de las isoformas de Hsp90 frente a un fendbmeno de I/R. Para discernir si
este era el caso se decidio incluir a otros grupos de ratas que solo fueron sometidas

a isquemia unilateral.
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Figura 21. Efecto de la transfeccion de Hsp90a 6 de Hsp90p en el rifidén izquierdo en el modelo de
isquemia bilateral por 30 min y 24h de reperfusién. Sham = ratas con cirugia falsa, EV= ratas que
recibieron vector vacio, IR= isquemia renal bilateral, IR+EV= ratas con isquemia bilateral
transfectadas con vector vacio, IR + 90q O 90p=ratas transfectadas con los plasmidos
correspondientes a cada isoforma 48-h antes de inducir la isquemia renal bilateral. n = 5 ratas por
grupo. *p<0.05 vs. S, &p<0.05 vs. IR.

Para este fin, se incluyeron tres grupos que se sometieron a isquemia
unilateral del rifidn izquierdo y fueron transfectados con el vector vacio, Hsp90a o
Hsp90p en este mismo rifidn izquierdo, 48 h antes de inducir la isquemia. En estos
grupos de animales se corrobor6 que la transfeccion de Hsp90a o Hsp90p previno la
caida del flujo sanguineo renal en comparacion con el grupo que recibio el vector

vacio como se muestra en la figura 22B. Asi mismo, observamos que la proteinuria

(22D) se revertia casi a niveles normales con la transfeccion de Hsp90a 6 Hsp90g.
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Figura 22. Efecto de la transfeccion de Hsp90a 6 de Hsp90p en el rifidén izquierdo en el modelo de
isquemia unilateral por 30 min y 24h de reperfusion. Sham = ratas con cirugia falsa, EV = ratas que
recibieron vector vacio, IRu = isquemia unilateral, IRu + EV = isugmia unilateral transfectadas con
vector vacio, Hsp90a y Hsp90p=ratas transfectadas con los plasmidos correspondientes a cada
isoforma 48-h antes de inducir la isquemia renal bilateral. n = 5 ratas por grupo. *p<0.05 vs. Sham,
&p<0.05 vs. IRu.

Sin embargo, como se muestra en la figura 22C, no se observaron cambios
en la concentracion sérica de creatinina en ninguno de los grupos estudiados, es
decir no hubo una elevacion de la creatinina sérica en los grupos de ratas sometidas
a I/R. Esto puede explicarse porque el riidn no afectado por la isquemia compenso
la funcién renal de una forma eficiente que no permitié detectar el dafio renal por I/R
en el rindn izquierdo.

Por estos resultados y como estrategia para evitar que el rindn contra-lateral
no-isquémico o no transfectado compensara o enmascarara el efecto renoprotector

conferido por la sobre-expresion de Hsp90a o de Hsp90f, se incluyeron cuatro
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grupos de animales que ahora fueron sometidos a nefrectomia del riidon derecho y
en el rindn izquierdo se realizaron las siguientes maniobras; 1) isquemia de 30 min
(Nx+IR), 2) transfeccion con vector vacio mas isquemia de 30 min (Nx+EV+IR), 3)

transfeccion con Hsp90a mas isquemia de 30 min (Nx+IR+a) y 4) transfeccion con

Hsp90p mas isquemia (Nx+IR+f).
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Figura 23. Efecto de la transfeccion de Hsp90o o de Hsp90p en el rifién izquierdo en el modelo de
nefectomia e isquemia unilateral por 30 min y 24h de reperfusién. S = ratas con cirugia falsa, EV=
ratas que recibieron vector vacio, Nx = ratas sometidas a nefrectomia, NX+IR= ratas con nefrectomia
mas isquemia renal unilateral, Nx+IR+EV= ratas con nefrectomia e isquemia unilateral transfectadas
con vector vacio, Hsp90q y Hsp90p=ratas transfectadas con los plasmidos correspondientes a cada
isoforma 48-h antes de inducir la isquemia renal bilateral. n = 5 ratas por grupo. *p<0.05 vs. S

Como se muestra en la figura 23 los animales sometidos a isquemia unilateral
posterior a la nefrectomia del rindn derecho presentaron una reduccién significativa
del FSR (23B) y una elevacion significativa de los niveles de creatinina sérica (23C),

junto con un aumento en la excrecion urinaria de proteinas (23D). En esta ocasion el

efecto renoprotector de Hsp90a y Hsp90p fue claramente disecado como se
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evidencio por la prevencién de la hipoperfusién renal y de la elevacion de los niveles
séricos de creatinina y de la excrecion urinaria de proteinas.

La renoproteccion conferida por la sobre-expresion de Hsp90o o de
Hsp90p también se corrobord con el estandar de oro, para determinar el grado de
lesion renal, que es el analisis histopatologico. En la figura 24 se observan
fotografias de microscopia de luz representativas de cada grupo. Como era de
esperarse, la I/R ocasioné dafo tubular severo en los animales no transfectados y
en los transfectados con el vector vacio (24 A y B). En cambio la transfeccién de
Hsp90a o Hsp90p fue capaz de prevenir el desarrollo de dafio tubular (24 C y D).
Este efecto renoprotector también fue corroborado a través de la cuantificacion del
porcentaje del area tubular afectada cuantificado por morfometria (24 E) y los niveles
urinarios de Hsp72 como marcador sensible del dano tubular inducido por la
isquemia renal. Como se muestra en la figura 24F, los animales sometidos a
isquemia sin transfeccion y transfectadas con el vector vacio tuvieron un aumento
significativo en los niveles urinarios de Hsp72. Este incremento no se observo en los

animales transfectados con una u otra de las isoformas de Hsp90.
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Figura 24. Fotografias representativas de microscopia de luz de cortes histoldgicos de corteza renal
tefiidos mediante la tincién de PAS en A) Nx + I/R, B) Nx + EV + IR, C) Nx + Hsp90a + I/R y D) Nx +
Hsp90p + I/R. E) Porcentaje de area tubular afectada y E) niveles urinarios de Hsp72. n = 5 ratas por
grupo. *p<0.05 vs.Nx, &p<0.05 vs. Nx + IR.

Posteriormente evaluamos si la correccion del FSR conferida por la sobre-
expresion de Hsp90a o de Hsp90p se relacionaba con una mayor generacion de
NO, para ello, determinamos la excrecion urinaria de los metabolitos estables de
este radical vasodilatador. Como se aprecia en la figura 25A, la sobre-expresién de
Hsp90a o de Hsp90p se asocié con la preservacion de la excrecion urinaria de

NO2/NO3;. Ademas el incremento en el estrés oxidante que se observo en los
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animales sometidos a isquemia, se previno completamente con la transfeccién de

ambas isoformas de Hsp90 (Figura 25B).
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Figura 25. A) Excrecion urinaria de los metabolitos estables de la sintesis de NO; los nitritos y los
nitratos. B) Como indice del estrés oxidante se determino la excrecion urinaria de peroxido de
hidrégeno. n = 5 ratas por grupo. *p<0.05 vs. Sham y &p<0.05 vs. Nx + IR.

Debido a que observamos que la transfecciéon de Hsp90a 6 de Hsp90p se
asocié con la preservaciéon de la sintesis de Oxido nitrico y a que una de las
proteinas clientes de Hsp90 es la sintasa de Oxido nitrico endotelial, decidimos
evaluar el estado de fosforilacién de eNOS en la Treonina 495 que se asocia con la
inactivacion de eNOS y en la serina 1177 que se relaciona con la activacion de
eNOS. Como se observa en la figura 25, la reduccidn en la sintesis de 6xido nitrico
en los animales sometidos a I/R sin transfeccién o con el vector vacio, se asocio con
un incremento en la fosforilacién de la Treonina 495 (Figura 26A) y con reduccion en
la fosforilacion de la serina 1177 (Figura 26B). Interesantemente la transfeccion de
ambas isoformas de Hsp90, previno el incremento en la fosforilacion inactivante de

eNOS y la reduccion de la fosforilacion activante de eNOS.
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Figura 26. Efecto de la isquemia/reperfusiéon y de la transfeccién de Hsp90a 6 de Hsp90p sobre la
fosforilacién de eNOS en la Tre- 495 y en la Ser-1177. n = 5 ratas por grupo. *p<0.05 vs. S, & p<0.05
vs Nx + IR.

Para estudiar si la disfuncion de eNOS se debia a una menor presencia de
Hsp90 en su conformacion dimérica y si esto se podia revertir con la transfeccion de
Hsp90, se evalud la relacion dimero/mondémero en geles no-desnaturalizantes.
Como se puede observar en la figura 27, la relacién dimero/mondémero no se afectd
ni por la I/R ni por la transfeccion de Hsp90. Al no ver efecto en este parametro
decidimos evaluar qué ocurre con la interaccion entre Hsp90 y eNOS cuando se
transfectan ambas isoformas de Hsp90. Para ello se inmunoprecipitdé eNOS y se
detect6é a Hsp90a 6 Hsp90p. Como se aprecia en la figura 28 ambas isoformas
interactian con eNOS en condiciones normales, pero esta interaccion se ve
incrementada en los animales transfectados con cada isoforma de Hsp90, lo que
puede explicar el efecto reno-protector mediado por una mayor activaciéon de eNOS

y generacion de NO.

77



EV - + . - - - + . .

Hsp90a - - * - - - - + -
Hsp90p - - - + - - - - *
Nx - - - - + + + + +
I/R - - - - - + + + +

Hsp90a. dimero

Hsp90ct monémero

Hsp90p dimero

Hsp90p mondmero

Figura 27. Relacién dimero/monémero de Hsp90a 6 Hsp90p.
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Figura 28. Inmunoprecipitacion de eNOS y Western blot con eNOS, Hsp90a y Hsp90p.

Para conocer si también se modificaba la expresion de las cinasas
responsables de las fosforilaciones de eNOS, se evaluo la expresion de PKC-$ que
fosforila a la treonina 495 y de PKC-a que fosforila a serina 1177 de eNOS. Como se
observa en la figura 29 la expresiéon de PKC- no se modificd ni por la isquemia ni
por la transfeccion de Hsp90a o de Hsp90p. En cambio se observo una reduccion
significativa en la expresion de PKC-a que fue prevenida por completo por la

transfeccion intra-renal de cada una de las isoformas de Hsp90. Como se menciond
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anteriormente, PKC-a fosforila a eNOS en la serina 1177 por lo que, la disminucion

en su expresion parece dar como resultado una disminucién en la fosforilacién de la

serina 1177.
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Figura 29. Efecto de la isquemia/reperfusion y de la transfeccién de Hsp90a 6 de Hsp90p sobre la
expresion de PKC-a y PKC-f. n = 5 ratas por grupo. *p<0.05 vs. S.

Para evaluar otro posible mecanismo de dafio renal y de la reno-proteccion
conferida por la sobre-expresion de las isoformas de Hsp90, evaluamos los niveles
de la cinasa Akt y su estado se fosforilacion activante (S473) debido a que
previamente se ha reportado que esta cinasa se activa después de la I/R [125] y
puede fosforilar a los factores de transcripcion FOXO1a y FOXO3, responsables de
inducir un arresto en el ciclo celular que también se conoce como un mecanismo
responsable de iniciar la progresion a ERC después de un episodio de lesion renal

aguda. Como podemos apreciar en la figura 30, la I/R indujo un incremento en la
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fosforilacion de Akt, que se previno con la transfeccibn de ambas isoformas de

Hsp90.
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Figura 30. Efecto de la I/R y de la transfeccion de Hsp90a 6 Hsp90p sobre la fosforilacién de Akt. n =
5 ratas por grupo. *p<0.05 vs. S.

En resumen, en esta segunda parte de mi proyecto doctoral
encontramos que ambas isoformas tienen el mismo efecto renoprotector al ser
transfectadas 48 h previo a la inducciéon de la isquemia renal. El efecto
renoprotector se asocio con la preservacion en la sintesis de 6xido nitrico y
del estado de fosforilacion activante de la sintasa de 6xido nitrico endotelial.
Ademas demostramos que la técnica de transfeccion intra-renal es eficiente

para que el material genético alcance a la vasculatura y al epitelio tubular.
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RESULTADOS DEL PROTOCOLDO lll: La prevencién del dafno inducido por un

evento de LRA evita la progresion a ERC

A pesar de la gran importancia que tiene la LRA como factor de riesgo para
desarrollar ERC, poco se ha estudiado sobre los mecanismos responsables, en
parte por la ausencia de un modelo experimental, lo que ademas permitira estudiar
estrategias farmacoldgicas para reducir o prevenir la ERC inducida por un episodio
de LRA. Por lo tanto, la tercera parte de mi tesis doctoral se disei¢ para: 1)
Desarrollar un modelo de ERC inducido por un episodio de LRA, 2) Estudiar los
mecanismos por los cuales un episodio de LRA pueden llevar al desarrollo de la
ERC y 3) y evaluar si el antagonismo de los RM antes de inducir isquemia puede
prevenir el desarrollo de la ERC provocada por un episodio de LRA.

Previamente mostramos que después de 24 h de isquemia renal bilateral, las
ratas desarrollan disfuncion renal y dafo tubular. La figura 31 muestra que la
disfuncion renal inducida por la isquemia renal fue practicamente resuelta 10 dias
después, un comportamiento similar ocurre con los pacientes que tuvieron un
episodio de LRA. Como era de esperarse, los animales sometidos a isquemia
presentaron una elevacion de la proteinuria después de 24 h y fue disminuyendo
progresivamente hasta alcanzar valores normales después de 6 dias de reperfusion
(Figura 31A). En cambio, las ratas pre-tratadas con espironolactona antes de inducir
la isquemia presentaron una proteinuria 50% menor a las 24 h, alcanzandose
valores normales mas rapidamente que el grupo con isquemia sin tratamiento.
Aunado a esto, después de 10 dias de inducir la isquemia, los animales recuperaron
la funcion renal, como se evidencio por la normalizacion del flujo sanguineo renal, la
creatinina sérica y la depuracién de creatinina (Figuras 31 B-D). A pesar de la

mejoria en la funcién renal, los niveles de RNAm de interleucina 6 (IL-6) y la
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fosforilacion de la proteina Smad-3 permanecieron significativamente elevados con
respecto al grupo con cirugia falsa. Efecto que no fue observado en los tejidos de
las ratas pre-tratadas con espironolactona (Figures 31 E-F). Estos resultados
sugieren que a pesar de que, la disfunciéon renal se recupero, las vias de
procesos inflamatorios y pro-fibroticos permanecieron activadas, pudiendo
contribuir al desarrollo de la ERC, situacion que fue prevenida por el pre-

tratamiento con espironolactona.

El dafo por I/R conduce al desarrollo progresivo de disfuncion renal que
puede ser prevenido con el pre-tratamiento con espironolactona

En una segunda serie de experimentos, las ratas se estudiaron 270 dias
después de inducir la isquemia. Observamos que dentro de los primeros diez dias,
hubo una mortalidad considerable (57%)en el grupo sometido a isquemia (A-a-C) ,
en cambio la mortalidad fue significativamente menor cuando los animales se pre-
trataron con espironolactona (A-a-C+Sp) (15%). Después de estos primeros diez
dias, ninguna rata murié durante el resto del estudio (Figura 32A).

Cada 30 dias se evalud la excreciéon urinaria de proteinas. Los animales que
sobrevivieron al insulto isquémico desarrollaron un aumento progresivo en la
proteinuria de 20.2 + 1.5 a los 30 dias hasta 164.8 £ 11.3 mg/24 h a los 270 dias.
Esta alteracion no se observé en el grupo A-a-C+Sp (9.2 £ 1.0 a los 30-dias y 27.1
2.0 mg/24 h a los 270-dias) (Figura 32B). Después de 9 meses de haber inducido la
isquemia renal bilateral, el grupo A-a-C desarroll6 disfuncidn renal que se caracterizo
por una reduccion significativa del flujo sanguineo renal (FSR) y de la depuracién de
creatinina (Figuras 32C-D). Interesantemente, el grupo A-a-C+Sp no desarrolld

disfuncion renal. La presion arterial al final del estudio fue similar en todos los grupos
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(Figura 32E). Por lo tanto, el darfio renal observado en las ratas que desarrollaron
ERC no fue debido a elevacion de la presion sanguinea.

De acuerdo con nuestras observaciones previas, en el grupo A-a-C, los
niveles de la molécula de dafio renal Kim-1 fueron significativamente mayores que el

grupo control y el grupo A-a-C+Sp (Figura 32F).
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Figura 31. La disfuncién renal inducida por isquemia fue completamente resuelta después de
10 dias de reperfusién, pero las citocinas pro-inflamatorias y pro-fibréticas permanecieron
elevadas. A) Excrecion urinaria de proteinas después de 1, 3, 6 y 9 dias de reperfusion en las ratas
operadas en forma falsa (circulo blanco o barras gris claro), grupo sometido a isquemia renal bilateral
(circulo negro 6 barras negras), y ratas pre-tratadas con espironolactona 3 dias antes de inducir la
isquemia (circulo gris oscuro o barras gris oscuro). Las ratas fueron anestesiadas y posteriormente
sacrificadas después de 10 dias de reperfusion y se determine la funcién renal. B) Flujo sanguineo
renal, C) creatinina sérica y D) depuracién de creatinina. E) Niveles de RNAm de IL-6 F) Niveles de
proteina y de fosforilacion de Smad-3. n=6 ratas por grupo. *p<0.05 vs. el grupo sham y ¥p<0.05 vs.
el grupo sometido a isquemia bilateral.
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Figura 32. La lesidon renal aguda (LRA) propicia el desarrollo de ERC, efecto que puede ser
prevenido con el pre-tratamiento con espironolactona. Se incluyeron cuatro grupos: cirugia falsa
(S), n=9; ratas que recibieron espironolactona (20 mg/kg/dia) tres dias antes de la cirugia falsa, n=9
(Sp); ratas sometidas a isquemia renal bilateral, n=28 (A-a-C); y ratas que recibieron espironolactona
tres dias antes de la isquemia bilateral, n=13 (A-a-C+Sp). A) El Porcentaje de sobrevida para el grupo
A-a-C (circulo negro) fue del 43%, comparado con el 85 % en el grupo A-a-C+Sp (circulo gris) y el
100 % en el grupo S (circulo blanco). B) Excrecion urinaria de proteinas que fue medida cada 30 dias
a lo largo del estudio en los grupos: S (0), Sp (*), A-a-C (V¥), and A-a-C+Sp (A). Al final del periodo
experimental se determind: C) flujo sanguineo renal, D) depuracién de creatinina, E) la presién arterial
media, y F) los niveles urinarios de Kim-1 en las ratas con cirugia falsa (barras blancas), Sp (barras
gris claro), A-a-C (barras negras) y A-a-C+Sp (barras gris oscuro). *p<0.05 vs. los grupos Sy Sp.
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El insulto isquémico condujo al desarrollo de daino estructural severo

Los hallazgos histopatologicos observados en las laminillas de los cortes
histoloégicos tefiidos con PAS de los rifiones del grupo A-a-C después de 270 dias
mostraron serias alteraciones estructurales que se caracterizaron por hipertrofia y
esclerosis glomerular, asi como dilatacion tubular severa y formacion de cilindros
como se puede apreciar en las figuras 33A y 33B. En cambio, en el grupo A-a-C+Sp,
estas lesiones fueron practicamente ausentes (Figuras 33C-D). Estos hallazgos
fueron confirmados cuando se cuantificd el porcentaje de tubulos dilatados y de
glomeruloesclerosis. Como muestra la figura 33E, la dilatacion tubular estuvo
presente en el 42.3 £ 5.0% de los tubulos, mientras que en el grupo A-a-C+Sp el
porcentaje fue significativamente menor (13.1 £ 2.7%). De forma similar, el grupo A-
a-C presenté un mayor porcentaje de glomeruloesclerosis (10.0+4.4%) que los

grupos control y A-a-C+Sp (0 and 0.4 £ 0.4%, respectivamente).
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Figura 33. Un episodio de LRA ocasiona el desarrollo de dafio estructural severo, que es
completamente prevenido con espironolactona. Imagenes representativas de cortes histologicos
de rifion tefidas con PAS de una rata del grupo A-a-C se muestran en el panel A (magnificacion
x100) y B (magnificacion x400), mientras que los paneles C (magnificacion x100) y D (magnificacién
400x) muestran las imagenes de una rata del grupo A-a-C+Sp. E) Porcentaje de tubulos dilatados, F)
Porcentaje de glomerulosclerosis porcentaje en las ratas con cirugia falsa (barras blancas), Sp
(barras gris claro), A-a-C (barras negras) y A-a-C+Sp (barras gris oscuro). n=6 ratas por grupo.
*p<0.05 vs. los grupos S y Sp.
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Con el fin de evaluar cuantitativamente la hipertrofia glomerular, se midieron
los diametros glomerulares de al menos 100 glomérulos de cada rata y se
distribuyeron segun su diametro. La figura 34A muestra la distribucion de los
diametros glomerulares para el grupo control (Sham) en donde se aprecia una
distribucion en forma Gausiana como previamente hemos reportado [116]. En donde
la mayor parte de los glomérulos tenian un diametro entre 101y 125 pm (38.3%) y
solo una menor proporcidon se encontré entre 76 y100 um (19.5%) y entre 126 y150
um (27.5%). En cambio, en los animales que desarrollaron ERC se observo una
mayor proporcion de glomérulos con diametros superiores a 125 micras, reflejando
la presencia de hipertrofia glomerular. El 43.3% de los glomérulos tuvieron un
diametro mayor que 151 ym y una menor proporcion se observo en los intervalos de
101-125 ym (20.4%), 76-100 ym (8.3%) y de 50-75 ym (0%). Todas estas
diferencias fueron estadisticamente diferentes de acuerdo con el analisis de
contingencia, como se detalla en la figura 34B. La distribucion de los diametros
glomerulares del grupo A-a-C+Sp fue similar al grupo control (Figura 34C), indicando
que en este grupo, la hipertrofia glomerular fue practicamente ausente. De acuerdo
con estos resultados, observamos que el peso renal en el grupo A-a-C fue
significativamente mayor (2.5+0.2 g) que en los grupos Sy Sp (1.6+0.1 and 1.6+0.1
g); este aumento no se observo en el grupo A-a-C+Sp (1.51£0.1 g). La microscopia
electronica de los rifiones de los animales que desarrollaron ERC revel6 alteraciones
ultra-estructurales como fusion y desprendimiento de los procesos podocitarios
(Figura 34E). Estas alteraciones fueron raramente observadas en el grupo A-a-C+Sp

(Figura 34F).
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Figura 34. Las ratas que desarrollaron ERC presentaron hipertrofia glomerular y lesién en la
ultra-estructura. La distribucion del diametro glomerular es representada en barras blancas para el
grupo control (A), en barras negras para el grupo A-a-C (B) y en barras grises para el grupo A-a-C+Sp
(C). Microfotografias que muestran la microscopia electrénica de: D) un corte de riidon de una rata del
grupo control, E) para el grupo A-a-C and F) para el grupo A-a-C+Sp. Las flechas negras indican el
proceso de fusién de podocitos y los asteriscos, el desprendimiento de podocitos Magnificaciéon
original: x6300. *p<0.05 vs. el grupo S y ¥p<0.05 vs. el grupo A-to-C.

Diametro Glomerular um

Para evaluar la fibrosis tubulo-intersticial, los cortes histologicos de los grupos
estudiados ahora se tifieron con rojo de sirio. Como se aprecia en las figuras 35A y
35B, se encontroé una area extensiva afectada por fibrosis en el grupo A-a-C y en
mucho menor grado se observd en el grupo A-a-C+Sp (Figuras 35C-D). Estas
observaciones se confirmaron con el analisis morfométrico que se representa en la
figura 35E. EIl grupo A-a-C presentdé un 44.8 + 16.0% del area tubulo-intersticial
afectada por fibrosis en comparacién un 18.7 £ 4.5% en el grupo A-a-C+Sp. Estos
resultados muestran que la ERC inducida por isquemia produjo danfo
glomerular y tubular y que el empleo de espironolactona no solo previno la

disfuncién renal, sino también el dafno glomerular y tubular.
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Figura 35. La fibrosis tubulo-intersticial observado en el grupo que desarrollo ERC fue
prevenida por el pre-tratamiento con espironolactona. Imagenes representativas de Ila
microscopia de luz de cortes histoloégicos de rifiones tefiidos con rojo de sirio que muestran la
presencia de fibrosis en el grupo A-a-C y que es representado en A (magnificacion x100) y en B
(magnificacion x400), y las microfotografias del grupo A-a-C+Sp group son representadas en
(magnificacion x100) y en D (magnificacion x400). E) Analisis morfométrico del porcentaje de fibrosis
tubulo-intersticial en los cuatro grupos estudiados después de 270 dias de reperfusion. Sham (barra
blanca), Sp (barra gris claro), A-a-C (barra negra) y A-a-C+Sp (barra gris oscuro) *p<0.05 vs. los
grupos Sy Sp.

La dilatacion tubular fue en parte mediado por un aumento en la proliferacion
celular

Con el fin de evaluar si la dilatacion tubular observada en los animales que
desarrollaron ERC se relacionaba con proliferacién tubular, se analizé la
inmunotincion del antigeno nuclear de células en proliferacion (PCNA). El grupo A-a-
C mostré una considerable proliferacién celular que se evidencié por el numero de
nucleos positivos a PCNA en el epitelio tubular, efecto que casi estuvo ausente en el
grupo A-a-C+Sp (Figuras 36A-36C). Estos hallazgos fueron cuantificados mediante
la obtencion del porcentaje de células tubulares positivas para PCNA (Figura 36D).
Ademas observamos una correlacion significativa entre el porcentaje de tubulos

dilatados y el porcentaje de células positivas a PCNA (Figura 30E, r?=0.87). Estos
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resultados sugieren que la proliferacion celular puede ser responsable en

parte de la dilatacion tubular que se aprecia en el grupo que desarrollé ERC.
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Figura 36. Proliferacion del epitelio tubular determinada por la inmunotincion de PCNA. A)
Imagen representativa del grupo S, B) A-a-C and C) A-a-C+Sp. D) Porcentaje de células positivas de
PCNA para los grupos de cirugia falsa (barras blancas), Sp (barras gris claro), A-a-C (barras negras)
y A-a-C+Sp (barras gris oscuro). *p<0.05 vs. los grupos S y Sp. E) Correlacién entre el porcentaje de
células positivas para PCNA y el porcentaje de tubulos dilatados (r2 = 0.87). *p<0.05 vs. los grupos S

y Sp.

La fibrosis tubulo-intersticial es mediada por la activacion de la via de TGF-g
La enfermedad renal crénica se ha atribuido a la activacion de la via de
sefializacion de la citiocina pro-fibrética TGFp, por lo que en este estudio evaluamos
los niveles de proteina y la actividad de TGFp a través de medir los niveles de

fosforilacion de Smad3 y de sus genes blanco de la senalizaciéon intracelular de
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TGFp, como la fibronectina y colagena tipo |I. En el grupo A-a-C se observo un
aumento significativo de dos veces en los niveles de RNAm de TGF-f. Este
incremento no se observo en el grupo A-a-C+Sp (Figura 37A). La activacién de la via
de TGF-f en el grupo A-a-C fue monitoreada a través del aumento en los niveles de
proteina de fibronectina, colagena |, y a-SMA, asi como en el aumento en la
fosforilacion de Smad-3 (Figuras 37B a la 37E). El incremento en la activacion de la
via de TGF-f fue completamente prevenida con el pre-tratamiento con
espironolactona.

Debido a que recientemente se reporté que la fosforilacion de Smad2 puede
actuar como un mediador anti-fibrético [126], también se evaludé el estado de
fosforilacion de Smad2 y encontramos que en el grupo A-a-C+Sp, el cual presentd
menor fibrosis tubulo-intersticial, también presenta una elevacion significativa en la

fosforilaciéon de Smad2 (Figura 37F).
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Figura 37. La fibrosis renal en el grupo que desarrollé6 ERC se asocié con activacion de la via
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colagena tipo | E) a-SMA, y F) fosforilacion de Smad2 (F) para los grupos: en las ratas con cirugia
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n=6 ratas por grupo. *p<0.05 vs. los grupos S y Sp.

91



El daino renal crénico inducido por un insulto isquémico es también mediado
por un incremento en el estrés oxidante

La excrecion urinaria de H20, en el grupo A-a-C fue significativamente mayor
que en los grupos S y Sp (64.1+£7.5 vs. 10.4+1.1 y 5.9+1.0 nmol/24-h) (Figura 38A).
Sin embargo, esta elevacion fue abatida en el grupo A-a-C+Sp (14.8+2.5 nmol/24-h).
Asi mismo, la actividad de la catalasa fue significativamente menor en el grupo A-a-
C (Figura 38B), efecto que no fue observado en el grupo A-a-C+Sp. No se
observaron diferencias en la actividad de la peroxidasa de glutation (Gpx) en los
grupos estudiados (Figura 38C). Estos resultados muestran que el desarrollo de
ERC se asocia con un incremento en el estrés oxidante y que esto no se observa en

los animales que recibieron espironolactona antes de inducir la isquemia.
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Figura 38. Contribucién del estrés oxidativo en el desarrollo de ERC y su prevencién con el
uso de espironolactona. A) Excrecion urinaria de H,O, después de 270 dias de reperfusion. B)
Actividad de catalasa C) Actividad de la peroxidase de glutation en las ratas con cirugia falsa (barras
blancas), Sp (barras gris claro), A-a-C (barras negras) y A-a-C+Sp (barras gris oscuro). n=6 ratas por
grupo. *p<0.05 vs. los grupos S y Sp, ¥p<0.05 vs. el grupo A-a-C.

La respuesta inflamatoria esta involucrada en el desarrollo de ERC inducida
por la isquemia

Los niveles de RNAm y de proteinas de TNF-o, MCP-1 e IL-6 fueron
analizados por RT-PCR en tiempo real y por un analisis de ELISA, respectivamente.

Como se muestra en la figura 39, los niveles de RNAmM de estas citocinas fueron

significativamente mayores en el grupo A-a-C por 1.6 veces para TNF-a y 13 veces
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para MCP-1 e IL-6, considerando como niveles basales los de los dos grupos
controles. En forma interesante, el grupo A-a-C+Sp mostro valores similares al grupo
control. Por lo tanto los hallazgos a nivel de RNAm fueron corroborados a nivel de
proteina mediante ELISA y los resultados fueron muy similares a los observados por

RNAm.
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Figura 39. Contribuciéon de la respuesta inflamatoria en el desarrollo de ERC. Niveles de RNAm:
A) de TNF-a, C) MCP-1, y E) IL-6 para las ratas con cirugia falsa (barras blancas), Sp (barras gris
claro), A-a-C (barras negras) y A-a-C+Sp (barras gris oscuro). Niveles de proteina determinados por
ELISA: B) TNFa, D) MCP-1y F) IL-6 . n=6 ratas por grupo. *p<0.05 vs. los grupos S y Sp.

La ERC inducida por LRA también se puede prevenir por la administracién de
espironolactona después que el insulto isquémico ha ocurrido

Debido a que la lesion renal aguda se presenta de manera inesperada, es

necesario conocer si la administracion de espironolactona post-isquemia puede
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prevenir el desarrollo de enfermedad renal crénica. Para ello incluimos nuevos
grupos de ratas que tuvieron un seguimiento de 90 dias. Los grupos fueron 1) sham,
2) I/R 45 min, 3) I/R 45 min y Sp 20 mg inmediatamente después de la I/R (Sp0-20),
4) I/R 45 min y Sp 20 mg 1.5 horas después de la I/R (Sp1.5-20), 5) I/R 45 miny Sp
20 mg 3 horas después de la I/R, 6) I/R 45 min y Sp 80 mg inmediatamente después
de la I/R (Sp0-80) y 7) I/R 45 min y Sp 80 mg con Sp 1.5 horas después de la I/R
(Sp1.5-80).

Como se observa en la figura 40A, la administracion de la dosis baja de Sp
después de la I/R no previno la elevacién en la excrecion urinaria de proteinas a las
24 h de reperfusidén, sin embargo, a largo plazo se observé un efecto protector
respecto al desarrollo de proteinuria en todos los grupos, excepto en el de Sp3 a los
90 dias. Con la administracion de la dosis alta de Sp (80 mg) se redujo parcialmente
la proteinuria a las 24 h de reperfusion y se previno totalmente el desarrollo de

proteinuria a lo largo de los 90 dias (Figura 40B).
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Figura 40. Excrecion urinaria de proteinas en: sham (circulo blanco), I/R (circulo negro) y grupos
tratados con espironolactona (circulo gris) A) dosis de 20 mg/kg y B) dosis de 80 mg/kg.

Respecto a los parametros de funcion renal, se observo que a los 90 dias de

seguimiento los animales sometidos a isquemia sin tratamiento presentaron valores
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menores de flujo sanguineo renal y de depuracion de creatinina, sin embargo, las
diferencias no fueron estadisticamente significativas. Esta tendencia no se observd

en los animales que fueron tratados con la dosis baja o alta de espironolactona

(Figura 41).
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Figura 41. Flujo sanguineo renal y depuracién de creatinina en ratas sham (blanco), I/R (negro) y
tratadas con espironolactona (gris).

También determinamos la presencia de marcadores moleculares de fibrosis e
inflamacion. Estos marcadores mostraron evidencia de la proteccion conferida por
espironolactona. La sobre-regulacion de los niveles de RNAmM de TGFf se previno o
se redujo con el tratamiento con la dosis baja o alta de espironolactona cuando se
administré a las 0 0 1.5 h después de la isquemia (Figura 42A y 42E). Sin embargo,
los niveles de fosfo-Smad 3 siguieron elevados en las ratas tratadas con la dosis

baja, pero no con la dosis alta de espironolactona (Figura 42B y 42F). El efecto
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renoprotector de la espironolactona también se asocid con la prevencién de la sobre-

regulacion de a-SMA y MCP-1 (Figura 42C y 42H).
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Figura 42. Niveles de RNAm de TGF-f, de proteina de fosfo-Smad3, de alpha-SMA y de MCP-1 en
ratas sham (blanco), I/R (negro) y tratadas con espironolactona (gris).

En resumen, caracterizamos un modelo experimental de ERC inducida
por un periodo de LRA en la rata. Diversos mecanismos fueron Ilos
responsables del desarrollo de ERC, entre ellos se encuentran: una mayor
proliferacion celular en los tubulos, la activacion de la via de TGF-B, el
desarrollo de fibrosis tubulo-intersticial, un mayor estrés oxidante y una mayor
respuesta inflamatoria. Ademas mostramos que el prevenir la LRA con
espironolactona previene el desarrollo de ERC. Finalmente también se
demostré que la administracion de espironolactona después del insulto

isquémico puede también prevenir el desarrollo de ERC.
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La lesion renal aguda es un sindrome cuya frecuencia en la poblacién es cada
vez mas elevada y que ademas presenta consecuencias graves como el desarrollo
de enfermedad renal cronica o la pérdida total de la funcion renal, condicion que solo
es compatible con la vida, si los pacientes reciben terapia de reemplazo renal
(dialisis o hemodialisis) o bien un trasplante renal. A pesar de los grandes avances
en la medicina moderna, la tasa de mortalidad de la LRA no ha sido mejorada en las
ultimas cuatro décadas debido al poco conocimiento de los mecanismos
involucrados durante la patogénesis de la LRA, la falta de un marcador temprano
que nos permita establecer un diagnostico oportuno y a la falta de terapias
farmacoldgicas eficientes. Es por ello que resulta imperativo estudiar a la LRA desde
tres perspectivas: 1) comprender a detalle los mecanismos moleculares
involucrados, 2) caracterizar un biomarcador de diagndstico oportuno y 3) encontrar
maniobras farmacoldgicas que permitan mejorar el pronodstico del paciente y evitar el
desarrollo de consecuencias graves como la ERC. El presente trabajo abord6 la LRA
desde los tres puntos de vista anteriormente mencionados.

En este estudio mostramos que la sobre-expresion de Hsp90a o de Hsp90pB
protege del dafio renal inducido por I/R a través de evitar la caida del FSR. El efecto
reno-protector fue mediado a través de la activacion de la sintasa de 6xido nitrico
endotelial y por lo tanto del restablecimiento de la sintesis de 6xido nitrico. Ademas,
encontramos que la cuantificacion de los niveles urinarios de Hsp72 es un
biomarcador confiable para establecer un diagnostico temprano de la LRA. Este
nuevo biomarcador tuvo varias caracteristicas, entre ellas ser un método de
diagnostico temprano y suficientemente sensible para estratificar diferentes grados
de dafo renal y de recuperacion, asi como para monitorear la efectividad de una
maniobra reno-protectora en un modelo de dafo renal por I/R. Ademas, los

hallazgos experimentales fueron corroborados en humanos diagnosticados con LRA.
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El hecho de que Hsp72 sea un biomarcador capaz de estratificar el grado de dafo
renal que sufre cada paciente permitira encontrar cuales de ellos se encuentran en
mayor riesgo de desarrollar ERC a largo plazo y poder proporcionarles un adecuado
seguimiento. Adicionalmente, desarrollamos un modelo de ERC inducida por un
periodo de LRA, el cual nos permiti6 demostrar que la espironolactona administrada
de manera profilactica o después de la I/R es capaz de prevenir o disminuir el
desarrollo de ERC.

En la practica clinica, es bien conocido que la disminucion del flujo sanguineo
renal es determinante en la iniciacion y ampliacion de la fisiopatologia de la
insuficiencia renal aguda [110]. Un evento asociado a esta fisiopatologia es el hecho
de que el tono vascular se encuentra afectado, en parte, por una reduccion de NO
derivado de la eNOS [21]. En efecto, la disminucién de la funciéon de eNOS es una
de las caracteristicas de la disfuncion endotelial asociada con insuficiencia renal
aguda. En este sentido se ha mostrado que el aumento de la actividad de la eNOS
inducida por pre-acondicionamiento isquémico protege a los rifiones de I/R [71].

Los mecanismos sobre como Hsp90 interactua con la eNOS para modular su
actividad enzimatica y el tono vascular siguen siendo actualmente motivo de estudio.
No obstante, es bien conocido que Hsp90 tiene un efecto positivo sobre el estado
conformacional de eNOS que favorece la produccion de NO por eNOS, mientras que
su ausencia permite que la enzima adopte una conformacion diferente, lo que
favorece la generacion del anidn superoxido [64]. En este sentido, la capacidad de
eNOS para generar tanto NO como, el anidn superoxido, le permite modular una
amplia gama de actividades celulares [127]. Los estudios reportados actualmente
sobre el papel fisiologico de Hsp90 son muy escasos y menos aun se conoce el
papel especifico que tienen Hsp90a y Hsp90p. Como una primera aproximacion a

este respecto, estudios de nuestro laboratorio sugieren que Hsp90 esta implicada en
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el mantenimiento de la funcién renal. En un estudio previo observamos que la
inhibicion de Hsp90 produjo vasoconstriccion renal y una disminucion de la filtracion
glomerular, lo que se asocié con una reduccién en la produccién de NO. La menor
generacion de NO se debio en parte por un aumento en la fosforilacion inactivante
de eNOS y por una reduccion en la forma dimérica de eNOS [76]. Lo anterior sugiere
que Hsp90 regula la produccion de NO mediada por eNOS en el endotelio de los
capilares glomerulares y de esta forma regula el tono vascular renal y la filtracion
glomerular. Sin embargo, se desconoce cual es la participacion de Hsp90a o de
Hsp90p en el mantenimiento del flujo sanguineo renal y por lo tanto de la funcion
renal. Como un primer acercamiento para conocer el papel que juega cada isoforma
de Hsp90 en la regulacion de la eNOS, en un estudio previo de nuestro laboratorio
[77] se transfectd Hsp90a o Hsp90p en células epiteliales de riidon humano (HEK-
293). Se observo que Hsp90a indujo un incremento en la produccion de NO y en la
fosforilacion activante de Ser1177 en eNOS. Por el contrario Hsp90p produjo una
disminucion en la sintesis de NO y un incremento en la fosforilacion inactivante de
eNOS; sin embargo se desconoce si este efecto también se puede observar “in vivo”
y cual seria su repercusion sobre la funcion renal normal y frente a un fenbmeno de
I/R. Debido a que los animales deficientes en Hsp90 (Knockout) no sobreviven,
decidimos evaluar el efecto de la sobre-expresion de Hsp90a y Hsp90p
especificamente en los rifiones. En esta parte del proyecto, no realizamos la
transfeccion bilateral debido a que técnicamente es muy complicado transfectar el
rindon derecho. En un inicio decidimos realizar isquemia bilateral y transfectar
unicamente el rifidn izquierdo. En este modelo observamos que el rifidn transfectado
tenia una mejor perfusion renal, pero esto no se reflejaba en la funcion renal total, ni

en la proteinuria, debido a la contribucion del dafo renal del rifidn no protegido con
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la transfeccion (rindn derecho). Por esta razon decidimos utilizar otro modelo en
donde solo se indujo isquemia en el rifidon izquierdo que habia sido previamente
transfectado. Aunque si observamos nuevamente un restablecimiento del flujo
sanguineo con la transfeccion de las dos isoformas citosdlicas de Hsp90, este
modelo tampoco fue util ya que el riidn derecho con una fisiologia normal
enmascaro lo que estaba sucediendo en el rindn izquierdo gracias a que compenso
la funcidn renal. Esto nos llevé a proponer un tercer modelo en donde efectuamos
uninefrectomia del rifion derecho y transfectamos el rifidon izquierdo para después
inducir isquemia unilateral. Este modelo fue el mejor para poder distinguir lo que
ocurria con la sobre-expresion de Hsp90a o de Hsp90p. De manera sorprendente
encontramos que ambas isoformas fueron capaces de proteger al rifion frente a un
fendbmeno de isquemia/reperfusidon renal. De forma tal, que los animales
transfectadas con cualquiera de las dos isoformas de Hsp90 no presentaban
disminucién del FSR ni elevacion de la creatinina sérica. En estos animales
uninefrectomizados y sometidos a isquemia renal durante 30 min y reperfusion de 24
h, observamos una reduccion significativa en la excrecion urinaria de NO,/NOs3. De
forma interesante, la sobre-expresién de Hsp90a o de Hsp90p fue capaz de prevenir
la caida del flujo sanguineo renal y la reduccion en la generacién de NO. Esto por lo
tanto, favorecio una eficiente generacion de NO, lo que a su vez previno la caida del
FSR posterior a la isquemia y que se observa después de 24 h, siendo este efecto
uno de los mecanismos renoprotectores que confirid la sobre-expresién de ambas
isoformas ante el dafo inducido por la I/R. Ademas, en los animales
uninefrectomizados y en los que se les transfectdé Hsp90a o Hsp90p y que fueron
posteriormente sometidos a I/R, exhibieron niveles de proteinuria y de Hsp72
similares a los del grupo operado en forma falsa, lo que indica que estos grupos no

presentaron el dafo tubular inducido por la isquemia. Este hecho fue corroborado
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mediante el analisis histolégico. El estudio de inmunoprecipitacion reveld que la
transfeccion de Hsp90a o de Hsp90p indujo una mayor interaccion entre Hsp90 vy
eNOS, promoviendo que eNOS se fosforilara en el residuo activante de Ser-1177,
como se ha descrito también por otros grupos [67]. Es importante mencionar que se
ha reportado que este residuo puede ser fosforilado por la cinasa PKC-a y por la
cinasa AKT [128]. Interesantemente, en este estudio encontramos que el grupo
sometido a I/R presentd una menor expresion de PKC-a, lo que también puede
explicar en parte la menor fosforilacion en la Ser-1177 de eNOS y la consecuente
menor produccion de NO en estos animales. En cambio la sobre-expresion de
Hsp90a o de Hsp90p restablecid los niveles de proteina de esta cinasa y esto a su
vez se asocio con el restablecimiento de la fosforilacion en la Ser-1177 de eNOS.
Estos hallazgos concuerdan con estudios previos que han demostrado que Hsp90
participa en mantener la estabilidad de PKC-a [129]. Respecto a la cinasa Akt
encontramos que en las ratas sometidas a I/R sin transfeccion de Hsp90, la
fosforilacidon de esta cinasa se encontraba incrementada en el tejido renal, efecto
que pudo ser prevenido con la transfeccion de ambas isoformas de Hsp90. Esto es
importante ya que se ha reportado que Akt es capaz de fosforilar al factor de
transcripcion FOXO3a el cual a su vez induce arresto en el ciclo celular y propicia el
desarrollo de fibrosis después de la I/R [130]. En cambio, el residuo inactivante de
eNOS, la Tre495, aumentd su fosforilacion durante la isquemia y ésta se previno
parcialmente con la transfeccion de Hsp90.

En resumen, en esta parte de este trabajo mostramos por primera vez que la
sobre-expresion de Hsp90oa o de Hsp90p protege contra el dafio renal inducido por
un fendmeno de isquemia/reperfusion. Observamos que la interacciéon Hsp90-eNOS

se disminuye durante la I/R, efecto que se acompafa de una disminucion en la
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produccion de NO y con cambios en la fosforilacion de la Ser1177 y Tre495 de
eNOS. La transfeccion de Hsp90a o de Hsp90f promoviéo un incremento en la
interaccion Hsp90-eNOS, lo que se asocié con el mantenimiento del estado de
fosforilacion de eNOS. A este respecto se ha mostrado que el acoplamiento entre
Hsp90 y eNOS promueve un incremento en la fosforilacion de la Ser1177 y que la
fosforilacion de la Tre495 resulta de la pérdida en la interaccion de Hsp90 y eNOS.
Por lo tanto es posible que durante la I/R, Hsp90 se encuentra mayormente ocupada
en restablecer la homeostasis celular y en consecuencia se pierde la interaccion
Hsp90-eNOS y disminuye la generacibn de NO. En cambio en los rifiones
transfectados con Hsp90a o Hsp90p se promovid una mayor interaccion Hsp90-
eNOS y por lo tanto la produccién de NO se reestablecio, protegiendo asi a los rifion
es contra el dafo por I/R.

Como se comentd previamente, una de las dificultades por las que la LRA
puede tener complicaciones graves es por falta de un biomarcador sensible y
temprano para el diagndstico oportuno de esta enfermedad [131]. Ya que se ha
mostrado que la intervencion oportuna del paciente puede mejorar drasticamente el
pronostico esperado [132]. Previamente se reportd la expresion de Hsp72 puede ser
altamente inducida por un proceso isquémico o bien por el uso de agentes
nefrotoxicos [133] [134] [135]. Ademas es bien conocido que después de un
fendmeno isquémico se propicia el desprendimiento de células viables y no viables,
asi como muerte de células del epitelio tubular, lo que genera que estas células
drenen por el espacio tubular y aparezcan en la orina [136]. Ademas de que se ha
descrito que el desprendimiento y muerte celular del epitelio tubular es proporcional
a la severidad del dafio. Considerando lo anterior, consideramos que la deteccion de
Hsp72 en la orina podia ser util para estratificar la extension del dafio renal inducido

por un fendbmeno de I/R. De hecho encontramos que después de 24 horas de
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reperfusion, la expresion de Hsp72 en el tejido renal se incrementa de manera
proporcional al periodo de isquemia inducido y lo hace desde un periodo de
isquemia leve por 10 min. El mismo patrén de comportamiento de Hsp72 se observé
en la orina de estos animales tanto a nivel de RNAm como de la proteina, lo que
ademas correlaciond significativamente con el grado de dafio tubular cuantificado
por morfometria. La siguiente caracteristica que nuestro biomarcador deberia
cumplir era que su induccién ocurriera de forma temprana. Para ello se determinaron
los niveles de Hsp72 en orina de ratas sometidas a 30 min de isquemia con
diferentes periodos de reperfusiéon. Encontramos que desde las 3 h después de la
isquemia se puede encontrar esta proteina en la orina de los animales y que ademas
su concentracion disminuyé después de 72 horas de la isquemia, lo cual,
correlaciond con la regeneracion tubular que ocurre posterior a un fendmeno de
isquemia. Estos hallazgos sugieren que esta proteina no solo puede ser utilizada
como marcador de dafio renal para detectar LRA, sino que también puede reflejar la
recuperacion y regeneracion del epitelio tubular. Ademas Hsp72 fue capaz de
monitorear la eficacia de una maniobra reno-protectora como lo es la
espironolactona.

En este trabajo se comparé la cinética de Hsp72 con la de Kim-1, NGAL e IL-
18. Kim-1 fue capaz de diferenciar entre el dafio leve de uno moderado, pero no fue
capaz de estratificar un dafio renal severo, ademas su induccion fue tardia ya que se
elevo significativamente hasta las 9 h después de la isquemia. Respecto a NGAL,
este biomarcador no fue capaz de reflejar el progreso del dafo tubular que ocurre
durante la reperfusion. Finalmente, IL-18 fue un biomarcador menos temprano que
Hsp72, pues su elevacién ocurrié hasta 6 h después de la I/R.

En la practica clinica, a pesar de las limitaciones que tiene la creatinina sérica,

el diagnostico de LRA continua basandose en la elevacion de este producto de
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desecho. El diagnostico de LRA se basa entonces, en los criterios de RIFLE o de
AKIN [7]. Sin embargo, la creatinina sérica no es un marcador sensible del dafo
renal ya que se eleva cuando una gran parte del tejido renal se encuentra afectado o
hasta 48 h después del insulto [8]. Por lo que, en este estudid evaluamos la
sensibilidad de Hsp72 para establecer un diagnodstico oportuno de LRA en humanos.
Encontramos que los niveles urinarios de Hsp72 son muy bajos en sujetos sanos, en
contraste con los pacientes que fueron diagnosticados con LRA (por la elevacién de
la creatinina sérica), en los que se observéd un incremento significativo de Hsp72 en
la orina de estos sujetos. También evaluamos si Hsp72 era un marcador temprano
de LRA en pacientes criticamente enfermos que se encontraban en la terapia
intensiva del Instituto Nacional de Ciencias Médicas y Nutricion Salvador Zubiran,
que fueron incluidos por presentar al menos dos fallas organicas. Al momento de la
inclusion de los pacientes no sabiamos cuales de ellos desarrollarian LRA, sino esto
se supo hasta que se diagnostico por la elevacion de la creatinina sérica. Lo que
encontramos fue que Hsp72 se incrementd en la orina de los pacientes que habian
desarrollado LRA hasta con 48 horas de anticipacion a la elevacion de la creatinina
sérica. En conjunto estos datos sugieren que la deteccion urinaria de Hsp72 es un
biomarcador promisorio en un contexto clinico. Sin embargo, se requieren mas
estudios clinicos que incluyan un mayor numero de pacientes para validar su uso
como un biomarcador oportuno de LRA.

Finalmente, en este estudio caracterizamos un modelo de ERC inducida por
un episodio de LRA. En este modelo indujimos isquemia renal bilateral de 45 min y
los animales dejaron evolucionar por 10 o 270 dias. Después de 10 dias de haber
inducido la isquemia observamos que los animales se habian recuperado
completamente a nivel funcional sin embargo, la activacion de vias pro-inflamatorias

y pro-fibréticas permanecieron activadas. Durante el seguimiento de 9 meses
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posteriores se encontrd un incremento progresivo de excrecidn urinaria de proteinas,
caracteristica de la ERC. Asi que consideramos que este modelo semeja lo que
ocurre en la practica clinica, en los pacientes que sobreviven a un episodio de LRA y
recuperan su funcion renal y que estan en inminente riesgo de desarrollar ERC.
También observamos que la administracion de espironolactona antes o después de
la isquemia previno o disminuyoé la severidad de la ERC. El mecanismo involucrado
en la reno-proteccion conferida por espironolactona no ha sido claramente
elucidado. Sin embargo, estudios reciente proponen a la aldosterona como un
orquestador del dafo renal tanto agudo como crénico [137] [138]. De forma tal que
se ha evidenciado que la union de la aldosterona a los receptores a
mineralocorticoides (RM) localizados en la vasculatura es capaz de influenciar el
tono vascular [139]. Esto ha sido mas claramente mostrado en los ratones que
sobre-expresan el RM en el endotelio, lo que provoca que el tono vascular sea
alterado [119]. Ademas, se ha reportado que los ratones deficientes de RM
exclusivamente en las células del musculo liso vascular presentan menor presion
arterial con el envejecimiento, que los ratones controles [120]. En este sentido,
estudios previos de nuestro laboratorio muestran que el bloqueo de los RM previene
la hipo-perfusion renal caracteristica del modelo de I/R, sugiriendo que la
aldosterona tiene un papel esencial en mediar la disfuncion renal. Es posible que el
endotelio y el flujo sanguineo renal en las ratas tratadas con espironolactona se
hayan afectado minimamente como consecuencia de la I/R y por lo tanto se
pudieran prevenir las alteraciones micro-vasculares y el circulo vicioso de hipoxia
cronica que finalmente desencadenaria el desarrollo de ERC. En este sentido la
severidad de la LRA fue menor probablemente debido al bloqueo de la activacion de
los RM con espironolactona impidié el efecto vasoconstrictor que la aldosterona

media a través de los RM, manteniendo asi un FSR normal, lo que previno el dafo
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celular en el tubulo proximal. Ademas el hecho de que la espironolactona también
previno el desarrollo de ERC aun después de inducir la I/R sugiere que la
espironolactona impidié la activacion de vias pro-inflamatorias y pro-fibroticas
después de la I/R con lo que se evito el desarrollo de ERC.

En conjunto los resultados del presente trabajo son la base para estudios de
investigacion traslacional donde se evaluara el poder diagnostico de Hsp72 para la
deteccion de la LRA. Ademas estos resultados sugieren que el tratamiento de los
pacientes con espironolactona antes o después de un episodio de LRA puede
ayudar a prevenir el desarrollo de ERC. Por lo tanto este trabajo contribuye de
manera importante al entendimiento de los mecanismos involucrados en la LRA, a
resolver la problematica de establecer un diagnostico oportuno de LRA y a la

prevencion de la ERC inducida por un episodio de LRA.
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INTRODUCTION

1,2%

This study was designed to assess whether heat shock protein Hsp72 is an early
and sensitive biomarker of acute kidney injury (AKI) as well as to monitor a
renoprotective strategy. Seventy-two Wistar rats were divided into six groups:
sham-operated and rats subjected to 10, 20, 30, 45 and 60 min of bilateral
ischemia (I) and 24 h of reperfusion (R). Different times of reperfusion (3, 6, 9, 12,
18, 24, 48, 72, 96 and 120 h) were also evaluated in 30 other rats subjected to
30 min of ischemia. Hsp72 messenger RNA (mRNA) and protein levels were
determined in both kidney and urine. Hsp72-specificity as a biomarker to assess
the success of a renoprotective intervention was evaluated in rats treated with
different doses of spironolactone before I/R. Renal Hsp72 mRNA and protein, as
well as urinary Hsp72 levels, gradually increased relative to the extent of renal
injury induced by different periods of ischemia quantified by histomorphometry
as a benchmark of kidney damage. Urinary Hsp72 increased significantly after 3 h
and continued rising until 18 h, followed by restoration after 120 h of reperfusion
in accord with histopathological findings. Spironolactone renoprotection was
associated with normalization of urinary Hsp72 levels. Accordingly, urinary
Hsp72 was significantly increased in patients with clinical AKI before serum
creatinine elevation. Our results show that urinary Hsp72 is a useful biomarker
for early detection and stratification of AKI. In addition, urinary Hsp72 levels are
sensitive enough to monitor therapeutic interventions and the degree of tubular
recovery following an I/R insult.

of preventive strategies, the prevalence of AKI has risen
significantly in the last 15 years due to population aging and the

Ischemia/reperfusion (I/R) and nephrotoxic injuries are the
major causes of acute kidney injury (AKI) in native and
transplanted kidneys (Friedewald & Rabb, 2004). AKI occurs in
about 5% of hospitalized patients and up to 40-60% of
intensive care unit (ICU) patients (Kelly, 2006). Despite
technical improvements in clinical care and the development
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rising pandemics of obesity, diabetes and hypertension (Liano
& Pascual, 1996; Waikar et al, 2006). Despite efforts and
advances in the development of new therapeutics, the
mortality rate of AKI remains between 40 and 80% and has
not been reduced in the last four decades, mainly because
current tools used for the early detection of AKI are not
adequately sensitive or specific (Wu & Parikh, 2008). In current
clinical practice, AKI is typically diagnosed by a rise in serum
creatinine (SCr). Indeed, acute kidney injury network (AKIN)
and risk injury failure lost end stage renal disease (RIFLE)
classifications for the detection of AKI are based on elevation of
SCr (Bagshaw, 2010; Lopes et al, 2008; Wu & Parikh, 2008). It is
generally accepted, however, that SCr is an unreliable and
delayed marker of kidney injury. Substantial injury to the
kidney may occur without affecting glomerular filtration; for

© 2011 EMBO Molecular Medicine
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example, extensive kidney mass reduction may occur without
changes in SCr levels, and urinary obstruction caused by post-
renal factors may be associated with an elevation in SCr
without renal tubular injury (Coca & Parikh, 2008). Moreover,
it has been demonstrated that SCr rises too late to facilitate
early diagnosis of AKI; creatinine elevation is detected after
48 h of ischemic insult (Parikh et al, 2006).

It is known that early initiation of treatment substantially
improves the prognosis for patients with AKI. Therefore, the
development of novel, sensitive renal biomarkers is crucial for
the identification of new therapeutic strategies for AKI; such
biomarkers will facilitate early treatment and monitoring of the
disease course (Yamamoto et al, 2007). Ideally, a sensitive
biomarker for AKI should comprise the following character-
istics: easy detection, non-invasive and capable of detecting AKI
early in the clinical course. Because acute tubular necrosis
(ATN), which is characterized by loss of brush border and
polarity in the tubular epithelium with necrosis and apoptosis as
well as cell tubular detachment (Devarajan, 2006; Liu &
Brakeman, 2008; Price et al, 2009), is a common feature of
most AKI, a good biomarker should also possess the ability to
predict the extent of tubular injury. The detection of the extent of
insult would identify those patients with severe tubular damage
and who could be at risk for developing end stage chronic
kidney disease. Consequently, a good biomarker could also be
used to identify patients that will require subsequent follow-up
to decrease or slow the progression of chronic renal failure. In
addition to early diagnosis and prognosis, it would also be
desirable to identify biomarkers capable of discerning AKI
subtypes, identifying etiologies, predicting clinical outcomes,
allowing for risk stratification and monitoring the response to
interventions (Coca & Parikh, 2008).

It is well known that, during AKI, several mechanisms are
activated to compensate for the resultant cell injury; one of these
compensatory mechanisms is the up-regulation of heat shock
proteins (Hsp) (Csermely et al, 2007; Ritossa, 1962), which help
to restore cell homeostasis. These proteins, which have
molecular weights ranging from 10 to 150kDa (Lindquist &
Craig, 1988), are encoded by different genes. The Hsp70
subfamily is composed of four isoforms: Hsc70, the inducible
isoform Hsp72, mHsp75 and Grp78. Hsp72 is expressed in
response to cell stress, and its induction can be as great as 15%
of the total cell protein (Fan et al, 2003). Several studies have
shown that Hsp72 is up-regulated in damaged tubules after
ischemic and toxic kidney injury (Hernadez-Pando et al, 1995;
Kelly, 2002; Kelly et al, 2001; Molinas et al, 2010; Mueller et al,
2003; Turman & Rosenfeld, 1999; Zhipeng et al, 2006). Given
that Hsp72 is induced in renal tubules during AKI and that
proximal tubular detachment is projected to the urinary space,
we reasoned that the urinary Hsp72 level could serve as an early
biomarker to detect, monitor and/or stratify AKI. The
performance of Hsp72 as a sensitive biomarker to detect
different degrees of renal injury and recovery was corroborated
by using histopathological analysis as a benchmark of kidney
damage. Here, we provide evidence that Hsp72 is an early and
sensitive biomarker of AKI in both rats subjected to I/R and in
humans with clinical AKI.

© 2011 EMBO Molecular Medicine

RESULTS

Different degrees of renal injury were induced in five groups of
rats that underwent various periods of bilateral renal ischemia
(10 to 60 min); all rats were studied after 24 h of reperfusion.
Figure 1 shows the renal function parameters in the six groups
studied together with the quantification of two classic tubular
injury markers. Although increases in SCr were only significant
after 30min of bilateral ischemia (Fig 1A), all rats that
underwent I/R exhibited renal dysfunction characterized by
gradual reduction in creatinine clearance (Fig 1B) and renal
plasma flow (Fig 1C). These alterations were not associated with
changes in mean arterial pressure (MAP) (Fig 1D). As expected,
the worst renal dysfunction was observed in the animals
subjected to 60min of bilateral ischemia. Tubular injury
induced by different periods of ischemia was assessed by the
elevation of urinary N-acetyl-B-p-glucosaminidase (NAG) and
proteinuria. Statistical differences in NAG were seen only after
30min of ischemia, suggesting that NAG is not adequately
sensitive to detect slight or mild renal injury.

Tubular injury was also detected by light microscopy, the
gold standard in evaluating acute renal injury. The left panels of
Fig 2 show representative images of kidney sections from rats
subjected to different periods of ischemia, and the right panels
show quantified cast numbers and the percentage of injured
tubular area quantified by morphometry. Tubular histopathol-
ogy induced by I/R was characterized by brush border loss,
lumen dilatation or collapse and cellular detachment from
tubular basement membranes (Fig 2A-F). Thus, a proportional
increase in tubular injury correlates to a longer period of
induced renal ischemia. After 24 h of reperfusion, the smallest
degree of tubular injury was observed in rats that underwent
10 min of bilateral ischemia, and the worst injury was observed
in rats subjected to 60 min of ischemia (Fig 2 G-H). Therefore,
progressive increases in tubular damage are proportional to the
ischemia period provoked.

I/R induced renal Hsp72 up-regulation

To evaluate if Hsp72 is proportionally induced with different
degrees of ischemic injury, messenger RNA (mRNA) and protein
levels were detected in the renal cortex from rats subjected to
different periods of ischemia. As shown in Fig 3A, after 24 h of
reperfusion, Hsp72 mRNA levels were significantly and
progressively increased following 10 min of bilateral ischemia.
These findings were reflected at protein level, as is shown in
Fig 3B. Renal injury induced by different periods of renal
ischemia was associated with a gradual and significant increase
in Hsp72 expression, compared with almost undetectable levels
in sham-operated rats. The greatest expression of Hsp72 was
observed in the group with severe tubular injury, around 30-fold
greater compared to control levels. These results show that
Hsp72 is gradually increased relative to the intensity of induced
renal injury.

Urinary Hsp72 levels as a biomarker of AKI
Consequently, we addressed whether Hsp72 could be detected
in the urine of animals that suffered from AKI. First, Hsp72

EMBO Mol Med 3, 5-20 www.embomolmed.org
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Figure 1. Renal functional parameters in rats
underwent which different periods of bilateral
renal ischemia (10, 20, 30, 45, and 60 min) and
24 h of reperfusion compared to sham-
operated rats (white bars).
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mRNA levels were analyzed in collected urine samples of the
different groups studied. As shown in Fig 4A, Hsp72 mRNA
levels were increased following 10 min of ischemia compared to
the control group, and the incremental increase in Hsp72 was
progressively enhanced relative to the duration of ischemia.
When these values were compared to the number of casts, a
significant correlation was found (?=0.72 and p < 0.0001, data
not shown). Similar results were observed when Hsp72 mRNA
levels and tubular affected area were correlated, as is shown in
Fig 4B (*=0.82 and p < 0.0001).

Urinary protein levels of Hsp72 were assessed by two
immunoassays: enzyme-linked immunosorbent assay (ELISA)
and Western blot analysis. The urinary determination of Hsp72
by ELISA is shown in Fig 4C and revealed that this protein can be
detected in urine samples and that it is an excellent marker of
acute renal injury as it is capable of differentiating scant (since
10 min), moderate (20 and 30 min) and severe renal injury (45
and 60 min of ischemia). Thus, Hsp72 correlates with the extent
of renal injury induced by different periods of ischemia. The
amount of Hsp72 detected was the greatest in the group that
underwent 60 min of ischemia; it increased by 23-fold compared
to the control group. As demonstrated in Fig 4D, the progressive

www.embomolmed.org EMBO Mol Med 3, 5-20
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urinary elevation of Hsp72 correlated with the intensity of
renal injury, as measured by tubular injured area, r*=0.62
(p <0.0001). Similar results, but with a greater sensitivity, were
observed when urinary Hsp72 protein levels were detected by
Western blot. The upper panel of Fig 4E shows Western blots of
the urine from four different rats from each group studied.
Hsp72 was undetectable in the urine of sham-operated rats; in
contrast, Hsp72 was progressively increased in the urine from
rats that suffered increasing periods of ischemia. As shown in
Fig 4E, Hsp72 protein levels, assessed by Western blot, were
significantly enhanced after 10 min of ischemia and increased in
animals subjected to longer ischemia periods. However, the
sensitivity to detect different degrees of renal damage was
greater with Western blot analysis than with ELISA. Urinary
Hsp72 was 40-fold increased in the group subjected to 10 min of
ischemia and 535-fold in the group with severe renal damage
(60 min of ischemia) compared to sham-operated rats. As shown
in Fig 4F, stronger correlations were found between the amount
of Hsp72 in the urine and the % affected tubular area, r* =0.89
(p<0.0001). These findings show that Hsp72 is found in the
urine of ischemic rats and its urinary detection is adequately
sensitive to assess the extent of tubular injury.

© 2011 EMBO Molecular Medicine
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Figure 2. Representative images and morphometry of subcortical histopathological lesions induced by different periods of ischemia and 24 h of

reperfusion.
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Urinary Hsp72 as an early biomarker of AKI

To evaluate if Hsp72 could be utilized as an early biomarker of
AKI and if it is adequately sensitive to detect tubular recovery
after an ischemic insult, urinary Hsp72 concentrations were
assessed in animals subjected to 30 min of bilateral ischemia
followed by 3-120 h of reperfusion. Figure 5 shows representa-
tive microphotographs from kidneys after reperfusion periods of
3,6,9,12,18,24,48,72 and 120 h (Fig 5A-J). In the right panels,
quantification of injured areas and casts number per field
are shown. As the morphometric analysis shows in Fig 5K, there
was a progressive increment in tubular injury, reaching the
maximal degree after 18h of reperfusion, at which point
more than 50% of the tubular area was damaged. After this
point, there was progressive tubular recovery until 120h of
reperfusion, at which point only 12% of tubular area was

© 2011 EMBO Molecular Medicine

injured. The same pattern was observed when casts number
were quantified, as depicted in Fig SL.

In Fig 6A (urinary detection of Hsp72 by ELISA), a significant
elevation was detected from 3h after reperfusion. Similarly to
histological injury, the greatest urinary Hsp72 was found after 18 h
and return to basal values after 96h of reperfusion. Again a
significant correlation between urinary Hsp72 and % of tubular
injured area was observed, r* = 0.65 (p < 0.0001). Insets in the top
of Fig 6C show Western blots from three rats of each group;
densitometric analysis is shown below. Urinary Hsp72 was almost
undetectable in sham-operated rats; in contrast, there was a
significant increase in Hsp72 in groups subjected to renal ischemia
followed by 3 h of reperfusion and a progressive increase in the
amount of Hsp72 detected in the urine was observed relative to the
reperfusion period, peaking at 18h of reperfusion with a

EMBO Mol Med 3, 5-20 www.embomolmed.org
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Figure 3. Renal Hsp72 expression in rats subjected to different periods of ischemia.

A. Total RNA was individually extracted from the renal cortex of all studied groups (n=75) and Hsp72 mRNA levels were determined by real time RT-PCR.

B. Renal cortex proteins were individually extracted from three rats of each group, and Hsp72 protein levels were assessed by western blot. Upper inset shows a
representative image of the autoradiography of the membrane and the lower graph depicts densitometric analyses of the ratio of Hsp72 to B-actin. "p < 0.05
versus sham-operated rats, “p < 0.05 versus 30 min and ¥p < 0.05 versus 45 min of ischemia group.

subsequent decrease in excretion of this protein. Intriguingly,
there was a significant correlation between urinary Hsp72 and the
% area of tubular injury, r*=0.55 (p < 0.0001) as depicted in
Fig 6D. A better correlation was found between Hsp72 and cast
formation, * =0.73 ( p < 0.0001, data not shown). These results
demonstrate that Hsp72 is an early biomarker to detect AKI and
suggest that the amount of Hsp72 detected in the urine might
reveal the state of tubular injury and recovery.

Kim-1, NGAL, IL-18 as biomarkers for stratifying and early
detecting AKI
The performance of the kidney injury molecule 1 (Kim-1),
neutrophil gelatinase-associated lipocalin (NGAL) and Inter-
leukin 18 (IL-18) for stratification and early detection of AKI was
also investigated to compare it with performance of Hsp72. As
shown in figure Fig 7A, urinary Kim-1 levels significantly
increased after 20 min of ischemia, and these values reached the
maximum increment at 30min; thus Kim-1 was unable to
differentiate greater renal injury induced by 45 and 60 min of
ischemia. As a result, a lower correlation between percent of
tubular injured area and Kim-1 levels was found (* =0.46).
NGAL levels progressively increased with the extent of renal
injury induced by different periods of ischemia, *=0.61
(p<0.001) as shown in Fig 7B. However, statistical differences
between different periods of ischemia were not found. Thus,
NGAL was not as good a biomarker as Hsp72 to predict different
degrees of renal damage. Similarly to Hsp72 and NGAL, IL-18
increased proportionally to the renal injury induced from 20 min
of ischemia (*=0.59, p < 0.001), as depicted in Fig 7C.

The usefulness of these biomarkers for early diagnosis of AKI
was also assessed. Figure 7D shows the urinary Kim-1 values

www.embomolmed.org EMBO Mol Med 3, 5-20

from rats exposed to different periods of reperfusion. A significant
elevation of Kim-1 was observed after 9 h of reperfusion, reaching
the maximal value after 48h. As a result, a low correlation
between tubular affected area and urinary Kim-1 levels (#=0.27)
was found. In the case of urinary NGAL, a significant elevation
was found after 3 h of reperfusion; however, NGAL levels reached
the maximum peak at 6h and did not reflect the greater renal
injury that is observed after 18 h. As a result, a lower correlation
between urinary NGAL levels and tubular affected area was
observed, r* = 0.48 versus r* = 0.65 observed with Hsp72. When
IL-18 was assessed, a significant increase was observed after 6h
and levels remained elevated after 24 h of reperfusion. As a result,
the correlation between tubular affected area and urinary IL-18
was *=0.51, p<0.001 (Fig 7F), which was similar to NGAL
(r*=0.48), but lower than Hsp72 (7 =0.65).

Urinary Hsp72 levels as a monitor of a renoprotective
intervention in AKI

Because we previously reported that aldosterone blockade is a
helpful treatment to prevent renal injury induced by I/R (Mejia-
Vilet et al, 2007; Ramirez et al, 2009), we assessed if this
renoprotective effect could be reflected by the prevention of
Hsp72 elevation. Figure 8A and B shows the SCr and creatinine
clearance in two groups of rats subjected to ischemia and 24 h of
reperfusion without treatment (I/R) and pre-treated with
spironolactone 3 days before I/R (I/R+ Sp). Spironolactone
administration prevented renal dysfunction. This renoprotec-
tive effect was associated with a significant reduction in urinary
Hsp72 levels detected by ELISA and Western blot, as shown in
Fig 8C and D, respectively. In order to evaluate if Hsp72 might
allow to monitor different degrees of renoprotection in the

© 2011 EMBO Molecular Medicine
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absence of creatinine elevation, different groups with I/R were
pre-treated with lower doses of spironolactone. As is shown in
Fig 8E, rats pre-treated with spironolactone at 10 and 5 mg/kg
exhibited normal values of SCr that contrast with the 2.5 mg/kg
dose, in which the values were similar to untreated I/R group.
Interestingly, urinary Hsp72 levels were significantly increased
from 10 mg/kg of spironolactone and progressively enhanced
when the lower doses of were administrated, as is depicted in
Fig 8F. These findings suggest that the lower the dose of
spironolactone, the lower the renoprotection. This can be
efficiently detected by urinary Hsp72.

Urinary Hsp72 levels in healthy kidney donors and patients
with AKI

To determine whether Hsp72 is a sensitive biomarker to detect
AKI in humans, the levels of this protein were assessed by
Western blot in the urine of normal subjects and compared to

© 2011 EMBO Molecular Medicine

Tubular injuried area %

those patients who developed AKI in the ICU of our institution.
AKI was defined as an increase in SCr by at least 0.3 mg/dL, or
urine output <0.5 ml/kg/h over 6 h. The Supplementary Table 1
shows general characteristics and renal function of five healthy
kidney donors and nine patients with septic AKI. AKI patients
included five females and four males aged between 24 and 84
years. At admission to the ICU, all patients exhibited normal
creatinine levels; however, increases in SCr from 0.55 4 0.05 to
2.30+0.52mg/dl were subsequently observed (p=0.004).
Urinary Hsp72 levels are depicted in Fig 9A. In the urine of
healthy kidney donors, Hsp72 was almost undetectable
(3.4+0.7 arbitrary units), whereas urinary Hsp72 levels
significantly increased by 17.3-fold in patients with clinical
AKI (58.3 8.5 arbitrary units). These results were confirmed
by ELISA. The basal levels of urinary Hsp72 from healthy living
donors were 0.22 4 0.07, contrasting with the values in patients
diagnosed with AKI of 4.90 £ 1.5ng/ml (22-fold increase). Of
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Figure 5. Representative images and morphometry of subcortical histopathological lesions induced by 30 min of ischemia and different periods of

reperfusion.

A. 3h,B.6h,C.9h,D.12h, E. 18h, F. 24 h, G. 48h, H. 72h, 1. 96 h and ). 120 h of reperfusion.

K. Morphometric quantification of affected tubular area.
L. Mean cast number per field “p < 0.05 versus sham-operated rats.

note, two patients diagnosed with AKI died during hospitaliza-
tion; these patients exhibited greater urinary values of Hsp72 as
assessed by either Western blot or ELISA.

To identify if Hsp72 is an early biomarker to detect AKI in
humans, daily urine samples were collected from patients who
were admitted to the ICU exhibited and respiratory failure
(mechanical ventilation) complicated with other organ failure.
These patients had normal renal function at the admission. Five
patients that developed AKI and five patients with no evidence
of clinical AKI were included. Urine samples taken every day
were analyzed to investigate if an elevation of Hsp72 could be
detected before AKI criteria was fulfilled. Figure 9C and 9D show
the mean daily serum creatinine and urine output from patients
with or without AKI. Day 0 means the day at which AKI was
diagnosed based on AKI criteria. Figure 9E depicts Western blots
showing the daily urinary Hsp72 levels from the patients

www.embomolmed.org EMBO Mol Med 3, 5-20

diagnosed with AKI, compared with the Western blots from
patients without AKI (Fig 9F). The basal levels of Hsp72 were
minimal in patients without AKI and three days before AKI was
diagnosed in AKI patients. In agreement with our experimental
studies, one or two days before AKI diagnosis, there was a
significant increase in urinary Hsp72 levels, suggesting that,
indeed, Hsp72 can be an early marker of AKI in humans.

DISCUSSION

In this study, we found that urinary Hsp72 is a reliable
biomarker for the early detection of AKI. This novel biomarker
was adequately sensitive for stratifying different degrees of
tubular injury and recovery, as well as for monitoring a
renoprotective intervention in an experimental rat model of AKI.

© 2011 EMBO Molecular Medicine
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Figure 6. Urinary Hsp72 levels in rats which underwent to 30 min of ischemia with different periods of reperfusion.

A. Urinary Hsp72 levels assessed by ELISA.

B. Relationship between urinary Hsp72 and % of tubular damaged area.
C. Urinary Hp72 protein levels determined by Western blot.

D. Relationship between Hsp72 and % of tubular injured area.

n=13 per period of reperfusion, “p < 0.05 versus sham operated rats.

In addition, these experimental findings were corroborated in
humans who suffered from AKI. Thus, a significant increase in
urinary Hsp72 was observed in patients diagnosed with AKI
even 48 h before SCr elevation occurred, revealing that this Hsp
is a promising biomarker for both early detection and
stratification of AKI.

Because Hsp72 expression could increase during stress
conditions to as much as 15% of total cellular proteins (Fan
et al, 2003) and tubular detachment is proportional to the extent
of renal injury, we reasoned that urinary Hsp72 levels could be
used to stratify renal injury induced by ischemic insult. First, we
observed that, after 24 h of reperfusion, kidney Hsp72 expres-
sion was proportionally increased in response to the ischemic
insult provoked by different periods of ischemia. Thus, Hsp72
increased significantly following slight injury induced by 10 min
of ischemia and increased progressively more with mild to
severe ischemia, suggesting that the induction of this protein in
the kidney is proportional to the degree of the resulting damage.
Furthermore, the same pattern was found in the urine of these

© 2011 EMBO Molecular Medicine

animals when Hsp72 was detected both at mRNA and at protein
levels. Significant increase in urinary Hsp72 was observed in
rats that underwent 10 min of ischemia and greater amounts
were found in rats following 60 min of ischemia. In contrast,
increase in SCr, NAG and urinary protein excretion reached
significance after 30 min of ischemia.

In this study, we performed a blindly morphometric
quantification of the tubular affected area and the casts number
per field. Thus, when the amount of Hsp72 was interrelated with
the tubular injured area affected by different periods of
ischemia, a significant correlation was found at mRNA and
protein levels. These data show that Hsp72 seems to be a
sensitive biomarker to stratify the extent of the renal insult.

To investigate if urinary Hsp72 levels could detect early stages
of AKI, different groups of rats were subjected to renal ischemia
of 30 min and were studied at different periods of reperfusion.
Histopathologic analysis showed that the greatest tubular injury
was found after 18h of reperfusion, and the extent was
progressively reduced with longer periods of reperfusion due to

EMBO Mol Med 3, 5-20 www.embomolmed.org
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the concomitant tubular recovery observed after 72 h. Interest-
ingly, the amount of urinary Hsp72 detected also reflected the
extent of tubular epithelium injury during different periods of
reperfusion and the regeneration of tubular epithelium. Urinary
Hsp72 increased significantly after 3 h and continually rose until
18 h of reperfusion. After this time, a progressive reduction was
detected until 120h of reperfusion, at which point Hsp72
returned to basal levels. The pattern of urinary Hsp72
expression observed with different periods of reperfusion
significantly correlated with the tubular injury quantified by
morphometry. This finding suggests that this protein was not
only able to detect early AKI but that it could also reflect the
tubular recovery processes that occur after the epithelium is
exposed following ischemic/reperfusion insult.

Recently, a sequence of studies which evaluated seven
different biomarkers of glomerular or tubular injury induced
by different nephrotoxic drugs in the rat was reported. These
biomarkers included urinary total protein, cystatin C, o2-
microglobulin, Kim-1, urinary trefoil factor 3 (TFF3), clusterin

www.embomolmed.org EMBO Mol Med 3, 5-20
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(CLU) and albumin urinary excretion. Renal histopathology was
used as the benchmark or gold standard to define renal injury
(Dieterle et al, 2010a; Vaidya et al, 2010; Yu et al, 2010). As was
discussed by the FDA-EMEA and Predictive Safety Testing
Consortium, in these rat toxicology studies, Kim-1, CLU, urinary
albumin excretion and TFF3 were helpful to diagnose drug-
induced acute kidney tubular injury in the rat and were superior
to the traditional markers such as SCr and blood urea nitrogen
(BUN), whereas urinary total protein, cystatin C, and «2-
microglobulin were useful to identify acute drug-induced
glomerular damage or impairment of kidney tubular reabsorption
(Dieterle et al, 2010b). This consortium emphasized, however,
that these findings must wait validation in order to be employed
for clinical practice. The renal injury induced by I/R, as the most
common cause of AKI in ICUs and during cardiovascular surgery,
was not addressed in most of these studies (Dieterle et al, 2010;
Vaidya et al, 2010; Yu et al, 2010).

Regarding AKI induced by renal ischemia in animals and
humans, several urinary biomarkers have been identified over

© 2011 EMBO Molecular Medicine
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the past few years. These biomarkers include the following:
NAG (Tsutsumi & Neckers, 2007), neutrophil gelatinase
associated lipocalin (NGAL) (Mcllroy et al, 2010; Mishra et
al, 2003, 2005), Kim-1 (Han et al, 2009; Vaidya et al, 2006,
2009), cystatin C (Nejat et al, 2010; Uchida & Gotoh, 2002),
interleukin-18 (IL-18) (Melnikov et al, 2001; Parikh et al, 2005,
2006), hepatocyte growth factor (HGF) (Taman et al, 1997) and
liver fatty acid binding protein (L-FABP) (Ferguson et al, 2010;
Negishi et al, 2009; Yamamoto et al, 2007). In humans with AKI
induced by an ischemic insult, NGAL, NAG and IL-18 have
shown to be early biomarkers (Han et al, 2009; Parikh et al,
2006; Wagener et al, 2006), whereas Kim-1 elevation is seen
several hours after AKI has occurred and remains elevated along
the time (Han et al, 2009). In addition, it is still unknown if these
biomarkers individually possess the features that an ideal
biomarker should have, such as the ability to detect AKI early in
the disease course, to stratify different degrees of renal injury,
to identify tubular recovery, to predict patients at risk of

© 2011 EMBO Molecular Medicine

developing end stage renal disease (ESRD) and those at
increased risk of death. In fact, it has been proposed that a
panel of biomarkers might be a powerful tool to diagnose AKI
before SCr elevation occurs; however, this strategy represents
greater effort and cost (Han et al, 2009; Liangos et al, 2007;
Vaidya et al, 2008). In this study, we compared the performance
of Kim-1, NGAL and IL-18 for stratifying and early detecting AKI
compared to Hsp72. As was shown before (Han et al, 2009),
although Kim-1 differentiated low and moderate renal injury, it
was unable to stratify severe renal injury degrees (Fig 7A). This
is supported by the low correlation between tubular affected
area and urinary Kim-1 levels (r* = 0.27). In addition, Kim-1 did
not perform well as an early biomarker, since a significant
elevation of Kim-1 was observed only after 9 h of reperfusion.
With respect to NGAL, this biomarker increased progressively
with the extent of renal injury induced by different periods of
ischemia, but statistical differences between different periods of
ischemia were not found. Although NGAL was an early

EMBO Mol Med 3, 5-20 www.embomolmed.org
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Figure 9. Urinary Hsp72 levels as a biomarker

of AKI in humans.
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biomarker as Hsp72, it reached the maximum peak at 6h and
thus did not reflect the greater renal injury that is observed after
18 h of reperfusion. In the case of IL-18, it showed a similar
pattern to Hsp72 for stratifying renal injury induced by different
periods of ischemia; however, it was unable to detect slight renal
injury induced by 10 min of ischemia. In addition, IL-18 was not
useful for early AKI detection.

It has been reported that a sensitive biomarker must sense if a
therapeutic strategy could reduce AKI (Yamamoto et al, 2007).
In this regard, we have previously shown that mineralocorticoid
receptor blockade is an effective intervention to prevent renal
injury induced by I/R (Mejia-Vilet et al, 2007; Ramirez et al,
2009). Therefore, in this study, we pre-treated rats with
spironolactone 3 days before induction of ischemia. Then,
renal function and urinary Hsp72 were detected. In untreated
rats, renal function was significantly reduced, and a significant
rise in urinary Hsp72 was observed. The renoprotection
conferred by spironolactone was associated with the prevention
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of this Hsp72 increase, and this effect was consistent with the
preservation of tubular architecture, as we previously reported
(Mejia-Vilet et al, 2007; Ramirez et al, 2009). In this study, we
also evaluated urinary Hsp72 performance for monitoring
different degrees of renoprotection. For this purpose, rats
subjected to I/R were pre-treated with different doses of
spironolactone. The lower dose employed (2.5 mg/kg) was not
able to protect the kidneys from ischemic injury, as demon-
strated by a similar increase in SCr in rats treated with this dose
as compared to those untreated (Fig 8E). In contrast, some
degree of protection was observed with administration of 5 or
10mg/kg. Consistent with urinary Hsp72 being a good
biomarker, the lower the renoprotection, the higher the
Hsp72 amount in urine. These data suggest that urinary
Hsp72 is a helpful tool for monitoring the effectiveness of a
pharmacological intervention to prevent ischemic insult.
Acute kidney injury remains a common syndrome in
hospitalized patients and has consistently been associated
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with increased morbidity and mortality. However, advances in
reducing this complication have long been hindered by the lack
of early and sensitive biomarkers. In spite of creatinine
limitations, current AKIN and RIFLE classifications for
diagnosing AKI are based on the elevation of SCr or urine
output reduction. In this study, we included patients that
developed AKI and were diagnosed by the AKIN classification.
Once the diagnosis was made, a urine sample was taken to
evaluate urinary Hsp72 levels to compare with healthy living
donors. To determine Hsp72 concentration, the urine sample
was analyzed by Western blot analysis and ELISA. Hsp72
levels were almost undetectable in healthy subjects; in
contrast, patients with clinical AKI exhibited an abrupt
increase in this protein. The variability in the AKI patients
observed might result from different degrees and extension of
the renal injury. In this regard, two of three patients that
exhibited high urinary Hsp72 died during their hospitalization,
suggesting that this protein could also serve as a biomarker of
AKl-associated death. However, more studies are necessary to
evaluate this issue.

To evaluate the potential of urinary Hsp72 as an early
biomarker in humans, daily urine samples from ten patients
with normal renal function at the admission to ICU in severe
conditions (mechanical ventilation and other organ failure)
were included. In accord with our experimental data, an
increase in urinary Hsp72 was found even two days before AKI
criteria were fulfilled (SCr elevation or urine output reduction),
suggesting that urinary Hsp72 could be a promising early
biomarker of AKI in humans. Most of the biomarkers studies
include patients that are expected to develop AKI, such as after
cardiovascular surgery or organ transplantation (Han et al,
2009; Mcllroy et al, 2010; Mishra et al, 2005; Parikh et al, 2006;
Yamamoto et al, 2007), however, in the daily clinical setting, we
cannot predict which patients will develop AKI. In this study,
urinary Hsp72 had the potential to predict AKI 48 h before AKIN
criteria were fulfilled. Further clinical studies will be required to
validate its use in multiple cohort studies. In this regard, it has
been reported that there are five critical phases in a biomarker
development that include: (1) experimental studies that identify
proteins that are up-regulated in AKI mice and rat models,
(2) development of clinical assays to detect the biomarker in
samples from patients with clinical AKI that should be obtained
non-invasively, (3) evaluation of the biomarker’s ability to
detect preclinical disease prior to clinical diagnosis, and
(4) phase IV and V studies that involve large-scale biomarker
validation (Coca & Parikh, 2008).

In summary, in an experimental model of AKI, our results
revealed that Hsp72 possesses most of the specific characteristics
of an ideal sensitive biomarker. Hsp72 is an early, non-invasive
and easily detected biomarker that can be used to stratify renal
injury that correlates with tubular injury and recovery. It also
seems to be a tool to monitor the effectiveness of a
pharmacological intervention. In addition, the preliminary data
that we found in humans support the notion that Hsp72 could be
an early predictor of AKI in the clinical setting. Taken together,
these results suggest that urinary Hsp72 detection is a promising
and sensitive biomarker in a clinical translational context.

© 2011 EMBO Molecular Medicine

MATERIALS AND METHODS

All experiments involving animals were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals (National Academy
Press, Washington, DC, 1996) and were approved by the Animal Care
and Use Committee of our Institution. One hundred and five male
Wistar rats, weighing 270-300¢g, were included in this study and
divided into two different experimental protocols. In the first protocol,
seventy-two rats were randomly divided into six groups: sham-operated
(sham) or subjected to bilateral ischemia of 10, 20, 30, 45 or 60 min. All
of these groups were studied after 24 h of reperfusion. One half of each
group was used only for the determination of urinary Hsp72 mRNA
levels, as is described below. In the second protocol, thirty rats were
subjected to 30 min of bilateral ischemia and divided in ten different
groups, which differed by reperfusion time: 3,6, 9,12, 18, 24,48, 72,96
and 120h. A sham-operated group was also included in this protocol.

Kidney I/R injury animal model

Rats were anesthetized with an intraperitoneal injection of sodium
pentobarbital (30 mg/kg), placed on a heating pad to maintain core
body temperature at 37°C and monitored with a rectal thermometer. A
midline abdominal incision was made, and both kidneys were exposed.
Renal pedicles were isolated, and bilateral ischemia was induced by
non-traumatic clamps over the pedicles for different times, as we
previously described (Mejia-Vilet et al, 2007; Ramirez et al, 2009).
Ischemia was verified visually by change in kidney colour. Reperfusion
was achieved by release of the clips and confirmed by return of
oxygenated blood to the kidney. After reperfusion, the incision was
closed in two layers with 3-0 sutures. Sham-operated rats underwent
anesthesia, laparotomy and renal pedicle dissection only.

Functional studies

Rats were placed in metabolic cages at 22°C with a 12:12 h light-dark
cycle and allowed free access to water. Individual urine samples were
collected from all studied rats. For urine ribonucleic acid (RNA)
isolation, metabolic cages were previously cleaned with RNAse ZAP
(Ambion) and 300 L of RNAlater (Ambion) added to the urine
recipient. In both cases, urine samples were aliquoted and quickly
frozen at 80°C until biomarker analysis.

After the reperfusion period, rats were anesthetized with an intraper-
itoneal injection of sodium pentobarbital (30 mg/kg) and placed on a
homoeothermic table. The trachea and femoral arteries were catheter-
ized with polyethylene tubing (PE-240 and PE-50). The rats were
maintained under euvolemic conditions by infusing 10 ml of rat plasma
per kg of body weight during surgery. MAP was monitored with a
pressure transducer (model p23 db, Gould) and recorded on a polygraph
(Grass Instruments, Quincy, MA). An ultrasound transit-time flow probe
was placed around the left artery and filled with ultrasonic coupling gel
(HR Lubricating Jelly, Carter-Wallace, New York, NY) to record renal blood
flow. Blood samples were taken at the end of the study. Serum and
creatinine concentrations were measured with an autoanalyzer (Tech-
nicon RA-1000, Bayer, Tarrytown, NY), and renal creatinine clearance was
calculated by the standard formula C= (U x W/P, where U is the
concentration in urine, V is the urine flow rate and P is the serum
concentration. Urinary protein excretion was measured by a trichlor-
oacetic acid (TCA) turbidimetric method, and NAG was measured
spectrophotometrically.

EMBO Mol Med 3, 5-20 www.embomolmed.org



Research Article

The paper explained

Jonatan Barrera-Chimal et al.

PROBLEM:

Acute kidney injury is a common and serious complication in
critically ill patients, especially in the ICU in both native and
transplanted kidneys and may also be associated with long-term
chronic kidney disease development. AKI may occur in about 5%
of hospitalized patients and up to 40-60% patients in ICU. In
addition, over the last decade the incidence of AKI has increased
mainly due to population aging and the rising pandemics of
obesity, diabetes and hypertension. Despite efforts and
advances in new therapeutics, the mortality rate of AKI remains
between 40 and 80% and has not been reduced in the last four
decades, mainly because current tools used for early AKI
detection are not adequately sensitive or specific. Therefore,
novel renal early biomarkers indicating tubular injury extent are
needed.

RESULTS:

In an experimental model of AKI, we found that Hsp72 possess
most of the specific characteristics of an ideal biomarker should

Histopathologic 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 phosphate buffered saline (PBS).
Following blanching of the kidney, the perfusate was replaced by a
freshly prepared 4% formalin buffer, and perfusion was continued
until fixation was completed. After appropriate dehydration, kidney
slices were embedded in paraffin, sectioned at 4 wm and stained via a
periodic acid-Schiff (PAS) technique. Ten subcortical and juxtamedul-
lary fields were randomly recorded from each kidney slide using a
digital camera incorporated in a Nikon Light microscope. In each
microphotograph, tubular cast per field were counted, and the results
were expressed as the average of fields observed. The affected tubular
area was analyzed blindly. 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
400x). The damaged tubular area was expressed as a proportion of
the affected tubular area and total tubular area.

Hsp72 mRNA levels

Each renal cortex was isolated and snap frozen in liquid nitrogen. Total
RNA was isolated with the TRIzol method (Invitrogen) and checked for
integrity by 1% agarose gel electrophoresis. To avoid DNA contamina-
tion, all total RNA samples were treated with DNAse (DNAase |,
Invitrogen). For urine RNA isolation, 24 h urine-collection from each
rat was centrifuged at 3000 rpm for 30 min at 4°C. The sediment was
resuspended in 1ml of PBS; afterward, it was centrifuged at
13,000 rpm for 3 min and processed by the Trlzol method for RNA
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have such as: non-invasive, easily detected, to be able to early
detect AKI, to stratify renal injury that correlates with tubular
injury and recovery, and to be a tool to monitor the effectiveness
of a pharmacological intervention. In addition, urinary Hsp72
levels performance to detect and stratify renal injury induced by
different periods of ischemia was better than urinary NGAL, Kim-
1 and IL-18. Our preliminary data in humans support the notion
that Hsp72 could be an early predictor of AKI in the clinical
setting.

IMPACT:

Hsp72 may be a useful tool to early AKI diagnose in patients
admitted to ICU or with high risk of developing renal injury such
as those patients undergoing cardiac surgery, renal transplant or
under nephrotoxic treatment. The opportune AKI diagnosis would
permit the clinician to make an adequate pharmacologic
intervention to improve patient survival and to avoid end stage
renal disease development.

isolation. Reverse transcription (RT) was carried out with 1 pg of total
RNA and 200U of Moloney murine leukemia virus reverse tran-
scriptase (Invitrogen). The mRNA levels of Hsp72 were quantified by
real-time PCR on an ABI Prism 7300 Sequence Detection System
(TagMan, ABI, Foster City, CA). Primer and probe for Hsp72 were
ordered as a kit: Rn00583013_s1 (Assay-on-Demand, ABI). As an
endogenous control, eukaryotic 18S rRNA (predesigned assay reagent
Applied by ABI, external run) was used. Relative quantification of
Hsp72 gene expression was performed with the comparative thresh-
old cycle (Ct) method (Livak & Schmittgen, 2001).

Kidney and urinary Hsp72 protein levels

Hsp72 detected by Western blot

Total renal proteins were isolated from six cortexes from each
group and homogenized separately in lysis buffer (50 mM
HEPES pH 7.4, 250mM NaCl, 5mM EDTA, 0.1% NP-40 and
complete protease inhibitor (Roche)). Protein samples containing
20 g of total protein were resolved by 8.5% sodium polyacry-
lamide gel electrophoresis (SDS—PAGE) electrophoresis and
electroblotted onto polyvinylidinediuoride membranes (Amer-
sham). For urinary Hsp72 detection by western blot, urine was
diluted 1:100 in 0.9% saline solution, and 10 wL of each dilution
was loaded and resolved by 8.5% SDS—PAGE electrophoresis and
electroblotted, as previously described. Membranes were then
blocked with 5% blotting-grade non-fat dry milk. Membranes were
then incubated in 0.1% blotting-grade non-fat dry milk with their
respective antibodies. For detection of Hsp72 in the renal cortex,
the lower parts of the membranes were incubated with goat anti-
actin antibody (1:5000 dilution) overnight at 4°C. (Santa Cruz
Biotechnology, Santa Barbara CA). Upper membranes were
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incubated with monoclonal anti-Hsp72 antibody. Afterward,
membranes for Hsp72 were incubated with a secondary antibody,
HRP-conjugated goat anti-mouse IgG (1:500, Santa Cruz Bio-
technology). Actin detection was performed using donkey anti-goat
IgG-HRP (1:5000, Santa Cruz Biotechnology). Proteins were
detected with an enhanced chemiluminescence kit (Amersham)
and autoradiography, following the manufacturer’s recommenda-
tions. The bands were scanned for densitometric analysis.

Hsp72 detected by ELISA

Urine Hsp72 was analyzed using a commercially available high-
sensitivity ELISA (Assay Designs EKS-715, MI, USA). Briey, samples
and standards were added to wells coated with a mouse
monoclonal antibody. Hsp72 was captured by the antibody and
then detected by adding a rabbit polyclonal detection antibody.
Both antibodies are specic for inducible Hsp72 and do not react
with other members of the HSP70 family. A horseradish peroxidase
conjugate bound to the detection antibody and colour develop-
ment was accomplished by the addition of tetramethylbenzidine
substrate and stopped with an acid stop solution. The optical
density of samples was read at 450 nm by a plate reader and was
overlapped with the standard curve generated from known
concentrations of recombinant Hsp72 that ranged from 0.1 to
12.5 ng/ml.

Urinary Hsp72 levels as a monitor of a renoprotective
intervention in AKI

Because we previously found that aldosterone antagonism with
spironolactone at 20 mg/kg prevented renal injury induced by I/R,
urinary Hsp72 levels as a monitor of a renoprotective intervention in
AKI was assessed. Twenty-five Wistar rats, weighing 270-300 g, were
divided in five groups: rats subjected to 30 min of ischemia and 24 h of
reperfusion and rats that received spironolactone at different doses (20,
10, 5 or 2.5 mg/kg, by gastric gavage) 3 days before I/R was induced.
After ischemia, urine was collected in metabolic cages, and blood
samples were taken.

NGAL, Kim-1 and IL-18 detected by ELISA

Urine NGAL, Kim-1 and IL-18 levels were analyzed using commercially
available ELISA kits: rat NGAL ELISA kit (Innovative Research
IRNGALKT), rat Kim-1 ELISA kit (CosmoBIO Co CSB-E08808r) and rat
IL-18 ELISA Kit (Invitrogen KRC2341). All procedures were performed
accordingly manufacturer’s instructions.

Evaluation of urinary Hsp72 in healthy kidney donors and
patients with AKI

Urine samples from five healthy living-kidney donors (controls) and
nine patients with septic AKI from the ICU were tested. AKI was
defined as a 30% or greater increase in SCr from baseline according
to the AKIN criteria (Mehta et al, 2007). In healthy donors, urine
samples were collected from the first morning voids one day previous
to nephrectomy (previously signed consent). All patients with sepsis
in the ICU were followed every day, and, when the AKI criteria were
fulfiled, a fresh urine sample was taken after draining the urine
collection bag. Moreover, daily fresh urine samples were collected
from patients in the ICU that exhibited respiratory failure with
mechanical ventilation and together with other organ failure. These

© 2011 EMBO Molecular Medicine

patients had normal renal function at the admission. From these
patients, we analyzed, five patients that developed AKI and five that
did not. In the urine samples Hsp72 levels were assessed in order to
test if this biomarker could predict AKI criteria was fulfil (SCr
elevation or urine output reduction). All urine samples were frozen
and stored at 80°C until Hsp72 levels were evaluated. The human
subjects included in these study form part of two ongoing clinical
studies, which are in accordance with national and international
guidelines and regulations and were approved by our institutional
ethical review board. All subjects or designed surrogate (when ICU
patients could not sign) signed the informed consent form.

Statistical analysis

Results are presented as means = SE. Significance of the differences
between groups was tested by ANOVA using Bonferroni’s correction for
multiple comparisons. All comparisons passed the normality test.
Statistical significance was defined as p-value <0.05.
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Spironolactone prevents chronic kidney disease
caused by ischemic acute kidney injury
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Acute kidney injury (AKI) has been recognized as a risk factor
for the development of chronic kidney disease (CKD).
Aldosterone has a critical role in promoting renal injury
induced by ischemia. Here, we evaluated whether
spironolactone administered before or after AKI caused by
ischemia protects against CKD. In the first set of experiments,
Wistar rats underwent a sham operation without or with
prior spironolactone treatment, or underwent 45 minutes

of bilateral renal ischemia without or with spironolactone
treatment before ischemia and assessed over 270 days. The
second set of rats received low (20 mg/kg) or high (80 mg/kg)
doses of spironolactone at three different times after the
sham operation or bilateral renal ischemia and were assessed
after 90 days. Untreated animals developed CKD following
ischemia-induced AKI as characterized by a progressive
increase in proteinuria, renal dysfunction, podocyte injury,
glomerular hypertrophy, and focal sclerosis. This was
associated with increased oxidative stress, an upregulation of
tumor growth factor (TGF)-p, followed by upregulation of the
TGF-p downstream effectors phospho-Smad3, collagen |,
fibronectin, and proinflammatory cytokines. Treatment with
spironolactone either before or after ischemia prevented
subsequent CKD by avoiding the activation of fibrotic and
inflammatory pathways. Thus, spironolactone may be a
promising treatment for the prevention of AKI-induced CKD.
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Ischemic kidney injury is the primary cause of acute kidney
injury (AKI) in hospitalized patients and is associated
with high morbidity and mortality rates. In addition, the
incidence of AKI has significantly increased in the past
15 years owing to an aging general population and the
increased prevalence of obesity, diabetes, and hypertension,
which predispose patients to an AKI event.!” AKI occurs
in approximately 15% of hospitalized patients and in up to
40-60% of intensive care unit patients.®’

For many years, it was commonly thought that patients
surviving episodes of AKI recover their renal function without
further consequences. However, recent evidence based on
epidemiological observations in patients who suffer from
AKI strongly suggests otherwise. AKI has thus been proposed
to be a risk factor for developing chronic kidney disease
(CKD) and, in particular, for promoting the transition of
CKD to end-stage renal disease.>1! In support of this hypo-
thesis, the probability of developing CKD or end-stage renal
disease over time is proportional to the severity and duration
of the AKI event.®!2!3 Moreover, of great concern is the
recent evidence demonstrating that 6.6% of AKI patients who
had a complete renal function recovery exhibited a greater
risk of death and de novo CKD after 24 years of follow-up.'?
Until now, however, the progression of AKI to CKD in rats
with two intact kidneys, which would allow elucidating the
mechanisms causing AKI to progress to CKD, has been rarely
explored. Such a model would also be beneficial for identi-
fying pharmacological interventions to prevent injury due to
AKI and/or stop the development of CKD and end-stage
renal disease.

Several studies involving experimental models have demon-
strated that aldosterone has an important role in the
physiopathology of renal injury induced by ischemic process,
including acute and chronic cyclosporine A nephrotoxicity
and ischemia/reperfusion (I/R)."?! Accordingly, we have
shown that prophylactic spironolactone treatment'® or adrenal
gland removal'” completely prevents AKI in rats undergoing
bilateral renal ischemia. Furthermore, spironolactone
administration at different postischemia intervals prevents or
reduces functional and structural renal injury,?? suggesting
that aldosterone is a key molecule in mediating ischemic renal
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injury and that mineralocorticoid receptor (MR) antagonism,
even after ischemia, is a helpful strategy to prevent AKIL.

In this study, we characterized a model of CKD induced
by a single episode of ischemic AKI and the molecular
mechanisms that lead to the development of CKD. Our data
reveal that spironolactone administration before or after the
ischemic insult is a useful strategy to prevent or reduce the
development of CKD.

RESULTS

We have previously shown that, after 24h of bilateral
ischemia, rats develop severe renal dysfunction and tubular
injury.'® Figure 1 shows that renal dysfunction induced by
ischemia was completely resolved after 9 days of reperfusion,
similar to conditions that often occur in clinical settings.
Urinary protein excretion was significantly elevated after 24 h
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Figure 1| Renal dysfunction induced by ischemia was completely
resolved after 10 days of reperfusion, but proinflammatory and
profibrotic cytokines remained enhanced. (a) Urinary protein
excretion 1, 3, 6, and 9 days after reperfusion, in the sham (o),
bilateral renal ischemia (o), and ischemia + Sp pretreatment (o)
groups. At 10 days after reperfusion, the rats were killed, and renal
function was determined. (b) Mean renal blood flow, (c) serum
creatinine, and (d) creatinine clearance. (e) Interleukin (IL)-6 mRNA
levels were measured in the renal cortex. (f) The upper insets show
representative autoradiographs from the phosphorylated-Smad3
(p-Smad3) and Smad3 western blot analysis for sham (white bars),
bilateral renal ischemia (black bars), and ischemia + Sp pretreatment
(gray bars) groups. The lower graphs display the corresponding
densitometric analysis. *P<0.05 vs. the sham group and ¥P<0.05 vs.
the ischemia group.
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of reperfusion in rats subjected to ischemia and continues to
progressively decline until normal values were reached after
6 days of reperfusion (Figure la). Proteinuria in spirono-
lactone-pretreated rats was 50% lower than the proteinuria in
the untreated group, and normal levels were reached faster.
Consequently, the rats undergoing ischemia recovered renal
function after 10 days, as demonstrated by normal values of
renal blood flow, serum creatinine, and creatinine clearance
(Figure 1b-d). Despite the complete improvement in renal
function, interleukin (IL)-6 mRNA and phosphorylated Smad3
levels were significantly higher than those in the sham-
operated group. Cytokine upregulation was not observed in
spironolactone-pretreated rats (Figure le-f). These results
suggest that although renal function recovered, proinflam-
matory and profibrotic pathways remained active. These
pathways may be able to perpetuate renal injury, which can
lead to CKD, a situation that did not occur in spironolac-
tone-pretreated animals.

Ischemic insult leads to progressive renal dysfunction that
can be prevented with spironolactone pretreatment

We assessed whether an AKI episode induced by ischemia
leads to CKD. Because we have previously shown that I/R
injury is prevented by spironolactone pretreatment or adrenal
gland removal,'®!” we evaluated whether spironolactone
pretreatment before ischemia also prevents CKD develop-
ment. There was considerable mortality in the A-to-C group
in the first 10 days after ischemia (57%), and survival was
markedly improved by spironolactone pretreatment (15%)
(Figure 2a). Proteinuria was assessed every 30 days. The
animals that survived the ischemic insult developed a
progressive increase in proteinuria, from 20.2 * 1.5 mg/day
at 30 days to 164.8 + 11.3 mg/day at 270 days. This increase
was not observed in the A-to-C + Sp group (9.2 + 1.0 mg/day
at 30 days and 27.1+2.0 mg/day at 270 days) (Figure 2b).
Despite the similar body weights of all rats at the beginning
of the study, the A-to-C group exhibited a lower average body
weight at the end of the study (583 + 16.3 g) than did the S,
Sp, and A-to-C+Sp groups (752+28.3, 729+19.2, and
721 £ 11.8 g, respectively). After 9 months, the A-to-C group
developed renal dysfunction that was characterized by a
significant reduction in renal blood flow and creatinine
clearance (Figure 2c and d). Interestingly, the A-to-C+ Sp
group failed to develop renal dysfunction. As shown in
Figure 2e, at the end of the study, the mean arterial pressure
was similar among the groups. Therefore, the renal injury
observed in the rats that developed CKD was not due to
hypertension. In agreement with these findings, the rats that
developed CKD exhibited an increase in the levels of urinary
kidney injury molecule-1, an effect that was not observed in
the A-to-C+ Sp group (Figure 2f).

Ischemic insult leads to severe renal structural injury:
prevention by spironolactone pretreatment

Representative light microscopy sections from rat kidneys
stained with periodic acid-Schiff are shown in Figure 3a-d.

Kidney International (2012) 83, 93-103
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Figure 2| Acute kidney injury leads to the development of
chronic kidney disease (CKD), which can be prevented by
spironolactone pretreatment. Four groups were included: sham
surgery (S), n=29; rats receiving spironolactone 3 days before sham
surgery (20 mg/kg per day), n=9 (Sp); rats undergoing renal bilateral
ischemia, n =28 (A-to-C); and rats receiving spironolactone 3 days
before bilateral ischemia, n =13 (A-to-C + Sp). (a) The survival rate in
the A-to-C group (black circles) was 43%, compared with 85% in the
A-to-C + Sp group (gray circles) and 100% in the sham and Sp group
(overlaid white circles). (b) Urinary protein excretion was measured
every 30 days during follow-up: sham (V), Sp (A), A-to-C (e), and A-to-
C+ Sp (0). At the end of the experimental period, (c) renal blood flow,
(d) creatinine clearance, (e) mean arterial pressure, and (f) urinary
kidney injury molecule-1 (Kim-1) levels were determined in the sham
(white bars), Sp (white bars), A-to-C (black bars), and A-to-C + Sp
groups (gray bars). *P<0.05 vs. the S and Sp groups.

Rats undergoing ischemia exhibited severe structural altera-
tions characterized by glomerular hypertrophy, glomerulo-
sclerosis, cast formation, severe tubular dilation, and
tubulointerstitial fibrosis. By contrast, the A-to-C + Sp group
exhibited glomerular and tubular architecture similar to that
of control rats. These findings were corroborated by
quantification of the number of dilated tubules, percentage
of glomerulosclerosis, and glomerular diameter size (Figures
3 and 4). Tubular dilation was present in 42.3 £ 5.0% of the
total tubules in the A-to-C group, whereas only 13.1 +2.7%
of the A-to-C+Sp group displayed dilation (P<0.01).
Similarly, the A-to-C group exhibited a significantly higher
glomerulosclerosis percentage (10.0 £4.4%) than the S and
A-to-C + Sp groups (0% and 0.4 £ 0.4%, respectively).

The degree of glomerular hypertrophy was evaluated by
measuring glomerulus diameter and by generating a
distribution of glomerular size. Figure 4a shows the normal
diameter distribution of the control group, wherein most of

Kidney International (2012) 83, 93-103

the glomeruli were in the range of 101-125 um (38.3%), and
only a minor proportion was found in the ranges of
76-100 pm (19.5%) and 126-150 pm (27.5%). The histogram
for the control group exhibits a typical bell-shaped Gaussian
distribution, as we have shown previously.?! By contrast, in
the A-to-C group, the glomerular diameter distribution was
shifted to the right, reflecting glomerular hypertrophy.
Accordingly, 43.3% of the glomeruli were >151pum in
diameter. In addition, a lower proportion of glomeruli
were found in the diameter ranges of 101-125 um (20.4%),
76-100 um  (8.3%), and 50-75pm (0%). All of these
differences were statistically significant according to con-
tingency analysis, as shown in Figure 4b. The glomerular size
distribution of the A-to-C+ Sp group was similar to that of
the control group, but not to that of the A-to-C group
(Figure 4c), indicating that glomerular hypertrophy was
nearly absent. In agreement with these findings, renal
hypertrophy in the A-to-C group was also evidenced by a
significant elevation in the mean kidney weight (2.5+0.2 g)
compared with the S and Sp groups (1.6 £0.1 and 1.6 £0.1 g,
respectively); this increase was not observed in the A-to-
C+ Sp group (1.5%0.1g).

Transmission electron microscopy of rat kidneys with
CKD revealed ultrastructural alterations that included
microvillus degeneration and effacement and detachment
of podocyte foot processes (Figure 4e). These alterations
were rarely observed in the A-to-C+ Sp group (Figure 4f).
Furthermore, an extensive tubulointerstitial area was affected
by fibrosis in the A-to-C group (Figure 5a and b), but a lower
extent of fibrosis was observed in the A-to-C+ Sp group
(Figure 5¢ and d). These observations were confirmed by the
morphometric analysis represented in Figure 5e. The A-to-C
group exhibited fibrosis in 44.8  16.0% of the tubulointer-
stitial area, compared with 18.7 £4.5% in the A-to-C+ Sp
group; this difference was significant.

Tubular dilation is due in part to cellular proliferation

To determine whether the severe tubular dilation observed in
the A-to-C group was associated with tubular cell prolifera-
tion, immunohistochemical analysis of proliferating cell nuclear
antigen (PCNA) was performed. The A-to-C group exhibited
considerable tubular cell proliferation as demostrated by the
number of PCNA + cells, an effect that was almost absent
in the A-to-C + Sp group (Figure 6a—). These findings were
confirmed by calculating the percentage of nuclei that stained
positive for PCNA (Figure 6d). The positive cells were primarily
located in the dilated tubules, suggesting that enhanced cell
proliferation is promoting tubular dilation in the A-to-C
group. This assumption is also supported by a significant
correlation between the percentage of dilated tubules and the
percentage of PCNA + cells (Figure 6e, r* = 0.87).

Tubulointerstitial fibrosis is mediated by TGF-p pathway
activation

The role of the tumor growth factor (TGF)-B pathway
in promoting tubulointerstitial fibrosis was also evaluated.
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Figure 3| An acute kidney injury (AKI) episode leads to severe structural damage, which can be prevented by Sp pretreatment.

(a, b) Representative images of periodic acid-Schiff (PAS)-stained sections from the A-to-C group, and (¢, d) sections from the A-to-C + Sp
group. (e) The percentage of dilated tubules was quantified by counting the number of dilated tubules as a proportion of the total number of
tubules. (f) Glomerulosclerosis percentage for the sham (white bars), Sp (second set of white bars), A-to-C (black bars), and A-to-C + Sp groups

(gray bars). *P<0.05 vs. the S and Sp groups.
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Figure 4| Glomerular hypertrophy and ultrastructural lesions in rats with chronic kidney disease (CKD). (a) The glomerular diameter

distribution is represented in white bars for the sham group, (b) in black bars for the A-to-C group, and (c) in gray bars for the A-to-C + Sp
group. Representative transmission electron micrographs are shown in (d) the sham group, (e) the A-to-C group, and (f) the A-to-C + Sp group.
Black arrows indicate foot process fusion, and asterisks indicate foot process detachment. Original magnification: x6,300. *P<0.05 vs. the S

group and ¥P<0.05 vs. the A-to-C group.

The A-to-C group exhibited a significant twofold elevation in
TGF-B mRNA levels. This increase was not observed in the
A-to-C+Sp group (Figure 7a). To assess whether this
pathway was efficiently activated, the renal levels of down-
stream effectors of the TGF-f pathway, including phos-
phorylated Smad3, fibronectin, collagen I, and o-smooth
muscle actin (o-SMA), were measured by western blot
analysis as shown in Figure 7b-f. The levels of all of these
proteins were significantly elevated in the rats that developed
CKD. Intriguingly, the activation of the TGF-f§ pathway was
completely prevented in the A-to-C+ Sp group. Recent
studies have shown that when Smad2 is phosphorylated, it
can act as an antifibrotic modulator of the TGF-f pathway.?
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We found that the A-to-C+Sp group, which exhibited
less tubulointerstitial fibrosis, also displayed a significant
elevation in phospho-Smad2 levels.

Renal injury induced by an ischemic insult is also mediated
by increased oxidative stress

Urinary H,O, excretion in the A-to-C group was significantly
elevated compared with the S and Sp groups (64.1£7.5 vs.
104+ 1.1 and 5.9 1.0 nmol/min, respectively) (Figure 8a).
However, the elevation in urinary H,O, excretion was abrogated
in the A-to-C+ Sp group (14.8 £ 2.5nmol/min). In addition,
catalase activity was significantly reduced in the A-to-C group
(Figure 8b), and this effect was almost entirely prevented in the

Kidney International (2012) 83, 93-103
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Figure 5| Tubulointerstitial fibrosis in rats with chronic kidney
disease (CKD). (a, b) Representative light micrographs after Sirius red
staining showing the presence of fibrosis (in red) from the A-to-C
group, and (c, d) micrographs from the A-to-C+ Sp group. (e) The
percentage of tubulointerstitial fibrosis in each of the four groups at
the end of the 270-day experiment was quantified by morphometric
analysis for sham (white bars), Sp (second set of white bars), A-to-C
(black bars), and A-to-C+ Sp groups (gray bars). *P<0.05 vs. the S
and Sp groups.

Tubulo-interstitial fibrosis (%)

A-to-C+ Sp group. No differences in glutathione peroxidase
activity were observed among the groups (Figure 8c).

Inflammatory cytokine upregulation is involved in
ischemia-induced CKD

Tumor necrosis factor alpha (TNF-a), monocyte chemotactic
protein-1 (MCP-1), and IL-6 mRNA and protein levels were
assessed by real-time reverse transcription-polymerase chain
reaction and enzyme-linked immunosorbent assay, respec-
tively. As shown in Figure 9, the mRNA levels of these
cytokines were upregulated in the A-to-C group by 1.6-fold
for TNF-o. and more than 13-fold for MCP-1 and IL-6,
compared with the S group. By contrast, the A-to-C+ Sp
group exhibited mRNA levels similar to the control group.
These observations were corroborated at the protein level; a
similar pattern was observed in the enzyme-linked immu-
nosorbent assay results.

CKD induced by AKI was also reduced by spironolactone
administration after the ischemic insult

Spironolactone administered at 0 or 1.5h after the ischemic
insult prevented the development of proteinuria compared

Kidney International (2012) 83, 93-103
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Figure 6 | Tubular cell proliferation as assessed by proliferating
cell nuclear antigen (PCNA) immunohistochemistry. To evaluate
whether epithelial cells were proliferating and provoking tubule
dilation, immunohistochemistry for PCNA was performed in kidney
sections from the four groups. (a) Representative images from the
sham, (b) A-to-C, and (c) A-to-C + Sp groups. (d) The percentage of
PCNA + cells in the sham (white bars), Sp (second set of white bars),
A-to-C (black bars), and A-to-C + Sp groups (gray bars). (e) The
correlation between the percentage of PCNA + cells and the
percentage of dilated tubules (* =0.87). *P<0.05 vs. the S and Sp
groups, and *P<0.05 vs. the A-to-C group.

with the untreated A-to-C group either at low or high doses
(Figure 10a and d). A low dose of spironolactone adminis-
tered 3h after ischemia was unable to prevent, but did
significantly reduce, the progressive elevation of proteinuria
(Figure 10a). These findings were not associated with
significant changes in renal blood flow (Figure 10b and e)
or creatinine clearance (Figure 10c and f), probably because
3 months is an early stage of the CKD, often exhibiting
proteinuria, without renal dysfunction, as was observed after
a longer period of observation after similar ischemia
(Figure 2). Despite the lack of significant differences among
these groups, spironolactone-treated animals exhibited better
renal function than the ischemic group.

At 3 months after inducing bilateral renal ischemia, the
untreated A-to-C group, compared with the sham-operated
group, exhibited morphological alterations, such as tubular
dilation, cast formation, glomerular hypertrophy, and
extensive tubulointerstitial fibrosis (Supplementary Figure
S1 online). All of these changes were reduced in the animals
treated with a low dose of spironolactone (Supplementary
Figure S2 online) and were prevented in animals treated with
a high dose of spironolactone (Supplementary Figure S3
online). In fact, glomerular hypertrophy (measured as the
distribution of glomerular diameters) was prevented in the
groups that received a low dose of spironolactone at 0Oh

97



basic research

J Barrera-Chimal et al.: Spironolactone prevents CKD as a consequence of AKI

(Figure 11c) or high dose at either 0 or 1.5h after renal
bilateral ischemia (Figure 11f and g, respectively). Although
kidney changes were not completely prevented, these
renoprotective effects of spironolactone were also observed
with a low dose at 1.5 and 3 h after ischemia (Figure 11d and
e, respectively). Morphometric analyses demonstrated that, 3
months after inducing ischemia, the untreated rats exhibited
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Figure 7 | Association of renal fibrosis with the tumor growth
factor (TGF)-§ pathway activation. (a) TGF-B mRNA levels were
quantified by real-time reverse transcription-polymerase chain
reaction (RT-PCR). Densitometric analysis of the western blots was
performed for (b) phospho-Smad3 (p-Smad3), (c) fibronectin, (d)
collagen |, (e) a-smooth muscle actin («-SMA), and (f) phospho-
Smad2 in the sham (white bars), Sp (second set of white bars), A-to-C
(black bars), and A-to-C + Sp groups (gray bars). In each panel, the
upper insets depict representative blots of the corresponding
proteins. *P<0.05 vs. the S and Sp groups.
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fibrotic damage in 33.3% of their tubulointerstitium
compared with damage in 3.7% of the tubulointerstitium
in the sham-operated rats (Supplementary Figure S1 online).
In contrast, a low dose of spironolactone administered either
at 0 and 1.5h post ischemia reduced the tubulointerstitial
fibrosis to 14.8% and 15.1%, respectively, and the 3-h
administration reduced the fibrosis to a lesser extent, 20.9%
(Supplementary Figure S2 online). A high dose of spirono-
lactone at 0 or 1.5h post ischemia was more effective in
reducing the area affected by tubulointerstitial fibrosis to
11.8% and 7.8%, respectively (Supplementary Figure S3
online).
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Figure 9| The contribution of the inflammatory response to
chronic kidney disease (CKD) development. (a) TNF-o, (c) MCP-1,
and (e) IL-6 mRNA levels measured in total kidney RNA extracted
from the sham (white bars), Sp (second set of white bars), A-to-C
(black bars), and A-to-C + Sp groups (gray bars). (b) TNF-o, (d) MCP-1,
and (f) IL-6 protein levels quantified by enzyme-linked
immunosorbent assay (ELISA) in tissue kidney homogenates.
*P<0.05 vs. the S and Sp groups.
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Figure 8| The contribution of oxidative stress to chronic kidney disease (CKD) development and prevention by spironolactone
pretreatment. (a) Urinary hydrogen peroxidase (H,0,) excretion after 270 days of follow-up. (b) Catalase activity and (c) glutathione
peroxidase (Gpx) activity in the sham (white bars), Sp (second set of white bars), A-to-C (black bars), and A-to-C + Sp groups (gray bars).

*P<0.05 vs. the S and Sp groups; ¥P<0.05 vs. the A-to-C group.
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Figure 10| Spironolactone administration after the ischemic
insult prevents the development of proteinuria. (a) Urinary
protein excretion at 1, 30, 60, and 90 days in sham (white circles), in
A-to-C (black circles), and in rats receiving Sp (20 mg/kg) at 0, 1.5,
or 3 hours after ischemia (gray circles) or (d) treated with a high dose
of Sp (80 mg/kg) (dark gray circles) at 0 or 1.5 h after bilateral
ischemia. After 90 days of follow-up, (b, e) renal blood flow and

(¢, f) creatinine clearance were determined in the sham group
(white bars), A-to-C group (black bars), and the groups receiving a
low dose of Sp (gray bars) at 0, 1.5, or 3 h after ischemia or a high
dose of Sp (dark gray bars) at 0 or 1.5 h after bilateral ischemia.
*P<0.05 vs. sham-operated rats.

Molecular markers of renal fibrosis and inflammation
also provided evidence of the protection conferred by
spironolactone. The upregulation of TGF-B mRNA levels
was prevented or reduced by a low or high dose of spirono-
lactone administered at 0 or 1.5h after ischemia (Figure 12a
and e). However, increased phospho-Smad3 levels remained
elevated in rats treated with a low dose, but not with a
high dose, of spironolactone (Figure 12b and f). The
renoprotective effect of spironolactone was also associated
with the prevention of o-SMA and MCP-1 upregulation
(Figure 12¢-h).

DISCUSSION

In this study, we characterized a rat model of CKD induced
by a single episode of AKI. We observed that an episode of
AKI was resolved in surviving animals within a period of 10
days. However, although physiological parameters returned
to normal values, activation of proinflammatory and
profibrotic signals persisted. During the following months,
progressive deterioration of renal function and renal
structures was observed in rats surviving AKI, leading to
the development of CKD. Thus, this model resembles what is
currently believed to occur in the clinical setting.!!7%2427
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Patients who survive an episode of AKI and apparently
recover renal function may develop CKD later in life.%?* In
this study, we observed that spironolactone administration
before or after the ischemic insult prevented or significantly
diminished the severity of an AKI episode, without signs of
proinflammatory or profibrotic activation after 10 days
of ischemia. Thus, spironolactone pretreatment resulted in
a reduction in rat mortality and in the prevention of
CKD. These observations demonstrate the relevance of the
prevention of AKI episodes to a reduction in the prevalence
of CKD.

CKD development in rats surviving AKI was characterized
by a progressive increase in urinary protein excretion, renal
dysfunction, glomerular hypertrophy, severe tubular dilation,
tubulointerstitial fibrosis, and podocyte injury. Our study
supports the hypothesis that an ischemic insult is sufficient to
lead to progressive CKD in the rat, despite apparent recovery
from the AKI episode. Because it was possible that CKD
resulted from irreversible renal artery damage caused by the
clamping, a group of rats was studied after 10 days of
ischemia, confirming that this was not the case. After 10 days,
renal function returned to normal values. Although renal
histopathology was not analyzed at this point, we have
previously reported that after 3 days of I/R, the tubular
epithelium had almost recovered its normal structure.?®2°
However, in this study, we found that profibrotic and
inflammatory cytokines remained at high levels despite a
return to normal renal function values. In addition,
cytokines such as TNF-o and IL-1pB, IL-6, IL-12, IL-15, IL-
18, and IL-32 are known to be induced as a result of the
enhanced leukocyte activation and leukocyte-endothelial
adhesion observed after I/R. Moreover, the renal tubular
epithelium may generate proinflammatory cytokines such as
TNF-o, IL-6, IL-1B, and TGF-B.3%23 It is important to note
that Basile et al.>»3> and Horbelt et al.3® have demonstrated a
persistent reduction in vascular density after I/R that main-
tains a continuous hypoxic and inflammatory state. Further-
more, Conger et al.’’ demonstrated that the postischemic
kidney does not properly autoregulate the blood flow.
All of these adverse conditions perpetuate continuous
cycles of hypoxic damage and inflammation that injure
the surrounding tissues and eventually lead to CKD, as has
been clearly discussed by Bedfoord et al3® In agreement
with all these findings, we found that, after 9 months,
the rats that developed CKD exhibited greater levels of
the proinflammatory cytokines compared with the rats
that were pretreated with spironolactone. Interestingly,
MCP-1 upregulation observed 3 months after ischemia was
also prevented when spironolactone was administered
after the insult. Our results suggest that the beneficial
results of spironolactone in preventing chronic inflammation
are a result of its ability to attenuate I/R-induced acute
inflammation.

The CKD induced by an AKI episode was characterized by
a progressive enhancement in urinary protein excretion and
renal dysfunction without changes in mean arterial pressure.
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Figure 11| Glomerular injury is prevented or reduced by spironolactone administration after renal ischemia. Glomerular diameter
distribution in sham (white bars), A-to-C (black bars), low spironolactone dose (gray bars), and high spironolactone groups (gray dark bars).

*P<0.05 vs. the S group and ¥P<0.05 vs. the A-to-C group.

These conditions provide us with an experimental model that
dissects the detrimental effect of an AKI episode on renal
function and structure without changes in blood pressure.
Accordingly, the animals that suffered CKD exhibited severe
structural injury. Glomerular hypertrophy and glomerulo-
sclerosis were observed 9 months after inducing ischemia.
These alterations were also associated with ultrastructural
changes. It is plausible that this glomerular injury is a
consequence of the endothelial injury and the endothelial-to-
mesenchymal transition that occurred after the ischemia.’»%>
Interestingly, in this study, we found that spironolactone
administration both before and after renal ischemia
prevented the transition of AKI to CKD.

Aldosterone binding to the MR has been suggested to
influence endothelial function and vascular tone.!7:193%40
Supporting this finding, mice overexpressing MR in the
endothelium exhibit altered vascular tone,*® and aortic wall
thickness has been reported in patients with primary hyper-
aldosteronism.*! Consistent with this result, aldosterone
infusion in mice reduces the expression of glucose-6-phos-
phate dehydrogenase (G6PDH), a key enzyme in maintaining
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the balance between nitric oxide and reactive oxygen species
production.*? Therefore, aldosterone has been proposed as a
risk factor of vascular injury.*> The mechanisms involved,
however, have not been clearly elucidated. In this regard, we
have previously demonstrated that MR antagonism precludes
the characteristic hypoperfusion and oxidative stress induced
by I/R, suggesting that aldosterone has a pivotal role in
mediating renal dysfunction.!®?? Tt is possible that the
endothelium and the renal plasma flow of spironolactone-
treated rats in this study was minimally affected as a
consequence of the I/R injury; therefore, the glomerular
structure remained unaffected in the long term.
Tubulointerstitial fibrosis is a common feature of CKD
progression (for a review, see Rodriguez-Iturbe and Gar-
cia®). In fact, severe tubular dilation and an extensive area
affected by tubulointerstitial fibrosis were found in the A-to-
C group. These results suggest that the tubulointerstitium
is more susceptible to the effects of an AKI episode and
contributes to the progression and severity of CKD in rats
suffering from AKI. Accordingly, the severity of tubular
damage reportedly exhibits a more significant correlation

Kidney International (2012) 83, 93-103
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Figure 12| Tumor growth factor (TGF)-§ and inflammation pathways in rats treated with spironolactone after the ischemic insult.
(@, e) TGF-B mRNA levels quantified by real-time reverse transcription-polymerase chain reaction (RT-PCR). Densitometric analysis of the
western blots performed for (b, f) p-Smad3 and (¢, g) «-SMA. (d, h) MCP-1 protein levels quantified in renal tissue by enzyme-linked
immunosorbent assay (ELISA). Sham (white bars), A-to-C (black bars), low Sp dose (gray bars), and high Sp dose (dark gray bars). *P<0.05 vs.

the S group and ¥P<0.05 vs. the A-to-C group.

with the reduction in creatinine clearance than with
glomerular injury scores.*>#® These tubular defects were
associated with an increase in tubular cell proliferation, as
demonstrated by the significant increase in PCNA + staining
and by the strong correlation with tubular dilation
(r*=10.87). In this study, however, the location of PCNA +
cells in the epithelium of the dilated tubules strongly suggests
that the tubular dilation observed in the A-to-C group was
mediated in part by uncontrolled tubular cell proliferation
triggered during the regeneration process after the ischemic
insult. Although a previous study proposed that the increase
in cellular proliferation is a necessary process to regenerate
tubular epithelium in a period that typically is completed
within 4 weeks after ischemia,*’ recent evidence demon-
strated that ischemic, nephrotoxic, and obstructive injuries to
the kidney induce a G2/M cell cycle arrest in the proximal
tubular epithelial cells, sustaining proliferation indefinitely.*
In this regard, Wynn*® has proposed that this cell cycle arrest
converts normal epithelial cells to a phenotype that promotes
the growth and activation of fibroblasts, turning-on the
fibrotic process after an ischemic insult. In addition, TGF-3
has been recognized as a key mediator of the genesis of renal
fibrosis.*>>® TGF-B also contributes to the fibrogenesis
through inducing epigenetic modifications in fibroblasts
in a process that includes the hypermethylation of the
gene encoding RASAL1 by the methyltransferase Dnmt1.%!
Accordingly, we found that tubulointerstitial fibrosis
developed in the A-to-C group and was associated with
increased expression and activation of TGF-f, as evidenced

Kidney International (2012) 83, 93-103

by increases in phospho-Smad3 and its target ECM proteins.
Interestingly, activation of the TGF-p signaling pathway was
not observed in the animals treated with spironolactone
before or after (high dose) ischemia. These data highlight the
contribution of TGF-f in mediating renal fibrosis after an
ischemic insult. Although Smad2 and Smad3 interact and
mediate TGF-P signaling, one recent line of evidence has
shown that phospho-Smad2 may act as an antifibrotic
effector of the TGF-B pathway.?? In agreement with those
results, the renoprotection conferred by spironolactone was
associated with increased levels of phospho-Smad2.

The epithelial-to-mesenchymal transition has been sug-
gested to promote tubulointerstitial fibrosis.”>>®> Under
pathological conditions, tubular cells may dedifferentiate
into myofibroblasts. TGF-f appears to promote this process
by activating the Smad, ILK, and ERK pathways, as observed
in tubular cells.>> To monitor epithelial-to-mesenchymal
transition, o-SMA protein levels were measured in the
kidney. As expected, the renal fibrosis observed in the A-to-
C group was associated with increased a-SMA protein levels.
CKD progression has also been linked to an imbalance
in free-radical production and antioxidant defense.**>*
We confirmed that the rats that developed CKD exhibited
greater urinary H,O, excretion and a reduction in catalase
activity. These changes in o-SMA levels and antioxidant
factors were not observed in the A-to-C+ Sp group.

In summary, we characterized an experimental model
of CKD induced by AKI in the rat. Several mechanisms
were responsible for CKD development, including increased
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tubular cell proliferation, increased TGF-f3 pathway activa-
tion and oxidative stress, and overexpression of proinflam-
matory cytokines. By using this model of CKD, we
demonstrated that the prevention of AKI with spironolactone
completely prevents the progression to CKD. Moreover, we
also demonstrate that administering an MR blocker after the
ischemic insult also prevented CKD. Our results suggest
that the treatment of patients with spironolactone after an
AKI episode could be of help in preventing the development
of CKD.

MATERIALS AND METHODS

All experiments involving animals were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals (National
Academy Press, Washington, DC, 1996) and were approved by the
Animal Care and Use Committee at our Institution.

Protocol 1

In all, 62 male Wistar (weighing 270-300 g) rats were divided into
four groups: (1) rats subjected to sham surgery, n=9 (S); (2) rats
treated with spironolactone at 20 mg/kg per day by gastric gavage
3 days before sham surgery, n=9 (Sp); (3) rats undergoing bilateral
ischemia for 45min, n=28 (A-to-C); and (4) rats that received
spironolactone 3 days before bilateral ischemia, n=13 (A-to-C+
Sp). All animals were observed for 9 months. In addition, four rats
from the S, A-to-C, and A-to-C+ Sp groups were included and
observed for 10 days. All animals were kept in a 12:12h day-night
cycle and with free access to water and food.

Protocol 2
Because we recently demonstrated that postischemia MR blockade is
beneficial in the prevention of AKI, with the best renoprotection
observed in the first 3h after ischemia,?? this set of experiments
was designed to evaluate whether postischemia spironolactone
administration confers protection against the development of CKD.
In all, 33 male Wistar (270-315g) rats were divided into seven
groups: sham-operated rats (S); rats subjected to bilateral renal
ischemia for 45 min (A-C); and five groups of rats that underwent
bilateral renal ischemia for 45 min, but also received one dose of
spironolactone at 20 mg/kg by gastric gavage at 0, 1.5, or 3 h after
ischemia (A-to-C, 0h; A-to-C, 1.5h; and A-to-C, 3 h, respectively),
or that received a higher dose of spironolactone (80 mg/kg) at 0 or
1.5h after ischemia (A-to-C 80, 0h and A-to-C 80, 1.5h). These
animals were followed up for 3 months.

All other methods are described in the Supplementary Materials
online.

Statistical analysis

The results are presented as the mean * s.e. The significance of the
differences between the groups was assessed by analysis of variance
(ANOVA) using the Bonferroni correction for multiple compar-
isons. All of the comparisons passed the normality test. The
differences in the ranks of glomerular diameters among the groups
were evaluated by contingency analysis, and the differences were
assessed using the y* test with the Yates correction. Statistical
significance was defined as P-value <0.05.
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Are recently reported biomarkers helpful for early and
accurate diagnosis of acute kidney injury?
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Abstract

Over the past few years and with the use of innovative genomic and proteomic tools, several molecules that their
urinary concentration is modified during acute kidney injury have been identified and proposed as biomarkers.
Among the most studied biomarkers are neutrophil gelatinase-associated lipocalin-2, kidney injury molecule-1,
interleukin-18, cystatin C, N-acetyl-f-D-glucosaminidase, liver fatty-acid binding protein, and heat shock protein 72.
Here, we reviewed and compared the sensitivity and specificity of each.biomarker for the appropriate diagnosis
of acute kidney injury, as well as its ability to stratify-renal injury and to monitor a renoprotective pharmacologic

strategy.

Keywords: NGAL, IL-18, Kim-1, Hsp72, cystatin C, NAG, L-FABP

Introduction

The major causes of acute kidney injury (AKI) are
ischaemia/reperfusion (I/R) and nephrotoxic injuries
(Friedewald & Rabb 2004). Nearly 15%. of hospital-
ized patients are at risk of developing AKI; however, its
incidence increases to 40-60% in patients-admitted to
the intensive care unit (Kelly 2006). During AKI, many
alterations occurat the cellular and molecular levels that
finally lead to renal dysfunction and structural injury
(Sharfuddin & Molitoris 2011). Despite recent advances
in the understanding of AKI pathophysiology, the mor-
tality rate remains elevated mainly because of the lack
of effective therapies and early detection of AKI (Wu &
Parikh 2008). Furthermore, early treatment of AKI might
be correlated with a better prognosis; therefore, the iden-
tification of successful biomarkers for early diagnosis,
would improve the effectiveness of therapeutic strategies
(Yamamoto et al. 2007). In addition, it is imperative to
find biomarkers that can correctly stratify the extent of
renal injury that each patient suffered because patients
who undergo renal dysfunction and tubular damage dur-
ing AKI are at a high risk of developing chronic kidney

disease (CKD) (Siew et al. 2012). The identification of
these at-risk patients would allow the clinicians to make
an appropriate intervention to ameliorate their progno-
sis and reduce the risk of a requirement for renal replace-
ment therapy or renal transplant.

Conventional biomarkers for
detection of AKI

For many decades, the diagnosis of AKI has been based
on an elevation of serum creatinine and blood urea
nitrogen (BUN) or the presence of oliguria (Mehta &
Chertow 2003). These traditional biomarkers, however,
have several shortcomings in establishing an early and
sensitive diagnosis of AKI (Bagshaw & Gibney 2008). In
the case of creatinine, many factors that modify serum
creatinine concentration are not linked to renal injury,
such as muscular activity, body weight, age, gender, race,
and protein intake. In addition, the elevation of serum
creatinine usually occurs from 48 to 72 h after the renal
injury has occurred; thus, an early diagnosis based on
creatinine elevation is unlikely to be feasible (Coca &
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Parikh 2008). Moreover, a large proportion of the renal
tissue may be injured before serum creatinine rises, an
outcome that is evidenced in the renal transplantation
context, where the kidney donor loses 50% of the total
kidney mass without changes in serum creatinine
(Herrera & Rodriguez-Iturbe 1998). BUN is also an
insensitive AKI marker because its concentration may
be altered by non-renal factors, such as a high-protein
diet, glucocorticoid therapy or trauma. In addition, in a
great number of patients, AKI is developed without loss
of excretory function; thus, oliguria might underestimate
the number of patients with acute tubular damage
(Ronco et al. 2010). In this regard, the identification
of novel biomarkers of AKI that would allow for the
establishment of an early AKI diagnosis is needed.
Once a new biomarker is found, its sensitivity as a
reliable and early marker of AKI must be assessed in
five critical phases: (i) experimental studies identifying
the molecules of which expression or concentration is
modified during experimental AKI in mice or rat; (ii)
the identification of a reliable and reproducible method
to quantify the biomarker in urine samples; (iii) clinical
assays to detect the proposed biomarker in samples
from patients with clinical AKI and evaluations of the
biomarker’s ability to detect AKI prior to diagnosis with
the conventional methods; (iv) large-scale validation to
determine the biomarker’s properties, such as sensitivity
and specificity; and (v) screening the population with the
new biomarker throughout disease treatment, disease
evolution and improvement of outcomes (Siew et al.
2011).

Novel biomarkers of AKI

Over the past few years, many studies have focused on
the development of early and sensitive biomarkers for
AKI. With the use of innovative genomic and proteomic
tools, several molecules of which their serum or urine
concentration is modified during AKI in experimental
models and humans have been identified and proposed
as biomarkers. From these studies, nearly 20 molecules
have been proposed to serve as biomarkers of AKI.
Among the most studied and promising biomarkers are
neutrophil gelatinase-associated lipocalin-2 (NGAL),
kidney injury molecule-1 (Kim-1), interleukin-18 (IL-
18), cystatin C, N-acetyl-B-D-glucosaminidase (NAG),
liver fatty-acid binding protein (L-FABP), and heat shock
protein 72 (Hsp72).

Neutrophil gelatinase-associated lipocalin-2

NGAL is a 25-kDa protein that is covalently bound to
gelatinase from neutrophils and is expressed atlow levels in
several human tissues, including lung, stomach, colon, and
epithelial cells located in the proximal tubule (Cowland &
Borregaard 1997; Flower et al. 2000). NGAL is one of the
fastest up-regulated proteins after an ischaemic insult in
the rat (2 h) as is shown in Table 1 (Mishra et al. 2003). Mori
et al. (2005) found that the NGAL concentration displayed
a significant increase in plasma and urine by 10-fold and

Table 1. Comparison of biomarkers performance in: early
detection of AKI, renal injury stratification, pharmacological
intervention monitoring, recovery of kidney injury and prognosis
prediction.

Early  Injury Pharmacological

Biomarker Detection Severity intervention Recovery Prognosis

NGAL 4 v N.D. 4 v
Kim-1 X v v X v
IL-18 4 4 N.D. N.D. v
Cystatin C VX N.D. N.D. N.D. v
NAG 4 N.D. N.D. N.D. v
L-FABP 4 v N.D. v v
Hsp72 4 4 v v N.D.

Hsp, heat shock protein; IL, interleukin; Kim, kidney injury
molecule; L-FABP, liver fatty-acid binding protein; NAG,
N-acetyl-f-D-glucosaminidase; N.D., not determined; NGAL,
neutrophil gelatinase-associated lipocalin-2.

100-fold, respectively, in patients who suffered from AKI
in the intensive care unit (ICU) compared with control
humans. These findings indeed showed a substantial
elevation of NGAL during an AKI episode. There is also
an evidence that NGAL is an early AKI biomarker. Mishra
et al. (2005) showed, in a population of children with
cardiopulmonary bypass who developed AKI, a 10-fold
elevation of NGAL in the urine and plasma 2-6 h after the
surgery, whereas the elevation of serum creatinine was
observed 1-3 days after the surgery. These observations
have also been corroborated in adult populations
subjected to cardiopulmonary bypass (CBP) (Parikh et al.
2011a;Tuladhar et al. 2009). As shown in Table 2, NGAL has
been extensively studied for the early diagnosis of AKI after
cardiac surgery, showing a 100% efficiency in diagnosing
AKI at 2 h post-surgery (Bennett et al. 2008; Torregrosa
et al. 2012; Matsui et al. 2012). Other studies, however, have
reported a lower effectiveness (Han et al. 2002; Wagener
et al. 2008; Koyner et al. 2010; Parikh et al. 2011b; Parikh,
2011a; Pechman et al. 2009). Wagener et al. (2009) found
that urinary NGAL was consistently elevated after cardiac
surgery (1, 3, 8, and 24 h). Unfortunately, NGAL was also
elevated in non-AKI patients. The poor effectiveness of
NGALin these patients was evidenced by the low area under
the curve (AUC), sensitivity, and specificity (0.67, 69, and
65%, respectively) 3 h after surgery. In the transplantation
setting, NGAL seems to show a better performance (Nauta
etal. 2011; Jochmans et al. 2011). In a cohort of transplanted
patients, NGAL predicted delayed graft function (DGF) at a
cut-off value of 1000 ng/mg creatinine with 90% sensibility,
83% specificity, and an AUC of 0.9 (Parikh et al. 2006a).
Consequently, the ability of NGAL to predict AKI before
serum creatinine elevation has been evaluated in ICU
patients (Prabhu et al. 2010; Makris et al. 2009). In a study
performed by de Geus et al. (2011), urinary NGAL assessed
at ICU admission was able to predict the development of
severe AKI with similar efficacy as serum creatinine-derived
estimated glomerular filtration rate (GFR). Moreover,
plasma NGAL quantified in patients in the ICU was a good
diagnostic tool for AKI development, with an AUC of 0.78
and with a diagnosis window of 48 h before creatinine-based
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Table 2. Performance comparison among the biomarkers reviewed in different clinical settings by using the area under the curve

reported for each biomarker.

Cardiac surgery Kidney transplantation Nephrotoxic

Biomarker Cardiac surgery (adults) (pediatric) ICU (DGF) (AKI)

NGAL 0.5/0.57/0.6/0.65/0.77/0.88/ 0.71/0.91 0.77/0.82/0.86/0.86/0.97 0.63/0.85/0.9 0.91/0.92

0.95/0.98

Kim-1 0.68/0.78/0.91 N.D. 0.9/0.95 0.74 N.D.

IL-18 0.61/0.66/0.72 0.72/0.84 0.62/0.73 0.83/0.9 N.D.
CystatinC  0.5/0.76/0.86 N.D. 0.62/0.7/0.7/0.72/0.8/0.92  0.74/0.83 0.48

NAG 0.62/0.63/0.75 N.D. 0.84 0.75 N.D.
L-FABP 0.72/0.86 0.77/0.81 0.95 N.D. N.D.

Hsp72 N.D. N.D. N.D. N.D. N.D.

DGE, delayed graft function; Hsp, heat shock protein; ICU, intensive care unit; IL, interleukin; Kim, kidney injury molecule; L-FABP,
liver fatty-acid binding protein; NAG, N-acetyl-3-D-glucosaminidase; N.D., not determined; NGAL, neutrophil gelatinase-associated

lipocalin-2.

diagnosis (Cruz et al. 2010). The ability of NGAL to detect
AKI induced by cisplatin has also been evaluated in
mice (Mishra et al. 2004). NGAL was up-regulated in the
kidney 3 h after a high dose of cisplatin, and interestingly,
urinary NGAL concentrations correlated with the dose
and duration of cisplatin administration. NGAL urinary
concentration can also provide prognostic value for some
clinical outcomes, such as initiation of dialysis and mortality
(Parikh et al. 201la). In addition, urinary NGAL level
performed well in detecting AKI induced by nephrotoxic
agents in humans (Hirsch et al. 2007). An interesting study
reported by Haase et al. showed that a cohort of NGAL-
positive but normal creatinine patients were 16-fold more
likely to undergo dialysis, 3-fold more likely to die during
hospitalization, spent 3 more days in the ICU and spent
8 more days at hospital compared with NGAL-negative
patients or patients with creatinine elevation (Haase et al.
2011). These findings suggest that NGAL concentration is
a biomarker that is capable of detecting subclinical AKI;
however, whether subclinical AKI affects prognosis and
or long-term effects remains unknown. One disadvantage
of the use of this biomarker in the clinical setting is that
non-renal NGAL is elevated in response to systemic
stress, and thus, urinary NGAL excretion is increased in
other pathological conditions or in patients with chronic
renal injury without reflecting the presence of AKI (Soni
et al. 2010). In fact, serum NGAL is elevated in patients
with acute bacterial infections (Alpizar-Alpizar et al. 2009).
Although NGAL is an early AKI biomarker, its reduced
specificity limits its consistency as an ideal biomarker
of AKI.

Kidney injury molecule-1

Kim-1 is a trans-membrane glycoprotein with immuno-
globulin and mucin domains. This protein is a phospha-
tidylserine receptor that recognizes apoptotic cells and
confers on epithelial cells the capacity to recognize and
phagocytize dead cells that are present after renal isch-
aemia (Ichimura et al. 2008). Kim-1 is expressed minimally
in normal adult rat kidney and is dramatically over-
expressed in the S3 segment of the proximal tubule cells

© 2012 Informa UK, Ltd.

after ischaemia/reperfusion (I/R) or nephrotoxic injuries
in rat kidneys (Vaidya et al. 2006, 2010). Kim-1 is thought
to be expressed in dedifferentiated cells after AKI, as it is
also expressed in patients with renal cell carcinoma, a con-
dition that displays cell dedifferentiation (Han et al. 2005).
Fortunately, a proteolytically processed ectodomain is eas-
ily detected in the urine, facilitating assessment of Kim-1
urinary concentration (Zhang et al. 2007). In fact, in several
clinical studies, urinary Kim-1 is higher in patients with
AKI than other types of kidney injury, such as CKD (Han
et al. 2002; Liangos et al. 2009). Importantly, in patients
with recognized AKI, the AUC is 0.90 as is shown in Table
2. However, one study evaluating Kim-1 as an early bio-
marker reported a poor performance for this protein as is
depicted in Table 1 (Han et al. 2008). In spite of the inability
of urinary Kim-1 to predict the outcomes after AK], it has
been showed that the urinary Kim-1 and NAG levels could
predict the odds for dialysis requirement or hospital death
(Liangos et al. 2007). In a population of patients who under-
went cardiac surgery, urinary Kim-1 increased significantly
compared with non-AKI patients at 2 h after surgery, and
after 24 h, the AUC ranged between 0.78 and 0.91 (Table 2).
However, Kim-1 performed better in patients with estab-
lished acute tubular necrosis, with an AUC ranging from
0.9 to 0.95 (Huang & Don-Wauchope 2011). The ability of
Kim-1 to predict DGF after kidney transplant has been eval-
uated by Kim-1 immunohistochemistry. Unexpectedly, the
authors did not find any significant correlation between
Kim-1 staining and the occurrence of DGF (Schroppel
et al. 2010). However, Malyszko et al. (2010) reported that
urinary Kim-1 after transplantation provides prognostic
information, such as the rate of renal function decline
over time, suggesting that although Kim-1 is not an early
predictor of DGE in a long-term context, it may be useful
to predict renal dysfunction progression. Kim-1 has also
proven successful for diagnosing AKI induced by neph-
rotoxic agents. In fact, a recent report showed that Kim-1
outperformed serum creatinine, BUN and urinary NAG in
multiple rat models of nephrotoxicity, with the best results
being observed with cisplatin, gentamicin and kancomy-
cin exposure, suggesting that urinary Kim-1 may facilitate
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accurate prediction of human nephrotoxicity in preclinical
drug studies (Vaidya et al. 2010). Finally, Kim-1 levels are
also valuable for monitoring a renoprotective strategy in an
experimental model of chronic cyclosporine nephrotoxicty
(Perez-Rojas et al. 2007). Together, these findings indicate
that Kim-1 is a better biomarker for diagnosing established
AKI than for ascertaining an early diagnosis.

Interleukin-18

IL-18 is a pro-inflammatory cytokine that is up-regu-
lated and cleaved in the proximal tubule during AKI.
It is expressed in the intercalated cells of the late distal
convoluted tubule, connector and collecting duct. IL-18
is co-expressed with P2X7 and caspase-1, which con-
vert the pro-IL-18 into its active form. Subsequently,
IL-18 leaves the cell, and the IL-18 in the tubular epi-
thelium enters the urine (Melnikov et al. 2001; Fantuzzi
et al. 1998). Urinary IL-18 level is sensitive in diagnos-
ing established AKI, as its urinary concentration was
elevated in patients with acute tubular necrosis, with an
AUC of 0.95. However, no elevation is observed in CKD,
urinary tract infection, nephrotic syndrome or pre-renal
azotaemia (Parikh et al. 2004). For early diagnosis, IL-18
seems to have a low sensitivity but high specificity.
However, as is shown in Table 2, inconsistent results
have been observed for the ability of IL-18 to predict
AKI in post-cardiac surgery patients (Haase et al. 2008;
Parikh et al. 2006b; Torregrosa et al. 2012; Parikh et al.
2005; Siew et al. 2010). In a cohort of 1219 adults under-
going cardiac surgery, urinary IL-18 peaked 6 h after the
surgery, and the highest urinary IL-18 levels were asso-
ciated with 6.8-fold increased odds of AKI development,
longer hospital and ICU stays and higher risk for dialysis
requirement or death (AUC of 0.76 for AKI diagnosis)
(Parikh et al. 2011a). The ability of IL-18 to predict DGF
was evaluated in 91 transplant patients, in whom DGF
was classified as slow graft function or immediate graft
function. The median levels of urinary NGAL and IL-18,
but not Kim-1, were different between the groups at all
time points studied (Hall et al. 2011a). Little is known
about the ability of IL-18 to detect AKI induced by neph-
rotoxic agents. One study reported that IL-18 identified
contrast-induced nephropathy (CIN) 24 h earlier than
SCr elevation (Ling et al. 2008). All of these data suggest
that IL-18 is a suitable biomarker for established AKI
but cannot predict AKI after cardiac surgery due to low
sensitivity.

Cystatin C

Cystatin C is a cysteine protease inhibitor that is pro-
duced by all nucleated cells, is released into the blood
at a relatively constant rate, and apparently is not influ-
enced by factors other than GFR. Cystatin C is often con-
sidered a marker of GFR because it possesses the main
characteristics of an ideal GFR marker: itis freely filtered,
completely reabsorbed and not secreted into the renal
tubules. In contrast to creatinine, cystatin C levels are
not significantly affected by age, gender, race, or muscle

mass (Herget-Rosenthal et al. 2004). However, although
it is more often recognized as a GFR marker, it seems to
be a marker of AKI as well, as renal dysfunction is a main
feature of AKI (Zhang et al. 2011; Haase et al. 2009; Nejat
et al. 2010; Hall et al. 2011b; Hall et al. 2011a). Indeed,
serum cystatin C has been a useful AKI marker in hos-
pitalized patients 24-48 h earlier than serum creatinine
elevation but 10 h later than NGAL. Herget-Rosenthal
et al. (2004) reported that cystatin C may predict AKI
2 days before serum creatinine elevation in the ICU
context. In a post-cardiac surgery paediatric popula-
tion, increased cystatin C, 6 h after surgery predicted
stage 1 and 2 AKI. Moreover, higher cystatin C predicted
longer ventilation and ICU stay (Zappitelli et al. 2011).
The urinary excretion of cystatin C has shown the abil-
ity to predict the requirement for renal replacement
therapy in patients with established AKI 2 days earlier
than creatinine clearance reduction, with an AUC of 0.72
(Royakkers et al. 2011). However, similar findings were
not observed in a paediatric population of kidney trans-
plant recipients because cystatin C was not superior to
creatinine for the detection of DGF (Slort et al. 2012).
Finally, cystatin C did not show a better performance
than serum creatinine in detecting contrast-induced
nephropathy (Ribichini et al. 2012). Therefore, cystatin
C seems to perform better than serum creatinine in pre-
dicting AKI but in lesser proportion than other recently
described biomarkers.

N-acetyl-B-D-glucosaminidase

NAG is a lysosomal enzyme found in proximal tubules,
and increased activity of this enzyme in the urine
suggests injury to tubular cells. Therefore, NAG can
serve as specific urinary marker for damaged tubular
cells. NAG has proven to be effective for the diagnosis of
nephrotoxicrenal injury, delayed renal allograft function,
chronic glomerular disease, diabetic nephropathy and
cardiopulmonary bypass earlier than creatinine elevation
(Bazzi et al. 2000; Katagiri et al. 2012). Moreover, higher
urinary NAG has been associated with poor outcomes,
such as dialysis requirement or death (Liangos et al.
2007). Unfortunately, urinary NAG activity is inhibited
by endogenous urea as well as by a number of industrial
solvents and heavy metals. Furthermore, increased
NAG has been reported in a variety of conditions in
the absence of clinically significant AKI, including
rheumatoid arthritis, impaired glucose tolerance and
hyperthyroidism (Erdener et al. 2005; Tominaga et al.
1989). The insensitivity and non-specificity of NAG may
limit its use as a biomarker of AKI. In addition, NAG was
reportedly unable to predict the odds of delayed graft
function in the transplant context (Moers et al. 2010),
but NAG performed better for CIN diagnosis. Ren et al.
(2011) reported that amongst 590 patients undergoing
diagnostic coronary angiography, a significant increase
in urinary NAG was found in 33 patients who developed
CIN; this increase occurred 1 or 2 days before serum
creatinine elevation. In addition, in an experimental
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model of AKI induced by cadmium, Kim-1 increased
after 6 weeks of cadmium treatment and continued to
increase until 12 weeks; however, no increase of NAG
was observed until after 12 weeks of cadmium treatment.
Thus, in comparison with Kim-1, NAG performs poorly
for diagnosing AKI induced by cadmium (Prozialeck
etal. 2009).

Liver fatty acid-binding protein

FABPs are small cytoplasmic proteins of 14 kDa that are
abundantly expressed in tissues with active fatty acid
metabolism. Two types of FABPs have been isolated from
the human kidney: heart-type FABP and liver-type FABP
(L-FABP). L-FABP is normally found in the cytoplasm of
human proximal tubular cells (Veerkamp et al. 1991). It
binds to fatty acids and transports them to mitochondria
or peroxisomes, where the fatty acids are (3-oxidized, and
L-FABP participates in intracellular fatty acid homeo-
stasis. L-FABP is reabsorbed by the proximal tubule via
megalin-domain endocytosis and is localized in the
cytoplasm of proximal tubular cells, liver cells and small
intestine cells (Oyama et al. 2005; Maatman et al. 1992).
Recent studies performed in rats have shown that L-FABP
is a sensitive biomarker in ischaemic AKI (Negishi et al.
2009). In a cardiovascular surgery setting, Matsui et al.
(2011) showed that L-FABP is an early biomarker of AKI
and that it is elevated faster than NGAL and NAG, see
Table 1. These findings were confirmed by Portilla et
al. (2008) in children undergoing cardiac surgery. The
increase in urinary L-FABP occurred within 4 h after car-
diac surgery and predicted subsequent AKI development
with an AUC of 0.81. In the transplant context, urinary
L-FABP level correlated well with the ischaemic time of
the transplanted kidney and with the length of hospital
stay in living related-donor renal transplant recipients
(Yamamoto et al. 2007). In addition, Nakamura et al.
(2006) reported that baseline urinary L-FABP was signifi-
cantly higher in those patients who developed contrast
nephropathy after coronary angiography; however, the
authors did not evaluate the diagnostic performance of
urinary L-FABP in predicting AKI. Moreover, a significant
elevation of urinary L-FABP was found to exist in estab-
lished AKI of a variety aetiologies, including acute tubu-
lar necrosis, sepsis, and nephrotoxic exposure (Ferguson
et al. 2010). In contrast, urinary L-FABP increased pro-
portionally to the dose of cisplatin administrated to the
mice and correlated with the tubular injury score.

Heat shock protein 72

Heat shock proteins (Hsps) are up-regulated in response
to alterations in cellular homeostasis, as occurs during
AKI (Csermely et al. 2007). Particularly, the Hsp70 sub-
family are composed of four isoforms: Hsc70 (constitu-
tive isoform), Hsp72 (inducible isoform), mHsp75 and
Grp78. Hsp72 is highly induced during AKI such that it
constitutes up to 15 % of total cellular protein (Hernadez-
Pando et al. 1995; Kelly 2002; Kelly et al. 2001; Molinas
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et al. 2010). Indeed, Zhang et al. (2008a) reported that
Hsp72 is one of the most up-regulated proteins among
30,000 studied proteins in the I/R rat model. This protein
isinduced in renal tubular cells during AKI, and many of
these cells are detached and projected into the urinary
space in response to AKI. In a previous study from our
laboratory, we reasoned that Hsp72 could be an early
and sensitive biomarker to detect AKI (Barrera-Chimal
et al. 2011). For this purpose, in rats undergoing differ-
ent durations of ischaemia (10, 20, 30, 45 or 60 min) to
induce different degrees of renal injury, Hsp72 expres-
sion progressively increased with the duration of isch-
aemia. Moreover, in the urine of these animals, Hsp72
concentration increased proportionally to the degree of
renal injury, showing a high correlation with the histo-
logical injury score, which is the gold standard for moni-
toring the renal injury induced by I/R. Furthermore,
we explored the performance of Hsp72 as an early bio-
marker of AKI. Rats undergoing to 30 min of ischaemia
were randomly sorted into groups of different durations
of reperfusion (3-120 h). Urinary Hsp72 was elevated at
3 h of reperfusion, peaked at 18 h and reached normal
values at 72 h of reperfusion. Interestingly, this Hsp72
behavior strongly correlated with the histo-pathological
findings: starting at 3 h of reperfusion, there was evi-
dence of tubular injury, which peaked at 18 h and began
healing after 72 h of reperfusion. These results provide
evidence that Hsp72 is an early biomarker of AKI and that
it may help in monitoring the regeneration process after
AKI. Because we had previously shown that mineralocor-
ticoid receptor blockade with spironolactone or adrenal
gland removal is an effective strategy to prevent renal
injury induced by spironolactone, we also evaluated the
effectiveness of Hsp72 to detect a pharmacological strat-
egy to prevent AKI. A group of animals were pre-treated
with different doses of spironolactone 3 days before renal
injury induced by renal bilateral ischaemia. Hsp72 was
able to monitor the degree of renoprotection conferred
by the different doses of spironolactone. In our study, the
ability of Hsp72 to monitor the renal injury was compared
with NGAL, Kim-1 and IL-18, and we found that Hsp72
was a superior biomarker for the early detection and
stratification of AKI, at least in the AKI model induced by
renal ischaemia in the rat. Finally, we also showed that
Hsp72 seems to be an early biomarker of AKI in humans,
because amongst critically ill patients, urinary Hsp72
elevation occurred 24-48 h earlier than serum creatinine
elevation in those patients who developed AKI (Barrera-
Chimal et al. 2011). Although more clinical studies with
more patients are required, Hsp72 seems to be a promis-
ing biomarker to detect AKI.

Other biomarkers with potential application in

AKl detection

It has been reported that the monocyte chemoattractant
protein-1 (MCP-1), a molecule that participates in
mediating injury during AKI, can be detected in the urine
of mice with AKI induced by maleate and in 10 patients
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diagnosed with AKI, in particular this biomarker did not
show an overlapping between AKI and no AKI patients
(Munshi et al. 2011).

Pro-inflammatory cytokines such as IL-6 and IL-8
were reported to be elevated in serum from patients
developing AKI after cardiac surgery and predicted
prolonged mechanical ventilation (Liu et al. 2009). In
addition, in 25 paediatric patients subjected to CBP,
urinary IL-6 increased 6 h after surgery in those patients
whom developed AKI with a sensitivity of 88% (Dennen
etal. 2010).

Netrin-1 a laminin-like molecule; was observed to
be excreted in the urine of mice subjected to I/R or after
cisplatin, endotoxin or folic acid nephrotoxicity and in
most of the AKI patients included in the study (Reeves
et al. 2008). Ramesh et al. (2010) reported that netrin-1
increased 2 h after CBP in patients that developed AKI.
The duration and severity of AKI correlated with netrin-1
levels after 6 h of the surgery.

Finally a-Glutathione-S-transferase (0-GST) that is
localized in the proximal tubule in the rat and human,
was found in the urine of rats after cisplatin induced
AKI (Gautier et al. 2010) This enzyme was also assessed
in a population of patients after cardiac surgery and it
was found that urinary a-GST levels were able to pre-
dict the development of AKIN 1 and 3 (Koyner et al.
2010).

Similarity of the performance of various

biomarkers in detecting AKI

An ideal biomarker for AKI should exhibit the following
characteristics: (i) detect renal injury early, (ii) stratify
the degree of renal injury, (iii) screen the effectiveness of
a renoprotective intervention and regeneration process,
and (iv) help with prognosis prediction. Table 1 com-
pares the performance of the biomarkers discussed here
in detecting AKI. Despite many advances in our knowl-
edge about these biomarkers, many features remain to
be determined. However, this evaluation allows us to dis-
cern how closely the biomarkers fit the ideal performance
for detecting AKI. Although Kim-1 seems to be a poor
biomarker for early diagnosis of AKI and for monitoring
the recovery after renal injury, it appears to be a good
biomarker of established AKI. Many issues remain unex-
plored for IL-18, cystatin C and NAG. Moreover, some
studies have shown contradictory results, e.g. regarding
cystatin C as an early biomarker of AKI. Although NGAL
and L-FABP have shown promise, their ability to monitor
arenoprotective intervention remains to be determined.
The sensitivity and specificity of each biomarker are vari-
able in the same and in different clinical settings. These
discrepancies may be due to the lack of guidelines for
cut-off values and standardized testing methods, the tim-
ing of the measurements and sample storage protocols.
In addition, the AUC analysis sometimes over-estimates
a biomarker’s performance as a result of its normali-
sation to urinary creatinine concentration, which is

differentially altered under AKI. A summary of the bio-
marker studies reporting the AUC-ROC analysis in sev-
eral clinical settings is presented in Table 2. This analysis
showed the high variability observed when the same bio-
marker is used to diagnose AKI in the same clinical con-
text. This issue is reflected in the AUC reported for NGAL
in diagnosing AKI after a cardiac surgery, which ranges
from 0.5 to 0.95. Despite the variability in AUCs, NGAL
seems to be a helpful biomarker because of its early
elevation in the patients who will further develop AKI
after cardiac surgery and in hospitalized patients in the
ICU, as well as its performance in the prediction of DGF
after kidney transplant. The performance of the other
biomarkers in the early diagnosis of AKI after cardiac
surgery seems to be poor compared with NGAL. In the
ICU setting, Kim-1 and L-FABP perform well, with AUCs
ranging from 0.9 to 0.95. In the kidney transplant field,
only one study has reported a low AUC (0.74) for Kim-
1. However, other reports studying Kim-1 expression by
immunohistochemistry after kidney transplantation
have reported opposite results (Schroppel et al. 2010).
Zhang et al. (2008b) found that Kim-1 expression cor-
related with renal function after transplantation whereas
Schroppel et al. (2010) showed that Kim-1 did not cor-
relate well. In this regard, IL-18 seems to better predict
DGE and this ability may be due to the inflammatory
nature of this clinical condition. Finally, for nephrotoxic
AKI, NGAL seems to perform the best. Although other
biomarkers have also been studied in different clinical
settings, their AUCs were not reported.

All of these studies showed that due to the aetiological
diversity, a panel of biomarkers to diagnose AKI may be
a better strategy than using a single one. However, cost-
effectiveness analyses are also needed to establish whether
apanel of biomarkers can be implemented with a favorable
clinical-to-economical balance for healthcare systems.
Because one of the goals of developing a biomarker is to
reduce the extra costs that AKI represents to the health
care system in each country (Srisawat et al. 2011). One
concern about the sensitivity that a biomarker should have
arises from the fact that all biomarkers that display a high
sensitivity might identify more patients who are suffering
some degree of renal injury (subclinical AKI), but the long-
term prognostic value of biomarker results have not been
assessed. Thus, the clinical significance of detecting sub-
clinical AKI remains to be determined. Nevertheless, AKI
is a risk factor for developing CKD, which underscores the
relevance of studying subclinical AKI, given the pandemics
of CKD observed in the last few years.
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Abstract

Heat shock protein 90 subfamily is composed by two
cytosolic isoforms known as Hsp90a and Hsp90p.
Endothelial nitric oxide synthase (eNOS) is regulated
by Hsp90, however the specific role of each Hsp90
isoform on NO production has not been established.
This study was designed to evaluate the effect of
Hsp90a and Hsp90p over-expression on eNOS/NO
pathway. Rat Hsp90a and Hsp90p were cloned into
pcDNAS3.1(+) and transfected in human embryonic
kidney cells (HEK-293). Hsp90a and Hsp90p
transfection was corroborated by Western blot
analysis and their effect on NO production (NO,/NO,),
eNOS protein and its phosphorylation at Ser1177 and
Thr495, as well as Akt/PKB Ser473 phosphorylation
was determined. The interaction of Hsp90a and
Hsp90p with eNOS and the dimer/monomer ratio of
Hsp90, as well as O,  generation were also assessed.
After transfection, Hsp90a. and Hsp90p levels were
significantly increased in HEK-293 cells. The Hsp90a
over-expression induced a significantincrease in NO,/

NO, levels, an effect that was associated with
increased phosphorylation of eNOS Ser 1177 and Akt/
PKB Ser473, as well as with a greater Hsp90a
dimerization. Noteworthy, pcHsp90f transfection
reduced significantly NO,/NO, and increased O,
generation. These effects were associated with a
reduction of eNOS dimeric conformation, increased
eNOS Thr495 phosphorylation, reduced Akt/PKB
phosphorylation, and by a greater amount of
monomeric Hsp90pB conformation. These data show
for first time that Hsp90a and Hsp90p differentially
modulate NO and O, generation by eNOS through
promoting changes in eNOS conformation and

phosphorylation state.
Copyright © 2010 S. Karger AG, Basel

Introduction

The heat shock protein subfamily of 90 kDa belongs
to a group of highly conserved stress proteins and it is
one of the most abundant proteins in eukaryotic cells,
comprising 1-2% of the total protein under non-stress
conditions [1]. Five isoforms of Hsp90 have been identified
that differ in their cellular localization and abundance.
In particular, Hsp90a and Hsp90p are the major cytosolic
isoforms, sharing approximately 85% sequence identity
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at the protein level. The structure of both Hsp90 isoforms
consists of an N-terminal ATP-binding domain and a C-
terminal dimerization domain, a middle domain linker region
responsible for substrate-protein interactions, and a
following charged domain that promotes the dimerization
[2, 3]. The ATP binding site is the major target for Hsp90
inhibitors, but until now, specific inhibitors for Hsp90a or
Hsp90pB have not been developed.

In spite of the molecular similarity of these proteins
important differences at the transcriptional and
transductional levels have been described, suggesting that
Hsp90a and Hsp90B might have differential roles in the
cellular processes in which they are involved. Hsp90a
transcription is tightly regulated by its promoter region,
which contains several heat shock elements (HSEs) that
are involved in the inducible gene expression of Hsp90a.
However, differences between Hsp90a and Hsp90p are
found in the promoter region; for Hsp90p HSEs are found
in the first intron of the gene, and is not regarded as a
highly inducible protein [4]. Another important difference
is that Hsp90a easily dimerizes, whereas Hsp90p is
mainly found as a monomer; the regions that facilitate
these variations reside at the carboxyl-terminal amino acids
of Hsp90 [2]. In this regard, it has been reported that the
Hsp90 protein dimer, but not the monomer, stabilizes or
activates different proteins known as Hsp90 client proteins
in a nucleotide-dependent cycle. The Hsp90 cycle
includes the following stages: an open, nucleotide-free
form; a closed, ATP-bound structure; and a closed, ADP-
bound conformation [5]. The closed conformation had
been suggested to form stable client-protein complexes,
emphasizing the importance of Hsp90 dimerization for
activating the client proteins [6]. Thus, Hsp90 is a crucial
regulator of a vast array of cellular processes by
interacting with more than 100 client proteins (http://
www.picard.ch/downloads/Hsp90interactors). Included
among these proteins are steroid hormones, transcription
factors, kinases, G proteins subunits, and endothelial nitric
oxide synthase (eNOS).

eNOS is the primary source of nitric oxide (NO) in
endothelial cells. It has been demonstrated that the
interaction between Hsp90 and eNOS increases the
activity of this enzyme, with greater NO production as a
result. In contrast, the dissociation of these complex is
not only associated with a reduction of NO synthesis but
also turns eNOS into a superoxide generator [ 7-9]. Recent
studies have shown that Hsp90 binds to the N-terminal
oxygenase domain of eNOS present in residues 301-320
[9]. This interaction has a physiological connotation,
because eNOS activity is regulated by at least four well-

described mechanisms: 1) by enhancing calmodulin
binding affinity to eNOS [10, 11]; 2) by facilitating the
ability of Ca?"/calmodulin to dissociate the interaction
between caveolin-1 and eNOS, which reverses the
inhibitory action of caveolin-1 on eNOS [12]; 3) by
propitiating eNOS serine 1179/1177 (bovine/human)
phosphorylation, a translational modification that activates
this enzyme [13]; and 4) by recruiting Akt/PKB, which
facilitates eNOS phosphorylation in the serine residue
1179 [14]. However, in the eNOS activation by Hsp90,
the specific role of the o or B isoforms has not been
completely addressed. To explore the specific participation
of each Hsp90 isoform, this study was designed to
evaluate the effect of Hsp90a or Hsp90p over-expression
on the NO/eNOS pathway in human embryonic kidney
(HEK-293) cells.

Materials and Methods

Plasmid constructs

Hsp90a and Hsp90B genes were amplified by PCR from
cDNA synthesized from total rat RNA by using the forward
primers 5’ AAG GAAAAAAGC GGC CGCTCG TCAAGATGC
CTGAGGAA3 and 5" AAG GAAAAAAGC GGC CGC CTG
CCA AGA TGC CTG AGG AA 3°, respectively, and the reverse
primers 5° CTA GTC TAG AGA GCC TTT AAT CCACTT CTT
CC3’and 5’CTAGTCTAGATT CTG GTGAAG CCTAGT CTA
CTT C 5, respectively. In the forward primers, a Not I restriction
site was included in the sequence, whereas in the reverse
primers, a Xba I restriction site was introduced. The amplified
fragments of 2260 for Hsp90a and 2220 bp for Hsp90p were
cloned into the pcDNA3.1 (+) vector (Invitrogen) by using the
Not I and Xba I restriction sites. The identities of the
constructions were confirmed by automatic sequencing.

Hsp90 plasmid isolation

The isolation of the plasmids containing Hsp90a or
Hsp90pB sequences (pc-Hsp90a or pc-Hsp90P, respectively)
was performed using the same general strategy for the large-
scale isolation described by Qiagen Science (Maryland, USA).
The DNA was crudely checked for concentration and purity,
using 1% agarose gel electrophoresis against molecular weight
markers standards (A DNA/Hind 111 fragments from Invitrogen,
Carlsbad, CA), and it was then corroborated with the molecular
weights reported for the Hsp90a or Hsp90p gene. The DNA
plasmid yield was 10-15 pg in a 10-ml starting culture.

Cell Culture and Transfection

Human embryonic kidney 293 (HEK-293) cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(GIBCO) containing 10% fetal bovine serum (FBS) (Life
Technology), 100 U/ml penicillin and 100 pg/ml streptomycin
at 37°C with 5% CO,. One day before the transfection, 5 x 10°
HEK-293 cells were plated in 1 ml of DMEM medium per well in
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six-well culture plates until they reached 90% confluence. To
determine the amount of plasmid/liposome complex for
obtaining the greater Hsp90a or Hsp90fB over-expression, 0.5-
2 ug of Hsp90a. plasmid (pcDNA3.1/Hsp90a) or 4-8 pg of
Hsp90p plasmid (pcDNA3.1/Hsp90p) was diluted in 100 pl of
Opti-MEM® reduced serum medium (Invitrogen, Carlsbad, CA)
and incubated for 15 min at room temperature. Next, 4 pl of
Lipofectamine™ 2000 transfection reagent (Invitrogen,
Carlsbad, CA) in 100 pl of Opti-MEM reduced serum was
added, and the samples were maintained at room temperature
for an additional 15 min. Thereafter, 200 pul of each Hsp90 complex
was added to each well containing cells. The optimal
transfection time for obtaining the higher over-expression of
Hsp90a or Hsp90P was assessed at 24, 48 and 72 hours after
transfection. Thus, the optimal conditions for Hsp90a and
Hs90B over-expression in HEK-293 cells were 1 pug of pc-
Hsp90a or 6 pg of pc-Hsp90p and 48 hr after transfection. Cells
transfected with the pcDNA3.1(+) empty vector were included
as controls in each experiment. All sets of transfections were
performed at least in triplicate.

Small-interfering RNA (siRNA) transfection

The silencer pre-designed siRNAs corresponding to the
target sequence of Hsp90a (Cat. number 4390818) or Hsp90p
(Cat. number AM16831) were purchased from Ambion Inc.
(Austin, TX). A silencer negative siRNA was used as a negative
control (Cat. Number AM4613). In six-well plates, proliferating
HEK-293 cells (at 70-90% confluency) were cultured and
transfected with 100 nM of Hsp90a siRNA or Hsp90p siRNA.
After 24 hr of transfection, Western blot analysis was carried
out to examine the knockdown of targeted proteins and nitric
oxide production.

Western Blot Analysis

Proteins from cell cultures transfected with pcDNA3.1/
Hsp90a, pcDNA3.1/Hsp90pB pcDNA3.1, siRNA-Hsp90a., or
siRNA-Hsp90B were extracted using a lysis buffer containing
50 mM HEPES, pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.1% NP-40,
a protease inhibitor cocktail (Complete, Roche) and
phosphatase inhibitors, followed by centrifugation at 14000
rpm. Thereafter, the supernatants containing the proteins were
recovered, and samples containing 20 pg of total protein were
resolved by 8.5% SDS-PAGE and electroblotted onto
polyvinylidene difluoride membranes (PVDF, Amersham
Pharmacia Biotech, Psicataway, NJ, USA). Membranes were
then blocked in 5% blotting solution (Bio-Rad) and incubated
with their respective specific antibodies, as detailed below. The
lower part of the membranes was incubated with a goat anti-
actin antibody (1:5000) overnight at 4°C (Santa Cruz
Biotechnology, Santa Barbara, CA), whereas the upper
membranes were incubated with polyclonal anti-rabbit Hsp90p
(1:5000, Abcam Inc. Cambridge, MA), polyclonal anti-rabbit
Hsp90a (1:5000, Abcam Inc. Cambridge, MA), anti-rabbit eNOS
(1:500, Cell Signalling Technology), polyclonal anti-rabbit
phosphorylated eNOS Ser1177 (1:500, Cell Signalling
Technology), polyclonal anti-rabbit phospho-eNOS Thr495
(1:500, Cell Signalling Technology), polyclonal anti-human Akt
(1:1000, Santa Cruz, Biotechnology), or polyclonal anti-human

phospho-Akt Ser473 (1:1000, Santa Cruz, Biotechnology)
antibodies. Membranes were then incubated with the secondary
HRP-conjugated rat anti-rabbit IgG antibody (1:5000, Alpha
Diagnostics, San Antonio, TX). Proteins were detected with an
enhanced chemiluminescence kit (GE Healthcare Life Sciences,
Amersham) and autoradiography. The bands were scanned for
densitometric analysis.

Analysis of dimer and monomer conformation

The Hsp90a and Hsp90fB dimer/monomer ratio was
evaluated by Western blot for non-denatured proteins. Non-
boiled samples containing 10 pg of total protein were resolved
in 7.5% PAGE at 4°C. Proteins were transferred to a
polyvinylidine difluoride membrane, and Western blot analysis
for Hsp90a or Hsp90pB was performed as described above. For
eNOS dimer/monomer conformation analysis, non-boiled
samples containing 50 pg of total protein were resolved in a 6%
SDS-PAGE at 4°C. Then, proteins were transferred to a
polivinylidine difluoride membrane, and Western blot analysis
for eNOS was performed as described above.

Immunoprecipitation (IP) analysis

Subconfluent proliferating cells in 300-mm? dishes were
harvested, and whole cell extracts were prepared and subjected
to IP. After 48 h of transfection, the cells were washed with 2 ml
of phosphate buffered saline (PBS), and lysis ELB buffer was
added. Cell debris was removed from the cell lysates, and eNOS
protein was immunoprecipitated using a protein G
immunoprecipitation kit (Sigma Aldrich, Inc. St Louis, MO).
Each IP was performed using 3 pug of eNOS antibody (BD
Transduction Laboratories) and 1 mg of cell protein. The
immunoprecipitated proteins were eluted by boiling in Laemmli
sample buffer, separated by 8.5% SDS-PAGE, transferred onto
PVDF membranes and subjected to Western blotting. The
membrane was blocked with 5% non-fat milk in TBS-Tween
(0.1%) and then immunoblotted for eNOS and Hsp90oa Abcam
Inc., Cambridge, MA), as previously described. Next, the
membranes were stripped and reprobed with anti-Hsp90f3
(1:5000 dilution, Abcam Inc., Cambridge, MA) and eNOS (1:500
dilution) antibodies to demonstrate equal amounts of eNOS
immunoprecipitation in all samples.

Hydrogen Peroxide Determination

The amount of hydrogen peroxide was determined in
whole cell lysates (WCL) from each group of cells transfected
using the Amplex Red Hydrogen Peroxide/Peroxidase Assay
kit (Invitrogen 29851 Willow Creek Road), according to the
instructions provided. Briefly, 50 ul of each WCL or standard
curve (H,0, 1- 10 uM) was mixed with 50 pl of the Amplex Red
reagent/HRP in a microplate. The samples were incubated for
30 minutes protected from light to allow the reaction between
H,O, and the Amplex reagent to occur. The plate was read at
560 nm. The amount of H,0, detected in the samples is
expressed as nM/ug of protein.

Measurement of NO release or NO Assay
NO production was indirectly determined in WCL from
each transfected group using the colorimetric Nitric Oxide Assay
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Fig. 1. A) Hsp90a protein levels in HEK-293 cells transfected with different amounts of pc-Hsp90a construct (black bars)
compared with liposome-treated HEK-293 cells (white bars). Greater over-expression was obtained with 1 pg of pc-Hsp90a., B)
without modifying endogenous Hsp90a. C) Western blot analysis of Hsp90a, showing that the higher efficiency of over-
expression was obtained after 48 h of pc-Hsp90a transfection, D) without modifying endogenous Hsp90a. E) After 48h of
transfection using 1ug of pc-Hsp90a, Hsp90a protein levels were significantly increased, F) without modifying basal Hsp903
expression. These experiments were performed in at least three different cell transfected cultures. *p<0.05 vs. empty vector-

transfected cells.

Kit (Oxford Biomedical Research Inc., Oxford, MI). This assay
consists of reducing the sample nitrates to nitrites with the use
of nitrate reductase, followed by nitrite quantification with the
Griess reaction and detection at 540 nm. The protein
concentration in each WCL was determined by the Lowry assay
(Bio Rad, Hercules, CA) and in duplicate. The concentration of
nitrites in the WCL is expressed as pM/pg of protein.

Superoxide anion detection

Intracellular superoxide detection was assessed by
hydroethidine staining (Polysciences, Inc., Warrington, PA). A
stock solution of hydroethidine (HE) was prepared by
dissolving 7 mg of HE in 1 mL of N,N-dymethylacetamide. The
working solution was prepared by the addition of 20 ul of HE to
10 ml of PBS, and this mixture was filtered through a 0.22-mM
Millipore filter. After 48 h of transfection, the medium was
removed, and the cells were washed three times with PBS. The
staining solution was added, and the cultures were incubated
for 15 minutes at room temperature and protected from the
light. Thereafter, the staining solution was removed, and the
cells were washed three times. The cells were re-suspended in
PBS for flow cytometry analysis. Ten thousand cells from each
transfection group were analyzed in a FACScan cytometer

(Becton Dickinson), and the fluorescence intensity was
determined using an excitation of 535 nm and an emission of
610 nm. The data were analyzed using the Cell Quest program.

Statistical analysis

Results are presented as means + SE. The significance of
the differences among groups was tested by ANOVA using
Bonferroni’s correction for multiple comparisons and between
two groups by the un-paired T test. Statistical significance

was defined as a p value <0.05.

Results

Hsp90a cloning and HEK-293 transfection

The Hsp90a gene was amplified from rat kidney
c¢DNA using specific primers, as detailed above. After
the proper purification of PCR product of = 2260 bp, rat
Hsp90a (rHsp90a) was cloned into the pcDNA3.1(+)
expression vector via a multi-cloning site by using Xba /
and Not [ sites. After Xba I and Not I digestion, two
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fragments were obtained, with the larger corresponding N
to the pcDNA3.1 vector and the smaller to the Hsp90a. Qo«\“o o
sequence (data not shown). The sequence of Hsp90a & Qj—”’
was corroborated by automatic sequencing that revealed ,_i N
99% identity with the rat sequence reported for Hsp90a eNOS - . . -
in GenBank (number AJ428213.1). Similarly, Hsp90a. was
cloned in the expression vector pcDNA3.1/NT-GFP Hsp0o + g ssicn
(which codifies for the green fluorescent protein). Hsp90p ~ —— - 1102
Epifluorescence inverted microscopy was employed to B-actin + - i
detect the transfection efficiency. It was shown that 80%

of HEK-293 cells were able to express the GFP (data
not shown).

Different concentrations of Hsp90a plasmid were
transfected into HEK-293 cells to determine the optimal
conditions for pcDNA 3.1/Hsp90a transfection. The
upper panel of Fig. 1A shows the insets of the Western
blot analysis for Hsp90a and B actin. Two bands in the
Hsp90a Western blot were detected. The larger band
corresponds to the human endogenous Hsp90a that is
expressed in HEK-293 cells, and the lower band
corresponds to the transfected rat Hsp90a.. Greater rat
Hsp90a over-expression was detected when the cells
were transfected with 1 pg of pcDNA 3.1/Hsp90a. without
changes in the endogenous Hsp90a expression, as shown
in Fig. 1B. In addition, different times after transfection
were assessed to determine the greatest Hsp90a over-
expression. As shown in Fig. 1C, the higher rat Hsp90a
expression was obtained after 48 h, without changes in
human Hsp90a, expression (Fig. 1D). Other groups of
cells were transfected with the optimal conditions, then
Hsp90o. and Hsp90B protein levels were detected by

Fig. 3. Western blot analysis showing basal protein levels of
eNOS, Hsp90a,, Hsp90p and B-actin in HEK-293 intact cells.

Western blot analysis. As expected, pcDNA3.1/Hsp90a.
transfection increased Hsp90a protein levels, as shown
in Fig. 1E, without altering Hsp90p protein levels as is
represented in Fig. 1F. These results shown that Hsp90a.
and Hsp90p antibodies were specific to detect each Hsp90
isoform studied.

Hsp90p cloning and HEK-293 transfection

The Hsp90p gene was also amplified from rat kidney
cDNA using specific primers, as detailed above. The PCR
product of 2220 bp was purified and cloned into
pcDNA3.1(+) using Not I and Xba [ restriction sites.
The Hsp90pB sequence was first corroborated by
restriction analysis; for this, the vector was digested with
Xba I and Not I, Xba I, Sac I, EcoR I, Kpn I, and Mfe I.
When the vector was digested with Xba I and Not I, two
fragments were obtained, with the larger corresponding
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Fig. 4. Effects of pc-Hsp90a and pc-Hsp90 transfection on eNOS/NO pathway. A) Change in percentages of NO2/NO3 levels
in the lysates of HEK-293 cells transfected with pc-Hsp90a (gray bars), pc-Hsp90p (black bars), siRNAHsp90a. (white bars), and
siRNA Hsp90p (dark gray bars). B) Co-immunoprecipitation of eNOS and Hsp90a or Hsp90p from HEK-293 cell lysates transfected
with either Hsp90a or Hsp90p respectively. C) eNOS expression detected by Western blot analysis from HEK-293 cells transfected
with empty vector, Hsp90a or Hsp90p. D) eNOS Ser1177 phosphorylation, E) eNOS Thr495 phosphorylation, and F) Akt expression
and phosphorylation at residue Ser437, determined by Western blot analysis using specific phospho-antibodies in the studied
groups of HEK-293 cells. The proteins were isolated from at least three different cell transfected cultures *p<0.05 vs. liposome-
transfected cells. **p<0.05 vs. pc-Hsp90a or pc-Hsp90B-transfected cells.

to the pcDNA3.1 vector and the smaller to Hsp90p (data
not shown). With the rest of the enzymes, we obtained
the expected specific size fragments for Hsp90p (these
size fragments are not obtained when Hsp90oa was
digested with these enzymes). The sequence was also
corroborated by automatic sequencing, which revealed
100% identity with the rat sequence reported for Hsp90f3
in GenBank (number DQ022068.2). To determine the
optimal conditions for Hsp90 over-expression, HEK-293
cells were transfected with different plasmid
concentrations. As shown in Fig. 2A, maximum over-
expression was detected when cells were transfected
with 6 ug of pcDNA 3.1/Hsp90f a unique band of Hsp90§3
was detected corresponding to both human endogenous
and rat transfected sequence. In addition, the best period
of time to obtain maximum over-expression with 6 ug of
plasmid was at 48 h after transfection (Fig. 2B).
Independent groups of cells were transfected with the
optimal conditions, and Hsp90a and Hsp90p protein levels

were detected by Western blot analysis. As expected,
pcDNA3.1/Hsp90p transfection increased Hsp90p by
~2-fold, as shown in Fig. 2C, without modifying the
Hsp90a protein levels (Fig. 2D).

Effects of Hsp90a and Hsp90B over-expression

on the eNOS/NO pathway

Because it has been shown that Hsp90 regulates
eNOS activity [10-13, 15] , we studied the specific role
of Hsp90a, and Hsp90p over-expression in nitric oxide
production. First we assessed eNOS protein levels in un-
transfected HEK-293, as Fig. 3 shows these cells do
express eNOS, as well as Hsp90a and Hsp90f. This
finding was further confirmed by the measurement of
NO,/NO, levels in these cells. Figure 4A shows the
percentage changes in NO,/NO, levels in groups
transfected with Hsp90a or Hsp90p, compared with the
cells that were transfected with the empty pcDNA vector.
Hsp90a over-expression produced a significant increase
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Fig. 5. Effects of Hsp90a and Hsp90B over-expression on oxidative stress in HEK-293 cells. A) Hydrogen peroxide levels in
lysates of HEK-293 cells transfected with empty vector (white bars), pc-Hsp90a (dark gray bars), and pc-Hsp90p (black bars).
Hydroethidine staining was assessed as a measure of superoxide anion production and was quantified by flow cytometry. B)
Upper panel, representative histograms of the three groups of transfected HEK-293 cells, showing a greater hydroethidine
staining in the group that was transfected with pc-Hsp90B. C) The percentage of HEK-293 cells positive for hydroethidine
staining and D) Fold increase in the Mean Fluorescence Intensity (FMI). These results were performed with at least three
different transfected cultures. *p<0.05 vs. empty vector-transfected cells.

in NO metabolites (from 0.29 £ 0.01 to 0.61 + 0.03 uM/
ng of protein) that represented an increase of 113.3%.
Intriguingly, Hsp90fB over-expression produced the
opposite effect, such that NO,/NO, levels were
significantly reduced in transfected HEK-293 cells (0.13
+0.01 uM/pg of protein). The specificity of the observed
effects was studied by reducing the endogenous Hsp90a
and Hsp90p expression by using specific siRNAs for these
proteins. Therefore, other groups of cells were transfected
with the corresponding siRNA/Hsp90a or siRNA/
Hsp90p. We assessed the Hsp90a and Hsp90p
expression after 24 to 72 h after respective siRNAs
transfection and from these results the experiments with
siRNAs were performed after 48h (data not shown).
When the NO,/NO, levels were evaluated, we observed
that siRNA/Hsp90a. transfection produced a significant
reduction in NO metabolites, by 36.5 % as is depicted in
Fig. 4A. In contrast, siRNA/Hsp90p transfection was
associated with a significant increase in NO,/NO, levels,
by 74.7%. These data strongly suggest that Hsp90a and
Hsp90p have differential roles in regulating eNOS activity.

We examined whether these differences were
propagated by changes in the interaction of Hsp90a or
Hsp90p with eNOS. As shown in Fig. 4B, it was not the
case, as the [P-Western blotting analysis revealed that
eNOS was able to associate with both Hsp90a and
Hsp90pB, suggesting that the reduction of eNOS activity
by Hsp90p did not result from an inability of this chaperone
to associate with eNOS.

To evaluate if the differential modification of NO
production induced by Hsp90a and Hsp90p over-
expression was mediated by changes in eNOS expression
and its phosphorylation, eNOS protein levels and the
phosphorylation of serine 1177 and threonine 497 residues
of eNOS were evaluated in transfected HEK-293 cells
by Western blot analysis using the corresponding phospho-
antibodies. The eNOS protein levels in HEK-293 cell
cultures was not modified by either Hsp90a. or Hsp903
transfection, as evident in the top inset and by the
densitometric analysis shown in Fig. 4C. A significant
increase in the immune-detection signal of phosphorylated
Ser1177 was observed in the cells that over-expressed
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Fig. 6. Effects of Hsp90a or Hsp90pB over- A
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conformations. A) Hsp90a Western blot
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from HEK-293 cells transfected with empty
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Hsp90a, an effect that was not seen in Hsp90B-
transfected cells (Fig. 4D). The mean ratio of
phosphorylated Ser1177 eNOS/B-actin in pc-Hsp90a-
transfected cells was 0.83 + 0.08, compared to
0.32 + 0.04 and 0.36 + 0.05 AU for pc-Hsp90p and
pcDNA3.1 empty vector, respectively. In contrast, the
transfection of pc-Hsp90p significantly increased

Thr495 eNOS phosphorylation (Fig. 4E), but over-
expression of Hsp90a did not modify the phosphorylation
of this eNOS residue. The mean ratio of phosphorylated
Thr495-eNOS/B-actin in Hsp90B and pcDNA3.1-
transfected cells was 0.86 = 0.1, compared to
0.50 = 0.05 and 0.55 £ 0.09 in liposomes and Hsp90a.-
transfected cells, respectively.

664 Cell Physiol Biochem 2010;26:657-668

Cortes-Gonzalez/Barrera-Chimal/Ibarra-Sanchez/Gilbert/Gamba/
Zentella/Flores/Bobadilla



Because it has been reported that Hsp90 plays an
important role in the activation of p-Akt/PKB [16] and
because this kinase it is able to phosphorylate Ser1177 of
eNOS [17, 18], we evaluated the effect of over-
expressing Hsp90a or Hsp90B on Akt/PKB activation.
As shown in Figure 4F, the transfection of either Hsp90a.
or Hsp90p did not modify the Akt/PKB protein levels,
but a different effect was observed for the phosphorylation
of this kinase. Thus, Hsp90a over-expression was
associated with a significant increase in Akt/PKB
phosphorylation, whereas Hsp90p over-expression
induced a significant reduction in the amount of
phosphorylated Akt/PKB.

Moreover, it has been previously shown that eNOS
is able to generate superoxide anion when it is
phosphorylated at Thr-497; thus, we assessed the effect
of Hsp90a or Hsp90P over-expression on the cellular
oxidative stress state by measuring the hydrogen peroxide
levels in HEK-293 cell cultures. Figure SA shows the
H,0, levels in WCL, expressed as nmol/pug of protein. It
is noteworthy that the H,O, levels increased by two-fold
when Hsp90p was over-expressed, an effect that was
not observed when pc-Hsp90a was transfected. To
further confirm these findings, we performed
hydroethidine (HE) staining to detect intracellular
superoxide anion generation by flow cytometry analysis.
Figure 5B shows the representative histograms of each
transfected group, and Figure 5C and 5D show the
percentage of stained cells and the quantification of the
mean fluorescence intensity (MFI), respectively. The HE
staining confirmed that Hsp90 over-expression induced
a higher generation of superoxide anion, as shown by the
increase in the percentage of cells positive for HE staining
(from 2.7 £ 0.9 t0 9.0 + 0.8 %, p=0.002) and by the MFI
measurement (from 1 £0.06 to 1.6 £0.03 AU, p=0.002).

Because the dimeric Hsp90 conformation has been
shown to be necessary for interactions with the client
proteins, the monomeric/dimeric ratio in HEK-293 cells
transfected with Hsp90a and Hsp90p was evaluated.
The insets in Fig. 6A and Fig. 6B show Westerns blot
under non-denaturing conditions of proteins extracted from
Hsp90a and Hsp90B-transfected cells, respectively.
Typically, most of the Hsp90a was found in its dimeric
conformation (Fig. 6A), in contrast with the Hsp90p which
was found mainly in the monomeric conformation (cells
transfected with the empty vector) as is shown in Fig.
6B. When the monomeric/dimeric ratio was evaluated in
cells transfected with either pc-Hsp90a or pc-Hsp90p
most of the Hsp90a was found in its dimeric
conformation. In addition, a greater amount of this protein

was detected in the cells that were transfected with pc-
Hsp90a. In contrast, when Hsp90f was over-expressed,
most of the protein was found in its monomeric
conformation, and again, more monomeric Hsp90 was
observed in the cells that were transfeceted with pc-
Hsp90p (Fig. 6B).

It has been previously reported that dimeric eNOS
conformation is required for a suitable NO production
[19], thus we evaluated if Hsp90a and Hsp90B over-
expression modify the dimeric/monomeric eNOS
conformation. The upper panel of Figure 7 shows the
inset of eNOS Western blot analysis in non-denaturating
conditions from HEK-293 cells transfected with empty
vector, pcHsp90a and pcHsp90p respectively. The lower
panel depicts the densitometric analysis of dimeric and
monomeric bands of eNOS, together with the resulting
dimeric/monomeric ratio. The reduction of NO synthesis
induced by Hsp90p over-expression was associated with
a significant decrease in eNOS dimeric conformation, with
the concomitant eNOS dimeric/monomeric ratio reduction.
This effect was not seen in pcHsp90a. transfected cells.

Discussion

Hsp90 plays a key role in cellular signal transduction
networks, as it is essential for maintaining the activity of
numerous signaling proteins. One of the most studied
Hsp90 interactions is that established with eNOS. Several
studies have shown that Hsp90 regulates eNOS activity
through modulations of the following processes: helping
to activate eNOS by dissociating it from caveolin-1;
enhancing eNOS enzymatic activity by promoting its
dimerization; facilitating the activating eNOS
phosphorylation; and modulating the release of NO vs.
superoxide by eNOS [10-13]. Furthermore, Hsp90 has
also been proposed to facilitate the calcineurin-dependent
dephosphorylation of the residue Thr495 site of eNOS,
which contributes to enhance its enzymatic activity [15].
Therefore, Hsp90 plays a critical role in vascular NO
synthesis through the regulation of eNOS activity. In this
regard, we have recently shown that Hsp90 inhibition with
radicicol, that reduced Hsp90 interaction with their client
proteins, produced a significant reduction in renal plasma
flow and glomerular filtration rate, an effect that was
associated with a decreased urinary excretion of nitrites
and nitrates (NO,/NO,), suggesting that the disruption of
eNOS-Hsp90 complex reduced renal NO synthesis [20].
In addition, previous studies have shown that the disruption
of eNOS/Hsp90 complex promotes not only the reduction
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of NO but also the generation of O, anion by eNOS [8,
9, 21, 22]. Even though there is enough evidence about
the Hsp90/eNOS coupling and uncoupling in NO and O,
generation, respectively, the specific role of Hsp90a and
Hsp90p in this pathway have not been completely
addressed. Two previous studies [7, 23] suggested that
transfection of Hsp90pB induces an increase in NO
production in COS and pulmonary arterial endothelial cells
(PAEC). However, results from these studies are hard
to evaluate because the Hsp90 antibody that was used
recognizes both isoforms and thus Hsp90p over-
expression was not demonstrated. In addition, in one of
the studies [23], the effect of empty adenovirus
transfection was not evaluated. Other studies in which
the interaction between eNOS and Hsp90 was enhanced
by a transient Hsp90 transfection, did not specified which
isoform of Hsp90 was used for the transfection [15, 24].

In the present study, the participation of Hsp90a. or
Hsp90p in the eNOS/NO/O," pathway was evaluated by
inducing the over-expression of each isoform in HEK-
293 cells. For this issue, we cloned Hsp90a and Hsp903
into an expression vector and the over-expression was
gotten by transitory transfection. The pc-Hsp90a
transfection produced a significant elevation in Hsp90a.
without modifing Hsp90 protein levels. Similarly, in cells
transfected with pc-Hsp90p, the levels of this protein were
significantly enhanced, whereas the endogenous Hsp90a
protein levels were not affected. Therefore, the effects
seen in this study on the NO/eNOS pathway were solely
induced by the transitory over-expresion of each Hsp90
isoform.

Accordingly, we observed that Hsp90o over-
expression was associated with a significant increase in
NO,/NO, levels. Quite interestingly, pc-Hsp90f3
transfection produced the opposite effect; thus, NO
metabolites were significantly reduced in HEK-293 cells.
These findings were supported by results using respective
siRNAs of Hsp90a or Hsp90B. Consequently, when
Hsp90a expression was reduced by this strategy, the NO
metabolites were significantly decreased. In contrast,
when HEK-293 cells were transfected with Hsp90§3
siRNA, the NO,/NO, levels were significantly enhanced.
In this regard, these results suggest that cystosolic Hsp90
isoforms exert distintive functions in the NO pathway, in
which Hsp90a positively regulates NO synthesis whereas
Hsp90p has a contrary effect.

To begin to understand the mechanisms by which
Hsp90a and Hsp90B have differential roles in NO
production, we evaluated the eNOS protein levels and
the eNOS phosphorylation of two main residues that are

implicated in this enzyme activity. We found that eNOS
protein levels were not modified when the HEK-293 cells
were transfected with either Hsp90a., or Hsp90, however,
profound changes in its phosphorylation state were
observed. Hsp90a over-expression was associated with
asignificant increase in eNOS-activating phosphorylation
(Ser1177), whereas Hsp90p over-expression produced
an increase in the eNOS-inactivating phosphorylation
(Thr495). In this regard, previous studies have shown
that increased eNOS phosphorylation at Thr495, as caused
by eNOS-Hsp90 uncoupling, resulted in lesser NO
production [20, 25, 26]. In support of this, Lin et al. [27]
reported that the T495A eNOS mutant, which cannot be
phosphorylated at this site, was able to enhance eNOS
activity. The immunoprecipitation analysis performed in
this study revealed that both Hsp90a and Hsp90p are
able to associate with eNOS, suggesting that these two
Hsp90 isoforms exert differential eNOS regulation through
modulating eNOS phosphorylation. Incidentally, it has been
shown that eNOS activation by Hsp90 is mediated, in
part, by a scaffolding effect that enhances the interaction
between eNOS and the active serine/threonine kinase
Akt/PKB [10], which, in turn, promotes eNOS Ser1177
phosphorylation. Intriguingly, Akt/PKB activity is also
regulated by Hsp90 through the prevention of PP2A-
mediated Akt dephosphorylation [16]. Consequently with
these previous findings, we observed that pc-Hsp90a.
transfection increased Akt/PKB phosphorylation,
suggesting that the greater NO synthesis observed in
these transfected cells was in part due to an enhanced
Akt/PKB activity, resulting in eNOS Serl1177
phosphorylation. Of note, pc-Hsp90 transfection induced
a significant reduction of Akt/PKB phosphorylation, which
was associated with an increase in the inactivating eNOS
phosphorylation (Thr495), and these findings were
associated with a significant reduction in NO production.
Thus, our results suggest that another way by which
Hsp90a and Hsp90p differentially regulate eNOS is by
modifying Akt/PKB phosphorylation.

Several studies have shown that eNOS Thr495
phosphorylation promotes the superoxide anion (O,)
generation instead of NO [8, 9, 23, 28, 29]. To explore
the significance of the increased eNOS Thr495
phosphorylation induced by pc-Hsp90p transfection on
O, generation, the levels of peroxide hydrogen and O,
anion were evaluated in transfected HEK-293 cells. The
reduction of NO induced by Hsp90[3 over-expression was
associated with a significant increase in hydrogen
peroxide, suggesting a greater O, generation. These
results were confirmed by measuring cellular O, by
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cytofluorometry, in which a significant increase in the
generation of this anion was observed in HEK-293 cells
transfected with pc-Hsp90p, an effect that was not seen
following transfection with pc-Hsp90a. Altogether, these
results suggest that Thr 497 phosphorylation switches the
ability of eNOS to produce O,, and, interestingly, this
effect seems to be promoted by the association of Hsp90f3
with eNOS.

The dimeric molecular conformation of Hsp90 is
required for the activation and stabilization its client
proteins. Hsp90 consists of a C-terminal dimerization
domain, a middle domain (which may interact with
substrate proteins), and an N-terminal ATP-binding
domain. The activation process depends on the hydrolysis
of ATP by Hsp90. Thus, the ability of Hsp90 to interact
with its client proteins is strongly determined by its
conformational state [3, 30, 31]. In this sense, Hsp90f3
human and mouse is less frequently found as a dimer
than Hsp90a.. The impeded ability of Hsp90p to dimerize
is related to the 16 amino acid substitutions located in the
561-685 amino acid region of the C-terminal dimerization
domain [32]; specifically, Thr566 and Ala629 seem to be
responsible for the reduced ability of Hsp90p to dimerize
[33]. Here, we evaluated the monomer/dimer ratio of
Hsp90a and Hsp90p in HEK-293 cells before and after
pc-Hsp90a or pc-Hs90B transfection. As has been
previously reported, we found that Hsp90a was
predominantly in its dimeric molecular conformation,
whereas Hsp90p persisted in a monomeric conformation
in the cells that were transfected with the empty vector.
When Hsp90a was over-expressed, most of the protein
was found in the dimeric form, without changes in the
Hsp90B monomer form. In contrast, the over-expression
of Hsp90pB rendered a greater proportion of the
monomeric conformation. These results suggest that both
Hsp90 isoforms are able to associate with eNOS, but the
conformation state of Hsp90 seems to be a regulator of
eNOS ability to produce NO or O,". Because Hsp90 is
also able to interact with neuronal and inducible NOS
[34-36], we can not exclude the participation of other
NOS isoforms in the NO production seen when Hsp90a
or Hsp90p were over-expressed.
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Abstract

Background: The molecular mechanisms that mediate the ischemia-reperfusion (I/R) injury in kidney are not completely
understood. It is also largely unknown whether such mechanisms overlap with those governing the early development of
kidney.

Methodology/Principal Findings: We performed gene expression analysis to investigate the transcriptome changes during
regeneration after I/R injury in the rat (0 hr, 6 hr, 24 hr, and 120 hr after reperfusion) and early development of mouse
kidney (embryonic day 16 p.c. and postnatal 1 and 7 day). Pathway analysis revealed a wide spectrum of molecular functions
that may participate in the regeneration and developmental processes of kidney as well as the functional association
between them. While the genes associated with cell cycle, immunity, inflammation, and apoptosis were globally activated
during the regeneration after I/R injury, the genes encoding various transporters and metabolic enzymes were down-
regulated. We also observed that these injury-associated molecular functions largely overlap with those of early kidney
development. In particular, the up-regulation of kinases and kinesins with roles in cell division was common during
regeneration and early developmental kidney as validated by real-time PCR and immunohistochemistry.

Conclusions: In addition to the candidate genes whose up-regulation constitutes an overlapping expression signature
between kidney regeneration and development, this study lays a foundation for studying the functional relationship
between two biological processes.
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Introduction I/R injury may recapitulate those of kidney organogenesis in
which the kidney injury induces the re-expression of various
nephrogenic genes such as Vimentin, Pax-2 and Bmp-7 [6-10].

Considering that these two biological processes (kidney regener-

Acute kidney injury represents a common clinical problem
leading to high rates of morbidity and mortality [1]. Identification

of accurate diagnostic markers or effective targets for therapeutic
intervention is challenging and it would benefit from a
comprehensive understanding about the molecular programs
governing renal injury-regeneration processes [2,3]. Kidney
regeneration after ischemic injury represents a complicated but
highly coordinated process, which involves a diverse set of
molecular functions. For example, animal studies using micro-
array-based expression analysis revealed that various molecular
functions (e.g., cell cycle, inflammation and apoptosis) were
perturbed in ischemic-reperfusion (I/R) injury [4-7]. It has also
been proposed that the transcriptional reprogramming induced by

@ PLoS ONE | www.plosone.org

ation and development) require tightly regulated cellular processes
that control cell proliferation and differentiation, a comparison
between the transcriptional programs associated with these
processes may provide a better understanding about the
underlying molecular mechanisms, as exemplified in other
organogenesis model (e.g., liver) [11,12].

In this study, we performed microarray-based gene expression
analysis to investigate changes in the transcriptome during kidney
I/R injury and early development using animal models. Pathway
analysis of the transcriptome changes revealed that a wide
spectrum of molecular functions may be involved in these

September 2011 | Volume 6 | Issue 9 | 25679



biological processes. A detailed examination on the relationship
between regeneration- and development-related genes in terms of
their enrichment to known functional gene categories further
showed that some molecular functions are common to kidney
regeneration and development. Among the shared functions, we
focused on a number of cell cycle and kinetochore genes that were
over-expressed during I/R injury and embryonic kidneys with
experimental verification.

Results

Adult kidney injury model using bilateral ischemia-
reperfusion injury

Kidney injury was induced by 20 minutes of bilateral renal
ischemia followed by reperfusion that resulted in kidney
dysfunction, characterized by elevation of serum creatinine
(SCr) and blood urea nitrogen (BUN), (Figure 1A and 1B) at
24 hr of reperfusion followed by a recovery at 120 hr. Kidney
Injury Molecule-1 (Kim-1) mRNA levels , recently identified as
sensitive indicator in monitoring tubular kidney injury [3] and
Vimentin mRNA levels, a marker of mesenchymal phenotype
and dedifferentiation of tubular cells [13] also showed peak
expression at 24 hr after injury while the expression decreased
to control levels after 120 hr (Figure 1C and 1D). The
histopathological examination showed typical lesions caused
by renal ischemia at 24 hr characterized by proximal tubular
necrosis and apoptosis that resulted in substantial loss in
epithelial brush border and cell debris accumulation in luminal
area at 24 hr with a structural and functional recovery by
120 hr due to an efficient kidney regeneration response
(Figure 2A). The immunohistochemistry of Ki-67 showed a
marked staining level at 72 hr and 120 hr after I/R injury
(Figure 2B), which indicates the enhanced cellular proliferation
during these regenerative time points.
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Animal model for embryonic kidney development and
comparative gene expression profiling

To take into account the differential expression pattern between
renal cortex and medulla, we isolated total RNA from rat renal
cortices and medullas and performed gene expression profiling at
6 hr, 24 hr and 120 hr which correspond to early, intermediate
and late-regeneration phase after I/R injury (n=3 for each). To
explore the expression profiles of kidney development, we also
collected RNA from mouse kidney at embryonic day 16
postcoitum or p.c. (E16d) and at postnatal day 1 and 7 (PN1d
and PN7d; n=5 for each), respectively. We selected E16d since
this time point is critical in early kidney development (e.g.,
distinction of cortex versus medulla and the beginning of
differentiation of functional proximal tubule) and PNId and
PN7d represent the immediate and early postnatal period,
respectively.

The hierarchical clustering of highly variable genes showed that
the expression profiles of renal cortex and medulla are largely
distinguishable from each other and the profiles from kidneys
subjected to I/R injury are also distinguishable from those of sham
(Figure 3A). The hierarchical clustering also clearly separated the
expression profiles of embryonic mouse kidney from those of
postnatal kidneys (Figure 3B). We also combined the expression
profiles of rat I/R injury and mouse developmental kidneys and
performed hierarchical clustering using highly variable ortholo-
gous genes (Figure 3C). The segregating pattern observed when
two species were separately analyzed (e.g., three main clusters in
each profile) was preserved in the combined analysis. The
clustering of merged dataset further reveals the expression
similarities between two species such as sham (rat) and PN7d
(mouse) as well as E16d (mouse)-ischemic medulla (rat) and PN1d
(mouse)-ischemic cortex (rat).

Next, we performed pathway analysis to explore the coordinat-
ed expression changes of functionally related genes during kidney
I/R injury and development. Parametric analysis of gene
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Figure 1. Temporal profiles of kidney biomarkers in ischemic-reperfusion kidney model. A. SCr levels are measured after 6 hr, 24 hr,
72 hr, and 120 hr of reperfusion after I/R injury in rat. Significant difference of SCr level compared to Sham is shown with asterisk (P<<0.05). B. The
temporal changes in BUN levels are shown. Renal mRNA levels of Kim-1 (C) and Vimentin (D) are shown for cortex and medulla. The mRNA levels
were normalized using GAPDH as control gene (denoted as ¢ and m, respectively). * represents P<<0.05 as determined by one way ANOVA in

comparison with sham rats.
doi:10.1371/journal.pone.0025679.9001
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Figure 2. Histological and immunohistochemical examination of kidney tissue injury and repair following I/R injury. Representative
formalin fixed paraffin embedded kidney tissue sections of sham male Wistar rats and those undergone 20 min bilateral ischemia reperfusion over
time stained by (A) Hematoxylin and Eosin (40 x magnification) and (B) Ki-67 (60 x magnification). n=5/group. Bar represents 50 um.

doi:10.1371/journal.pone.0025679.g002

expression (PAGE) [14] was used to measure the enrichment of
Gene Ontology (GO) functional categories [15] between two
phenotypes (e.g., sham versus 6-hr in renal cortex). We collected
GO annotations with significant enrichment (P<0.05, Bonferroni
adjusted) across eight comparisons, i.e., six for I/R injury (6 hr,
24 hr and 120 hr for cortex and medulla; each compared to sham)
and two for development (PN1d and PN7d; each compared to
E16d). Figure 4 shows the representative functional categories in
each comparison (full lists of significant functions are available in
Tables S1,52,S3). We observed that the molecular functions
representing immunity, inflammation and apoptosis are globally
up-regulated across all time points measured after I/R injury
(6 hr, 24 hr and 120 hr) in cortex and medulla indicating that
these functions are characteristic transcriptional features of kidney
regeneration after ischemic injury. In addition, the molecular
functions associated with metabolism or ion transport are
commonly down-regulated during kidney regeneration.

We observed that some molecular functions are observed both
during kidney regeneration and development. For example, cell
cycle and chromosome-related functions are up-regulated at 24 hr
after I/R injury, while down-regulated in postnatal kidneys
compared to embryonic ones. Also, the up-regulated functions
such as ion transporters or metabolism in postnatal kidney (or
down-regulated in embryonic kidney) largely overlap with those
observed in ischemic-regeneration profiles.

@ PLoS ONE | www.plosone.org

We further constructed a functional network comprising the up-
and down-regulated genes in the two processes and their enriched
GO categories as nodes (Figure 5A). Their associations (significant
gene overlap between gene sets) are illustrated as edges. The
subnetwork on the left (Figure 5A) includes six up-regulated gene
sets during kidney ischemic-regeneration (red rectangles) and one
down-regulated gene set (one green rectangle) in postnatal kidney
compared to embryonic kidney. This subnetwork also includes
multiple GO categories representing cell cycle/mitosis, cytoskel-
eton and immune/inflammation. The other subnetwork is largely
associated with functional categories of transport/membrane and
metabolism and composed of regeneration-down-regulated and
postnatal-up-regulated genes (Figure 5A, right). Thus, our
pathway analysis reveals that the differentially expressed genes in
both regenerative and developmental time points share common
functional gene sets, highlighting the similarity in the two
processes.

When the GO nodes are removed (the differentially expressed
genes in regeneration or development are compared directly), a
substantial overlap among datasets becomes clearer (Figure 5B).
Among the significant gene overlap between differentially
expressed genes, we focused on those between regenerative- and
developmental profiles and their overlapping genes (listed in
Figure 5B). For example, we observed significant gene overlap
between PN7d (down-regulated) and 24 hr I/R (up-regulated;

September 2011 | Volume 6 | Issue 9 | e25679
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Figure 3. Hierarchical clustering of kidney regeneration after ischemic injury and development. A. Hierarchical clustering of top variable
2000 genes segregates the expression profiles of renal cortex (C) and medulla (M) after ischemic injury while sham samples are also distinguished
from injury-associated profiles. B. The expression profiles of fetal mouse kidney (E16d) are clearly distinguished from those of postnatal kidney (PN1d
and PN7d) by hierarchical clustering. C. The rat I/R injury- and mouse development expression profiles were merged and hierarchically clustered for

top variable 2000 orthologous genes.
doi:10.1371/journal.pone.0025679.g003

both in cortex and medulla) and the overlapping genes largely
represent kinase and kinetochore-encoding genes. The up-
regulated genes in PN1d and PN7d were enriched in the down-
regulated genes of 6 hr and 24 hr after I/R injury in medulla.
These genes largely represent membrane-associated or ion-
transport molecules (e.g., solute carrier gene families, Nox4,
MeplA, Apom, and Anpep). The functional annotations of
overlapping genes are consistent with the enriched functional
categories between two biological processes also highlighting the
overlapping genes as candidates for molecular validation.

Confirmation of overlapping genes

For experimental validation, we focused on the overlapping
genes between those down-regulated at postnatal 7 day (PN7d)
kidney and those up-regulated at 24 hr after I/R injury in renal
cortex and medulla (Figure 5A; two edges indicated by arrows).

@ PLoS ONE | www.plosone.org

Eight genes were observed in either edge. Aurkb, Kif22 (or Kid),
Cdc2A (or Cdkl), Tpx2, and Mcm6 were observed in both edges
while Cdca3, Pkl (in medulla only) and Ranbpl (in cortex only)
were observed in single edge. These genes are primarily associated
with celldivision functions as essential components of kinetochore.

We selected 4 candidate genes (Aurkb, Plk1, Mcm6, and Kif22)
for experimental verification (Figure 6). We confirmed the
transcriptional up-regulation of Aurkb, Plkl, Mcm6, and Kif22
after 24 hr of ischemic injury (both in renal cortex and medulla)
and also in rat embryonic kidneys (E17d; n=6, each). We also
isolated total RNA from 6 day embryo (EE16d) and 60-day-old
(P60d) BALB/c mice (n=4, each) to confirm the relative up-
regulation of these genes in embryonic kidneys. In order to localize
these proteins post I/R injury and during development, we
performed immunofluorescence analysis using specific antibodies
for each protein. While Aurkb and Plkl staining was absent in
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Expression Analysis of Regenerating Kidney

Cortex Ohr )
_ Proteasome, Immune, Inflammation,
\b Apoptosis, ECM, Golgi, Mitochondria
6 hr
| Cell cycle, Chromosome, Inmune,
Inflammation, Apoptosis, Mitochondria,
24 hr Organic acid metabolism, Golgi
Immune, Inflammation, Apoptosis, Protein
v . . . . X
metabolism, Angiogenesis, Mitochondria,
120 hr Organic acid metabolism, Golgi

Medulla Ohr

v

6 hr

L Inmune, Inflammation, Apoptosis, Apical
junction, Proteasome, Organic acid
metabolism, Mitochondria, Transporter

v
24 hr Metabolism

Cell cycle, Chromosome, Immune,
Inflammation, Apoptosis, Organic acid
metabolism, Mitochondria, Transporter,

120 hr

Metabolism

Immune, Apoptosis, Inflammation,
Cytoskeleton, Hemopoiesis, Mitochondria,
v Organic acid metabolism, Transporter,

Kidney E16d

PN1d Cytoskeleton

Transporter, Organic acid metabolism,
Membrane, Cell cycle, DNA/RNA metabolism,

metabolism, Cytoskeleton

PN7d

Transporter, Membrane, Organic acid
metabolism, Metabolism, Cell cycle, DNA/RNA

Figure 4. Pathway analysis of expression changes associated with kidney regeneration after ischemic injury and development.
Pathway analysis shows the significantly up- and down-regulated GO functional categories (red- and blue-coded in the corresponding rectangles,
respectively) in each time point measured after ischemic induction (cortex and medulla of rat kidney) or in the corresponding developmental time
points (mouse kidney). Only representational functional categories are shown from a list of significantly enriched GO categories. Full list of observed

GO categories are available in Tables $1,52,S3.
doi:10.1371/journal.pone.0025679.g004

sham rats, Mcm6 was localized in the nucleus. At 24 hr post I/R,
we observed a marked nuclear staining in the kidney for Aurkb,
Plkl and Mcm6. This effect was also observed in the E17d rat
kidneys. The mRNA level of Kif22 also showed significant
increased expression at 24 hr after I/R injury while clear decrease
was observed after 72 hr and 120 hr. Immunofluorescence
analysis shows that Kif proteins are normally located in the
nucleus, as confirmed by DAPI nuclear staining. After I/R injury,
we observed the increase in Kif staining in the cortico-medullary
area of the kidney, where primary ischemic injury occurs. A slight
increase in cytoplasmic staining post ischemia for Kif22 was also
noted.

@ PLoS ONE | www.plosone.org

Discussion

Our analysis provides a comprehensive understanding of the
functional overlap between the transcriptional programs govern-
ing the regenerative and developing kidney processes. These
biological processes are regulated by a cascading activation of
various molecular functions, which can be inferred from the
coordinated expression of functionally related genes [e.g., Gene
ontology (GO) annotations]. Among the observed functions, the
cell cycle functions were commonly up-regulated during peak of
injury (24 hr after I/R injury) and embryonic kidneys (compared
to postnatal kidneys) and we validated the transcriptional up-
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Figure 5. Functional association network. A. The differentially expressed genes during regeneration or development of kidney (the up- and
down-regulated genes as red and green rectangles, respectively) and GO categories (circles) are shown as nodes. The significant enrichment between
two gene sets is shown as edge between two corresponding nodes. The size of node is proportional to the gene size and GO categories were
classified into six major functions as shown in the color scheme. Two dashed lines with arrows represent the significant association between PN7d
(genes down-regulated compared to E16d) and 24 hr I/R (genes up-regulated compared to sham). B. The significant associations between gene sets
are shown after removing GO categories. The overlapping genes are shown for pairs between I/R injury and development. Experimentally validated
four genes are bold. * and ** represent the genes only observed with 6 hr/medulla and 24 hr/medulla, respectively. Number of overlapping genes are
shown in parenthesis for significant pairs between I/R injury gene sets.

doi:10.1371/journal.pone.0025679.g005
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Figure 6. Quantitative mRNA levels. A. mRNA levels of Aurkb were measured by real-time quantitative PCR in rat and mouse kidney (left). Rat
kidneys collected at 0 hr (shame), 6 hr, 24 hr, 72 hr, and 120 hr after ischemic injury are shown for cortex (c) and medulla (m), respectively. The
expression levels are shown for embryonic rat kidney (embryonic day 17; E17d) along with those of mouse kidney (E16d and P60d as embryonic day
16 and postnatal day 60, respectively). All data were normalized using GAPDH as a control gene. Immune fluorescence analysis shows the absence of
Aurkb expression in sham rat kidney; however, embryonic kidneys and those after 24 hr of ischemic injury show increased Aurkb expression, the
nuclear co-localization of which were confirmed by DAPI staining (right). B, C, D are similarly shown for Plk1, Mcm6 and Kif22. 40 x magnification.
doi:10.1371/journal.pone.0025679.g006
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regulation of cell cycle-associated kinases and kinetochore genes,
Aurkb, Plkl, Mcm6, and Kif22.

Aurkb, Plkl and Cdc2A are among the chief kinases involving
kinetochore assembly and formation of kinetochore-microtubue
attachment [16]. The inhibition of Aurkb is associated with a
failure in cytokinesis and complete segregation of chromosomes,
which leads to polyploidy and cell death in cell culture [17]. Tpx2
encodes cofactor of Aurora kinases, which is required for correct
spindle assembly [18]. Plk! also encodes kinase that is essential for
cell division [19] and the phosphorylation of this kinase or its
substrates by Cdc2A helps the interactions between them [20]. In
addition, A#22 encodes a chromokinesin involved in chromosome
arm orientation on the spindle [21] and similar roles have been
reported for Cdca3, Mcm6 and Ranbpl [22-24]. Some studies
have proposed the putative roles of kinetochore genes involved in
both renal regeneration and development [25]. Our results
provide supporting evidences for cell cycle/mitosis-associated
molecules as potential markers in evaluating the developing and
regenerating kidney. These findings are consistent with the need to
proliferate while maintaining fully differentiated function that is
shared by the developing and regenerating kidney. Furthermore,
genes involved in mitosis checkpoints such as Aurkb and Plk1, are
likely to be related to the need for increased surveillance system
required in both renal regeneration process and early kidney
development.

Prior studies have largely focused on conducting gene
expression analysis focusing on one model at-a-time using either
regenerating kidney following I/R injury alone or early develop-
ment of kidney alone and hence have not provided a context to
compare two biological processes In terms of expression or
functional similarity [4—7]. For example, Perco et al observed that
the 89 proteins reported in previous I/R injury studies largely
represent six functional categories of immunity, cell cycle,
apoptosis, cell structure, proliferation, and transporter/carrier
[26]. Stuart et al performed expression analysis during the
development of rat kidneys [27]. They classified genes associated
with different developmental stages into five functional categories,
e.g., DNA replication/cell cycle (early embryonic kidney) and
transporter/metabolism/oxidative stress functions (adult kidney).
Our results are largely consistent with these previous reports;
however, we focused on the similarity between I/R injury and
developmental kidney expression profiles in terms of enriched GO
categories and overlapping genes between the profiles. For
example, some of the enriched molecular functions are consistently
activated (e.g., cell cycle/apoptosis, immunity/inflammation) or
repressed (e.g., membrane-associated enzymes or transporters)
during the kidney regeneration or in embryonic kidneys. The
similarity of functional annotations between two processes suggests
that kidney regeneration after ischemic injury may accompany the
reactivation of developmental regulatory programs.

We also observed that hierarchical clustering largely segregates
the expression profiles of renal cortex and medulla and the
pathway analysis also revealed that some molecular functions are
restricted to specific time points or anatomical segments (e.g., the
up-regulation of angiogenesis (cortex) and hemopoiesis genes
(medulla) in late regenerative phase). The hierarchical clustering of
merged dataset also showed that regenerative cortex and medulla
resemble the postnatal kidneys of 1 and 7 days, respectively. These
findings suggest that these renal segments may have different
compensatory mechanism to cope with I/R injury, which are
worthy of further investigation. In addition, our analysis involves
cross-species comparison (i.e., I/R injury- and development-
associated profiles were obtained from rat and mouse, respective-
ly). The expression profiles obtained from rat and mouse would
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form separate clusters if there were potential batch effects or
substantial gene expression differences [28]. However, the
hierarchical clustering of merged expression profiles shows that
the expression patterns of sham (rat) and postnatal kidneys (PN7d;
mouse) are more similar with each other than the remaining
expression profiles from the corresponding species. This suggests
that the batch effects or the cross-species differences are not
substantial compared to I/R injury- or development-associated
expression changes.

In summary, the candidate genes identified in this analysis could
potentially act as differentiation/dedifferentiation markers and the
elucidation of functional significance of their up-regulation in
kidney injury and development could offer new therapeutic
strategies to enhance kidney regeneration.

Materials and Methods

Animals

Male Wistar rats (280-300 g, 8-9 weeks old) were purchased
from Harlan Laboratories (Indianapolis, IN) andwere maintained
in 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 hr light-dark
cycle. Animals 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 the Harvard Medical
School Animal Care and Use Committees (IACUC).

Experimental design

Nine male Wistar rats underwent I/R surgery and three rats
underwent sham surgery simulating I/R. In order to perform I/R
surgery, the rats were anesthetized using pentobarbital sodium
(30 mg/kg, 1p) and renal ischemia was induced by nontraumatic
vascular clamps over the pedicles for 20 min as described before
[3,29]. Upon release of the clamps, the incision was closed in two
layers with 2-0 sutures. The sham rats underwent anesthesia and a
laparotomy only and were sacrificed after 24 hr. The rats in I/R
group were further divided in subgroups of three rats each and
sacrificed after 6 hr, 24 hr, and 120 hr of reperfusion. To confirm
the results of gene expression analysis twenty male Wistar rats
underwent 20 minutes bilateral I/R surgery and five rats
underwent sham surgery as described above and were sacrificed
at 6 hr, 24 hr, 72 hr and 120 hr following reperfusion (n =5, each
timepoint). At the time of sacrifice, kidneys were macroscopically
divided into renal cortex and medulla, frozen in liquid nitrogen,
and maintained at —80°C until use as previously described [30].
We also included rat embryos at embryonic day 17 p.c. for kidney
development analysis (E17d). Kidney was collected from male
BALBc mice embryos at embryonic day 16 p.c. (E16d) as well as
those from 1, 7 and 60 postnatal days (PN1d, PN7d and P60d,
respectively). The E17d rat embryonic kidneys were collected from
Sprague-Dawleyrats from Charles River Laboratories, Inc.
(Raleigh, NC).

Blood Chemistry

At sacrifice of rats following renal I/R injury, blood was
collected from dorsal aorta in heparinized tubes. Serum creatinine
(SCr) concentrations were measured using a Beckman Creatinine
Analyzer II. Blood urea nitrogen (BUN) was measured spectro-

photometrically at 340 nm using a commercially available kit
(Thermo Scientific, Rockford, IL) as described before [3].
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RNA isolation and Real Time-Polymerase Chain Reaction
(RT-PCR)

Total RNA was isolated from each kidney cortex, medulla, and
embryonic kidney following the manufacturer’s protocol for Trizol
extraction method (Invitrogen, Carisbad, CA). The density of total
RNA was measured by spectrophotometer, and subsequently
checked for integrity by 1% agarose gel electrophoresis. All RNA
samples were treated with DNase I (Invitrogen, Carisbad; CA) to
avoid DNA contamination followed by reverse transcription with
1 pg of total RNA wusing iScriptctDNA synthesis (BIO-RAD.
Hercules; CA). The mRNA levels of Kim-1, Vimentin, Kif22,
Mcm6, Aurkb, Plkl and GAPDH as the internal control were
determined using the 1) SYBR Green super mix kit (Bio-rad,
Hercules, CA) following the manufacturer’s instructions. We
performed the assay in an iCycler PCR System (BIO-RAD,
Hercules, CA) with the cycling protocol as follows: 3'94°C,
15"55°C, and 72°C for 35" for 45 cycles. The primer pair
sequence of each assay is detailed in Table 1. The relative
quantification of gene expression was performed using the
comparative CT method.

Separation of cortex and medulla

To confirm that there was no contamination between cortex
and medulla, the mRNA levels for sodium chloride cotransporter
(NCC) as a specific gene expressed in cortex was quantified by
real-time PCR on the ABI Prism 7300 Sequence Detection System
(TagMan, ABI, Foster City, CA, assay number assay number
Rn00571074_m1). As an endogenous control, we used eukaryotic
18S rRNA (predesigned assay reagent, external run, ABI). The
relative quantification of expression was performed using the
comparative CT method [31] Results revealed that mRNA levels
of NCC were abundantly expressed in renal cortex (1£0.07) as
compared to renal medulla (0.001£0.0001) demonstrating that
there was no contamination of the cortex with medulla (Figure S1).

Microarray analysis

Biotin-16-UTP was used during in vitro transcription. Micro-
array analysis was performed in biological triplicates. Labeled
RNAs were hybridized onto Gene chip array RatRef-12 V1.0
(BD-202-0202 Illumina San Diego CA.), which contains 22,523
genes for rat. For mouse RNA, we used MouseRef-8 V1.1
(AMIL1791 Illumina San Diego; CA.) with 24,854 genes following
the manufacturer’s instructions. After washing and blocking,
streptavidin-Cy3 was used to crosslink the amplified RNA, which
were scanned by the Illumina bead reader. The data was analyzed

Table 1. The primer pairs for RT-PCR.
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using Illumina bead studio software (Illumina San Diego; CA).
The scanned intensity values were quantile normalized for
subsequent analysis. The expression microarray data can be
accessed from Gene Expression Omnibus (GEO) with accession

number of GSE27274 (rat) and GSE28054 (mouse).

Pathway analysis

Agglomerative hierarchical clustering was performed for the
highly variable 2000 genes from expression profiles ofrenal I/R
injury (rat) and nephrogenic models (mouse). For clustering, 1
minus Pearson correlation coefficient was used as distance with
average linkage [32]. For functional gene set, we obtained GO
categories from MSigDB database (http://www.broadinstitute.
org/gsea/msigdb/index.jsp; ¢ GO category) [33]. Pathway
analysis was performed using parametric analysis of gene
expression (PAGE) method [14]. For individual GO categories,
the significance of enrichment was measured by converting the
mean fold change of genes belonging to the GO category into {
score. The significance of enrichment was measured across 6
comparisons (3 time points after I/R injury against sham, cortex
and medulla, respectively) and 2 comparisons (PN1d and PN7d
against E16d). Significantly (Bonferroni corrected P<0.05) en-
riched GO categories were collected with leading edge gene
subsets (fold change >1.5 or <—1.5). A full list of enriched GO
categories are available in Tables S1,52,S3 (I/R injury in cortex
and medulla as well as mouse developmental kidney). To construct
functional network of gene sets or association map, we first
collected genes showing highly up- or down-regulation (fold
change >1.5 or <—1.5, respectively) for 8 time scales (6 for rat
kidney and 2 for mouse kidney) [34]. Sixteen sets of differentially
expressed genes were then measured for the significant of
enrichment with GO categories by Fisher’s exact test and 57
GO categories showing significant enrichment (Bonferroni cor-
rected P<<0.05) with any of 16 gene sets were selected. We ignored
the down-regulated genes in PN1d in network since they do not
show significant association with other gene sets. The selected GO
categories were manually curated into 6 functional categories (cell
cycle/mitosis, Immune/inflammation, transport, metabolism,
cytoskeleton, and others). The collected 72 gene sets (57 GO
categories and 15 regeneration-/development-associated gene sets)
were measured for the significance of enrichment in a pairwise
manner. We used CytoScape software to construct a network
using organic layout [35]. In the network, the gene sets are
represented as nodes and the significant association between the
gene sets was shown as edge.

Gene Forward primer

Reverse primer

5" CCACAACTACAAGACCCACAACCAC 3'
5" GGAAGTAAAGGGGGTAGTGGG 3’

Kim-1 (rat)

Kim-1 (mouse)

Vimentin 5" ACCGCTTCGCCAACTACATC 3’
Kif22 5" CTAAGCAAGGGAGGAGTCAGC 3’
Mcmé 5" CCGAATCTCTAACCTCATCGTGC 3’
Aurkb 5" GATGATTGAAGGGCGGATGC 3’
PIk1 (rat) 5" TGCTCAAGCCCCATCAGAAG 3’
PIk1 (mouse) 5" CCCCACCAGAAGGAGAAGATG 3’
GAPDH 5" TCCGCCCCTTCTGCCGATG 3’

5" GGATGTCACAGTGCCATTCCAG 3’

5" AAGCAGAAGATGGGCATTGC 3’

5" GCAACTCCCTCATCTCCTCC 3’

5" TTGGCTACTTCAAGAGAGCAGC 3’

5" GCTCTCGCTTCCTTCACTGGAG 3’

5" AAAGGGCAGAGGGAGGCAGAAC 3’
5" AGTCGCTGTCCTCAAAAAAGC 3’

5" AAATACAAATACAAAGTCGCTGTCC 3’
5" CACGGAAGGCCATGCCAGTGA 3’

doi:10.1371/journal.pone.0025679.t001
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Immunofluorescence

After perfusion, the kidneys were isolated, frozen and later
sectioned in slides of 5 um thickness. For single staining, cryo-
sections from 4 rats of each group and three E17d tissues were
fixed in 10% formaldehyde for 5 min, followed by 5 min 0.1%
Triton-X permeabilization, and then blocking with BSA 3% for
60 min. After washing, the sections were incubated overnight with
rabbit monoclonal anti-Ki67 (Vector Laboratories, Burlingame,
CA), rabbit anti Kif22 1:1000 (Abcam, Cambridge MA), rabbit
anti Plkl antibody 1:500 (Cell Signaling Technology Inc), and
rabbit anti Aurkb (1:500) (Cell Signaling Technology Inc,
Danvers.MA). Goat anti-mcm6 antibody 1:1000 (Abcam, Cam-
bridge MA.) at 4°C was used. After washing, sections were
incubated at room temperature with secondary antibody Cy3
conjugated goat anti rabbit 1:600 (Jackson Immune research, West
Grove Pa) or alexafluor 488 conjugated donkey anti goat 1:500
(Invitrogen) for 60 min and washed again. The images were
captured by Nikon DS-QiMc camera attached to Nikon eclipse
901 flourescence microscope using oil immersion objectives (40 X
magnification) by Nikon NIS elements AR ver3.2 software.

Statistics

Data are expressed as average+standard error. Statistical
difference (P<<0.05) as calculated by one way ANOVA or student’s
t-test. P<<0.05 was considered significant and represented by *
where applicable. All graphs were generated by GraphPad Prism
(GraphPad, Inc., La Jolla, CA).

Supporting Information

Figure S1 Realtime PCR analysis confirming no cross
contamination between kidney cortex and medulla. Real
time-PCR for sodium chloride cotransporter (NCC) that is
expressed only in the cortex was conducted. Results were
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Abstract

Background. Prophylactic =~ mineralocorticoid —receptor
(MR) antagonism with spironolactone (Sp) in rats comple-
tely prevents renal damage induced by ischemia. Because
acute renal ischemia cannot typically be predicted, this
study was designed to investigate whether Sp could
prevent renal injury after an ischemic/reperfusion insult.
Methods. Six groups of male Wistar rats were studied: rats
that received a sham abdominal operation (S); rats that un-
derwent 20 min of ischemia and reperfusion for 24 h (I/R)
and four groups of rats treated with Sp (20 mg/kg) 0, 3, 6
or 9 h after ischemia.

Results. As expected, I/R resulted in renal dysfunction
characterized by a fall in renal blood flow and glomerular
filtration rate and severe tubular injury which was con-
firmed by a significant increase in tubular damage bio-
markers including kidney injury molecule-1, heat shock
protein 72 and urinary protein excretion. The renal injury
induced by I/R was in part due to Rho-kinase, endothelin
and angiotensin II type 1 receptor upregulation. Interest-
ingly, Sp administration at 0 and 3 h after ischemia comple-
tely reversed and prevented the damage induced by I/R.
The protection induced by Sp given 6 h after ischemia was
partial, but no protection was observed by administering
Sp 9 h after ischemia.

Conclusion. Our results show that MR antagonism admi-
nistered, either immediately or 3 h after /R, effectively pre-
vented ischemic acute renal injury, indicating that
spironolactone is a promising agent for preventing acute
kidney injury once an ischemic insult has occurred.

Keywords: AKI treatment; endothelin; renal dysfunction; Rho-kinase

Introduction

Acute kidney injury (AKI) is characterized by an abrupt
and sustained decline in the glomerular filtration rate
(GFR) that leads to a wide spectrum of acute alterations
in kidney function and structure. One prominent cause of
AKI is renal ischemia that occurs in patients with low

blood pressure as result of a complication of several
common clinical situations, such as severe cardiac failure
or arrhythmia, generalized sepsis or excessive loss of
blood or fluid during surgery or as a consequence of
trauma. Thus, ischemic and nephrotoxic injuries are the
major causes of AKI in native and transplanted kidneys
[1]. AKI occurs in ~5% of hospitalized patients and up to
40—60% of intensive care unit patients [2]. Despite techni-
cal improvements in dialysis and clinical care, the preva-
lence of AKI has risen significantly in the last 15 years
due to aging population and the rising pandemics of
obesity, diabetes and hypertension [3, 4]. In addition to
high morbidity and mortality during the AKI episode,
once resolved, AKI may also lead to the development of
chronic kidney disease (CKD) or increases the transition
rate from pre-existing CKD to end-stage renal disease [5—
8]. In addition, even a small change in kidney function
due to a minor AKI is associated with a higher long-term
mortality rate [9].

In addition to its renal effects as a mineralocorticoid
hormone, aldosterone plays a prominent role in the patho-
physiology of renal diseases [10—-19]. Recent evidence
suggests that aldosterone is a potent renal vasoconstrictor
[20-22]. Supporting that, aldosterone modulates the tone
of the renal vasculature, we have shown that a mineralo-
corticoid receptor (MR) blockade with spironolactone not
only reduces the structural renal damage associated with
cyclosporine (CsA) but also prevents renal dysfunction
due to afferent and efferent vasoconstriction [23-25]. We
have also shown that prophylactic treatment with spirono-
lactone completely prevents renal dysfunction and histo-
logical signs of tubular injury from ischemia—reperfusion
(I/R) injuries [26]. To determine whether the protective
effect of spironolactone during ischemia is due to block-
ing MR or to an unknown effect of this drug, we demon-
strated that adrenalectomy had similar effects to those
observed with spironolactone treatment [27]. Altogether,
these results support the hypothesis that spironolactone
prevents AKI after I/R by blocking the MR and therefore
suggest that aldosterone plays a central role in promoting
renal damage induced by a renal ischemic insult.

© The Author 2012. Published by Oxford University Press on behalf of ERA-EDTA. All rights reserved.
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At present, there are no specific treatments for AKI
caused by ischemia or nephrotoxic agents for use in the
common clinical practice. In hypotension, once ischemia
has damaged the kidney, other than restoring renal per-
fusion pressure and avoiding nephrotoxics, there is
nothing that can currently be done to help prevent further
damage or repair what has already occurred in the tubular
cells. Therefore, prevention is a challenge clinicians face.
In this regard, several treatments and experimental strat-
egies have been advanced for the prevention of AKI, with
different degrees of effectiveness, depending on the
patient’s other risk factors and the strategy used.
However, most of these treatments are only effective
when they are prophylactically administered [28—33]. Un-
fortunately, the development of renal ischemia cannot be
predicted. Because we previously observed that giving
spironolactone several hours before an ischemic insult
completely prevents the histological and biochemical con-
sequences of I/R, we designed the present study to inves-
tigate whether MR antagonism could reverse the renal
injury induced by ischemia/reperfusion once ischemia has
already been established and to better understand the mol-
ecular mechanisms of the renoprotection involved.

Materials and methods

All experiments involving animals were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals (National
Academy Press, Washington, DC, 1996) and were approved by our Insti-
tutional Animal Care and Use Committee. Sixty-two male Wistar rats
(270-315 g) were divided into six groups: sham-operated rats (S);
animals subjected to bilateral renal ischemia for 20 min and 24 h of re-
perfusion (/R) and four groups of rats that underwent bilateral renal
ischemia for 20 min and reperfusion for 24 h, but also received one dose
of spironolactone at 20 mg/kg by gastric gavage immediately after or at
3, 6 or 9 h after ischemia (Sp0, Sp3, Sp6 and Sp9, respectively). Two
hours after ischemia, the animals were placed in metabolic cages at 22°C
with a 12:12-h light-dark cycle and were allowed free access to water.
All animals were studied after 24 h of reperfusion. At least six animals
per group were used for renal functional and biochemical studies, and
the rest were used for molecular studies.

Renal ischemia/reperfusion (I/R) injury (surgical procedure)

The rats were anesthetized by intraperitoneal injections of sodium pento-
barbital (30 mg/kg) and underwent abdominal incision and the dissection
of bilateral renal pedicles. Renal ischemia was induced by using non-
traumatic vascular clamps; placed on each pedicle for 20 min. After the
clamps were released, the incision was sutured, and the animals were
allowed to recover. Sham abdominal operated rats underwent anesthesia
and renal pedicle dissection only.

Functional studies

After recovery, the animals were placed in metabolic cages with 12:12-h
light-dark cycle and were allowed free access to water. Twenty-four
hours after ischemia, the rats were anesthetized with an intraperitoneal
injection of sodium pentobarbital and placed on a homeothermic table.
The trachea, jugular veins, femoral arteries and bladder were catheterized
with polyethylene tubing (PE-240, PE-50 and PE-90). During surgery,
the rats were maintained under euvolemic conditions by infusing 10 mL/
kg body weight of 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 the GFR. We have previously shown that this com-
pound has sufficient sensitivity to measure GFR under normal and
pathophysiological conditions to a similar extent as the gold standard
inutest [34]. The mean arterial pressure was continuously monitored
with a pressure transducer (model p23 db; Gould) and recorded on a
polygraph (Grass Instruments, Quincy, MA). The left renal artery was
exposed via a midline abdominal incision, and an ultrasound transit-time
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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) to record the renal blood flow
(RBF). Therefore, GFR was determined by using the Davidson method
[35].

In addition, the urine protein excretion was measured from 24-h urine
collections by using the trichloroacetic acid (TCA)-turbidimetric method
[36]. Serum aldosterone was quantitatively determined by enzyme-linked
immunosorbent assay (ELISA) following the procedures described by
the manufacturer (EIA-4128; DRG International Inc.). Urine and serum
creatinine concentrations were measured with QuantiChrom creatinine
assay kit (DICT-500), and renal creatinine clearance was calculated.

Urinary Hsp72 protein levels

Urinary heat shock protein 72 (Hsp72) protein levels were analyzed
using a commercially available high-sensitivity ELISA (Assay Designs
EKS-715, MI). Briefly, samples and standards were added to wells
coated with a mouse monoclonal antibody. Hsp72 was captured by the
antibody and then detected by adding a rabbit polyclonal detection anti-
body. Both antibodies are specific for inducible Hsp72 and do not react
with other members of the HSP70 family. A horseradish peroxidase
(HRP) conjugate bound to the detection antibody and color development
was accomplished by the addition of tetramethylbenzidine substrate and
stopped with an acidic stop solution. The optical density of samples was
read at 450 nm by a plate reader and was compared to a standard curve
generated from known concentrations of recombinant Hsp72 that ranged
from 0.1 to 12.5 ng/mL.

Histological studies

At the end of the experiment, one kidney was removed and quickly
frozen for molecular studies. The other kidney was perfused with phos-
phate buffer through the femoral catheter, preserving the mean arterial
pressure. The kidney was fixed with 4% formaldehyde. After appropriate
dehydration, kidney slices were embedded in paraffin, sectioned at 3 um
and stained with routine periodic acid-Schiff and hematoxylin. Ten sub-
cortical and juxtamedullary fields were recorded from each kidney slice
using a digital camera mounted on a Nikon microscope (Nikon Instru-
ments Inc., Japan). Digital microphotographs were recorded for each rat
slide to assess the number of tubules with cast formation per field. We
counted at least 400 tubules on each slide per animal. The damaged
tubular area was expressed as the percentage of tubules with cast
formation.

Oxidative stress determination

Renal lipoperoxidation. Malondialdehyde (MDA), a measure of lipid
peroxidation, was assayed as previously reported [26]. Briefly, after hom-
ogenization of the tissue, the reaction was performed in a 15.4 mM sol-
ution of N-methyl-2-phenylindole in 15% of hydrochloride acid and
heated at 45°C for 40 min. The mixtures were centrifuged at 3000 g for
15 min. The supernatant absorbance was read at 586 nm. MDA was
quantified using an extinction coefficient of 1.1 x 10 [4] M~"/em™" and
expressed as nanomoles of MDA per milligram of protein. The tissue
protein composition was estimated using the Lowry method.

Urinary hydrogen peroxide assay. The amount of hydrogen peroxide
(H,0,) in urine was determined with an Amplex Red Hydrogen Per-
oxide/Peroxidase Assay Kit (Invitrogen, Eugene, OR) according to the
manufacturer s instructions. The assay employed a standard curve of
H,0, (1-10 uM). A 50 uL of each urine standard was placed in a micro-
plate; 50 uL of Amplex red reagent/HRP was then added, and the
samples were incubated for 30 min at room temperature, protected from
the light. In the presence of peroxidase, the Amplex reagent reacts with
H,0, to produce resorufin, a red-fluorescent oxidation product. There-
fore, the plate was read at 560 nm. The H,O, concentration in the
samples was expressed as nanomoles per 24 h.

Molecular studies

RNA isolation and real-time reverse transcription—polymerase chain re-
action. The total RNA was isolated from the kidneys using the TRIzol
method (Invitrogen, Carlsbad, CA) and checked for integrity using 1%
agarose gel electrophoresis. To avoid DNA contamination, total RNA
samples were treated with DNAase (DNAase I; Invitrogen). Reverse
transcription was conducted with 1.0 ug of total RNA using 200 U of
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the Moloney murine leukemia virus reverse transcriptase (Invitrogen).
The messenger RNA (mRNA) levels of kidney injury molecule-1 (Kim-
1), Rho-kinase, angiotensinogen and angiotensin II type 1 (AT1) receptor
as well as prepro-endothelin and ETA and ETB endothelin receptors
were quantified by real-time polymerase chain reaction on the ABI Prism
7300 Sequence Detection System (TagMan; ABI, Foster City, CA).
Primers and probes were ordered as kits: Rn00597703 _m1 for Kim-1,
MmO00485745 ml for Rho-kinase, Rn00593114 ml for angiotensino-
gen, Rn00578456 ml for ATl receptor, Rn00560677 sl for AT2,
Rn00561129 ml for prepro-endothelin, for the ETA receptor and
Rn00569139 ml for the ETB receptor (Assays-on-Demand; ABI). As
an endogenous control, we used eukaryotic 18S ribosomal RNA (prede-
signed assay reagent, external run; ABI). The relative quantification of
all gene expression was performed using the comparative 2[-Delta Delta
C(t)] method [37].

Western blot analysis

To obtain a pool of cell homogenized kidneys cells, proteins from the
cortex of four kidneys in each group were isolated by homogenization
with a lysis buffer. The denatured proteins were separated with a sodium
dodecyl sulfate (SDS)—polyacrylamide gel and transferred to polyvinyli-
dine fluoride membranes (Millipore). The membranes were blocked and
then incubated overnight at 4°C with goat anti-Rho-kinase antibody
(1:2500; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-en-
dothelin A receptor antibody (1:5000; Abcam Inc. Cambridge, MA),
rabbit anti-endothelin B receptor antibody (1:5000; Abcam Inc.) or goat
anti-angiotensin ATl receptor (1:500; Abcam Inc.). Then, the mem-
branes were incubated with a secondary antibody donkey anti-goat
IgG-HRP (Santa Cruz Biotechnology) or rat anti-rabbit [gG HRP (Alpha
Diagnostics, San Antonio, TX). To control protein loading and transfer,
all membranes were probed with an actin antibody (1:5000) and a
secondary antibody, donkey anti-goat IgG-HRP (1:5000; Santa Cruz
Biotechnology). For this purpose, the membranes were stripped and
re-probed. For stripping, the membranes were submerged in stripping
buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris—-HCL, pH
6.7) and incubated at 50°C for 30 min, then the membranes were washed
three times with large volumes of wash buffer and were blocked and
incubated with the antibodies as described previously. In the case of
Rho-kinase, the lower part of the membrane was used for actin blotting.
Proteins were detected with an enhanced chemiluminescence kit (Milli-
pore) and  autoradiography, following the  manufacturer’s
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recommendations. All western blot analyses were performed within the
linear range of protein loads and antibody use. The bands were scanned
for densitometric analysis.

Tissue levels of endothelin-1

Endothelin-1 levels were analyzed using a commercially available
ELISA kit [Endothelin-1 (1-31) Assay kit; Immuno-Biological Labora-
tories Inc.] according to the manufacturer’s instructions. Tissue hom-
ogenates and standards were added to the pre-coated wells and incubated
overnight at 4°C. Endothelin-1 was captured by the antibody and then
detected by adding the labeled antibody and the chromogen. The optical
density of the samples was read at 450 nm by a plate reader and was
compared to a standard curve generated from known concentrations of
endothelin-1 that ranged from 1.56 to 200 pg/mL. The protein concen-
tration in the tissue homogenates was determined by the Lowry method
(BioRad). The endothelin-1 concentration was normalized by the
amount of protein added to the well.

Statistical analysis

Results are presented as the means + Standard error. The significance of
the differences among groups was tested by analysis of variance
(ANOVA) using Bonferroni’s correction for multiple comparisons. Stat-
istical significance was defined as having a P-value <0.05.

Results

Figure 1 depicts results of several physiological par-
ameters analyzed in the studied groups. Neither I/R or
spironolactone administration modified the mean arterial
pressure values among the groups (Figure 1A). As we
previously reported [26, 27], renal ischemia induced a sig-
nificant increase in the serum aldosterone. A similar in-
crease was observed in all experimental groups receiving
spironolactone after the renal I/R insult (Figure 1B). After
24 h of ischemia, rats exposed to I/R exhibited renal hy-
poperfusion, as demonstrated by a significant decrease in
RBE, and hypofiltration, as shown by the reduction in the

IR Sp0 Sp3 Spé Sp9

Fig. 1. Functional parameters in rats that underwent I/R and treated with spironolactone after the ischemic insult. (A) Mean arterial pressure,
(B) Serum aldosterone levels, (C) RBF and (D) GFR in sham-operated rats (white bars), in rats that underwent 20 min of bilateral renal ischemia and
24 h of reperfusion (black bars) and in rats that received spironolactone immediately, 3, 6 or 9 h after renal ischemia (gray bars, Sp0, Sp3, Sp6 and
Sp9, respectively). Error bars represent the Standard error. ¥P <0.05 versus sham-operated rats, yP <0.05 versus the I/R group.
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GFR (Figure 1C and D, respectively) and creatinine clear-
ance (from 1.65+0.13 to 0.86 +0.13 mL/min, P <0.05).
RBF reduction was not observed in the groups that re-
ceived a single dose of spironolactone at 0, 3, 6 or 9 h
after renal ischemia. The fall in GFR was partially pre-
vented by spironolactone administration at 0, 3 and 6 h
after ischemia as is depicted by GFR mean values
(Figure 1D) and creatinine clearances (1.28 £0.12, 1.36 +
0.15 and 1.79 +0.44 mL/min, respectively, although only
in Sp6 group, the difference was statically different by
ANOVA). Even though the renal plasma flow was cor-
rected in the 9-h group, the renal function did not recover.

The upper panel of Figure 2 shows representative
images of renal histological slides from the rats that un-
derwent I/R alone (Figure 2A cortex, Figure 2B medulla)
and from rats that underwent I/R followed by spironolac-
tone at 0, 3, 6 and 9 h after bilateral renal ischemia
(Figure 2C-J, respectively). Light microscopy revealed
that renal I/R  produced severe tubular damage
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characterized by lumen dilatation or collapse, loss of the
brush border, cellular detachment from tubular basement
membranes observed in the renal cortex (Figure 2A, mag-
nification x400) and extensive cast formation in renal
medulla (Figure 2B, magnification x100). All these
lesions were practically absent in rats exposed to spirono-
lactone at 0, 3 and 6 h after ischemic insult (Figure 2C—
H, respectively). Consistent with the functional data, at
the histological level, no protection was observed when
spironolactone was administrated 9 h after ischemia was
induced (Figure 2I and J).

Quantitative analysis of the histological images re-
vealed that the percentage of tubules with cast formation
in the I/R group was 23.9 £5.7%. In contrast, due to spir-
onolactone administration, this percentage was reduced to
2.5+1.3,6.2+2.2, 11.4£3.7 and 8.7+3.7 in the groups
Sp0, Sp3, Sp6 and Sp9, respectively (Figure 2K), but
only the values for Sp0 were significantly different from
the I/R group, when ANOVA analysis was performed.
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Fig. 2. Effect of spironolactone administration on tubular injury after an ischemic insult induced by I/R. Subcortical and medullary histological
sections of kidneys stained with periodic acid-Schiff from studied groups. (A) and (B) Kidney histology from an untreated I/R rat with detachment of
the basement membrane of tubular epithelial cells, tubular dilation, loss of brush border, flattened epithelial cells and the presence of hyaline casts
(magnification x400 and x100, respectively). (C) and (D) Representative images of cortical and medullary sections from rats treated with
spironolactone immediately after bilateral renal ischemia (magnification x400 and x100, respectively). (E) and (F) Representative images of cortical
and medullary sections from rats treated with spironolactone 3 h after bilateral renal ischemia (magnification x400 and %100, respectively). (G) and
(H) Representative images of kidney sections from rats treated with spironolactone 6 h after bilateral renal ischemia, (magnification 400 and x100,
respectively). (I) and (J) Representative images of kidney sections from rats treated with spironolactone 9 h after bilateral renal ischemia,
(magnification x400 and %100, respectively). (K) Quantification of the tubular percentage of tubules with casts formation, in sham-operated rats
(white bars), in rats that underwent 20 min of bilateral renal ischemia and 24 h of reperfusion (black bars) and in I/R rats that received spironolactone
immediately, 3, 6 or 9 h after renal ischemia (gray bars, Sp0, Sp3, Sp6 and Sp9, respectively); at least 400 tubules on each histological slide were
counted. (L) Urinary protein excretion levels. (M) Kim-1 mRNA levels and (N) Urinary Hsp72 excretion. Error bars represent the Standard error. *P
<0.05 versus sham-operated rats, %P <0.05 versus the /R group, €P <0.05 versus Sp0 and £P <0.05 versus Sp3.
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The biomarkers of tubular injury were consistent with the
functional and histological observations. In the I/R group,
urinary protein excretion increased by ~4-fold, when
compared with sham-operated rats (Figure 2L). In the rats
that underwent I/R and were treated with spironolactone
after 0 h, the increase in urinary protein excretion was
completely prevented. In the Sp3, Sp6 and Sp9 groups,
proteinuria developed, but the levels were significantly
lower than those observed in the I/R group; however, only
the Sp3 group showed levels that were significantly differ-
ent. As shown in Figure 2M, Kim-1 mRNA levels in-
creased by ~150-fold in the /R group, whereas in the
Sp0 and Sp3 groups, Kim-1 mRNA levels were similar to
the normal values. Although Kim-1 mRNA levels were
increased in the Sp6 group, these values were signifi-
cantly lower than those of the I/R group. In contrast, in
the Sp9 group, Kim-1 upregulation was not prevented. We
also assessed the urinary concentration of the Hsp72
because recent observations from our laboratory suggest
that this protein is a sensitive and early biomarker of AKI
induced by renal ischemia [38]. Accordingly, urinary
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Hsp72 excretion was significantly increased in the I/R
group compared to the sham-operated rats (7.3+1.3
versus  0.1+£0.03 ng/mL, respectively, P <0.0001).
Spironolactone administrated immediately after bilateral
renal ischemia induction prevented Hsp72 upregulation
(1.1 +0.3 ng/mL), but this upregulation was partially pre-
vented when the mineralocorticoid blocker was admini-
strated 3 or 6 h after the insult (3.2+0.6 and 5.5+ 1.1 ng/
mL, respectively). The decrease in urinary Hsp72
excretion was not observed in the Sp9 group (7.0+0.5
ng/mL).

The renoprotection conferred by early spironolactone
administration after renal ischemia was also supported by
the measurement of kidney malondialdehyde and urinary
H,0, excretion as markers of oxidative stress (Figure 3A
and B, respectively). As we previously reported [26, 27],
renal injury induced by I/R was associated with an ~5-
fold increase in oxidative stress in both tissue and urine.
This increase in oxidative stress was not observed in the
groups that received spironolactone at 0 or 3 h after
kidney ischemia and this effect was observed in lesser

IR Sp0 Sp3 Sp6 Sp9

Fig. 3. Effect of spironolactone administration after ischemic insult on oxidative stress induced by I/R. (A) Renal malondialdehyde levels in sham-
operated rats (white bars), in rats that underwent 20 min of bilateral renal ischemia and 24 h of reperfusion (black bars) and in I/R rats that received
spironolactone immediately, 3, 6 or 9 h after renal ischemia (gray bars, Sp0, Sp3, Sp6 and Sp9, respectively). (B) Urinary H,O, excretion in all
studied groups. ¥*P <0.05 versus sham-operated rats, yP <0.05 versus the I/R group.
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Fig. 4. Ischemia/reperfusion injury is associated with Rho-kinase upregulation and is partially prevented by early spironolactone administration.
(A) Rho-kinase mRNA levels determined by real-time reverse transcription—polymerase chain reaction in total renal cortex RNA extracted from
sham-operated rats (white bars), in rats underwent 20 min of bilateral renal ischemia and 24 h of reperfusion (black bars) and in I/R rats that received
spironolactone immediately, 3, 6 or 9 h after renal ischemia (gray bars, Sp0, Sp3, Sp6 and Sp9, respectively). (B) The upper inset is a representative
autoradiography image obtained from a western blot analysis of all studied groups. The graph represents the densitometry analysis. Error bars

represent the Standard error.
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proportion in the rats treated after 6 h. This renoprotective
effect was not observed in the Sp9 group.

Recent studies have shown that Rho-kinase is involved
in signaling pathways that mediate vasoconstriction [39].
Therefore, its induction by aldosterone might contribute
to the renal hypoperfusion and hypoxia observed after an
ischemic insult. To determine whether these effects are
another potential renoprotective mechanism of spironolac-
tone, the expression levels of Rho-kinase were assessed.
Figure 4A shows the mRNA levels of Rho-kinase and
Figure 4B the Rho-kinase protein expression. In the
kidneys from rats with ischemia and reperfusion, the
mRNA and protein levels of Rho-kinase were increased
compared to those of the sham-operated rats; however, the
differences did not reach significance by ANOVA analy-
sis. Of note, this upregulation was partially prevented in
the groups treated with spironolactone immediately and 3
h after renal ischemia, but not in the groups that received
spironolactone 6 or 9 h afterward.

Endothelin is a potent vasoconstrictor in renal vascula-
ture; thus, we also assessed the mRNA levels of prepro-
endothelin, the tissue endothelin levels by ELISA and the
levels of ETA and ETB receptors by western blot analysis.
In accordance with our previous observations [27],

3165

prepro-endothelin mRNA levels increased by ~9-fold in
the I/R group, as is shown in Figure SA. The increase in
prepro-endothelin transcripts was partially prevented by
spironolactone administration, even after 9 h. An increase
in endothelin after renal ischemia was also observed by
using ELISA and was prevented by the administration of
spironolactone immediately after ischemia, the differences
between I/R rats and those treated at 3, 6 or 9 h were not
significant by ANOVA (Figure 5B). This is probably due
to the similarity between the I/R group and most of the
groups treated with spironolactone; however, it is evident
that endothelin was increased by ischemia, indeed #-test
was significant when this group was compared with
sham-operated values, and that this increase was pre-
vented by spironolactone administered at time 0. Renal
ischemia had no effect upon the expression of the ETA
receptor (Figure 5C). In contrast, the level of the vasodila-
tory ETB receptor was significantly reduced in the I/R
group (Figure 5D). This effect was partially prevented by
spironolactone at 0, 3 and 6 h, but not at 9 h.
Angiotensinogen and the AT1 receptor mRNA levels
were measured in the total RNA extracted from the
kidneys in each study group. No changes in angiotensino-
gen mRNA levels were observed (Figure 6A), but the I/R
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Fig. 5. Ischemia/reperfusion injury is associated with endothelin upregulation and is partially prevented by spironolactone administration. (A) Prepro-
endothelin mRNA levels determined by real-time reverse transcription—polymerase chain reaction in total renal cortex RNA extracted from sham-
operated rats (white bars), in rats underwent 20 min of bilateral renal ischemia and 24 h of reperfusion (black bars) and rats that received
spironolactone immediately, 3, 6 or 9 h after renal ischemia (gray bars, Sp0, Sp3, Sp6 and Sp9, respectively). (B) Renal cortex endothelin levels
assessed by ELISA in all studied groups. (C) and (D) ETA and ETB protein levels by western blot analysis; the upper insets are representative images
of this chemilumiescent analysis and the lower graphs are the corresponding densitometric analysis. *P <0.05 versus sham-operated rats, yP <0.05

versus the I/R group.
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Fig. 6. Ischemia/reperfusion injury is associated with AT receptor mRNA levels upregulation and prevented by spironolactone administration.
(A) The mRNA levels of angiotensinogen assessed by real-time reverse transcription—polymerase chain reaction in total renal cortical RNA extracted
from sham-operated rats (white bars), from rats underwent 20 min of bilateral renal ischemia and 24 h of reperfusion (black bars) and from I/R rats
that received spironolactone immediately, 3, 6 or 9 h after renal ischemia (gray bars, Sp0, Sp3, Sp6 and Sp9, respectively). (B) The mRNA levels of
the AT1 receptor. (C) AT1 receptor protein levels by western blot analysis, the upper insets are representative images of this chemilumiescent analysis

and the lower graph is the corresponding densitometric analysis. *P <0.05 versus sham-operated rats, yP < 0.05 versus I/R group.

group exhibited more than a 10-fold upregulation of AT1
mRNA, and this effect was completely mitigated in all of
the groups treated with spironolactone after the ischemic
insult, as depicted in Figure 6B. In accordance with these
findings, western blot analysis depicted in Figure 6C,
showed that AT1 receptor protein level was significantly
increased in the I/R group by 3-fold. In contrast, AT1 re-
ceptor upregulation was significantly reduced in all the
groups treated with spironolactone.

Discussion

In this study, we show that blocking the MR with spirono-
lactone immediately after or even 3 h after renal bilateral
ischemia completely prevented renal dysfunction, tubular
injury and oxidative stress. The expected increase in sen-
sitive biomarkers of renal injury was also prevented. A
direct relationship between renal protection and the block-
age of MR is also supported by the fact that spironolac-
tone conferred partial renoprotection when administered
after 6 h and did not confer protection after 9 h.

AKI is characterized by vascular and tubular abnormal-
ities that take place after ischemia and during the reperfu-
sion process. Intra-renal vasoconstriction that leads to a
reduction in GFR, together with vascular congestion in
the outer medulla and activation of tubulo-glomerular
feedback constitute part of the vascular defects, which are
likely caused by the increased release of vasoconstrictor
factors (mainly endothelin, adenosine and angiotensin II)
and decreased production of vasodilators (such as nitric
oxide, prostaglandin, acetylcholine and bradykinin) (for a
review [40]). Considering that hypoperfusion is a major
stimulus of the renin—angiotensin—aldosterone system and
that we previously showed that both prophylactic spirono-
lactone administration and adrenals removal prevented
renal dysfunction induced by I/R [26, 27], our data
suggest that aldosterone plays a primary role in sustaining
renal vasoconstriction in this model of ischemic damage.
In our previous study using I/R as a model of AKI, the

effects of aldosterone were blocked before the ischemic
insult took place, and the resulting prevention of AKI was
so remarkable that we reasoned that it is possible that spir-
onolactone given after renal ischemia could be helpful to
reduce or prevent functional and structural injury. Consid-
ering that renal ischemia often occurs unexpectedly in the
clinical setting, we evaluated the ability of spironolactone
to protect the kidney after establishing an ischemic insult.
We found that the decline in RBF with the subsequent
reduction in GFR induced by I/R was completely pre-
vented when spironolactone was administrated immedi-
ately or 3 h after the renal ischemic insult had occurred.
Administering spironolactone 6 h after the ischemic insult
produced a lower degree of protection, which, however,
was still significant. In this study, we used a low calorie
commercial sugar as a GFR marker since we previously
showed that this compound has enough sensitivity to
measure GFR in normal and pathophysiological con-
ditions to a similar extent of the gold standard polyfructo-
san [34, 41]. Moreover, our data were further confirmed
when the renal function was assessed by creatinine
clearance.

It is well known that the tubular epithelium suffers
functional and morphological alterations as a consequence
of renal hypoperfusion induced by ischemia. Hence, the I/
R group exhibited the classical picture of acute tubular
necrosis that was accompanied by increased urinary
protein excretion, together with upregulation of sensitive
biomarkers such as Kim-1 and Hsp72 [38, 42—44]. The
morphological alterations and the elevation of sensitive
tubular markers of renal injury were also prevented or
reduced when spironolactone was administrated immedi-
ately and until 6 h after renal ischemia had occurred.
Hsp72 was the most consistent biomarker with the time-
dependence protection of spironolactone evidenced by the
histological injury. These discrepancies among the bio-
markers used could be due to a greater sensitivity of
Hsp72 to stratify renal injury than Kim-1 or proteinuria,
as we previously reported [38] or with different kinetics
of induction of each biomarker because it has been
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reported that some biomarkers are induced very quickly
and returned to normal values after 24 h of renal injury or
contrariwise [45]. Taken together, our observations
provide evidence about the potential effect that the miner-
alocoriticoid blockade may have on the improvement of
renal function and structure when spironolactone is admi-
nistrated immediately or even 6 h after an ischemic insult
is established. This action spectrum might be more
notable in humans, considering the short life of the rats.

As expected [46], the extensive tubular damage ob-
served in the I/R group was associated with a significant
increase in oxidative stress, as was evidenced by the in-
crease in renal thiobarbituric acid reactive substances and
in the urinary excretion of H,O,. This was also prevented
by the MR blockade 0, 3 or even 6 h after renal ischemia,
suggesting that aldosterone promotes a cellular oxidative
milieu. In support of these findings, a specific role for
aldosterone in mediating oxidative stress has become ap-
parent [47], specifically; it has been shown that aldoster-
one induced reactive oxygen species generation by
inducing the activation of NADPH oxidase in cultured
mesangial cells [48] and by decreasing glucose-6-phos-
phate dehydrogenase activity [22].

Recent advances in vascular cell biology have demon-
strated the substantial involvement of the small GTPase
Rho and its downstream effector Rho-kinase in promoting
vascular smooth muscle cell contraction by inactivating
myosin phosphatase and subsequently increasing myosin
light chain phosphorylation (for a review, see [39]).
Specifically for AKI, during renal I/R, Rho-kinase mRNA
and protein levels increase [27, 49]. Renal injury induced
by long-term aldosterone administration has also been
associated with increases in myosin phosphate target
subunit-1, a marker of Rho-kinase activity [50]. Thus, the
Rho/Rho-kinase pathway has recently attracted great at-
tention in various research fields, due to its participation
in vascular tone regulation [51] and more recently, due to
its role in mediating both extensive foot-process efface-
ment and histologic features of focal segmental glomeru-
losclerosis [52]. In the present study, we detected that in
kidneys isolated from I/R rats that exhibited considerable
increases in aldosterone, Rho-kinase mRNA and protein
levels were significantly upregulated. This effect was par-
tially prevented when spironolactone was administrated at
0 and 3 h after renal insult. Consistent with this obser-
vation, adrenalectomy prevents the Rho-kinase upregula-
tion induced by I/R [27], and eplerenone was able to
reduce the Rho-kinase mRNA upregulation observed in
salt-induced hypertension in Dahl salt-sensitive (DS) rats
[53]. Moreover, the Rho-kinase inhibitor fasudil attenu-
ated the renal injury induced by I/R [54]. All these studies
together suggest that aldosterone mediates Rho-kinase up-
regulation and may mediate, at least in part, the renal va-
soconstriction and dysfunction induced by I/R. Even
though the GFR was partially recovered in the Sp6 group,
it was not associated with the restoration of Rho-kinase
levels, suggesting that the possible induction of this
kinase by aldosterone occurred very early after ischemia,
pointing out that blocking angiotensin and endothelin
pathways (Figures 5 and 6) are also involved in the ben-
eficial effect of spironolactone.
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As was previously mentioned, the reduction in RBF is
primarily mediated by an imbalance in vasoactive sub-
stance release. Endothelin is a largely vasoconstrictive
peptide that has been implicated in renal pathophysiology
[55]. An increase in endothelin levels during I/R-induced
renal injury has been observed by us as well as by others
[27, 56]. Here, we corroborated that I/R-induced renal
injury was related with an upregulation of prepro-endothe-
lin mRNA levels and renal endothelin level. These tran-
scriptional changes were prevented in the animals that
underwent ischemia and received spironolactone at 0, 3
and 6 h, suggesting that aldosterone mediates this tran-
scriptional effect. In fact, several studies have demon-
strated an increase in both endothelin-1 transcript and
protein in response to aldosterone in vascular smooth
muscle [57], cardiac [58] and renal [56] tissues as well as
in inner medullary collecting duct cells [59]. Interestingly,
responsive elements to MRs have been identified in the
endothelin promoter [60]. Moreover, endothelin upregula-
tion may also increase Rho-kinase activity [58], prolong-
ing the vicious cycle that contributes to the adverse
effects of aldosterone under pathophysiological
conditions.

As mentioned above, angiotensin II is a mediator of
renal injury induced by I/R. We previously showed that
blocking AT1 receptor with losartan partially prevents
renal dysfunction in rats that have undergone ischemia
[61], suggesting that this peptide partially participates in
the renal vasoconstriction observed in this model of renal
damage. Although we did not observe changes in the an-
giotensionogen mRNA levels, the AT1 receptors were up-
regulated at the mRNA and protein levels in rats that
underwent ischemia/repefusion, an effect that was com-
pletely prevented by spironolactone.

We recently observed that the prophylactic treatment
with MR blocker spironolactone completely prevented I/
R-induced AKI in rats [26]. Here, we showed a similar
degree of protection when spironolactone was admini-
strated after the ischemic insult had been established. The
renoprotection conferred by spironolactone was mediated
by slowing down endothelin, AT1 receptor and Rho-
kinase renal levels that contributed to preventing renal
hypoperfusion and the concomitant generation of free
radicals. These data together with our previous findings
show that MR antagonism should be further studied as a
strategy for preventing AKI following renal ischemia.
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Abstract

Background. Angiotensin I[-converting enzyme inhibi-
tors and angiotensin receptor blockers protect podocytes
more effectively than other anti-hypertensive drugs.
Transgenic rats overexpressing angiotensin II Type 1
(AT1) receptor selectively in podocytes have been shown
to develop glomerulosclerosis. The prevailing hypothesis
is that angiotensin II has a capacity of directly acting on
the AT1 receptor of podocytes to induce injury. We there-
fore investigated the mechanism of reno-protective effect
of AT1 receptor in a mouse model of HIV-1 nephropathy.

Methods. We generated transgenic mice carrying the
HIV-1 gene (control/HIV-1) or both HIV-1 gene and

podocyte-selectively nullified AT1 gene (AT1KO/HIV-1).
In these mice, we measured urinary protein or albumin
excretion and performed histological analysis.

Results. At 8 months of age, AT1IKO/HIV-1 (n=13) and
contro/HIV-1 (n=15) mice were statistically indistin-
guishable with respect to urinary albumin/creatinine ratio
(median 2.5 versus 9.1 mg/mg), glomerulosclerosis
(median 0.63 versus 0.45 on 0—4 scale) and downregula-
tion of nephrin (median 6.90 versus 7.02 on 0-8 scale).
In contrast to the observed lack of effect of podocyte-
specific AT1KO, systemic AT1 inhibition with ATl
blocker (ARB) significantly attenuated proteinuria and
glomerulosclerosis in HIV-1 mice.
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Abstract

Background: Previous experimental studies from our labo-
ratory have demonstrated that aldosterone plays a central
role in renal ischemic processes. This study was designed to
evaluate the effect of mineralocorticoid receptor blockade
in renal transplant recipients from living donors. Methods:
20 adult kidney transplant recipients from living donors
were included a double-blind, randomized, placebo-con-
trolled clinical pilot study that compared spironolactone
and placebo. Placebo or spironolactone (25 mg) was ad-
ministered 1 day before and 3 days posttransplantation.
Renal function and urinary kidney injury molecule-1, inter-
leukin-18, and heat-shock protein 72 as well as urinary hy-
drogen peroxide (H,0,) levels were quantified. Results: No
significant differences were seen between the groups stud-
ied regarding age, gender, indication for kidney transplan-
tation, residual renal function, renal replacement therapy,
or warm and cold ischemia periods. In contrast, spironol-
actone administration significantly reduced the oxidative
stress assessed by the urinary H,0, excretion, in spite of no

differences in renal function or reduction in tubular injury
biomarkers. Conclusions: The findings of this exploratory
study strongly suggest that aldosterone promotes oxida-
tive stress and that the administration of spironolactone re-
duces the production of urinary H,0, as a result of lesser
formation of surrogate reactive oxygen species secondary
to the ischemia-reperfusion phenomenon.

Copyright © 2013 S. Karger AG, Basel

Introduction

Ischemia/reperfusion (I/R) is the major cause of acute
kidney injury (AKI) in recipients of renal allograft that
often results in different degrees of early posttransplant
renal dysfunction [1]. The participation of I/R injury in
early function recovery after renal transplantation in
both deceased and living donors, as well as its role in the
immunogenicity of the graft and its long-term outcome,
has recently been receiving considerable attention. Thus
it has been demonstrated that renal dysfunction associ-
ated with ischemic AKI has a potential role in the patho-
genesis of delayed graft function [2]. Several studies have
shown that delayed graft function is not only associated
with decreased graft survival in the follow-up, but also
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with acute and chronic graft rejection [3, 4]. According-
ly, a major challenge that faces nephrologists and trans-
plant surgeons is to prevent renal injury induced by I/R.
The abrupt drop in blood circulation is recognized as
key player in the initiation and subsequent damage to the
kidney structures. Following ischemia, renal hypoxia may
directly damage the vascular endothelium and increase
leukocyte adhesion and permeability [5, 6]. These altera-
tions induce the activation of the inflammatory process
and the generation of reactive oxygen species (ROS) with
the subsequent damage to essential structures of the cells
such as lipids, carbohydrates, proteins and nucleic acids
that lead to a loss of cell viability mediated by either ne-
crosis or apoptosis [7]. It has also been demonstrated that
an impaired nitric oxide system intensifies renal hypoxia
and vasoconstriction [8, 9]. These complex pathophysi-
ological interactions and perhaps other mediators, that
have not been completely elucidated, result in serious dis-
turbances in the kidney function and structure.
Aldosterone has traditionally been recognized as a me-
diator that maintains water and sodium homeostasis
through its signaling on mineralocorticoid receptor (MR)
by mediating genomic actions on renal tubular cells. Nev-
ertheless, there is enough evidence in humans and experi-
mental models of disease that aldosterone is capable of in-
ducing pathophysiological effects in cardiovascular, renal
and other organs [10-18]. Indeed, the vasculature is now
considered as a direct target of aldosterone [19]. Certainly,
MR is expressed in the endothelium and in the smooth
muscle vascular cells [20]. As a result of this location, aldo-
sterone pathway activation affects endothelial function and
vascular tone [21-24]. Supporting that aldosterone modu-
lates the tone of the renal vasculature, previous experimen-
tal studies from our laboratory showed that a MR blockade
with spironolactone prevents renal dysfunction and re-
duced renal damage associated with cyclosporine adminis-
tration in the rat [25-27]. In addition, we have also shown
that spironolactone administration before or after bilateral
renal ischemia prevented renal dysfunction and structural
injury in the rat [28, 29]. In addition, we have also demon-
strated that adrenalectomized rats had similar effects to
those observed with spironolactone treatment [30]. Alto-
gether these results support the hypothesis that spironolac-
tone prevents ischemic AKI by blocking the MR and there-
fore suggest that aldosterone plays a central role in promot-
ing renal damage induced by a renal ischemic insult.
Taking all this evidence into consideration, we decid-
ed to perform a translational study to evaluate whether
spironolactone can reduce tubular damage and oxidative
stress in renal transplant patients from a living donor.

2 Am J Nephrol
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Material and Methods

Patients

We carried out a double-blind, randomized, and placebo-con-
trolled clinical pilot study in adult kidney transplant recipients
from living donors. This study was approved by the Ethical Com-
mittee of the Instituto Nacional de Ciencias Médicas y Nutricion,
Salvador Zubiran. All patients included in this study signed the
informed consent.

Enrollment of the patients started in March 2009 and was
completed in March 2010. Inclusion criteria comprised the en-
rolment of patients aged >18 years, recipients of a live donor
kidney and with identical and non-identical HLA match. Exclu-
sion criteria were multiorgan transplant or deceased donor kid-
ney. Eligible patients were randomized to receive either 25 mg of
spironolactone daily or placebo orally. The caplets were admin-
istered 24 h prior to transplant surgery and 3 consecutive days
posttransplantation. Furthermore, all donors of each group also
received a single dose of the assigned treatment the night before
nephrectomy.

The patients included in the present study received the same
institutional immunosuppressive regimen with basiliximab or da-
clizumab + tacrolimus, mycophenolate mofetil and prednisone.

All recipients had negative cross-matches assessed by the Anti-
human Globulin (AHG)-enhanced complement-dependent cyto-
toxicity assay (T-cell AHG-CDC) before transplantation. Because
there are no previous studies, the sample size was not probabilistic
for a pilot study and will allow to generate a hypothesis for further
studies.

Previous to the transplant surgery, a 24-hour urine sample was
collected from all patients (day 0) and 5 consecutive days post-
transplantation. Urine samples were homogenized and five ali-
quots were stored at -70°C. Additionally, serum creatinine (Scr),
potassium and urine volume were measured at baseline (just be-
fore kidney transplantation), and daily during the 5 consecutive
days.

Urinary Biomarkers Measurement

Urinary kidney injury molecule-1 (Kim-1) and interleukin-18
(IL-18) levels were analyzed using commercially available en-
zyme-linked immune absorbent assay (ELISA) kits: human
Kim-1 ELISA kit (90785; USCN Life Science, Inc.) and human
IL-18 ELISA Kit (KHCO0181; Invitrogen). All procedures were
performed according to the manufacturer’s instructions. Be-
cause we recently showed that heat-shock protein 72 (Hsp72) is
a sensitive biomarker of AKI [31], urinary Hsp72 levels were an-
alyzed by using a commercially available high-sensitivity ELISA
(ADI-EKS-715; Assay Designs, Ann Arbor, Mich., USA). Briefly,
samples and standards were added to wells coated with a mouse
monoclonal antibody. Hsp72 was captured by the antibody and
then detected by adding a rabbit polyclonal detection antibody.
Both antibodies are specific for inducible Hsp72 and do not react
with other members of the HSP70 family. A horseradish peroxi-
dase conjugate (HRP) bound to the detection antibody and color
development was accomplished by the addition of tetramethyl-
benzidine substrate and stopped with an acid stop solution. The
optical density of samples was read at 450 nm by a plate reader
and was overlapped with the standard curve generated from
known concentrations of recombinant Hsp72 that ranged from
0.1 to 12.5 ng/ml.
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Table 1. General characteristics of renal transplant recipients

Characteristics

Spironolactone
n=10

Placebo
n=10

Age (median), years

31.50 (24.75-37.5)

32(23.25-43.75)

Male/female 4/6 6/4
Previous transplant 0 1
Hemodialysis 5 3
Peritoneal dialysis 4 4
Preemptive renal transplant 1 3
Chronic kidney disease duration (median), years 1(1-3) 1(1-6.25)
ACEi or ARBs before transplant 6 5
Etiology
Diabetes mellitus 2 1
Other 4 0
Unknown 4 9
HLA identical 2 1
Induction
Without induction 2 1
Antilymphocyte globulin 1 0
Basiliximab/daclizumab 1/6 2/7
Immunosuppressive therapy TAC/Pred/ MMF TAC/Pred/ MMF

Serum tacrolimus levels, ng/ml
Laparoscopic surgery
Conversion to open surgery

3.65(1.2-11.7)
10
1

6.05 (1.7-10.1)
10
0

TAC = Tacrolimus; Pred = prednisone; MMF = mycophenolate mofetil. Values are expressed as median

and IQR.

Oxidative Stress Evaluation

Urinary hydrogen peroxide (H,0,) excretion was determined
to evaluate oxidative stress. The amount of H,O, was quantified
with the use of the Amplex® Red Hydrogen Peroxide/Peroxidase
Assay according to the manufacturer’s instructions. Briefly, a stan-
dard curve from 1 to 10 mM of H,0, was used. 50 pl of the urine
or standard samples were loaded onto a microplate, 50 pl of the
Amplex red reagent-HRP was added, and the samples incubated
for 30 min. The plate was read at 560 nm. The accuracy of this assay
to detect H,O, in urine sample has been previously validated [32].

Statistical Analysis

Statistics was performed using GraphPad PRISM software
(GraphPad Software, La Jolla, Calif., USA) and the SPSS pack-
age (SPSS, Inc., Chicago, Ill, USA). Numerical variables were
expressed as the median with interquartile range (IQR) and were
compared using the Mann-Whitney U test. Categorical variables
were shown using frequencies and compared with Fisher’s exact test.
Differences were considered to be significant at p values <0.05.

Results
Characteristics of Renal Transplant Recipients

From 2009 to 2010, 39 adult renal transplants from liv-
ing donors were performed in our institution. 19 patients

Mineralocorticoid Receptor Blockade in
Renal Transplant

refused to participate in this study and the rest of the re-
cipients with HLA identical and non-identical HLA match
were included. One half of the patients received spirono-
lactone and the other half received placebo blindly. The
general characteristics of both patient groups are given in
table 1. No significant differences were seen between the
groups studied regarding age, gender, and indication for
kidney transplantation, residual renal function, treatment
with angiotensin-converting enzyme inhibitors (ACEi)
or angiotensin II receptor blockers (ARBs) before the
transplant or renal replacement therapy. The induction
therapy was basiliximab or daclizumab, except in 3 pa-
tients because they shared two haplotypes with their do-
nors. The maintenance immunosuppressive therapy was
based on tacrolimus, mycophenolate mofetil and predni-
sone. Tacrolimus was started when Scr levels reduced at
least 50% after renal transplant and in accordance with
our institutional guidelines. No differences in the first de-
termination of serum tacrolimus levels between both
groups were observed. None of the patients received ACEi
or ARBs after renal transplant. After the codes were
opened, we noticed that 4 patients underwent preemptive
renal transplantation — 1 patient belonged to the placebo
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Fig. 1. Effect of spironolactone treatment on serum potassium
levels, Scr, and urine output in renal transplant recipients from
living donors: (a) periods of warm and cold ischemia in placebo-
(white bars) and spironolactone-treated recipients (gray bars); (b)
serum potassium levels, (c) Scr, and (d) urine output along with

group and the other 3 to the spironolactone group. All
kidneys were obtained by hand-assisted laparoscopic ne-
phrectomy, but 1 patient belonged to the spironolactone
group and required conversion to open surgery.

Taking in account that ischemic warm and cold peri-
ods may affect the graft function, both periods were re-
corded and analyzed. As shown in figure 1a, the grafts of
the spironolactone and placebo groups exhibited similar
periods of warm ischemia, 4.5 and 4.5 min, respectively
(p = 0.969), or cold ischemia of 63 and 77 min, respec-
tively (p = 0.589). The spironolactone effect on renal
function or oxidative stress was therefore not related with
smaller periods of warm or cold ischemia.

Serum Potassium Levels

Because hyperkalemia is a frequent concern when spi-
ronolactone is used, serum potassium levels were mea-
sured every day for 5 consecutive days posttransplant as
depicted in figure 1b. There were no episodes of severe

4 Am J Nephrol
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the study for placebo- (white circles) and spironolactone-treated
recipients (gray circles). The 3 patients treated with spironolac-
tone who exhibited slow graft function are shown. Individual
values together with the median and IQR are also depicted.

hyperkalemia, defined as serum potassium >6.0 mEq/dl,
and none of the patients required withdrawal of spirono-
lactone. Serum potassium levels >5.0 mEq/dl occurred in
only 1 patient from the spironolactone group, however
after 5 days of treatment the serum potassium concentra-
tion was 3.9 mEq/dl. Similarly, 1 patient from the placebo
group exhibited serum potassium levels >5.0 mEq/dl
at days 2 and 4 posttransplantation, but serum potassi-
um levels were normal at day 5 (4.8 mEq/1). Accordingly,
the mean serum potassium level in the spironolactone
group did not differ from the control group throughout
the period studied.

Effect of Spironolactone Administration on Renal

Graft Function

Figure 1c depicts the behavior of Scr levels before and
after renal transplant. Before the transplant the placebo
and spironolactone groups had a similar degree of renal
dysfunction that tended to be greater in the group with

Ojeda-Cervantes et al.



MR blockade (7.2 and 9.2 mg/dl, respectively; p = 0.879).
As expected, renal transplant gradually eased renal func-
tion. On the first day posttransplant the SCr in the pla-
cebo- and spironolactone-treated groups exhibited a re-
duction in SCr that was reduced even more at the fifth
day. Accordingly, urine output improved posttransplant,
as shown in figure 1d. The highest urine volume recorded
on the first day resulted from the vigorous hydration. We
noticed that 3 of the 4 patients had delayed graft function
and exhibited the higher levels of SCr and lower urine
output. The 4 patients who underwent renal biopsy and
histological analysis within the 5 days posttransplant
showed that one half of them exhibited acute rejection
and both were from the spironolactone group. The other
half exhibited acute tubular necrosis, 1 from the placebo-
treated group and 1 from the spironolactone-treated

group.

Urinary Tubular Biomarkers in Renal Transplant

Recipients

The effect of MR blockade in the tubular damage in-
duced by the I/R phenomenon was evaluated by assess-
ing urinary Kim-1, IL-18 and Hsp72 levels. Figure 2
shows absolute concentrations of each biomarker in 24-
hour timed collections at 1, 3, and 5 days posttransplant.
Urinary Kim-1 levels were similar in the placebo and spi-
ronolactone groups and were not modified during the
follow-up as depicted in figure 2a. Similar behavior was
observed with the other two biomarkers IL-18 and
Hsp72. Thus no differences in the urinary biomarkers
were found in any period observed when spironolactone
was compared with the placebo group (fig. 2a-c). We
noticed however a substantial dispersion that could be
influenced by different biological variables and with the
number of patients included. As expected, the greater
urinary levels of IL-18 and Hsp72 after 5 days of renal
transplant were seen in those patients who exhibited slow
graft function.

Effect of Spironolactone on Oxidative Stress

We simultaneously measured urinary H,0, levels, a
surrogate marker of oxidative stress at 1, 3 and 5 days after
renal transplant as depicted in figure 3. On the first day,
increased oxidative stress was observed in both groups,
although the values in the spironolactone group tended to
be lower than the placebo-treated group (1,665.42 vs.
2,484.55 pmol/ml, respectively; p = 0.247). This behavior
was also observed at the third day. Interestingly, after
5 days of transplantation the placebo group remained
with higher urinary H,0, levels (1,164.382 pmol/ml), in

Mineralocorticoid Receptor Blockade in
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Fig. 2. Behavior in the excretion of tubular injury biomarkers in
renal transplant recipients treated with placebo or spironolac-
tone: (a) Kim-1, (b) IL-18, and (c) Hsp72 at days 1, 3 and 5 post-
transplant from placebo- (white circles) and spironolactone-
treated recipients (gray circles). Individual values, median and
IQR are depicted.
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Fig. 3. Effect of spironolactone treatment on oxidative stress in
renal transplant recipients from living donors. Urinary H,O, lev-
els were assessed at days 1, 3 and 5 after renal transplant in pla-
cebo- (white circles) and spironolactone-treated recipients (gray
circles). Individual values, median and IQR are represented.
* p < 0.05 vs. placebo group at day 5 posttransplant.

contrast, the spironolactone-treated group exhibited a
significant reduction (575.089 pmol/ml, p = 0.0307). The
urinary H,0, levels from the patients who developed slow
graft function were included in both groups.

Other Outcomes Related to Renal Transplant

Table 2 shows some adverse events not related with
the use of spironolactone or placebo. Four patients expe-
rienced renal graft dysfunction posttransplantation and
only 1 of them belonged to the placebo group. These pa-
tients underwent renal biopsy into the first 5 days. Light
microscopy findings showed that 3 patients with slow
graft function from the spironolactone group exhibited
acute humoral rejection (fig. 4a), acute cellular rejection
(fig. 4b), and acute tubular necrosis (fig. 4c), respectively,
whereas the patients from the placebo group exhibited
borderline alterations such as mild tubulitis, moderate
tubular atrophy and interstitial fibrosis (fig. 4d).

Discussion

In this study we showed that MR antagonism with spi-
ronolactone administered 1 day before and 3 days post-
transplant, with an accumulative dose exposure of spi-
ronolactone of 100 mg, reduced oxidative stress induced
by the renal I/R phenomenon.

6 Am J Nephrol
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&ﬂ.;a“

Fig. 4. Histopathological aspect of cases with slow graft function.
a There are abundant inflammatory cells with margination, with-
in peritubular capillaries, corresponding to acute humoral rejec-
tion. PAS. x60. b There is a dense interstitial inflammatory infil-
trate that surrounds a tubule with intense tubulitis in acute cellu-
lar rejection. HE. x60. ¢ Patchy tubular damage, some tubules are
denuded, with attenuated epithelium, there is cellular debris with-
in the tubular lumen, corresponding to acute tubular necrosis.
HE. x60. d A specimen showing interstitial fibrosis and moderate
tubular atrophy. A few tubules exhibit mild tubulitis in a case of
borderline alterations. PAS. x60.

I/R injury is an inevitable consequence of renal trans-
plantation and other organ solid transplants. During the
organ procurement and the kidney transplant process,
the graft suffered periods of warm and cold ischemia fol-
lowed by a period of reinstitution of blood flow into the
kidney after vascular anastomosis. In consequence, the
variability in the periods of renal ischemia results in dif-
ferent degrees of renal injury [for review, see 33]. In this
regard, Mehrotra et al. [34] demonstrated that renal
transplant recipients who developed AKI, without dialy-
sis requirement, had both an increased risk of graft loss
(hazard ratio 2.74, 95% CI 2.56-2.92) and an increased
risk of death (hazard ratio 2.36,95% CI 2.14-2.60), where-
as in patients with severe AKI and dialysis requirement,
the hazard ratio for graft loss increased to 7.35 (95% CI
6.32-8.54).

In addition, studies from both humans and animals
have demonstrated that I/R injury may contribute to
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Table 2. Characteristics of the patients with slow graft function

No.  Gender Age Group SCr (basal) SCr (at day 5) Biopsy findings Adverse events

mg/dl mg/dl (Banff2011)

1 female 18 spironolactone 3.20 3.49 mixed rejection urinary tract infection
(E. coli BLEE); graft
compression venous

2 male 30 spironolactone 7.53 4.24 acute cellular rejection ventilator associated
pneumonia

3 male 54 spironolactone 10.85 7.74 acute tubular necrosis

male 21 placebo 15.60 2.80 borderline alterations

graft rejection secondary to an increased expression of
major histocompatibility complex (MHC) class II, acute
tubular necrosis, and to the progressive renal dysfunction
[4, 35, 36].

The main events described after renal ischemic in-
jury are a consequence of the cessation of arterial blood
flow and include depletion of adenosine 5'-triphosph-
ate [37], phospholipase A, activation which initiates the
arachidonic acid cascade, alteration in the autoregula-
tion of blood flow [38, 38], activation of local inflam-
mation [39-42], generation of ROS [43-46], reduction
in vascular density [47, 48], epithelial cell cycle arrest in
G2/M [49], epigenetic changes in fibroblast [50], among
others.

The improvement in the understanding of molecular
basis of I/R pathophysiology has contributed to the devel-
opment of therapeutic interventions in preventing or
ameliorating the deleterious effects of this phenomenon.
However, it is still necessary to explore new interventions
with a greater impact on the graft survival in the long
term.

Several experimental studies from our laboratory and
others have shown that aldosterone plays an important
role in the physiopathology of the ischemic process, such
as acute and chronic cyclosporine nephrotoxicity or in
the I/R model [25-30, 51-53]. Interestingly, we have
shown that spironolactone treatment before [28] or after
ischemia [29], as well as adrenal gland removal [30],
completely prevents AKI in rats undergoing bilateral re-
nal ischemia, suggesting that aldosterone is a key mole-
cule in mediating renal injury by an ischemic process and
that the MR antagonism, even after ischemia, is a helpful
strategy to prevent AKI.

In this exploratory randomized and double-blind
study performed in renal transplant patients, spirono-
lactone administration before and after renal transplant

Mineralocorticoid Receptor Blockade in
Renal Transplant

was not able to improve renal function or modify the
urinary biomarker levels of tubular injury. In addition,
we observed that 4 patients, 1 from the placebo group
and 3 from the spironolactone group, exhibited slow
graft function. This finding was unexpected and be-
cause 2 patients exhibited acute humoral and cellular
rejection as was clearly shown by the histopathological
analysis, we believe that these events are not related
with the use of spironolactone, but could be in part ex-
plained by the fact that this protocol just started a few
weeks after the surgical team changed from open ne-
phrectomy to a hand-assisted laparoscopic technique,
evidencing the effect of the learning curve on the devel-
opment of slow graft function (unusual for living donor
transplant). The slow graft function cases were not nec-
essarily associated with longer periods of ischemia, but
possibly related with a greater vascular manipulation
and higher gas pressure (pneumoperitoneum). Addi-
tionally, we believe that the slow graft function events
may contribute to overexpress HLA antigen and may
favor the acute rejection episodes, because in these par-
ticular cases, calcineurin inhibitor administration was
delayed and when we compared the first determination
of serum tacrolimus levels posttransplant, the spirono-
lactone group had lower tacrolimus levels than the
placebo group (table 1).

It has been suggested that during the ischemic pro-
cess aldosterone binding influences endothelial func-
tion and vascular tone [20, 21, 25, 30], thus we believe
the lack of a spironolactone effect on renal function in
these renal transplant recipients could in part be ex-
plained by either insufficient MR blockade or by the
short period of treatment. This hypothesis is suppor-
ted by recent studies in humans and mice in which a
protective effect was reached when higher doses of
eplerenone or spironolactone were used [54, 55]. Indeed,
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Zhao et al. [54] recently demonstrated that the admin-
istration of 50 mg eplerenone during 2 weeks efficiently
resolved retinal detachment and choroidal vasodilation
in patients with central serous chorioretinopathy. Simi-
larly, Quin et al. [55] showed that a high dose of eplere-
none, around 200 mg/kg, reduced cardiac hypertrophy
in transgenic mice overexpressing 11p-hydroxysteroid
dehydrogenase type 2 in cardiomyocytes, a model that
enhances aldosterone binding to the MRs in the heart.
There is enough evidence showing that another del-
eterious effect of aldosterone is mediated by its ability
to promote ROS formation. In fact, in chronically in-
fused aldosterone rats a significant increase in renal
oxidative stress was clearly demonstrated [24, 56].
Moreover, Hayashi et al. [57] confirmed that the addi-
tion of aldosterone to rat cardiomyocytes increases
both ROS and apoptotic cell death — effects that were
prevented by the administration of eplerenone. Simi-
larly, in kidney epithelial cells in culture (MMDD]) in-
cubation with aldosterone increased superoxide pro-
duction, an effect that was also blocked by the antago-
nism of MRs [58]. The increase in ROS induced by
aldosterone appears to be mediated by the reduction in
the expression of glucose-6-phosphate dehydrogenase
(G6PDH), a cytosolic enzyme in the pentose phosphate
pathway which maintains the adequate levels of re-
duced nicotinamide adenine dinucleotide phosphate
(NADPH). Therefore, a decrease in G6PD activity ren-
ders a decrease in nitric oxide and an increase in ROS
generation, exposing the cellular components to the
oxidative damage [24]. Another mechanism by which
aldosterone increases oxidative stress is through en-
hancing NADPH oxidase levels [59]. Accordingly, with
all this evidence, in this study we found that transplant
patients treated with spironolactone exhibited lower
levels of oxidative stress. This renoprotective effect of
spironolactone however was not reflected by a reduc-
tion in any of the tubular injury biomarkers assessed.
It is possible that the low performance of the biomark-
ers to detect a lesser injury by ROS in spironolactone-
treated patients may result from: (1) an excessive dilu-
tion on the biomarker concentration, because of the
high urine output in the first 3 postoperative days; (2)
by the low period of follow-up together with a little and
limited exposure to the investigation drug, and (3) the
sensitivity of the biomarker may be profoundly affected
by the variability in the flow urine rate observed. More-
over, we decided to not normalize the urinary biomark-
er concentration by urinary creatinine for several rea-
sons: rapid changes in the concentration of urinary cre-

8 Am J Nephrol
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atinine in the posttransplant period, oliguria or
polyuria that is observed in these transplant patients,
and for differences in urinary flow rate, age, sex, weight
and race.

We recognize that the major limitation of this study
was the low number of randomized subjects included.
This is an exploratory study because it is the first study to
explore the MR blockade in renal transplant recipients
and the aim was to obtain enough information to generate
a new hypothesis for a larger collaborative study. Our
findings suggest that oxidative stress observed in trans-
plant patients is in part mediated by aldosterone and that
MR antagonism was effective to reduce ROS generation.
However, the long-term beneficial impact of this renopro-
tective effect must be evaluated in further and larger stud-
ies in recipients of a renal transplant from both living and
deceased donors.
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We thank Drs. Chow and Lin for their observation (1)that allowed us to further expand the results
of our findings. Previously, we showed that mineralocorticoid receptor blockade (MRB) or
adrenalectomy prevented renal damage induced by a mild ischemic period (20 min) (2) (3). In our
recently published study (4), rats were exposed to a severer ischemic injury (45 min) observing
that MRB before or after the ischemic insult prevented CKD development, which was associated
with a reduction in AKI severity, as was evidenced by a lower proteinuria 24-h after reperfusion
(Figure 1A, (4)). Here, we added a new set of rats underwent 45 min of bilateral ischemia and
studied after 24-h, as is shown in Figure 1. The prophylactic MRB only partially protected these
animals as is exhibited by Hsp72 urinary levels (Figure 1D) (5). These results emphasize that the
degree of AKI was lower than in untreated rats. In spite of the complete restoration of renal
function observed after 10 days of ischemia, MRB was effective enough to prevent the increased
signaling of inflammation and fibrosis pathways (Figure 1E and 1F, (4)) that is not seen in ischemic
untreated rats. So, we believe MRB not only reduced the severity of AKI, but also it avoided other
aldosterone detrimental effects. We agree with Drs. Chow and Lin that will be necessary to see the
time course of these pathways to know with more precision the effects of aldosterone leading to

long-term development of CKD. Indeed this is a part of another ongoing project in our laboratory.

Figure legend:

Severe ischemic injury is partially prevented by prophylactic spironolactone administration. A)
Renal blood flow, in the sham (o), bilateral renal ischemia (e), and rats receiving spironolactone
(20 mg/K of BW) three days before ischemia (o), B) serum creatinine and C) urinary protein
excretion, and D) urinary heat shock protein 72 (Hsp72). *p<0.05 vs. the sham group and ¥p<0.05

vs. the I/R untreated group.
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