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El aparato urinario humano está constituido 

por dos riñones, dos uréteres, una vejiga y la uretra 

(Figura 1). A partir de un filtrado inicial del plasma 

sanguíneo, por medio de procesos de reabsorción y 

secreción, los riñones producen la orina que llega a la 

vejiga a través de los uréteres y se elimina al exterior 

por la uretra. 

1.1. Anatomía del riñón. 

Los riñones son dos órganos de color pardo-

rojizo situados retroperitonealmente en la parte dorsal 

del abdomen, a cada lado de la columna vertebral. Los 

riñones están recubiertos por una cápsula de tejido 

fibroso. 

En una sección longitudinal (Figura 2) se 

distinguen dos regiones: la corteza en la parte externa 

y la médula en la parte interna. La médula está 

formada por varias pirámides renales. Los ápices de 

éstas se proyectan dentro de los cálices menores. Cada 

pirámide medular, coronada por una región de corteza 

renal constituye un lóbulo sencillo. El extremo de 

cada pirámide (llamada papila) se vacía en un caliz y 

los cálices se vacían en la pelvis renal. La pelvis 

transmite la orina a la vejiga urinaria vía el uréter. 

Un examen macroscópico permite distinguir 

que la corteza tiene un aspecto ligeramente granular 

que no se observa en la médula. Cada pirámide 

medular puede dividirse en una zona exterior, 

adyacente a la corteza, y una zona interior que incluye 

la papila (Bulger y Doyban, 1982, Tisher, 1981). Las 

estrías que aparecen en las pirámides corresponden 

con la porción tubular de las nefronas.

1.2. Anatomía de la nefrona. 

La nefrona es la unidad anatómica y funcional 

del riñón. El riñón humano está formado por cerca de 

un millón y medio de nefronas. Cada una de ellas 

consta de un elemento filtrante denominado 

corpúsculo renal, y un sistema tubular que se 

extiende por fuera del corpúsculo renal, en el cual se 

realizan los procesos de secreción y reabsorción 

(Madsen y Tisher, 1986), que determinarán la 

composición final de la orina.  

Figura 1. Representación de las partes del aparato 

urinario. 

Figura 2. Estructura general de un riñón humano 

(adaptada de Brady y cols., 1996). 
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1.2.1. El corpúsculo renal. 

El corpúsculo renal o de Malpighi está 

compuesto por el glomérulo capilar y la cápsula de 

Bowman que lo recubre (Figura 3). Existe un espacio 

dentro de la cápsula, espacio de Bowman, hacia 

donde pasa el líquido filtrado procedente del 

glomérulo. La barrera de filtración del corpúsculo 

renal o membrana glomerular, consta de tres capas: el 

endotelio de los capilares glomerulares, la membrana 

basal y una capa de células epiteliales especializadas 

con fenestraciones. Las células epiteliales que 

descansan sobre la membrana basal son muy 

diferentes de las células simples y aplanadas que 

revisten el resto de la cápsula de Bowman y se 

denominan podocitos, tienen gran número de 

extensiones podálicas o pedicelos integradas en la 

membrana basal. Las hendiduras entre pedicelos 

adyacentes constituyen la vía de paso del filtrado, que 

una vez atraviesa las células endoteliales y la 

membrana basal, penetra en el espacio de Bowman y 

desde allí pasa a la primera porción del túbulo 

proximal (Berne y Levi, 2001).

1.2.2. El sistema tubular. 

La pared tubular está constituida por una sola 

capa de células epiteliales que descansan sobre una 

membrana basal. La estructura y función de esas 

células epiteliales varía mucho de un segmento a otro 

del túbulo, pero tienen una característica común: la 

presencia de uniones estrechas entre células 

adyacentes. El segmento del túbulo donde drena la 

cápsula de Bowman se denomina túbulo contorneado 

proximal, que inicialmente forma varias espiras, y es 

el segmento más largo y grueso de la nefrona. Esta 

tapizado por un epitelio cúbico simple, con células 

que presentan un borde en cepillo muy desarrollado 

en su superficie luminar, numerosas invaginaciones 

en la membrana basolateral, un gran aparato endo-

lisosómico, y numerosos peroxisomas y mito-

condrias, que va seguido por un segmento recto que 

Figura 3. Representación esquemática de una nefrona y de un corpúsculo (adaptada de Netter, 2003).  
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desciende hacia la médula, es la rama estrecha 

descendente del asa de Henle. Esta rama termina en 

horquilla y entonces comienza un ascenso paralelo a 

la rama descendente. A continuación de este segmento 

se encuentra la rama gruesa ascendente del asa de 

Henle, que se continúa con el túbulo contorneado 

distal. Seguidamente se encuentra el túbulo colector, 

el cual vacía su contenido en cada uno de los cálices 

de la pelvis renal. Los distintos segmentos del túbulo 

están representados en la figura 4. La pelvis se 

continúa con el uréter, y éste con la vejiga urinaria, 

donde la orina se almacena de manera transitoria y de 

la cual se elimina en forma intermitente. Después de 

penetrar a un cáliz, la orina ya no sufre alteraciones. A 

partir de ese punto, el resto del sistema urinario sirve 

����� ����� �	
�� ����	���� ��	���� �� ��
����� ������

Tisher, 1981). 

1.2.3. El aparato yuxtaglomerular. 

El aparato yuxtaglomerular (Figura 3.) está 

situado entre la primera porción del túbulo 

contorneado distal y la arteriola aferente y eferente 

pertenecientes al corpúsculo renal de su propia 

nefrona (Barajas, 1979). Está formado por tres tipos 

de células:  

- Las células yuxtaglomerulares: son células 

mioepiteliales que rodean el final de la arteriola 

aferente, ricas en gránulos de secreción que producen 

el 90% de la renina. 

- Las células de la mácula densa: son células 

epiteliales diferenciadas de la pared del túbulo recto 

distal ascendente, que controlan la secreción de renina 

y la velocidad de filtración glomerular. 

- Las células de Goormaghtigh o del lacis: son 

células mesangiales extraglomerulares, que responden 

a múltiples mediadores y controlan la superficie de 

filtrado. 

1.3 Procesos renales básicos 

El riñón lleva a cabo sus funciones generales 

mediante dos procesos fundamentales que tienen lugar 

en cada una de las nefronas: el filtrado glomerular, 

que origina un gran volumen diario de filtrado de 

líquido extracelular (180 litros), y el transporte 

tubular (reabsorción y secreción tubular). A 

continuación se describen estos procesos.

1.3.1. Filtración glomerular. 

La formación de la orina comienza por la 

filtración en el glomerulo hacia la capsula de Bowman 

de unos 125 mL de plasma por minuto, lo que 

corresponde aproximadamente a un 20% del plasma 

que pasa por el riñón Más del 95% del filtrado se 

reabsorbe normalmente en los túbulos y el resto se 

elimina en forma de orina (Vander, 2006). 

El proceso de formación de ultrafiltrado a 

través de las membranas capilares glomerulares recibe 

el nombre de ultrafiltrado glomerular. No obstante, a 

pesar de su gran permeabilidad, la membrana 

glomerular tiene una cierta selectividad en función del 

diámetro, configuración molecular y carga eléctrica de 

las moléculas. 

Figura 4. Esquema del sistema tubular y de la red 

vascular asociada. 
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La permeabilidad de la membrana glomerular 

está condicionada en parte por los pesos moleculares 

de las sustancias. Siendo ésta prácticamente 

impermeable a las proteínas plasmáticas, pero muy 

permeable al resto de las sustancias disueltas en el 

plasma normal. Por otra parte, los poros de la 

membrana son suficientemente grandes como para 

permitir el paso de moléculas con diámetro de hasta 8 

nm. La membrana basal glomerular está recubierta 

por una red de proteoglicanos cargados 

negativamente. Así pues, las proteínas que presentan 

carga negativa producen una repulsión electrostática 

con las paredes de los poros. Esto evita prácticamente 

que todas las proteínas pasen a su través. Otro factor 

que influye es la presión de perfusión, sobre todo 

cuando, atendiendo a los factores anteriores, la 

molécula se encuentra en el límite de paso (Guyton, 

2006). 

El filtrado glomerular tiene casi la misma 

composición que el plasma, desde el punto de vista 

electrolítico, excepto por la ausencia de hematíes y 

proteínas de alto y medio peso molecular (Guyton, 

2006). Su concentración de proteínas es del orden de 

0,03 %, es decir, unas 240 veces menos que el 

contenido proteico del plasma. La relación entre el 

filtrado glomerular y el flujo plasmático renal se 

denomina fracción de filtración.

El proceso de filtración glomerular está 

condicionado por la suma neta de las diferentes 

fuerzas que se originan en los capilares glomerulares 

y en la cápsula de Bowman (Vander, 2006). 

Favorecen la filtración la presión hidrostática de los 

capilares glomerulares (Pg), que es la presión media 

en los capilares glomerulares y tiene un valor de 60 

torr, y la presión oncótica de la Cápsula de Bowman 

(�i), sin embargo como la concentración de proteínas 

en la cápsula de Bowman es muy pequeña, este factor 

es despreciable y se considera cero. Se oponen a la 

filtración la presión oncótica de los capilares 

glomerulares (�g), que es la presión que ejercen las 

proteínas del plasma no filtradas y tiene un valor de 

32 torr, y la presión hidrostática de la cápsula de 

Bowman (Pi), que es la presión que ejerce el líquido 

filtrado en la cápsula de Bowman y tiene un valor de 

18 torr. La presión efectiva de ultrafiltración (PEF), 

se define como la diferencia entre la presión que 

favorece la filtración, es decir Pg,  y las que se 

oponen, que son Pi y �g. Su valor aproximado es de 

10 torr. 

PEF = Pg - (Pi + �g) 

El coeficiente de filtración (Kf), es el producto 

de la permeabilidad hidráulica de la membrana por el 

área disponible para la filtración. En función de Kf y 

PEF, se define la tasa filtración glomerular (TFG):  

TFG = Kf ´ PEF 

La tasa filtración glomerular (TFG) o cantidad 

de filtrado glomerular que se forma por minuto en 

todas las nefronas de ambos riñones, es un índice de la 

función renal y es esencial para evaluar la severidad y 

evolución de los trastornos renales.  

1.3.2. Reabsorción y secreción tubular. 

El filtrado glomerular pasa a través de todo el 

segmento tubular. El epitelio tubular reabsorbe y 

secreta de forma selectiva distintos compuestos, de tal 

modo que el líquido que resulta de este proceso entra 

en la pelvis renal como orina. 

El papel de la reabsorción es mucho mayor que 

el de la secreción en la formación de la orina, pero la 

secreción es muy importante para determinar las 

cantidades finales urinarias de potasio, hidrogeniones 

y algunas otras sustancias. 

Habitualmente, más del 90% del agua 

contenida en el filtrado glomerular se reabsorbe en los 

túbulos. De esta forma, si algunos de los solutos 

contenidos en el filtrado glomerular no se reabsorben 

en el trayecto tubular, la reabsorción de agua hace que 

se concentren de forma muy importante aumentando 

su concentración unas 99 veces. Por otra parte, 
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algunos componentes del filtrado, como la glucosa, 

los aminoácidos y el sodio se reabsorben casi por 

completo, de forma que la concentración disminuye 

hasta ser prácticamente igual a cero en la orina. Así, 

los túbulos separan las sustancias que deben ser 

eliminadas por la orina de las que deben ser 

conservadas por el organismo sin perder una cantidad 

excesiva de agua (Guyton, 2006). 

1.4. Funciones de los riñones. 

1.4.1. Regulación del equilibrio hidroeléctrico. 

La función primaria de los riñones es lograr un 

equilibrio entre el agua corporal y los iones 

inorgánicos para mantener estable la concentración de 

esas sustancias en el líquido extracelular. Dicho 

equilibrio se logra mediante cambios en la 

composición de la orina excretada. Algunas de las 

sustancias del medio interno reguladas en gran parte 

por los riñones son el agua, sodio, potasio, cloro, 

calcio, magnesio, sulfato, fosfato y el ión hidrógenión. 

No obstante, los riñones no son los únicos reguladores 

de las sustancias inorgánicas esenciales. De igual 

manera, los riñones también participan en la 

regulación de algunos nutrientes orgánicos, como son 

la glucosa, aminoácidos, proteínas, urea, ácido úrico y 

otros (Vander, 2006). 

1.4.2. Excreción y concentración de catabolitos y 
sustancias tóxicas. 

Esta función consiste en retirar los productos 

metabólicos de la sangre y excretarlos por la orina. 

Entre estos productos de desecho que son eliminados 

se encuentran la urea (resultante del catabolismo de 

las proteínas), el ácido úrico (resultante del 

catabolismo de los ácidos nucleicos), la creatinina 

(resultante del metabolismo del músculo), la 

bilirrubina (procedente del metabolismo de la 

hemoglobina), metabolitos de hormonas y otros. 

Algunos de ellos son relativamente inocuos, pero la 

acumulación de otros cuando la función renal está 

dañada causa algunos de los trastornos de las 

funciones corporales observadas en las enfermedades 

renales graves (Vander, 1993). Los riñones tienen otra 

función excretora general: la eliminación de productos  

químicos extraños, fármacos, pesticidas, aditivos de 

alimentos, etc. (Vander, 1993). 

1.4.3. Regulación de la presión arterial. 

Los riñones participan estrechamente en la 

regulación de la presión arterial mediante varios 

mecanismos que actúan a corto, medio o largo plazo. 

A continuación se describen brevemente los 

principales. 

Regulación de la excreción de sodio: se trata 

del principal mecanismo de regulación arterial a largo 

plazo del organismo (López-Hernández y López-

Novoa, 2006). El equilibrio del sodio es un factor 

determinante crítico del gasto cardiaco. El balance 

positivo de sodio aumenta el volumen extracelular. 

Cuando se acumula mucho líquido extracelular en el 

organismo la presión arterial aumenta debido al mayor 

volumen sanguíneo, que eleva la presión media de 

llenado circulatorio y el retorno venoso de sangre 

hacia el corazón. En consecuencia aumenta el gasto 

cardiaco y a su vez la presión arterial. (Knox y 

��������������	������������ ����������!"

Sistema renina-angiotensina (SRA): el riñón 

funciona como una glándula endocrina del SRA, un 

complejo hormonal de enzimas, proteínas y péptidos 

importantes en la regulación de la presión arterial. La 

renina es una enzima proteolítica segregada a la 

sangre por los riñones, específicamente por las células 

granulares del aparato yuxtaglomerular. Una vez en la 

corriente sanguínea la renina actúa  el 

angiotensinógeno producido por el hígado, dando 

lugar a la angiotensina I (Ag I). La Ag I es una 

sustancia inactiva que a su paso por el lecho vascular,  

la enzima convertidora de angiotensina (ECA) separa 

sus dos aminoácidos terminales para producir la 

angiotensina II (Ag II), muy activa. En el plasma se 

encuentra una cierta cantidad de ECA, pero la mayor 

parte está en el endotelio de los vasos sanguíneos, en 

particular, en los capilares pulmonares. No obstante, 

como los riñones producen renina y el tejido renal 
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también contiene angiotensinógeno y ECA, las 

reacciones generadoras de Ag I y II ocurren en cierta 

medida dentro de los riñones. La Ag II ejerce muchos 

efectos sobre diversos tejidos, pero el objetivo final de 

gran parte de ellos es incrementar la presión arterial. 

��#�	�������"�������� ����������!"

Otras sustancias vasoactivas: es muy probable 

que los riñones segreguen a la sangre o retiren de ella 

otras sustancias vasoactivas diferentes de la renina. 

Así, los riñones pueden sintetizar varios eicosanoides 

de acción vasodilatadora o vasoconstrictora. De la 

misma manera se segregan lípidos vasodilatadores 

(Vander, 2006). 

1.4.4. Síntesis y secreción de otras sustancias. 

Secreción de eritropoyetina: Los riñones 

segregan eritropoyetina (EPO), esta hormona 

relacionada con el control de la producción de 

eritrocitos en la médula ósea, y por tanto con el 

mantenimiento de niveles de oxígeno adecuados para 

el funcionamiento del organismo. Las enfermedades 

renales pueden reducir la secreción de EPO, con la 

consecuente producción de anemia grave (Vander, 

2006). 

Secreción de 1,25-dihidroxivitamina D3: los 

riñones producen 1,25-dihidroxivitamina D3, la forma 

activa de la vitamina D, la cual interviene en el 

metabolismo del calcio aumentando la absorción del 

calcio intestinal y la movilización del calcio óseo 

(Vander, 2006). 

Gluconeogénesis: durante el ayuno 

prolongado los riñones sintetizan glucosa a partir de 

aminoácidos y otros precursores y la liberan a la 

sangre. Por tanto, el riñón es un órgano 

gluconeogénico (Vander, 2006). 

Eicosanoides: se trata de un grupo de 

compuestos derivados del ácido araquidónico, entre 

los que se incluyen las prostaglandinas E2 y F2, 

prostaciclina y tromboxano (Levenson, 1983). 

Realizan diversas funciones entre las que se encuentra 

el control del flujo sanguíneo y del filtrado 

glomerular. 

Metalotioneínas: se trata de una familia de 

proteínas con afinidad a ciertos metales como el 

cadmio, el cobre y el zinc, participando en su 

homeostasis. Ciertas situaciones fisiopatológicas 

como el estrés, la inflamación o la intoxicación por 

algunos metales aumentan su síntesis.(Okabe y cols. 

1996). 

��� �
� ������������
��

� �	� � � 
 � � 
 � � � ��

��
�
������
��
������

El fracaso renal agudo (FRA) es un tipo de 

lesión de gravedad clínica en la que la función 

excretora renal se reduce súbitamente tanto que los 

riñones son incapaces de depurar la sangre de los 

fármacos, tóxicos y productos nocivos de deshecho 

procedentes del metabolismo, y de conseguir el 

equilibrio electrolítico. Como consecuencia de ello, la 

función de muchos otros órganos y tejidos y, con ella, 

la vida del paciente se ven seriamente comprometidas. 

El FRA se caracteriza por una disfunción renal aguda 

(que surge horas o pocos días después del inicio del 

daño) derivada de un estímulo patológico rápido e 

$������� �%������� �� &������ ������ '$(��-Sánchez y 

cols., 2000). 

EL FRA se puede producir como consecuencia 

de cualquier proceso que disminuya la función renal 

(medida por la tasa de filtración glomerular). Supone 

un deterioro brusco de la función excretora renal con 

aparición de uremia, oliguria, anuria o diuresis renal. 

La función renal puede normalizarse si se descubre y 

se trata satisfactoriamente la causa subyacente del 

problema. El pronóstico depende fundamentalmente 

de la intensidad y el tipo de lesión. En general, una 

lesión tisular leve o una disfunción moderada 

desaparecen con la retirada del agente nefrotóxico, 

mientras que la destrucción extensa de uno o varios 

compartimentos renales (p.e. la necrosis tubular 
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aguda) puede originar una deficiente reparación e 

incluso un deterioro progresivo y crónico. 

2.1 Incidencia y morbimortalidad. 

El FRA presenta todavía una alta morbi-

mortalidad con consecuencias humanas y sociales 

muy importantes. Se calcula que aproximadamente un 

1-7% de los pacientes que ingresan en los hospitales 

)�������� *'+� �&,���-� �� ����"�� ������ .$������ ��

cols., 2006). Más concretamente, un 1-25% de los 

pacientes ingresados en la unidad de cuidados 

intensivos (UCI) desarrollan FRA en algún momento 

(Mendonça y cols., 2000). También se estima que 

aproximadamente un 15% de los pacientes sometidos 

a bypass y de las mujeres embarazadas sufren algún 

grado de FRA. La tasa de mortalidad debido al FRA 

se mantiene alarmantemente constante alrededor del 

50% de los casos, que asciende al 80% entre los 

pacientes que desarrollan fallo multiorgánico (Rivero-

Sánchez y cols., 2000). En la mayoría de los casos es 

necesario aplicar diálisis, lo que supone un gran carga 

humana y socioeconómica. 

Como se indica en las secciones siguientes, 

una causa importante de FRA, relacionada 

directamente con el objeto de esta tesis doctoral, es la 

nefrotoxicidad aguda, o daño renal agudo producido 

por fármacos y toxinas. La nefrotoxicidad constituye 

un problema de salud y socioeconómico muy serio en 

todo el mundo. Aproximadamente el 25% de los 100 

fármacos más utilizados en las UCIs son 

potencialmente nefrotóxicos (Taber y Mueller, 2006). 

Además, se estima que la nefrotoxicidad es la causa 

del 10-20% de los casos de FRA (Brivet y cols., 

1996).  

2.2 Fisiopatología general del FRA. 

Esta enfermedad se clasifica en pre-renal, renal 

o post-renal, de acuerdo con el mecanismo que la 

desencadena (Figura 5).  Las causas pre-renales y 

renales, representan  el mayor porcentaje de casos, 

aunque no es infrecuente observar que la etiología sea 

multifactorial y que un mismo agente nocivo produzca 

simultáneamente efectos pre-renales y renales 

�%������� ��&������������/$��$�����0!"�1��
$2�����

posible que en un mismo paciente se encuentren a la 

vez diferentes formas de FRA. 

Figura 5. Principales categorías de insuficiencia renal aguda. 
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2.3. FRA pre-renal. 

Constituye la forma de FRA más prevalente 

(55-60% de los casos). Se debe a una perfusión 

sanguínea renal deficiente que resulta de una 

disminución súbita y aguda de la presión arterial 

(shock) o de una interrupción del flujo de sangre a los 

riñones debido a un traumatismo o enfermedad grave 

o a un procedimiento quirúrgico. Esta situación lleva a 

una caída en la filtración glomerular. Cuando la 

presión arterial cae, ocurre una dilatación gradual de 

la arteriola aferente (autorregulación del flujo 

sanguíneo renal) mediada por la generación de óxido 

nítrico y una constricción eferente concomitante 

mediada por la Ag II, que tienden a mantener una 

presión hidrostática capilar constante. Sin embargo, 

hay un punto en que la hipoperfusión es tal, que estos 

cambios compensatorios se hacen insuficientes y 

comienza a caer rápidamente la presión hidrostática 

capilar, con la consiguiente caída de la filtración 

glomerular y el aumento de reabsorción tubular de 

agua, electrolitos y otros integrantes de la orina 

primaria, que producen oliguria.  

Además, como consecuencia de la 

hipoperfusión se produce una isquemia renal que da 

lugar a una necrosis tubular aguda cortical que, 

dependiendo del grado de isquemia, puede afectar 

también a otras estructuras. La patogenia tubular 

isquémica da cuenta de una lesión de la célula 

epitelial tubular, que incluye turgencia celular, 

pérdida del borde en cepillo, pérdida de la polaridad 

por una redistribución de las proteínas de membrana 

(por ejemplo la bomba Na+-K+, que aumenta la 

liberación distal de sodio, lo que activa la 

retroalmentación tubuloglomerular contribuyendo a la 

vasoconstricción), además de necrosis y apoptosis. 

Como consecuencia de esto, se agotan todas las 

reservas de ATP, se acumula calcio, y se activan 

enzimas que alteran y dañan la estructura de la célula 

y que inducen apoptosis. Las células dañadas se 

desprenden y obstruyen la luz del túbulo, aumentando 

la presión intratubular con la consiguiente 

disminución del filtrado glomerular. Además se 

producen lesiones endoteliales que aumentan la 

�$
���$�������������$��� �(�������$���!�� ������� ��� ���

suma la disminución de la producción de óxido nítrico 

(NO) y prostaglandina I2 (Rivero-Sánchez y cols., 

������%���������&����������!"

Otro aspecto importante a tener en cuenta es 

que la hipoperfusión prolongada puede ser una causa 

de necrosis tubular aguda o de un agravamiento de la 

misma. Este hecho dificulta en la práctica clínica la 

diferenciación del fracaso renal agudo pre-renal del 

renal. 

Entre las principales causas de hipoperfusión 

renal destacan las siguientes:  

-La hipovolemia (por hemorragias, 

deshidratación, uso de diuréticos, etc.). 

-La insuficiencia cardiaca. 

-El uso de ciertos medicamentos como los 

antiinflamatorios no esteroideos (AINEs) que 

disminuyen la producción de las prostaglandinas que 

normalmente dilatan la arteriola aferente y aumentan 

la presión hidrostática capilar, o los inhibidores de la 

enzima convertidora de angiotensina (IECAs), que 

disminuyen la producción de angiotensina II, que 

contrae la arteriola eferente y aumenta la presión 

hidrostática glomerular (Singri, 2003).  

-Otras causas como cirugía mayor (transplante 

renal), trauma y sepsis (Brady y cols., 1996). 

2.4. FRA renal o intrínseco. 

Se trata de una enfermedad del parénquima 

renal debida a inflamación, toxinas, medicamentos, 

infecciones o disminución del riego sanguíneo. El 

FRA renal o intrínseco puede deberse a alteraciones 

de los glomérulos, de los túbulos y del intersticio 

renales. Esta causa supone aproximadamente el 25% 

de los casos de FRA. 
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2.4.1. Afecciones glomerulares. 

El glomérulo es el primer sitio de la nefrona 

que se pone en contacto con los agentes químicos. La 

acción directa de determinados fármacos y tóxicos 

sobre las células que forman la barrera de filtración 

glomerular produce alteración de las propiedades 

físico-químicas (p.e. eléctricas) de la barrera, o 

contracción o relajación de sus estructuras, que 

determinan alteraciones en la selectividad del filtrado 

y en la tasa de filtración glomerular, respectivamente.

Concretamente una hipofiltración puede deberse a 

lesión glomerular que se manifiesta como una 

disminución del Kf que puede estar provocado por 

alteraciones en la permeabilidad hidráulica de la 

barrera de filtración, o bien por una vasoconstricción 

y proliferación de las células mesangiales 

intraglomerulares. Son ejemplos de este tipo de daño, 

la ciclosporina, la anfotericina B y la gentamicina.  

La lesión glomerular inducida por sustancias 

químicas también puede estar mediada por factores 

endógenos extrarrenales, como ocurre en las 

reacciones de hipersensibilidad tipo III. Los 

complejos inmunes circulantes pueden depositarse en 

los glomérulos. En la glomerulonefritis membranosa 

suelen observarse neutrófilos y macrófagos dentro de 

los glomérulos, y la liberación de citocinas y de 

radicales libres de oxígeno (ROS) puede contribuir a 

causar la lesión glomerular. Los metales pesados, los 

hidrocarburos, la penicilina y el captopril pueden 

producir también esta clase de lesión. Por último, 

ciertas infecciones y enfermedades inmunológicas 

(p.e. autoinmunes) producen una inflamación del 

glomérulo (glomerulonefritis) que altera la filtración 

(Rivero-/3��,�#� �� ����"�� ������ %������� �� &������

1998).

2.4.2. Afecciones tubulares. 

Ésta es la causa renal más frecuente de FRA  

intrínseco en los adultos representando el 75% de los 

casos. Son tres los desencadenantes más importantes 

de enfermedad tubular aguda: 

1. La obstrucción tubular. Esto puede ocurrir 

por la precipitación de ácido úrico (como efecto 

secundario de la quimioterapia), de proteínas 

(mieloma) o de pigmentos (en casos de hemólisis 

masiva). por precipitación del xenobiótico o bien por 

un depósito del propio epitelio lesionado (Sierra y 

cols., 2000). 

2. La isquemia. Normalmente los túbulos 

renales están irrigados por los vasos rectos (ramas de 

las arteriolas eferentes), recibiendo el O2 necesario 

para el transporte activo de sustancias en el proceso de 

reabsorción, especialmente el de sodio. En la necrosis 

tubular por isquemia hay falta de oxigenación de las 

células tubulares, lo que lleva a necrosis tubular y a 

4	�������2�	�����	�����������)������,��$������5
	����

esto lleva a la caída de la filtración glomerular tanto 

por la obstrucción del túbulo (restos celulares y 

tisulares) como por la vasoconstricción de la arteriola 

aferente desencadenada por el retrocontrol túbulo-

glomerular, mediado por la mácula densa que detecta 

la gran concentración de sodio que no puede 

reabsorberse por el daño de las células tubulares y la 

6���������78������.��$����� ��,���������9��'$(��-

/3��,�#�������"������� Valdivielso y cols., 2001). 

3. La alteración de la función tubular causada 

por acción directa de fármacos o sustancias tóxicas 

sobre dianas moleculares tubulares (Sierra y cols., 

2009). 

Lesión del túbulo proximal: Los túbulos son 

las estructuras más susceptibles al daño renal por 

efectuar principalmente la reabsorción isoosmótica y 

la secreción. Es el lugar donde con más frecuencia 

actúan los tóxicos, y esto se debe en parte a la 

acumulación de éstos en esta parte de la nefrona. El 

transporte tubular de aniones o cationes orgánicos, 

sustancias de bajo peso molecular, péptidos y metales 

pesados se hace fundamentalmente en este tramo. El 

poder nefrotóxico de los xenobióticos depende de la 

capacidad intrínseca de cada sustancia para reaccionar 

con las dianas subcelulares o moleculares. Además, 

las células del túbulo proximal parecen ser más 
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sensibles a las lesiones isquémicas que las del túbulo 

distal (Rivero-Sáncez y cols., 2000). 

Lesiones del Asa de Henle y de los túbulos 

distal y colector: Las alteraciones funcionales de estos 

tramos de la nefrona se manifiestan principalmente 

por disminución de la capacidad de concentración, por 

defectos de acidificación o por ambas cosas. La 

anfotericina B, el cisplatino y el metoxiflurano 

producen poliuria resistente a la hormona antidiurética 

(ADH), lo que sugiere que el defecto de concentración 

tiene lugar en la porción gruesa de la rama ascendente 

del asa de Henle o bien en el conducto colector

(Rivero-Sánchez y cols., 2000). 

Lesión papilar: La toxicidad papilar suele ser 

consecuencia de tratamientos de larga duración con 

fármacos tales como los analgésicos y los AINEs. Las 

concentraciones elevadas de estos tóxicos y la 

inhibición de las prostaglandinas vasodilatadoras 

comprometen el flujo sanguíneo de la médula y las 

papilas renales y provocan isquemia tisular (Rivero-

Sánchez y cols., 2000). 

2.4.3. Afecciones del intersticio. 

Normalmente se caracterizan por una 

inflamación del intersticio (nefritis intersticial aguda). 

Esto ocurre en casos de alergia a medicamentos, entre 

otras causas. Tras la administración de algunos 

xenobióticos se han registrado trastornos renales con 

oliguria, proteinuria, hematuria y elevación de la 

tensión arterial que puede llegar al cuadro de 

insuficiencia renal aguda. La biopsia de estos casos ha 

mostrado infiltración del intersticio por linfocitos y 

plasmocitos, mientras el hemograma suele presentar 

una eosinofilia indicativa de afectación alérgica 

Figura 6. Mecanismos frecuentes que conducen a la disminución del filtrado glomerular durante el daño renal 

agudo. Abreviaturas: Kf:�&��6$�$��������	���6$����$����*/':�*�	;������	8����������∆P: Presión neta de 

	���6$����$����1*�:�1�������6$����$��������	����+��)���������'$(���������"�����<!"
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(Klaasen y watkins, 2005). 

2.5. FRA post-renal. 

Esta forma de FRA es consecuencia de una 

obstrucción súbita del flujo de orina debido a aumento 

de tamaño de la próstata, cálculos, tumores o 

traumatismos de la vejiga y las vías urinaria. El FRA 

post-renal es la responsable al menos del 5% de los 

casos. Dado que un solo riñón posee la capacidad de 

depuración suficiente para excretar los productos de 

desecho, para que se produzca un FRA de causa 

obstructiva es necesario que exista una obstrucción en 

la uretra, en ambos uréteres o una obstrucción 

unilateral en un paciente con un solo riñón. 

El mecanismo principal que conduce al FRA 

post-�����������,$)�����$������������������$��$6$���

que por la obstrucción aumenta la presión en las vías 

urinarias 

y ésta es transmitida hacia las zonas más proximales, 

,��$�� ���� �5
	���� ������� ������2	���� ���)��	���	��

aumento de la presión hidrostática en el espacio de 

Bowman, que disminuyen el gradiente de presión de 

filtración, y con ello la filtración glomerular. 

2.6. Agentes nefrotóxicos y susceptibilidad 
renal. 

Multitud de fármacos y contaminantes 

medioambientales (metales, insecticidas, etc.) pueden 

alterar rápidamente la función renal, modificando 

directamente los procesos renales básicos, dañando las 

estructuras renales, o mediante ambas acciones. La 

tabla 1 recopila las características fundamentales del 

efecto nefrotóxico de muchos de estos agentes, la 

mayoría de los cuales han sido presentados en las 

secciones anteriores. 

Tabla 1. Efectos renales de los principales nefrotóxicos. 
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A pesar de que los riñones constituyen sólo el 

0.5% de la masa corporal total, sus características 

anatómicas y fisiológicas les proporcionan una 

especial susceptibilidad a los efectos tóxicos de 

muchos de estos xenobióticos, ya que son los órganos 

que reciben mayor irrigación por gramo de tejido 

(alrededor del 20 al 25% del gasto cardíaco en reposo) 

y son la principal vía de eliminación de fármacos y de 

sus metabolitos. 

Los procesos que intervienen en la 

concentración de la orina sirven también para 

concentrar los tóxicos en el interior del túbulo. Por lo 

tanto, puede ocurrir que un agente químico cuya 

concentración no llega a ser tóxica en el plasma 

alcance concentraciones tóxicas en el riñón. (Klaassen 

y Watkins, 2005).  

Los lugares concretos en los que se produce el 

daño van a depender de las características del agente 

tóxico, especialmente de sus propiedades 

fisicoquímicas, que en definitiva determinan su 

interacción con sistemas de transporte, receptores, 

enzimas y estructuras celulares y titulares específicas, 

y por lo tanto su distribución en los distintos 

compartimentos del organismo y sus efectos tóxicos.

Para llevar a cabo esta Tesis Doctoral se ha 

precisado del uso de diferentes agentes nefrotóxicos,  

más concretamente dos fármacos, la gentamicina y el 

cisplatino, y un contaminante medioambiental, el 

uranio.  Para comprender mejor los resultados 

obtenidos y a modo de consulta, se han adjuntado 

cuatro anexos en los que se desarrolla información 

precisa a cerca de la nefrotoxicidad que producen 

estos agentes: 

2.6.1. Gentamicina 

La gentamicina es un antibiótico 

aminoglucósido ampliamente utilizado en la práctica 

clínica para el tratamiento de infecciones por 

microorganismos gram negativos y de la endocarditis 

bacteriana. La nefrotoxicidad es su principal 

limitación terapéutica, que afecta a de un 10-25% de 

los pacientes tratados con este fármaco, y puede dar 

lugar a un FRA. A pesar de ello, los aminoglucósidos 

continúan siendo la única alternativa terapéutica 

efectiva contra los gérmenes sensibles a otros 

antibióticos, e incluso los fármacos de elección en 

muchas circunstancias, por su eficacia y bajo coste. 

La nefrotoxicidad de la gentamicina se describe en 

dos de nuestros artículos de revisión, que se incluyen 

en dos anexos. 

Anexo I: proporciona información sobre la  

integración de los mecanismos fisiopatológicos de la 

nefrotoxicidad de la gentamicina mediante el artículo 

de revisión titulado “New insights into the 

mechanism of aminoglycoside nephrotoxicity. an 

integrative point of view.” 

Anexo II: se trata de una revision sobre los 

mecanismos de citotoxicidad de la gentamicina, el 

artículo se ha titulado “An integrative overview on 

the mechanisms underlying the renal tubular 

cytotoxicity of gentamicin.” 

2.6.2. Cisplatino 

El cisplatino es uno de los agentes 

antineoplásicos más efectivos en el tratamiento de 

tumores sólidos, con un amplio espectro de acción, sin 

embargo, la nefrotoxicidad acumulativa dosis-

dependiente, es la principal limitación terapéutica de 

este caso. Es por ello que, en algunos casos, se precisa 

de una reducción en la dosis administrada o incluso la 

suspension del tratamiento. A pesar de las intensas 

medidas profilácticas encaminadas a proteger las 

complicaciones renales, aproximadamente un tercio 

de los pacientes tratados con cisplatino padece fallo 

renal irreversible. La relevancia terapeútca y la 

serveridad de la nefrotoxicidad producida por 

cisplatino se describen en el anexo III. 

Anexo III: caracterización de los mecanismos 

fisiopatológicos implicados en la nefrotoxicidad del 

cisplatino, mediante la información adjunta que se ha 
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titulado “Aspectos generales de la nefrotoxicidad 

del cisplatino.” 

2.6.3. Uranio 

El uranio es un elemento natural que se 

encuentra ampliamente distribuido en la corteza 

terrestre. Cierta cantidad de este metal está presente 

en los alimentos, en el aire, en el suelo y en el agua, 

por lo que el ser humano se encuentra expuesto al 

mismo de forma natural. Pero también puede ser 

objeto de una sobreexposición patológica como 

consecuencia de la deposición de uranio natural desde 

la atmósfera o debido a actividades industriales 

humanas que vierten productos de desecho 

directamente sobre el terreno. La nefrotoxicidad es el 

principal efecto observado tras exposición aguda a 

uranio. Este efecto se ha descrito en múltiples estudios 

realizados en animales de experimentación y en 

algunos casos de humanos expuestos a dosis elevadas 

de uranio de forma accidental. Sin embargo, la 

producción de daño renal por exposición crónica está 

poco documentada, lo que se debate en el artículo de 

revisión adjuntado en el anexo IV. 

Anexo VI: análisis detallado sobre la 

controversia existente en cuanto a la nefrotoxicidad 

que produce la exposición crónica a uranio, el artículo 

de revisión se ha titulado “Nephrotoxicity of 

uranium: Pathophysiological, Diagnostical and 

Terapeutic perspectives.”

�����
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Existen diversos procedimientos para evaluar 

el daño renal, que van desde sencillos análisis 

cualitativos y ensayos bioquímicos hasta estudios 

anatomo-patológicos más complejos. A continuación 

se describen los más comúnmente utilizados. 

3.1. Medida de la filtración glomerular. 

La filtración glomerular se puede medir 

directamente calculando el aclaramiento de la inulina 

(sustancia exógena) o la creatinina (producto 

endógeno derivado de la musculatura esquelética), 

pues ambas sustancias se filtran fácilmente y no se 

reabsorben ni secretan en gran medida. Las 

concentraciones del nitrógeno ureico en sangre 

(BUN), de la creatinina sérica y de la urea son 

marcadores indirectos de la filtración glomerular. Así, 

un aumento de su concentración en sangre sugiere una 

disminución de la filtración glomerular. 

Actualmente se recomienda, con limitaciones, 

el uso de determinadas ecuaciones para valorar la 

filtración glomerular y, en general, la función 

excretora renal. Estas ecuaciones toman como base 

los valores de la concentración plasmática de 

creatinina, pero los corrigen con ciertos datos 

antropométricos de los pacientes, como la edad, el 

sexo y el peso. Las ecuaciones más utilizadas son las 

denominadas Ecuación de la Modificación de la Dieta 

en la Enfermedad Renal (MDRD, por sus siglas en 

inglés) y la Ecuación de Cockcroft-Gault en los 

adultos, y la Schwartz en los niños (Herget-Rosenthal 

y cols., 2007). 

3.2. Análisis del sedimento urinario. 

El análisis del sedimento urinario también 

proporciona una cierta información pues la presencia 

de células epiteliales indica una lesión tóxica, 

mientras que la presencia de células sanguíneas es 

indicativa de una posible infección. 

3.3. Estudio histopatológico del riñón. 

El análisis histopatológico del riñón es muy 

útil para identificar la localización, la naturaleza y la 

intensidad de la lesión nefrotóxica. Sin embargo su 

uso está muy restringido por la dificultad que entraña 

la obtención de muestras tisulares (biopsias). La mera 

observación de una preparación de tejido renal, 

debidamente procesada y teñida (normalmente con 

hematoxilina y eosina) proporciona una idea de las 

estructuras más afectadas. Mediante estudios 

histoquímicos e inmunocitoquímicos puede detectarse 
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la presencia o ausencia de antígenos marcadores de 

daño menos evidente, de forma muy localizada en 

cada estructura y tipo celular. 

3.4. Estudio de la composición de la orina  

La lesión renal puede ser detectada también 

mediante la evaluación de una serie de compuestos 

presentes en la orina, como proteínas, glucosa y 

electrolitos. Una elevada concentración de glucosa en  

la orina (glucosuria), en tanto que su concentración 

plasmática es normal, puede estar relacionada con 

defectos de reabsorción de los azúcares en el túbulo 

proximal causados por un tóxico o puede ser 

secundaria a hiperglucemia. 

La excreción urinaria de proteínas de elevado 

peso molecular, como la álbumina, sugiere la 

existencia de lesiones glomerulares, mientras  que la 

excreción de proteínas de bajo peso molecular, como 

la b-2-microglobulina debe hacer sospechar una lesión 

del túbulo proximal. Además son marcadores de 

proteinuria tubular: alfa-1-microglobulina, proteína 

unida a retinol (RBP), cistatina C, amilasa, etc., así 

como las proteínas villin (del citoesqueleto tubular e 

intestinal) y Tamm-Horsfall (THP) (del asa de Henle). 

La eliminación por la orina de enzimas que ocupan el 

borde en cepillo de las células tubulares, como  la 

fosfatasa alcalina (FAL) y la gamma-glutamil-

transferasa (GGT), se debe a lesiones del borde en 

cepillo, mientras que la excreción de otras enzimas, 

como la lactatodeshidrogenasa (LDH), glutatión 

transferasa (GST) y la alanina-aminopeptidasa (AAP), 

puede reflejar una lesión celular más generalizada. La 

lesión de la papila renal por agentes papilotóxicos 

libera N-acetil-beta-D-glucosaminidasa (NAG),  una 

hidrolasa lisosómica que posee varias isoenzimas 

(presente también tras la lesión del túbulo proximal), 

acompañadas por un aumento del volumen de orina 

con osmolalidad baja. 

Sin embargo, hay que tener en cuenta que a 

pesar de que los marcadores mencionados 

anteriormente parecen proporcionarnos información 

más precisa del lugar donde se produce el daño, éstos  

poseen limitaciones,  su especificidad  es muy 

relativa, aparecen elevadas indistintamente de cual sea 

la etiología del daño renal. Un ejemplo es el caso de la 

enzima NAG, se han observado aumentos de esta 

enzima en orina de pacientes con nefropatía 

membranosa, glomelulonefritis 

membranoproliferativa, glomeruloesclerosis 

segmentaria focal, pielonefritis obstructiva, 

nefroesclerosis, nefropatía diabética y nefropatía de 

cambios mínimos (Sherman y cols., 1983).   
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En la práctica clínica, el fallo renal agudo se 

diagnostica cuando la disfunción renal produce 

síntomas que se pueden medir. Estos típicamente se 

basan en la determinación de los niveles plasmáticos 

de creatinina y urea. Lo más habitual es que sus 

concentraciones en la sangre aumenten a medida que 

la TFG disminuye. Sin embargo, en ese estado en el 

que ya se observa aumento de los niveles séricos de 

urea y creatinina, el fallo renal agudo resulta difícil de 

tratar y se ha perdido mas del 50 % de la función 

renal. Así, las tendencias actuales en el diagnóstico 

buscan detectar eventos fisiopatológicos incipientes 

producidos en etapas tempranas, cuando el daño está 

menos extendido (Vaidya y cols., 2008), a través de  

marcadores muy tempranos (figura 7). 

Otro aspecto importante en la búsqueda de 

marcadores de daño renal, es la capacidad de 

diferenciar la nefrotoxicidad producida por unos 

fármacos de la producida por otros, p.e. en pacientes 

polimedicados, mediante marcadores diferenciales o 

etiológicos de daño renal (Ferreira y cols., 2011).

Además de los marcadores arriba indicados, 

recientemente ha surgido un nuevo concepto, el de 

predisposición al daño renal (Quirós y cols., 2010). 

Esto sucede cuando la admnistación de fármacos a 

dosis que no deberían de ser tóxicas, o la exposición a 

sustancias ambientales que en un principio no 

producen ninguna alteración renal predisponen a 
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sufrir insuficiencia renal aguda cuando el indivíduo se 

expone a un segundo nefrotóxico. La búsqueda de 

biomarcadores capaces de detectar dicha condición 

también supone un reto en la mejora del manejo de 

esta enfermedad.

4.1. Una nueva generación de marcadores 
sensibles y tempranos de daño renal 
agudo. 

Los procesos fisiopatológicos característicos 

de la insuficiencia renal aguda comprenden tanto 

mecanismos relacionados con el daño como con la 

respuesta reparadora del organismo. Durante el daño a 

las estructuras renales, sus componentes o derivados 

metabólicos, compuestos de degradación o restos de 

ellos podrían verterse a la orina donde podrían ser 

detectados y utilizados como marcadores de lesión. El 

contacto directo de los epitelios renales con la orina 

facilita la aparición en ésta de moléculas y fracciones 

celulares procedentes de los procesos fisiopatológicos 

de estos tejidos. Los posibles marcadores pueden 

tener su origen, entre otros, en la síntesis, activación o 

inhibición de mediadores de los procesos bioquímicos 

y de constituyentes estructurales celulares 

relacionados con procesos como la apoptosis y la 

regeneración tisular. Así mismo, podrían encontrarse 

en la orina indicios de la destrucción de los tejidos 

(células, matriz extracelular, membranas basales, 

etc.), bien como moléculas enteras, fracciones de 

éstas, organelas o restos de ellas y de fracciones 

celulares o tisulares. 

El biomarcador ideal de FRA sería aquel de 

alta sensibilidad y especificidad, fácil de cuantificar, 

reproducible, barato, específico para el riñón, que 

aparezca precozmente en el curso del fracaso renal. A 

su vez también es importante que el biomarcador 

Figura 7. Biomarcadores para el diagnóstico de la lesión renal. Abreviaturas: NAG, N-acetyl-beta-D-

��	�����$�$������
�=��
���-2-microglobulina, a1M, alfa-1-�$�����
	�$����'�>��)���8�������$���������$�����

KIM-������2�	��������?����������@�+.���$)����$�������$��������������$����������	��6$�����&A'����)���8���
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NHE3, intercambiador 3 de Na/H (adaptada de Vaidya y cols., 2008) 
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tenga la capacidad de valoración del pronóstico de la 

enfermedad (duración y gravedad del FRA), que 

defina el curso del FRA y que pueda monitorizar las 

respuestas al tratamiento (si existe mejora o 

empeoramiento de la funcionalidad renal). Sin 

embargo, resulta difícil pensar que un único marcador 

pueda llegar a acometer todas estas funciones. Es por 

esto que actualmente se está instaurando la idea de 

que, para hacer un seguimiento eficaz del daño renal 

desde que aparece el riesgo hasta que se produce la 

reparación del daño renal, es necesario el uso de una 

colección de biomarcadores. 

Identificar marcadores en muestras de orina 

resulta ventajoso frente a otras muestras biológicas ya 

que se obtiene fácilmente y es una técnica no 

invasiva. Además contiene marcadores que se liberan 

directamente del riñón, útiles para el diagnóstico 

precoz y monitorización de enfermedades en la 

práctica clínica diaria. 

La detección en la orina de ciertas enzimas 

celulares procedentes de la lesión de células renales, 

es actualmente el procedimiento más refinado para la 

detección temprana del FRA que cursa con daño 

tubular, como se comentó anteriormente en el 

apartado 3.4. Estas enzimas incluyen la NAG, pero 

también otras como LDH, FAL o GGT. La mayor 

parte de estas enzimas tienen un valor moderado 

como marcadores urinarios tempranos y sensibles del 

fallo renal agudo, debido principalmente a problemas 

de especificidad, estabilidad e inhibición por otros 

componentes de la orina (Vaidya y cols., 2008). La 

determinación de la actividad de la NAG en la orina 

es una de las técnicas más finas para la detección de 

daño leve, aunque su uso todavía no está consolidado 

como técnica diagnóstica habitual (Price, 1982, 1992, 

2002, Vaidya y cols., 2008) 

Atendiendo a las necesidades de encontrar 

nuevos biomarcadores que se aproximen al concepto 

de biomarcador ideal, en la última década se ha 

identificado, validado y desarrollado una nueva 

generación de marcadores sensibles y tempranos. 

Estos novedosos marcadores son capaces de detectar 

el daño renal agudo en sus fases iniciales, mucho 

antes de que se agote la reserva funcional renal y, por 

tanto, se manifieste la disfunción. Éstos incluyen, 

entre otros, la medida en la orina de la molécula de 

lesión renal 1 (KIM-1, por sus siglas en inglés kidney 

injury molecule 1), la lipocalina asociada a la 

gelatinasa neutrófila (NGAL, por sus siglas en inglés 

neutrophil gelatinase associated lipocalin), inhibidor 

1 del activador del plasminógeno (PAI-1, por sus 

siglas en inglés plasminogen activator inhibitor 1), 

cistatina C, interleuquina 18 (IL-18), proteína unida al 

retinol (RBP, por sus siglas en ingles, retinol binding 

protein) y otros. Es probable que estos marcadores 

sean útiles para medir el tiempo inicial del daño y la 

evaluación de la FRA, así como para distinguir entre 

los diversos tipos y etiologías de FRA (Bonventre, 

������ @�	���� �� ��(��;���� ������  �$���� �� ����"��

2008 y Waikar y Bonventre., 2008).  

KIM-1, es una glicoproteína de membrana de 

tipo I, que se ha desarrollado como un marcador 

precoz. El ectodominio de KIM-1 aparece antes que la 

NAG en la progresión del daño renal agudo, como 

resultado de una gran variedad de daños (Ichimura, 

2004, Waikar y Bonventre, 2008), incluyendo el 

tratamiento con la gentamicina (Zhou y cols., 2008), 

tanto en animales de experimentación como en 

humanos (Van Timmeren y cols., 2007). Un análisis 

de 31 estudios publicados sobre la capacidad de 

diagnóstico de varios marcadores de última 

generación en la orina humana, ha puesto de 

manifiesto que KIM-1 es un buen marcador para 

diferenciar el daño renal agudo (especialmente 

asociado a la necrosis tubular aguda) y otros tipos de 

daño renal, como la enfermedad renal crónica (Coca y 

cols., 2008).  

NGAL, es una lipocalina que se sintetiza 

rápidamente en el epitelio dañado, se detecta en la 

orina y en el plasma tras el inicio del daño renal 

(Devarajan., 2008) independientemente del 

mecanismo de daño (Nickolas y cols., 2008), y de 

forma sustancial es detectado antes que otros 
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marcadores (Devarajan, 2008). Hasta el momento, 

diferentes estudios de cohortes de tamaño medio en 

pacientes, no sólo han corroborado la utilidad de 

NGAL como una herramienta de diagnóstico y 

pronóstico, sino también como uno de los mejores 

marcadores predictivos de daño renal agudo (Nickolas 

y cols., 2008).  Desafortunadamente, la utilidad 

diagnóstica de esta proteína se ve limitada puesto que 

presenta baja selectividad. Este marcador aumenta con 

los síndromes inflamatorios.  

La cistatina C es una proteína producida por 

las células nucleadas y se cree que es uno de los 

inhibidores más importantes de la proteasa cisterina. 

Su bajo peso molecular y alto punto isoeléctrico le 

permiten ser filtrada libremente y se reabsorbe casi 

totalmente en el epitelio tubular donde se cataboliza. 

Además, su producción es estable por lo que es un 

buen indicador para evaluar la tasa de filtración 

glomerular. Algunos estudios demuestran que es un 

marcador más sensible que la creatinina sérica y el 

aclaramiento de creatinina en diversas enfermedades 

renales como por ejemplo la nefropatía por depósitos 

de inmunoglobulina A (IgA), que puede ser utilizada 

para predecir el pronóstico de una manera más 

temprana en estos pacientes. (Shimizu-Tokiwa y cols., 

2002, Arias y cols., 2005).  Otros autores han 

postulado que en presencia de alteraciones tubulares 

se produce una disminución de la degradación de la 

cistatina C, por lo que sus niveles urinarios aumentan. 

Este incremento se ha propuesto como posible método 

diagnostico de disfunción tubular (Conti y cols., 2006, 

Uchida  y Gotoh, 2002).  

La vimentina es una proteína del citoesqueleto 

de las células poco diferenciadas, y por ello es un 

marcador de células regenerativas y desdiferenciadas, 

y un marcador de regeneración tisular (Gröne y cols., 

1987). Aumenta en los riñones tras el daño agudo y 

crónico, como consecuencia de diferentes etiologías 

���7$���� $�4	2�$���� ���"!� � $����	�(�� �� ����"�� ������

Yang y cols., 2007). Incluso parece que esta molécula 

es importante para la reparación renal tras el daño, ya 

que los ratones deficientes en ella recuperan peor la 

función renal tras la isquemia (Runembert y cols., 

2004).  

IL-18 es un mediador de inflamación y 

lesiones del tejido isquémico en muchos órganos. 

Recientemente se ha demostrado que la IL-18 es un 

mediador del FRA en ratones. En el trabajo Melnikov 

y cols (2001) se observó presencia de IL-18 en células 

epiteliales del túbulo proximal de ratones sham. Las 

concentraciones de IL-18 en orina humana predicen la 

lesión proximal tubular tras isquemia o trasplante 

renal (Melnikov y cols., 2001, Parikh y cols., 2004), 

tras observar mayores niveles de IL-18 urinaria en 

pacientes que presentaban enfermedades renales. La 

rápida disminución en la orina tras el trasplante 

predice una mejora en la función renal y se asocia a la 

normalización en plasma de los niveles de creatinina 

(Parikh y cols., 2004). Por lo tanto, la detección de 

incrementos en la IL-18 urinaria puede ser una 

herramienta valiosa en el diagnostico diferencial de la 

disfunción renal aguda, sobre todo después del 

trasplante. 

Algunos de estos marcadores disponen ya de 

kits comerciales de inmunohistoquímica (como 

NGAL) o de química seca (para KIM-1) que permiten 

utilizarlos en la escala del análisis poblacional, 

aunque todavía deben consolidarse en la práctica 

clínica habitual para la detección precoz del daño 

renal agudo. 

4.2 Diagnóstico etiológico diferencial del 
FRA. 

Otra posibilidad para mejorar el diagnostico 

del daño renal agudo es el diagnóstico etiológico 

diferencial, es decir, la identificación de la causa. Por 

ejemplo, sería de gran utilidad poder diferenciar el 

daño renal causado por un fármaco o agente 

determinado del ejercido por otros (Cataldi y cols., 

2002). Actualmente esto es casi imposible ya que casi 

todas las formas de daño renal agudo dan lugar a los 

mismos marcadores, especialmente dentro del grupo 

de causas de un mismo tipo de FRA, como por 

ejemplo, la necrosis tubular aguda.  
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Esto sería de gran utilidad en aquellas 

situaciones clínicas en las que en un mismo paciente 

convergen a la vez diferentes fármacos y 

procedimientos potencialmente nefrotóxicos. En ese 

contexto, en aquellos pacientes en los que aparecen 

síntomas precoces de daño renal, sería muy útil poder 

conocer cuál de todas las causas potenciales de daño 

renal es la responsable principal del daño. De esta 

manera se podría actuar específicamente sobre esa y 

respetar las demás. Un ejemplo específico de estas 

situaciones es el caso de los pacientes polimedicados. 

En ellos, cuando aparecen síntomas de daño renal, es 

imposible determinar con la tecnología existente cuál 

de esos fármacos es el desencadenante del efecto 

tóxico. La identificación de marcadores específicos de 

cada fármaco y de cada causa de FRA permitirá 

realizar un tratamiento más racional, individualizado y 

específico de éstas situaciones clínicas cotidianas.  

Recientemente, en nuestro grupo de 

investigación, se han identificado dos nuevos 

biomarcadores urinarios candidatos para el 

diagnóstico diferencial, que son las proteínas Reg IIIb 

(del inglés regenerating islet-derived protein III) y 

gelsolina (Ferreira y cols., 2011). Estas proteínas 

aparecían en la orina de ratas con daño renal  

producido por la administración de gentamicina y sin 

embargo no estaban presentes en la orina de ratas con 

daño renal inducido por la administración de 

cisplatino. Los resultados obtenidos en este estudio 

proporcionan una prueba de concepto sobre la 

posibilidad de diferenciar la nefrotoxicidad de unos 

fármacos de la de otros y abre nuevos caminos en el 

estudio de los biomarcadores.

4.3. Diagnóstico de la predisposición 
adquirida al FRA, aguda y crónica.  

Los tratamientos con fármacos potencialmente 

nefrotóxicos constituyen factores de riesgo de FRA 

para la administración conjunta de otros fármacos 

potencialmente nefrotóxicos. Así mismo, la 

exposición crónica a sustancias medioambientales, 

como puede ser el caso de los metales pesados, 

también podría actuar como un  factor de riesgo de 

sufrir FRA cuando existe administración conjunta de 

otros fármacos  nefrotóxicos. En general, tanto en un 

caso como en otro, esta circunstancia se ha 

considerado tradicionalmente como la suma de dos 

elementos que desencadenan un FRA. Sin embargo, 

los estudios de esta Tesis Doctoral demuestran que el 

tratamiento con un fármaco (el cisplatino) o la 

exposición crónica a una sustancia ambiental (el 

uranio), ambos potencialmente nefrotóxicos, pero a 

dosis que no produce ningún síntoma de daño renal, 

predisponen al desarrollo de FRA.  

Dicha predisposición se pone de manifiesto 

cuando los animales previamente tratados bien con el 

cisplatino o bien con el uranio, se someten a un 

segundo agente potencialmente nefrotóxico, en un 

régimen que en un animal no predispuesto no produce 

alteraciones  importantes de la función renal. Así, más 

que de sumación de efectos, debemos hablar de una 

sinergia entre los dos agentes, que tiene consecuencias 

farmacológicas, clínicas y socioeconómicas de gran 

importancia.  Por ejemplo, un 0.6-2.3% de los 

pacientes sometidos a una radiografía de contraste, sin 

historia previa de enfermedad renal, desarrollan algún 

grado de FRA (Mehran y cols., 2006). Algunos de 

estos pacientes podrían cursar silenciosamente con un 

incremento del riesgo al FRA debido a un tratamiento 

previo con un nefrotoxico como la gentamicina, el 

cisplatino o por la exposición a un agente ambiental 

(como el cadmio o el uranio) sin ninguna evidencia 

clínica, ni síntomas de lesiones renales, donde la TFG 

y los niveles urinarios de marcadores sensibles al 

daño renal (por ejemplo, KIM-1, NGAL) se 

mantienen en los valores normales. Así, estos 

pacientes tendrían un riesgo teórico incrementado, 

pero difícil de evaluar individualmente.  

Por este motivo, la identificación de 

marcadores o sistemas de diagnóstico que sean 

capaces de detectar la predisposición al FRA 

adquirida mediante tratamientos farmacológicos o 

agentes potencialmente nefrotóxicos podrían ser de 

gran utilidad para identificar los pacientes de riesgo y 

estratificar su condición de una manera personalizada, 
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antes de someterlos a nuevas intervenciones, procesos 

o tratamientos que puedan desencadenar el daño. Los 

datos presentados en esta Tesis Doctoral reafirman el 

concepto de predisposición al daño renal. Para ello 

hemos utilizado dos modelos de predisposición 

diferentes, uno de predisposición aguda y otro de 

predisposición crónica. 

En el primer modelo experimental hemos 

utilizado el fármaco cisplatino, administrado en una 

sola dosis. Esta situación tiene un paralelismo de gran 

relevancia clínica para el ser humano. Millones de 

pacientes reciben cada año tratamientos con cisplatino 

en los que, en principio, y a dosis subtóxicas, no se 

detecta ninguna alteración renal. Sin embargo, 

nuestros resultados indican que pueden estar en mayor 

riesgo de sufrir un grave FRA por exposición paralela 

o subsiguiente a otros agentes potencialmente 

nefrotóxicos que en condiciones normales no 

afectarían a la función renal, pero que, por acción del 

cisplatino ven reducido su umbral de nefrotoxicidad .  

Para el segundo modelo experimental se ha 

utilizado un nefrotóxico medioambiental administrado 

de forma crónica, el uranio. La importancia de este 

estudio radica en que podría poseer un paralelismo 

con situaciones concretas en los humanos, como por 

ejemplo los trabajadores de las fábricas de uranio o 

los residentes cercanos a ellas, que generalmente están 

expuestos a elevados niveles de este metal. Esta 

población podría no tener ninguna afectación clínica 

evidente en los controles médicos habituales, y sin 

embargo, estar desarrollando una predisposición al 

daño renal que se manifestaría en determinadas 

circunstancias en las que se viesen sujetos a la acción 

de un segundo nefrotóxico, como por ejemplo un 

fármaco. El hallazgo de marcadores de predisposición 

crónica al daño renal sería interesante para detectar 

esta condición y poder prevenir la aparición de un 

fracaso renal agudo en este tipo de pacientes.  

  Pero estos dos modelos no son los únicos en 

los que se pone de manifiesto el concepto de 

predisposición al daño renal. Nuestro grupo de 

investigación tiene sólidas evidencias de que este no 

es un caso aislado (Quirós y cols., 2010). Otro tóxico,  

la gentamicina, también causa este tipo de 

predisposición. En este modelo se han encontrado 

marcadores con posibilidades de uso como método de 

diagnóstico. La investigación para la identificación y 

desarrollo de marcadores de predisposición debe, 

según nuestra opinión, extenderse a otras causas de 

daño renal de diferente naturaleza, e incluso a la 

predisposición de otros efectos tóxicos de los 

fármacos, como la hepato, cardio o neurotoxicidad. 

Esto dará lugar a un nuevo concepto “teranóstico” en 

el que nuestra capacidad diagnóstica se anticipe a los 

primeros signos o síntomas de las enfermedades y 

prevenga su aparición mediante la identificación de 

individuos con alto riesgo adquirido. 
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Nephrotoxicity is one of the most important side effects and

therapeutical limitations of aminoglycoside antibiotics,

especially gentamicin. Despite rigorous patient monitoring,

nephrotoxicity appears in 10–25% of therapeutic courses.

Traditionally, aminoglycoside nephrotoxicity has been

considered to result mainly from tubular damage. Both lethal

and sub-lethal alterations in tubular cells handicap

reabsorption and, in severe cases, may lead to a significant

tubular obstruction. However, a reduced glomerular filtration

is necessary to explain the symptoms of the disease. Reduced

filtration is not solely the result of tubular obstruction and

tubular malfunction, resulting in tubuloglomerular feedback

activation; renal vasoconstriction and mesangial contraction

are also crucial to fully explain aminoglycoside

nephrotoxicity. This review critically presents an integrative

view on the interactions of tubular, glomerular, and vascular

effects of gentamicin, in the context of the most recent

information available. Moreover, it discusses therapeutic

perspectives for prevention of aminoglycoside

nephrotoxicity derived from the pathophysiological

knowledge.

Kidney International advance online publication, 22 September 2010;

doi:10.1038/ki.2010.337

KEYWORDS: aminoglycoside antibiotics; gentamicin; nephrotoxicity;

pathophysiology; prevention

INTRODUCTION: AMINOGLYCOSIDE ANTIBIOTICS
AND NEPHROTOXICITY

Aminoglycoside antibiotics (AG) are widely used in the

treatment of a variety of infections (for example, ocular,

pulmonary, and intestinal infections) produced by Gram-

negative bacteria and bacterial endocarditis.1 Their cationic

structure, which depends on the number of amino groups

and on their distribution within the molecule, seems to have

an important role in their toxicity, mostly affecting renal
(nephrotoxicity2) and hearing (ototoxicity) tissues in which

they accumulate. In spite of their undesirable toxic effects,

AGs still constitute the only effective therapeutic alternative

against germs insensitive to other antibiotics. This is

primarily because of their chemical stability, fast bactericidal

effect, synergy with betalactamic antibiotics, little resistance,

and low cost.3 In spite of being one of the most nephrotoxic

AG, gentamicin is still frequently used as a first- and second-
choice drug in a vast variety of clinical situations. Moreover,

this aminoglycoside has been widely used as a model to study

the nephrotoxicity of this family of drugs, both in experi-

mental animals and human beings.4–6 Most of the available

data on the mechanisms responsible for AG nephrotoxicity

has been obtained from gentamicin, especially at the

preclinical level, in animal models or cell culture studies.

Although there are some reviews about the mechanisms
explaining the toxic effects of gentamicin in the tubular

epithelium, renal vasculature, and glomeruli, they lack an

integrative view that brings together glomerular and tubular

effects and their possible interplays. Thus, the purpose of this

article is to review the effects of gentamicin in several kidney

compartments with an integrative approach in order to

further explain its nephrotoxicity.

NEPHROTOXICITY OF GENTAMICIN
Incidence and risk factors

The incidence of aminoglycoside nephrotoxicity has progres-

sively increased since its introduction, until reaching 10–25%

of the treatments, despite the accurate control and follow-up

exercised on patients.5–9 Clinical studies lead to the conclu-

sion that the incidence of renal damage varies depending

on the target population,10–13 which indicates that some
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individuals seem to be more sensitive than others. Table 1

shows the most important risk factors for the nephrotoxicity

of gentamicin and, in general, of AGs.14–17

Clinical manifestations

The typical clinical manifestation of aminoglycoside toxicity

is nonoliguric or even polyuric renal excretion dysfunc-

tion,10,18–20 accompanied by an increase in plasma creatinine,

urea and other metabolic products of the organism,

proteinuria, enzymuria, aminoaciduria, glycosuria, and

electrolyte alterations (hypercalciuria, hypermagnesuria,
hypocalcemia, and hypomagnesemia).21,22

TUBULAR EFFECTS

The tubular toxicity of gentamicin presents two aspects:

(i) the death of tubular epithelial cells, mainly within the

proximal segment, with a very important inflammatory

component associated and (ii) the nonlethal, functional

alteration of key cellular components involved in water and

solute transport.

Mechanisms of tubular cell death

A central aspect of aminoglycoside nephrotoxicity is their

tubular cytotoxicity. Treatment of experimental animals with
gentamicin results in apoptosis23–25 as well as necrosis26 of

tubular epithelial cells. In culture, gentamicin also causes

both apoptosis27 and necrosis of these cells.28 The phenotype

of death might depend on the concentration of the drug, as

with other cytotoxic compounds such as cisplatin and

H2O2.
29,30 It might also depend on the concurrence of other

triggering or predisposing factors, such as the degree of

ischemia, on specific points of the renal parenchyma.
Apoptosis is an ATP-requiring process. When the cell’s ATP

reserve drops, the death mode loses the typical characteristics

of apoptosis and acquires those of necrosis.31 Hypoxia

inhibits respiration, ATP production, and sensitizes cells to

Fas ligand32 and induces cell death.33,34 However, the most

commonly observed phenotype in vitro is apoptosis, probably

because it is necessary to expose cultured cells to high

concentrations of the drug (41 to 2mg/ml) to observe a
modest cytotoxic effect.28,35,36 Figure 1 graphically depicts the

Table 1 | Risk factors of aminoglycoside antibiotics related to
patient and treatment characteristics, and to the
concomitant administration of other drugs

Patient Treatment Other drugs

Older age Longer treatment NSAIDs
Reduced renal function Higher dosage Diuretics
Pregnancy Split dosage Amphotericin
Dehydration — Cisplatin
Renal mass reduction — Cyclosporin
Hypothyroidism — Iodide contrast media
Hepatic dysfunction — Vancomycin
Metabolic acidosis — Cephalosporin
Sodium depletion — —

Abbreviation: NSAIDs, nonsteroidal anti-inflammatory drugs.
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mechanisms of cytotoxicity detailed in the following

paragraphs.

Gentamicin cytotoxicity occurs in those cell types in which

the drug accumulates. In the kidneys, these cells constitute

the epithelial cells in the cortex, mainly in the proximal

tubule of experimental animals37 and humans,16 and also in

the distal and collecting ducts.38 A higher accumulation of

gentamicin in these cells is consistent with the expression of
a transporter of proteins and cations, namely, the giant

endocytic complex formed by megalin and cubilin, which is

restricted to the proximal tubule. This complex is known to

transport gentamicin and, in general, AGs, by endocytosis.39

These drugs then traffic through the endosomal compart-

ment and accumulate mostly in lysosomes, the Golgi, and

endoplasmic reticulum.40–41 Gentamicin binds to membrane

phospholipids, alters their turnover and metabolism, and, as
a consequence, causes a condition known as phospholipi-

dosis that has been observed in humans7 and experimental

animals treated with the drug.42,43 Lysosomal phospholipi-

dosis results from (i) the reduction in the available negative

charge necessary for the correct function of phospholipases44

and (ii) inhibition of A1, A2, and C1 phospholipases.4,45,46

Phospholipidosis correlates tightly with the level of toxicity

of aminoglycosides.43,47,48 Moreover, agents protecting from
phospholipidosis, such as polyaspartic acid, also prevent

aminoglycoside nephrotoxicity.49–51 However, the effect of

polyaspartic acid has been ascribed to its capacity to bind

gentamicin and thus to prevent its union to phospholipids.52

Binding to phospholipids is also a requirement for gentami-

cin endocytosis,53,54 indicating that further investigation is

necessary to ascertain the exact role of phospholipidosis in

tubular cell death.
When the concentration of aminoglycoside in endosomal

structures exceeds an undetermined threshold, their mem-

brane is disrupted and their content, along with the drug,

is poured into the cytosol.55,56 Cytosolic gentamicin then

acts on mitochondria directly and indirectly,57,58 and thus

activates the intrinsic pathway of apoptosis, interrupts the

respiratory chain, impairs ATP production,58,59 and produces

oxidative stress by increasing superoxide anions and hydroxyl
radicals,60,61 which further contributes to cell death. The

indirect mitochondrial effect is mediated by increasing Bax

levels62 through the inhibition of its proteosomal degrada-

tion.35 In addition, the lysosomal content bears highly active

proteases named cathepsins, which are capable of producing

cell death.63 Cathepsin-mediated cell death occurs through

apoptosis by directly cleaving active executioner caspases and

indirectly unleashing the intrinsic pathway through the
proteolytic activation of Bid.64,65 In high amounts, cathepsins

also cause a massive proteolysis that, especially under low

ATP conditions, leads to a rapid, necrotic-like mode of cell

death.66

In the endoplasmic reticulum, gentamicin inhibits protein

synthesis,67,68 impairs translational accuracy,69 and might

interfere with the correct posttranslational protein folding.62

This generates endoplasmic reticulum stress and activates the

unfolded protein response that, on continuous stimulation,

activates apoptosis through calpains and caspase 12.70–72

Finally, activation of the extracellular calcium-sensing

receptor (CaSR) with gentamicin and other aminoglycosides

has also been shown to induce a mild degree of apoptosis in

CaSR-expressing tubule cells and not in those lacking it.

However, CaSR is also expressed in gentamicin-resistant cells

including bone, brain, colon, parathyroid gland, smooth
muscle, endothelial cells, and so on. Clearly, more informa-

tion is necessary to clarify the exact role and the relative

weight of CaSR stimulation in tubule cell death induced by

aminoglycosides.

Sub-lethal alterations in tubular reabsorption

In experiments carried out with cultured cells or membrane

vesicles from tubular cells, it has been shown that gentamicin,
independently of cell injury, inhibits a variety of cell

membrane transporters of both the brush-border and the

basolateral membrane (reviewed in Mingeot-Leclercq and

Tulkens20) including (i) Na-Pi cotransporter73 and Na-H

exchange;74 (ii) carrier-mediated dipeptide transport;75 (iii)

electrogenic Na transport;76 and (iv) Na-K adenosine

triphosphatase.77,78 Transport inhibition affects tubular

reabsorption, but it may also compromise cell viability
(Figure 1). For example, Na-K adenosine triphosphatase is a

key component of cell volume homeostasis, and deregulated

swelling may lead to necrosis or apoptosis.79,80 As early as

30min after gentamicin renal perfusion21 or 3 h after

gentamicin administration to rats,81 deficient reuptake of

calcium and magnesium is observed, leading to hypercalciur-

ia, hypermagnesiuresis, and hypomagnesemia, before altera-

tions in renal handling of Naþ and Kþ , and before
detectable signs of renal damage and toxicity are evident.

Gentamicin is transported by and also competes with

proteins, organic cations, and other molecules for the

megalin–cubilin endocytic complex in the proximal tubule,

and thus impairs their reabsorption.82–85

Tubular effects cannot solely explain the reduced
glomerular filtration rate

The spilling of tissue and cellular residues to the tubular

lumen partially or totally obstructs the tubules.86,87 Tubular

obstruction reduces, or even voids, the excretory function of

the affected nephrons. In addition, it increases the hydrostatic

pressure inside the tubule and in the Bowmans’ capsule,

which reduces filtration pressure gradient and, therefore, the

glomerular filtration rate (GFR). Moreover, the increase of

intratubular pressure increases the leak of the ultrafiltrate
toward the interstitial space (backleak) and peritubular

capillaries, and, thus, decreases excretion of the filtrate

products.86 Accordingly, tubular obstruction may account for

a part of the reduced filtration caused by gentamicin.

However, in mild cases and early stages of severe cases, that

is, in the absence of significant tubular obstruction, a relevant

accumulation of creatinine and uremic products can be

detected in the blood, which is usually the evidence that alerts
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on the underlying renal damage, and indicates that, by

that time, GFR is already reduced. In the absence of

significant nephron obstruction, an increase in plasma

creatinine (and other products) can only be explained by a

reduced GFR.

Tubular damage leads to a dysfunctional reabsorption

process that produces an excessive delivery of water and

electrolytes to the distal part of the nephron, which in turn
triggers the tubuloglomerular feedback (TGF) mechanism.

TGF is brought about by an angiotensin-II and adenosine-

mediated afferent and efferent arteriole effects, and the

subsequent decrease in GFR.88,89 TGF is activated as a

protective mechanism to avoid massive loss of water and

electrolytes.90 The TGF mechanism is known to adapt in a

period of time ranging from 1 to 24 h.91,92 Therefore, its role

in the reduction of glomerular filtration should, theoretically,
disappear after this interval. However, GFR continues to

decrease as long as gentamicin treatment is maintained. As

described in the following sections, oxidative stress, inflam-

mation, and the release of vasoconstrictors induce mesangial

and vascular contraction (see below). These may explain why

GFR remains low even in the absence of an active TGF and of

significant tubular obstruction. In addition, it can also be

hypothesized that gentamicin might inhibit or modulate
TGF-adaptive mechanisms.

GLOMERULAR EFFECTS

The glomerulus is the first part of the nephron to come

into contact with chemical agents. Gentamicin has glomer-

ular effects that alter filtration (Figure 2). (i) Gentamicin

produces mesangial contraction (reviewed in Martı́nez-

Salgado et al.
93) and results in Kf (ultrafiltration coefficient)

and GFR reduction;94,95 (ii) gentamicin also stimulates

mesangial proliferation paralleled by an increase in apoptosis

of these cells, which basically compensate each other;93,96 (iii)

despite the fact that gentamicin does not generate significant

morphological changes in the glomerulus, in high-dose

treatments, a slight increase in size, alteration of their round
shape and density, and a diffuse swelling of the filtration

barrier associated with neutrophil infiltration have been

detected,97 although their pathophysiological significance is

uncertain; and (iv) loss of glomerular filtration barrier

selectivity, due to the neutralization of its negative charges,98

contributes to proteinuria, especially under circumstances in

which tubular reabsorption is impaired such as in tubular

necrosis.
Early studies demonstrated that gentamicin reduces the

number and pore size of glomerular endothelial fenes-

trae,99–101 correlating with a decrease in the sieving coefficient

of low-molecular-weight proteins such as lysozyme,100 and

supporting a reduction in GFR. These effects seem to be the

consequence of mesangial contraction. Gentamicin activates

contraction of cultured mesangial cells and isolated glomer-

uli,102,103 and thus reduces Kf. Several factors induced by
gentamicin increase intracellular calcium concentration and

cause mesangial cell contraction (reviewed in Martı́nez-

Salgado et al.
93; Figure 2). They include (i) platelet-activating

factor (PAF) secretion and autocrine action;102 (ii) activation

of the renal renin–angiotensin system; (iii) production

and action of vasoconstrictors such as endothelin-1 and
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thromboxane A2 arising from endothelial dysfunction or

imbalance;104 (iv) CaSR stimulation; and (v) increase in reactive

oxygen species (ROS) production and oxidative stress.105

Activation of phospholipase A2 has also been associated

with the synthesis of some of the above mediators and with

the effect of gentamicin on mesangial cells.103 Phospholipase

A2 catalyzes the formation of arachidonic acid, a soluble

phospholipid. Arachidonic acid generates, through cycloox-
ygenase, the synthesis of thromboxane A2 which leads to

mesangial contraction. PAF is also synthesized from

the soluble phospholipids that result from phospholipase

A2 activity. PAF is recognized as an important mediator of

mesangial contraction, which decreases Kf and GFR.106–108 In

fact, PAF antagonists partially inhibit gentamicin-induced

reduction in GFR,95,109,110 and mesangial contraction in

isolated glomeruli and cultured mesangial cells.92,102,110

In rats treated with gentamicin, both proliferation and

apoptosis take place at the same time in the mesangial

compartment. Both effects apparently compensate one

another, because no net variation in the number of mesangial

cells has been reported.93,111 Mesangial proliferation is

mediated by calcium-dependent AP-1 activation.96 Mesangial

cell apoptosis is mediated by increased ROS96,111 and

probably by nitric oxide (NO) overproduction.93 Gentamicin
stimulates inducible nitric oxide synthase (iNOS) expression

and NO production in isolated glomeruli and mesangial

cells.112–114 Excessive NO production due to expression of

iNOS, especially under oxidative stress circumstances, inter-

acts with superoxide anion to forms peroxynitrite, which

causes nitrosative stress and cytotoxic effects.115 The role of

mutually counterbalancing mesangial apoptosis and prolif-

eration is not clear. Probably, one is the homeostatic
consequence of the other, in order to maintain tissue

integrity. Gentamicin might cause a mild degree of apoptosis

in mesangial cells followed by a repairing proliferation.

Alternatively, gentamicin might promote the proliferation of

mesangial cells (through the increment in Ca2þi ) that, in

the absence of tissue damage, would lead to apoptosis.93

However, both increased proliferation and apoptosis have

been detected in cultured mesangial cells treated with

gentamicin,111 which obscures both of these interpretations.
As argued in Martı́nez-Salgado et al.,93 in vivo the primary

effect would be apoptosis, with subsequent homeostatic

proliferation.

VASCULAR EFFECTS

Gentamicin induces a reduction in renal blood flow

(RBF),116,117 which is the consequence of an increased

resistance of the renal vascular bed rather than that of a

lower perfusion pressure.118 A lower RBF causes GFR to

fall119 (see Figure 3), and sensitizes tubule cells to cell death

by reduction of oxygen and ATP availability (as explained
above). RBF reduction arises initially (i) from the activation

of TGF by the handicapped tubular reabsorption, in order to

prevent massive fluid and electrolyte loss and (ii) progres-

sively, superseding TGF adaptation, by production of

vasoconstrictors within the renal vascular tree and mesangial

compartment; and by direct effects of gentamicin on vascular

cells (Figure 3).

The production of several vasocontrictors is increased
on gentamicin treatment, including endothelin-1,104 PAF,

and arachidonic acid metabolites, mainly prostaglandins and

thromboxane A2,103,120,121 arising from endothelial and

mesangial cells,93 as explained in the previous section. They

act in a paracrine manner on vascular myocytes and cause

vasoconstriction. In addition to stimulating the production
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of vasoconstrictors, gentamicin also blocks the synthesis of

vasodilator prostaglandins.120 Endothelial NO synthase-

derived NO, at low levels, mediates physiological vasodilata-

tion, whereas excessive NO production due to the over-

expression of iNOS (see above, section ‘Vascular effects’) can

cause cytotoxic effects in surrounding cells. NO interacts with

superoxide anion to form peroxynitrite, which induces

protein and cell damage and uncouples endothelial NO
synthase to become a dysfunctional superoxide-generating

enzyme that contributes to vascular oxidative stress.122

Gentamicin also impairs vascular smooth muscle-relaxing

capacity through an unraveled mechanism, theoretically

contributing to vasoconstriction and RBF reduction, to an

undetermined extent.123 However, gentamicin has also been

shown to relax isolated, precontracted arteries,124,125 through

the inhibition of phospholipase C, protein kinase C, and
calcium movements.124,125 This relaxing effect is exerted

directly on smooth muscle cells and occurs despite

gentamicin inhibiting the release of endothelium-derived

relaxing factor, secondary to inhibition of PLC.126

Finally, leukocyte margination, leading to vascular plug-

ging, congestion, and infarction, is induced by gentamicin in

retinal vessels after 48–72 h of treatment.127 It can be

speculated that vascular plugging contributing to ischemia
might also occur in the kidneys, especially under a strong

proinflammatory environment, although this has to be

specifically corroborated.

INTEGRATIVE PATHOPHYSIOLOGY OF GENTAMICIN
NEPHROTOXICITY

Classically, the nephrotoxicity of gentamicin has been

considered as a tubulopathy in which tubular damage and
tubular dysfunction are the main cause of renal insufficiency.

This may explain some clinical observations, such as

proteinuria, enzymuria, and electrolytic alterations. However,

as explained in the section ‘Tubular effects cannot solely

explain the reduced glomerular filtration rate’, in the absence

of tubular obstruction, tubular damage itself cannot account

for a reduced GFR without the concourse of extratubular

determinants. GFR reduction needs to be justified in order to
fully explain the alterations in renal excretory function,

leading to the accumulation of metabolic products in the

blood, azotemia, uremia, and the whole renal syndrome

produced by gentamicin.

Tubular and glomerular mechanisms differentially
contribute to the reduced GFR

Tubular dysfunction leads to the loss of fluid and electrolytes
that swiftly fire the TGF response, which reduces RBF and

GFR to the appropriate level. Because, under physiological

circumstances B99% of water and electrolytes in the

ultrafiltrate are reabsorbed along the tubule, a drastic

reduction in GFR must be accomplished to compensate for

a small reduction in tubular reabsorption, thus preventing

the life-threatening loss of water and electrolytes. That is why

even a mild injury to the tubular epithelium may bring about

a pathological reduction in GFR and renal failure. However,

TGF adapts within hours and its control over GFR is lost

even in the presence of an increasing tubular incompetence.

Yet, clinical and experimental observations demonstrate that,

despite TGF adaptation, GFR grows lower as gentamicin-

induced damage progresses, as described in previous sections.

Figure 4 shows the mechanisms leading to a reduced GFR.

It can be observed that tubular malfunction leading to a
defective reabsorption is the only mechanism that causes no

GFR reduction directly, although it decreases GFR indirectly

by activating the TGF mechanism, at least transitorily.

Tubular obstruction increases progressively with tubular

damage, as does its contribution to the reduced GFR. As

such, it only partially explains the whole reduction in GFR,

especially in the initial phase of acute kidney injury, which is

the most relevant clinical situation. In these circumstances
(Figure 5), a number of factors may hold GFR low in the

absence of TGF-mediated control. Contracting factors

produced by mesangial, vascular, and tubular cells, including

ROS, PAF, angiotensin-II, and endothelin-1 act in an

autocrine and paracrine manner to induce contraction of

glomerular vessels and mesangial cells, which reduce RBF and

Kf, respectively, and lower GFR. A question for the future is if

a part of the reduction in GFR caused by gentamicin would
still occur, should tubular alterations be completely and

specifically prevented, or, whether most glomerular and

vascular effects are, at least partially, independent of tubular

damage. As explained above, gentamicin-induced mesangial

activation and contraction have been documented

in cultured, isolated mesangial cells,93 indicating that no

tubular-derived stimulation is necessary for these effects.

In addition, reduced GFR and RBF may contribute to
aggravating gentamicin-induced tubular damage,128 probably

because they limit oxygen and nutrient availability to tubular

cells and facilitate oxidative stress, as it has been demon-

strated in the ischemic renal failure.

Central role of oxidative stress and inflammation: a loop of
damage amplification and a connection between tubular
and glomerular mechanisms

Oxidative stress has been suggested to have a key role in

gentamicin nephrotoxicity.129–131 This is mainly based on a

myriad of studies conducted in experimental models demon-

strating that cotreatment with a variety of antioxidants protects

from gentamicin-induced renal damage,61,117,132,133 although

clinical data is not so conclusive.134 Gentamicin directly

increases the production of mitochondrial ROS,58 which

(i) are able of damaging many cellular molecules including
proteins, lipids, and nucleic acids, thus impairing cell function

and leading to cell death; (ii) contribute to mesangial and

vascular contraction (as described in sections ‘Glomerular

effects’ and ‘Vascular effects’); and (iii) participate in

inflammation.

The nephrotoxicity of gentamicin has been shown

to involve an inflammatory response in experimental

animals135,136 and humans,137 with cell infiltration, activation
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of resident cells, increased cytokine production,138,139 and

capillary hyperpermeability.140 The inflammatory response,

initially unleashed as a defense and repair mechanism, when

globally considered seems to contribute to renal damage

progression. In fact, strategies that protect from gentamicin-

induced renal damage usually inhibit the inflammatory

response.135,141 In this sense, ROS are known to participate

in the inception and signaling of inflammation,142 which
might explain why antioxidants are very effective at softening

the renal damage inflicted by gentamicin117,143,144 (Figure 6)

and, in general, by other tubular necrosis-inducing nephro-

toxins.134,145 ROS such as superoxide anion146 and hydrogen

peroxide147 activate nuclear factor kB, which has a key role

in the inception of the inflammatory process. Indeed,

nuclear factor kB inhibitors protect the kidney against

gentamicin-induced damage.148 Nuclear factor kB induces

the expression of proinflammatory cytokines149 and iNOS.150

As described above, iNOS-derived NO can react with
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superoxide anion and produce peroxinitrite, a highly reactive

radical that contributes to cell damage and reduced vascular

relaxation.

It can be speculated that the effect of antioxidants might

be related to a combined action at different levels, including

the following: (i) softening of gentamicin’s direct cytotoxicity

(as explained above); (ii) inhibiting vasoconstriction and

mesangial contraction; and (iii) an antiinflammatory action.

However, there is little information on the ability

of antioxidants to modulate the direct cytotoxic effect of

gentamicin on cultured tubule cells. To our knowledge, only
Juan et al.151 have reported a protective effect in this sense. In

their article, tetramethylpyrazine reduces ROS accumulation

and apoptotic events in rat renal NRK-52E cells. However,

the effect of tetramethylpyrazine on cell viability is not

reported. Because there are many apoptotic and necrotic

pathways leading to cell death as a consequence of gentamicin

action, and because their redundancy and hierarchical

organization are not well understood, the magnitude
of the direct cytoprotection afforded by ROS inhibition is

unknown.

In any case, it is reasonable to think that the inflammatory

response acts as an amplifying mechanism of damage

(Figure 6). Initially, cell destruction through necrosis would

lead to the onset of an inflammatory response. Tissue debris

and cell content shed into the extracellular space trigger

inflammation,152 whereas an exaggerated inflammation
would contribute to further damage that, in turn, would

exacerbate the inflammatory response.153 Inflammation also

activates glomerular cells, such as mesangial cells, podocytes

and epithelial cells, endothelial cells, and resident and

infiltrated leukocytes. These, in turn, produce cytokines

and growth factors that contribute to the pathophysiological

process with different effects (Figure 6), including amplifica-

tion of tubular damage.154 As such, inflammation and
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vascular and mesangial contraction (VC and MC) take over and
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oxidative stress provide a connection between tubular

necrosis and glomerular and vascular activation and

contraction, which ultimately further contribute to tubular

damage, mainly through a reduction in RBF.

CLINICAL IMPLICATIONS FOR THE PREVENTION OF
NEPHROTOXICITY

Prevention of nephrotoxicity is an unmet therapeutic

objective that will improve the pharmacotoxicological profile

and the clinical utility of many drugs significantly, including

AGs. In many cases, nephrotoxicity is the most important

limitation to the dosage or intensity of the therapeutic

regimen, and may lead to serious health complications and

even death in determined cases. Nephrotoxicity is a concern

in all clinical settings, but takes special relevance among
critically ill patients. Indeed, it is estimated that B25% of the

100 most used drugs in intensive care units are potentially

nephrotoxic,155 and that nephrotoxicity is responsible for

10–20% of acute renal failure cases.156 Besides a correct

monitoring, maintenance of patient’s hydration, and applica-

tion of dialysis when necessary, there are no therapeutic tools

available to prevent or palliate drug nephrotoxicity. There are

no or very few tailored preventive strategies for individual
nephrotoxic drugs, based on specific mechanisms of action.

Nonetheless, this is another challenge for the future.

In addition to the identification of less toxic compounds,

several new strategies for the prevention of aminoglycoside

nephrotoxicity are currently under different degrees of

development, mostly at the preclinical level.

Inhibition of tubular accumulation

A proposed strategy focuses on finding drugs that prevent the
accumulation of aminoglycosides by interfering with trans-

port mechanisms. An obvious target is the megalin-related

endocytic machinery responsible for AG transport and

accumulation in tubular and auditory cells. Inhibition of

aminoglycoside transport can be approached by administer-

ing (i) competitors for the receptor that displace aminoglyco-

sides from binding to it or (ii) specific inhibitors of this

endocytic pathway. Certain protein, fragments thereof and
basic peptide ligands of megalin reduce the accumulation of

gentamicin in cultured tubular cells and renal tubuli in vivo

by inhibiting drug binding to the brush border.85,157,158

Statins have been shown to reduce gentamicin accumulation

in tubule cells and renal damage through a mechanism

involving geranyl isoprenoids.159 Megalin-mediated endocy-

tosis involves other proteins with binding, adaptor, and

unknown functions, such as cubilin, disabled-2, nonmuscle
myosin heavy chain IIA and b-actin, which seem to

participate in endocytic trafficking.160 These proteins, and

others resulting from a deeper knowledge of the endocytic

mechanisms, are potential targets for pharmacological

prevention of aminoglycoside accumulation. Indeed, genetic

disruption of myosin VI161 or treatment with the myosin

inhibitor blebbistatin160 reduces the uptake of proteins

transported by the megalin complex. Myosin VI knockout

mice show albuminuria with no alterations in urine output

or electrolyte excretion. These initial results show a potential

avenue for further exploration. Yet, the clinical consequences

(for example, proteinuria) of interfering with megalin-

mediated endocytosis as a mechanism of nephroprotection

need to be determined in the short- and long term. In this

line, myosin VI knockout mice show tubular dilation and

fibrosis, consistent with persistent proteinuria.161

Cotreatment with renoprotective drugs

Another strategy relies on nephroprotective drugs for

cotreatment along with aminoglycosides. At the preclinical

level, many molecules have been shown to exert protective

effects on drug nephrotoxicity and, specifically on aminogly-

coside nephrotoxicity. By far, most of the studies have tested

the ability of antioxidants to alleviate aminoglycoside
nephrotoxicity. With one exception studied in patients,162

all of them have been conducted in experimental animals.

Preclinical studies offer unambiguous information on the

beneficial effects of antioxidants. However, these results need

to be further explored in the clinical setting, as promising,

although inconsistent, results have been obtained on the

protection exerted by antioxidants on the nephrotoxicity of

other drugs.134 In most studies in which inflammation has
been evaluated, it is concluded that they might exert

their effects through a cytoprotective and antiinflammatory

action.

Improvement of RBF may also attenuate aminoglycoside

nephrotoxicity, even independently from tubular damage.162

An increased RBF by preglomerular or general vasodilatation

can enhance GFR and attenuate the tubular damage caused

or amplified by the reduced flow. In this sense, promising
results have been obtained in animals with PAF inhibitors,

although they have not progressed further into human

investigation. This could be an attractive strategy to pursue.

In general, vasodilators also relax mesangial cells and

augment Kf. As such, the increase in GFR is not only

the result of hemodynamic improvement but also of Kf

modulation. Thromboxane A2 inhibitors have been used in

one study with protective results.120 Calcium antagonists
have also been used with contradictory results at the

preclinical level. We have found only two studies conducted

in humans. They document protection afforded by calcium

channel blockers verapamil and nifedipine on gentamicin

nephrotoxicity.162,163 The effect of calcium antagonists may

depend on the relative level of contraction of preglomerular

and postglomerular vessels and mesangial cells, and on the

weight of vasoconstriction and mesangial contraction in the
overall effect of a determined experimental or clinical

therapeutic regimen with aminoglycosides. This, in turn,

may also depend on the dose and length of treatment, drug

accumulation, and so on. A note of caution should also

be introduced here, because the clinical consequences of

augmenting GFR without a parallel amelioration of tubular

damage may result in massive proteinuria, and water and

electrolytic loss, which need to be addressed.
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Other strategies

Another potentially nephroprotective effect that should be

pursued is the blockade of the immune response. In fact,

genetic knockdown of toll-like receptor-4 has been shown to

alleviate the renal lesion induced by cisplatin164 and ischemia

reperfusion165 in mice, in which inflammation has a central

pathological role. Indeed, ROS are involved in toll-like

receptor-mediated inflammation.166 Perhaps, cocktails con-
taining several drugs aimed at providing protection against

tubular damage and inflammation, and improvement of

renal hemodynamics should be evaluated at the preclinical

and clinical levels.

CONCLUSIONS AND PERSPECTIVES

An integration of tubular, glomerular, and vascular effects of

aminoglycosides based on the evidence discussed in this
paper is consistent with an important component of tubular

injury. In severe degrees of acute kidney injury induced by

gentamicin, tubular obstruction may account, at least partly,

for the reduced GFR. However, in mild cases and early stages

of severe cases, that is, in the absence of significant tubular

obstruction, GFR reduction can only be explained by

extratubular mechanisms, namely, mesangial and vascular

contraction. These later result from (i) the TGF mechanism,
with the temporal restriction explained in section ‘Tubular

effects cannot solely explain the reduced glomerular filtration

rate’; (ii) direct mesangial and vascular contraction; and

(iii) indirect mesangial and vascular contraction produced by

inflammation and paracrine mediators. Inflammation is

known to result from tissue damage, specially arising from

cell necrosis. Still, it remains to be elucidated (i) whether all

the inflammatory responses are the consequences of tubular
damage or whether they are also partly activated or amplified

by tubular necrosis-independent mechanisms; and (ii) what

is the contribution of direct extratubular effects of gentami-

cin to the overall syndrome, which are completely indepen-

dent of tubular damage, and of mechanisms derived from

tubular damage that alter glomerular and vascular function.

Finally, it should be stressed that known and new nephro-

protective strategies should also be tested for their potential
effects on the bactericidal effect of aminoglycosides. This issue

has not been addressed in renal studies. For example, oxidative

stress has been proposed to contribute to aminoglycoside

bactericidal effect.167 Then, treatment with antioxidants with

the objective of reducing their nephrotoxicity may also impair

their antibiotic activity. Thus, combined models of nephrotoxi-

city/nephroprotection and sepsis should be developed.
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Gentamicin is an aminoglycoside antibiotic widely used against

infections by Gram-negative microorganisms. Nephrotoxicity is

the main limitation to its therapeutic efficacy. Gentamicin

nephrotoxicity occurs in 10–20% of therapeutic regimes. A central

aspect of gentamicin nephrotoxicity is its tubular effect, which

may range from a mere loss of the brush border in epithelial cells

to an overt tubular necrosis. Tubular cytotoxicity is the

consequence of many interconnected actions, triggered by drug

accumulation in epithelial tubular cells. Accumulation results

from the presence of the endocytic receptor complex formed by

megalin and cubulin, which transports proteins and organic

cations inside the cells. Gentamicin then accesses and accumu-

lates in the endosomal compartment, the Golgi and endoplasmic

reticulum (ER), causes ER stress, and unleashes the unfolded

protein response. An excessive concentration of the drug over an

undetermined threshold destabilizes intracellular membranes and

the drug redistributes through the cytosol. It then acts on

mitochondria to unleash the intrinsic pathway of apoptosis. In

addition, lysosomal cathepsins lose confinement and, depending

on their new cytosolic concentration, they contribute to the

activation of apoptosis or produce a massive proteolysis. However,

other effects of gentamicin have also been linked to cell death,

such as phospholipidosis, oxidative stress, extracellular calcium–

sensing receptor stimulation, and energetic catastrophe. Besides,

indirect effects of gentamicin, such as reduced renal blood flow

and inflammation, may also contribute or amplify its cytotoxicity.

The purpose of this review was to critically integrate all these

effects and discuss their relative contribution to tubular cell death.

Key Words: gentamicin; aminoglycoside antibiotics; cytotoxicity;

apoptosis; necrosis.

Nephrotoxicity is one of the main side effects of the

aminoglycoside antibiotics, especially of gentamicin, and also

one of its main therapeutic limitations. Gentamicin accumulates

in the renal cortex (see next section) and induces renal

morphological changes and an overall syndrome very similar in

humans and experimental animals (Luft et al., 1977). However,

the precise characterization of the pathophysiological and

molecular mechanisms underlying gentamicin’s nephrotoxicity

at the organism, tissue, cell, and molecular levels has been

mostly obtained in animal and cellular experimental models.

Gentamicin nephrotoxicity is typically characterized by tubular

damage arising from tubular epithelial cell cytotoxicity.

Treatment of experimental animals with gentamicin produces

apoptosis (Li et al., 2009a) as well as necrosis (Edwards et al.,

2007) of tubular epithelial cells in vivo and also in cultured

cells (Pessoa et al., 2009). For other toxins, such as

chemotherapeutic agents (Edinger and Thompson, 2004) and

H2O2 (Saito et al., 2006), a relationship also exists between

toxin concentration and death phenotype. Low concentrations

cause apoptosis, whereas high ones cause necrosis. The death

phenotype strongly depends on the cell energy status and

adenosine triphosphate (ATP) reserve. Apoptosis requires

ATP, at least for the initial steps. At such, other circumstances

different from drug concentration may modulate the death

mode. For example, a severely diminished renal blood flow

(RBF) may lower oxygen availability in some areas of the

kidneys and limit respiration and ATP pool. In these circum-

stances, cell death may lose the typical characteristics of

apoptosis and acquires those of necrosis (Chiarugi, 2005). Still,

the most commonly observed phenotype in vitro is apoptosis,

an observation that is in agreement with the fact that high

concentrations of the drug (>1–2 mg/ml) are necessary to

induce a modest cytotoxic effect in cultured cells (Pessoa et al.,

2009; Servais et al., 2006).

Ó The Author 2010. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
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ACCUMULATION OF GENTAMICIN IN TUBULAR CELLS

In the kidneys, aminoglycosides distinctively accumulate in

epithelial cells of the proximal tubule (PTECs). This has been

verified both in humans and in experimental animals (Luft

et al., 1977). However, the mechanism of accumulation has

been mostly studied in animals. This specific accumulation is

because of the existence in these cells of a membrane endocytic

complex involving the proteins megalin and cubilin (Cui et al.,

1996; Moestrup et al., 1995; Nagai et al., 2002, 2006), which

has also been described as an endocytic receptor in human

proximal tubules (Lee et al., 2009). This complex transports

cations present in the ultrafiltrate, such as a vast variety of

proteins and certain xenobiotics, as for example aminoglycoside

antibiotics (Schmitz et al., 2002; Fig. 1). Accumulation of

aminoglycosides inside the PTECs alters the function of

several organelles and processes that are crucial for cell

viability. Moreover, gentamicin activates the extracellular

calcium–sensing receptor (CaSR), a membrane receptor

sensitive to the amount of extracellular calcium, which has

also been associated with tubular cell death.

It has been demonstrated in animal models and cultured cells

that, quantitatively, most gentamicin enters tubular cells via

endocytosis mediated by the megalin/cubilin complex. This

process requires the electrostatic binding of gentamicin to the

negative charges of membrane phospholipids (Frommer et al.,

1983; Lipsky et al., 1980). Gentamicin then passes via

pinocytosis to the endosomal compartment. The drug mostly

accumulates in the lysosomes, travels retrograde through the

secretory pathway to the Golgi and endoplasmic reticulum

(ER; Sandoval and Molitoris, 2004; Silverblatt, 1982;

Silverblatt and Kuehn, 1979) and alters vesicular traffic

(Giurgea-Marion et al., 1986; Jones and Wessling-Resnick,

1998). In the lysosomes, gentamicin produces membrane

destabilization, lysosomal aggregation (De Broe et al., 1984),

alteration of lipid metabolism, and phospholipidosis, which

have been associated with cell death (see below). It also

generates multilamelar structures known as myeloid bodies

(Edwards et al., 1976; Houghton et al., 1978; Silverblatt,

1982), whose pathophysiological role is uncertain.

ER STRESS AND UNFOLDED PROTEIN RESPONSE

Accumulation of gentamicin in the ER may originate ER

stress (Fig. 2). ER stress activates the unfolded protein response

(UPR) and cell cycle arrest (Zhang et al., 2006). Under

circumstances of UPR overload, the cell undergoes apoptosis

(Fribley et al., 2009), which is mediated by the classical route of

calpains and caspase 12 (maybe caspase 4 in humans) activated

by the release of Ca from the ER; UPR-activated apoptosis also

involves Jun kinase and C/EBP homologous protein transcrip-

tion factor (Kim et al., 2008; Lai et al., 2007; Peyrou and Cribb,

2007; Peyrou et al., 2007). In this line, a calpain inhibitor

reduces the cytotoxicity of gentamicin in cultured auditory hair

cells (Shimizu et al., 2003). Once activated, these enzymes

promote the proteolytic activation of executor caspases and

unleash the mitochondrial pathway of apoptosis (Kerbiriou

et al., 2009; Peyrou et al., 2007). In fact, gentamicin joins

calreticulin and inhibits its necessary chaperon activity for

a correct posttranslational protein folding (Horibe et al., 2004). It

is well known that the bactericidal effect of gentamicin is related

to its capacity to bind the small subunit of the ribosome and

skew protein translation (Recht et al., 1999). However, it is not

yet well characterized whether gentamicin exerts similar effects

in mammalian cells, which could be the cause or participate in

cell death. Recht et al. (1999) reported that the minimum

inhibitory concentration of gentamicin for the eukaryotic 16S
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FIG. 1. Mechanisms of uptake and subcellular redistribution of gentamicin in tubular and other renal cells. M, Megalin.
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ribosomal ribonucleic acid (rRNA) was 0.23mM, 128 times

higher than that for the prokaryotic rRNA. Despite this, different

reports have suggested that aminoglycosides alter ribosomal

accuracy (Buchanan et al., 1987) and inhibit protein synthesis

(Bennett et al., 1988; Monteil et al., 1993; Sundin et al., 2001).

Protein synthesis is reduced by 50% before gross cellular

morphological alterations appear (Sundin et al., 2001). The

implications of these effects need to be further clarified.

CYTOSOLIC REDISTRIBUTION AND MITOCHONDRIAL

TARGETING

Recent studies with cultured cells have shown that a critical

aspect of gentamicin’s tubular cytotoxicity is its cytosolic

concentration and not, as previously thought, its accumulation

in lysosomes (Servais et al., 2006, 2008; Fig. 3). In

comparison, a small amount of gentamicin directly enters the

cytosol and nucleus independently from the endocytosis

mediated by the megalin/cubilin complex (Myrdal et al.,

2005). Very recently, it has been demonstrated that gentamicin

also enters cultured tubule cells through an unspecific cation

channel, namely the transient receptor potential vanilloid type 4

(Karasawa et al., 2008) channel. However, this channel is

expressed in epithelial cells of the distal tubule but not in the

proximal tubule (Karasawa et al., 2008). Besides, the relative

contribution of this entry mechanism is probably small.

The most important effect occurs when the concentration of

gentamicin inside the lysosomes, the Golgi, and ER exceeds

a threshold and destabilizes their membrane (Ngaha and

Ogunleye, 1983; Regec et al., 1989; Fig. 3). The accumulated

gentamicin is released into the cytosol from where it acts on

mitochondria and activates the mitochondrial pathway of

apoptosis, produces oxidative stress, and reduces the ATP

reserve (Morales et al., 2010; Simmons et al., 1980). On the

other hand, the rupture of lysosomes causes the release of

proteases into the cytosol, such as L, B, D, and other

cathepsins, which intervene in the induction of cell death

(Schnellmann and Williams, 1998). Cathepsins catalyze the

proteolytic activation of executor caspases 3 and 7 and activate

the mitochondrial pathway of apoptosis through the activation

of Bid (Chwieralski et al., 2006; Yin, 2006). In the absence

of ATP, cathepsins in the cytosol produce a massive pro-

teolysis that leads to necrotic cell death (Golstein and Kroemer,

2007).

In cell cultures, cytosolic gentamicin acts on mitochondria

and triggers the translocation of cytochrome c and other

proapoptotic proteins, such as apoptosis-inducing factor (AIF).

In the cytosol, cytochrome c activates caspase 9 and, finally,

the executor caspases 3 and 7, which result in cellular death by

apoptosis (Servais et al., 2008). The effect of gentamicin on

mitochondria is produced in a direct and also in an indirect

fashion. The mechanism of the direct action is unknown.

However, it has been demonstrated that incubation of isolated

mitochondria with gentamicin induces the release of proapop-

totic proteins from the intermembrane space (Mather and

Rottenberg, 2001), a requisite for the activation of the intrinsic
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pathway of apoptosis. The indirect action is mediated by Bax,

and it is inhibited by overexpression of Bcl-2. In this sense,

gentamicin binds the proteasome (Horibe et al., 2004), which

might affect the degradation of Bax and increase its cellular

levels (Servais et al., 2006).

CELL ENERGY STATUS IMPAIRMENT

Studies carried out in rats and mice demonstrate that

peroxisome proliferator–activated receptor alpha (PPAR-a)

activation (1) maintains ATP production by sustaining fatty

acid oxidation; (2) prevents the increase in reactive oxygen

species (ROS) and oxidative stress; and (3) reduces apoptosis

of tubule cells, both in vitro and in vivo, during the acute

kidney injury induced by ischemia and a variety of drugs,

including cisplatin (Li et al., 2004, 2009b), doxorubicin (Lin

et al., 2007), and gentamicin (Hsu et al., 2008). Indeed, these

drugs reduce the level of PPAR-a in tubular cells through

ubiquitination-dependent degradation, which has been shown

to be crucial for their tubular toxicity (Lopez-Hernandez and

Lopez-Novoa, 2009). The inhibition of cell membrane trans-

porters might also contribute to an undetermined extent to the

cytotoxicity of gentamicin. Indeed, both glucose intake

inhibition and reduced Naþ efflux can theoretically lead to

decreased cellular ATP levels and cell swelling. Glucose

transport in proximal tubule cells depends on the sodium

gradient generated by adenosin triphosphatases (ATPases).

Deficient sodium extrusion caused by gentamicin may (1)

indirectly reduce intracellular glucose availability and contribute

to ATP pool reduction and (2) lead to sodium and,

consequently, water accumulation, cell swelling, and necrotic

death. Na–K ATPase is a key component of cell volume

homeostasis, and deregulated swelling may lead to necrosis

(DiBona and Powell, 1980; Lieberthal and Levine, 1996). In

experiments carried out with cultured cells or membrane

vesicles from tubular cells, it has been shown that gentamicin

inhibits a variety of cell membrane transporters (reviewed in

Mingeot-Leclercq and Tulkens, 1999) of both the brush border

and the basolateral membrane, such as the Na–Pi cotransporter

and Na–H exchanger (Levi and Cronin, 1990), brush-border

dipeptide transporters (Skopicki et al., 1996), electrogenic Na

transport (Todd et al., 1992), and the Na–K ATPase (Fukuda

et al., 1991; Lipsky et al., 1980). Figure 4 schematically

represents the cellular events activated by gentamicin that lead

to ATP exhaustion.

MEMBRANE DESTABILIZATION AND PHOSPHOLIPIDOSIS

Another mechanism potentially involved in its cytotoxicity is

the accumulation of gentamicin in cell membranes. Because of

its polycationic properties, gentamicin binds to phospholipids.
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FIG. 3. Cytosolic redistribution of gentamicin and mechanisms leading to cell death through necrosis and the apoptotic intrinsic pathway.
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This has been shown to cause cell membrane structure

alterations (Forge et al., 1989) and a condition known as

phospholipidosis, which has been observed in humans

(De Broe et al., 1984) and experimental animals treated with

the drug (Giuliano et al., 1984; Nonclercq et al., 1992).

Phospholipidosis is derived from (1) the disruption of

phosphatidylinositol signalling pathways (Ramsammy et al.,

1988), (2) the reduction of phospholipid turnover (Ramsammy

et al., 1989a) and phospholipid accumulation in cell mem-

branes (Kacew, 1987; Laurent et al., 1982), (3) the reduction in

the available negative charge necessary for the correct function

of phospholipases (Mingeot-Leclercq et al., 1995), and (4)

the inhibition of calcium-dependent phosphodiesterases by

competing with and displacing calcium from the enzyme

(van Rooijen and Agranoff, 1985). Binding to plasmalemmal

phospholipids and plasma membrane accumulation occurs in

other cell types exposed to the drug, in which intracellular

accumulation and cell death are comparatively much less

significant or absent. This indicates that these effects initiated

in the cell membrane might not contribute largely to tubule cell

death.

However, because aminoglycosides accumulate in

lysosomes, lysosomal phospholipidosis has been more closely

linked to cell death. In fact, lysosomal phospholipidosis

correlates tightly with the level of toxicity of aminoglycosides

(Kaloyanides, 1992; Nonclercq et al., 1992; Tulkens, 1989).

Precisely, lysosomal phospholipidosis has been proposed to be

the result of (1) the reduction in the available negative charge,

which is necessary for the proper function of lysosomal

phospholipases (Mingeot-Leclercq et al., 1995) and (2) the

direct inhibition of A1, A2, and C1 phospholipases (Abdel-

Gayoum et al., 1993; Laurent et al., 1982; Ramsammy et al.,

1989a). Support for a role of phospholipidosis in cell death

comes from experiments in which rats were treated with

polyaspartic acid (PAA), which has been shown to mitigate

(Ramsammy et al., 1989b) or to completely prevent the

nephrotoxicity of gentamicin (Swan et al., 1991). The effect of

PAA has been ascribed to its capacity to bind gentamicin and

thus to prevent its union to phospholipids (Ramsammy et al.,

1990). However, binding to phospholipids is also a requirement

for gentamicin endocytosis (as described in section ‘‘Accu-

mulation of Gentamicin in Tubular Cells’’), which blurs

conclusions. As such, it is not known to what extent (if to

any) lysosomal or endosomal phospholipidosis contribute to

cell death or to other sublethal alterations.

A glimpse of light on this issue was provided by the study of

Kishore et al. (1990). These authors used three different

polyanionic peptides, namely poly-L-Asp with poly-L-Glu and

FIG. 4. Mechanisms contributing to the energetic catastrophe caused by gentamicin. FAO, fatty acid oxidation; PARP, poly (ADP-ribose) polymerase; PARS,

poly (ADP-ribose) synthase. W, mitochondrial transmembrane potential.
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poly-D-Glu to inhibit the nephrotoxicity and lysosomal

phospholipidosis caused by gentamicin in rats. These peptides

showed similar capacity to bind gentamicin, and thus to

displace it from phospholipids in wide range of pH, including

acidic pH. However, they showed a significantly different

degree of hydrolysis in the presence of lysosomal extracts.

Interestingly, their capacity to prevent gentamicin-induced

phospholipidosis and gentamicin’s nephrotoxicity was

inversely proportional to their hydrolysis rate, supporting the

hypothesis that their site of action was inside the lysosomes and

not at the level of other renal membranes. Clearly, further

research is necessary to shed light on this matter.

CaSR STIMULATION

CaSR, a member of the family C of cell membrane

G-protein–coupled receptors (Trivedi et al., 2008), has also been

implicated in gentamicin-induced tubule cell death (Fig. 1).

In vitro experiments using HEK-293 cells have shown that

gentamicin induces the death of cells expressing CaSR but not

of those lacking it (Ward et al., 2005). Moreover, pharmaco-

logical antagonism of CaSR prevents the cell death induced

by gentamicin in CaSR-expressing cells (Gibbons et al., 2008).

However, a number of issues invites to caution when

interpreting these results. First, there has been some contro-

versy about the origin and phenotype of HEK-293 cells.

Second, the extent of cell death induced by gentamicin in

CaSR-expressing cells is low. Finally, in vivo evidence is

missing because there are no useful tools to manipulate the

CaSR. Moreover, an important pathophysiological role of

gentamicin-induced CaSR–mediated tubule cell death odds

with the evidence showing that the critical event is its cytosolic

concentration, as explained above. In addition, the CaSR has

been found in many other cell types outside the kidneys, where

gentamicin has no evident cytotoxicity, including bone, brain,

colon, parathyroid gland, smooth muscle, endothelial cells, etc.

Clearly, more information is necessary to clarify the exact role

of CaSR in tubule cell death.

OXIDATIVE STRESS

Treatment with gentamicin produces oxidative stress in

tubular cells, both in vivo (in rats; Karatasx et al., 2004) and in

cultured tubular cells (Juan et al., 2007). This oxidative stress

is mediated by hydroxyl radicals from hydrogen peroxide and

by superoxide anions (Basnakian et al., 2002; Nakajima et al.,

1994) from mitochondrial origin (Yang et al., 1995).

Gentamicin directly increases the production of mitochondrial

ROS from the respiratory chain (Morales et al., 2010).

Reduced glutathione (GSH; Ali et al., 1992; Sandhya and

Varalakshmi, 1997) and superoxide dismutase (SOD; Nakajima

et al., 1994; Kadkhodaee et al., 2007) levels have been found

to be low in the kidneys upon treatment with gentamicin.

Oxidative stress plays an important role in the nephrotoxicity

of gentamicin (Koyner et al., 2008). Cotreatment of rats with

a variety of antioxidants significantly reduces renal dysfunction

and tissue damage (Ali, 2003; Cuzzocrea et al., 2002; Koyner

et al., 2008; Martı́nez-Salgado et al., 2002; Morales et al.,

2002). However, a note of caution was introduced by the study

of Stratta et al. (1994), who demonstrated that GSH administra-

tion had no effect on the nephrotoxicity of gentamicin, despite

reducing lipid peroxidation and increasing renal GSH content.

Interestingly, this absence of effect was observed with a dosage

of gentamicin that apparently resulted in an excess of the drug.

With a lower dosage, GSH implementation softened renal

damage, which curiously correlated with a lower accumulation

of gentamicin in the kidneys. It is thus possible that (1) the

critical level of highly cytotoxic oxidative stress induced by

gentamicin depends on the dose or accumulation of gentamicin,

and consequently, that the weight of oxidative stress in the

nephrotoxicty of gentamicin depends on the dose of the drug and

(2)the mechanism of damage is, at least partially, derived from

the prevention of its renal accumulation. These aspects need

further investigation.

ROS, mainly superoxide anions and hydroxyl radicals, cause

cellular damage and death through diverse mechanisms,

including the following (Cuzzocrea et al., 2004; Morgan

et al., 2007; Ott et al., 2007; Ryter et al., 2007): (1) inhibition

of the electron transport chain and suppression of cellular

respiration and ATP production; (2) stimulation of the release

of cytochrome c, AIF, etc. from the mitochondrial inter-

membrane space; (3) DNA damage, which triggers an increase

in poly ADP ribose synthase activity, a decrease in the cell’s

ATP reserve, and cell cycle arrest; (4) lipid peroxidation,

destabilization of the cellular membrane, activation of death

receptors (Fas, etc.) by alteration of lipid rafts, and generation

of proapoptotic lipid metabolites, such as 4-hydroxynonenal

and ceramide; (5) stress on different organelles and cellular

structures, such as the ER (Yokouchi et al., 2008; Santos et al.,

2009) and (6) inhibition of transmembrane sodium flow, by

oxidative inhibition of the Naþ/Kþ ATPase pump and of

sodium channels, which originates cellular swelling, loss of

membrane integrity, and necrosis.

However, there is little information on the ability of

antioxidants tomodulate the direct cytotoxic effect of gentamicin

on cultured tubule cells. To our knowledge, only Juan et al.

(2007) have reported a protective effect in this sense. In their

article, tetramethylpyrazine (TTP) reduces ROS accumulation

and apoptotic events in rat renal NRK-52E cells. However, the

effect of TTP on cell viability is not reported. Because there are

many apoptotic and necrotic pathways leading to cell death as

a consequence of gentamicin action, and because their re-

dundancy and hierarchical organization are not well understood,

the magnitude of the direct cytoprotection afforded by ROS

inhibition is unknown. The question that remains to be solved is,

is the increment in ROS production the consequence of the

mitochondrial injurydirectly and indirectly exertedbygentamicin?
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Or are ROS increased by gentamicin previously to or in-

dependently from its mitochondrial proapoptotic effects, which

in turn the trigger apoptosis? Speculatively, oxidative stress can

be viewed at least as an amplification factor.

INTEGRATIVE OVERVIEW OF TUBULAR CELL DEATH

From the information presented above, it can be concluded

that gentamicin needs to accumulate inside the cells to

a significant level in order to induce cell death. CaSR

stimulation (from the outside) has also been shown to induce

some degree of cell death in tubule cells and might participate

in mesangial and tubular cell death (Martı́nez-Salgado et al.,

2007). However, this is proportionally small compared with the

cytotoxicity caused by intracellular accumulation, and might

show cell type dependency, because many other CaSR-

expressing cells do not die when exposed to gentamicin.

Inside the cells, a critical factor appears to be its cytosolic

concentration rather than its accumulation in endosomal

structures. Cytosolic gentamicin directly and indirectly attacks

mitochondria, inhibits respiration and ATP production, and

produces oxidative stress (Morales et al., 2010), all of which

activate the intrinsic pathway of apoptosis. These data indicate

that cytosolic gentamicin has the ability to trigger apoptosis.

However, they do not discard contributions from other

damaged structures or signalling pathways. In fact, the

cytosolic redistribution of gentamicin probably coincides with

the leakage from the ER, permeabilization of lysosomes, and

the release of lysosomal proteases (i.e., cathepsins) into the

cytosol, which may add a redundant mediation toward cell

death. Gentamicin also induces stress of other cellular

structures, such as the ER, including protein synthesis

inhibition, which, depending on the intensity, can affect cell

viability. Unresolved and persistent stress also unleashes

apoptosis from the damaged structures. Because the route

to cytosolic accumulation goes through accumulation in

intracellular membrane structures, including ER, it is difficult

to imagine how gentamicin can accumulate in the cytosol

without inducing some degree of ER stress. As such, we

propose that besides mitochondrial damage, gentamicin also

activates other pathways of cell death resulting from stress to

other structures and organelles, which add an unknown level of

redundancy. Probably, the predominance of some over the

others, as well as the phenotype of cell death (highly dependent

on energy status), might be a matter of concentration of the

drug to which the cell is exposed. It can be hypothesized that

low concentrations of the drug would traffic through the

endocytic pathway and leak through the ER into the cytosol to

a sufficient amount to active mitochondrial apoptosis, without

inducing a significant injury to the ER and without causing

lysosomal breakage or energetic catastrophe. High concen-

trations would cause further leakage through the ER,

significant ER stress and protein synthesis inhibition,

lysosomal rupture, and redundant apoptotic stimulation. In

extreme cases of drug accumulation, massive and rapid

cathepsin-driven proteolysis and ATP exhaustion may abort

the execution of apoptosis and cause necrotic-like cell death.

Also, as a result of accumulation in endosomal vesicles and

lysosomes, phospholipidosis may also contribute to an un-

determined extent to tubular cell death. A challenge for the

coming future is to elucidate the relative contribution of all

these mechanisms of cytotoxicity to the different cell death

phenotypes, under a range of drug concentrations. This will

unravel the key targets for the pharmacological prevention of

the tubular cytotoxicity of aminoglycosides, which cannot be

achieved with the present level of knowledge.

INDIRECT DETERMINANTS OF CYTOTOXICITY

In general, cultured tubular cells exhibit a significant

resistance to cell death by exposure to gentamicin. Only very

high concentrations of the drug (>1–3mM), over long periods

of time (>1–4 days), cause a mild degree of cell death (<20%),

only in determined cell lines (El Mouedden et al., 2000; Pessoa

et al., 2009; Servais et al., 2006; Wu et al., 2009). As such,

other factors independent from a direct cytotoxic action of

gentamicin might exist, which would amplify deadly stimula-

tion, and which are present in vivo and absent in cultured cells.

One hypothesis (Fig. 5) is that inflammation and ischemia may

be two of those amplification factors. Alternatively, it might be

speculated that tubule cells in culture lose their capacity to

efficiently accumulate gentamicin (Servais et al., 2006). This

topic is of special interest because therapeutic targets to prevent

gentamicin-induced tubular cell death should be sought out of

target cells if additional factors are essential for an extensive

tubular necrosis.

Gentamicin causes a reduction in RBF in experimental

animals (Hishida et al., 1994; Morales et al., 2002), which has

been associated to tubular damage (Moran et al., 1992).

Although the mechanisms linking reduced RBF to tubular cell

death are not well understood, it is hypothesized that limitation

in O2 and glucose supply lead to a diminished ATP production,

all of which causes or sensitizes to cell death (Jeong et al.,

2003; Sato et al., 2010; Seppet et al., 2009). In fact, hypoxia

activates inducible nitric oxide synthase (iNOS) expression,

which leads to cell death by inducing oxidative stress,

inhibiting ATP synthesis, and activating the mitochondrial

pathway of apoptosis (Kiang and Tsen, 2006). Platelet-

activating factor (PAF) and thromboxane A2 (TXA2) are two

mediators of gentamicin-induced renal vasoconstriction

(López-Novoa, 1999; Martı́nez-Salgado et al., 2007). PAF

and TXA2 inhibitors improve RBF and lessen tubular

damage (Dos Santos et al., 1991; Papanikolaou et al., 1992;

Rodriguez-Barbero et al., 1992). Gentamicin is also known to

impair vascular smooth muscle relaxing capacity, contributing

to the reduced RBF (Secxilmisx et al., 2005). Coadministration of
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L-arginine normalizes vascular relaxation and softens tubular

injury (Secxilmisx et al., 2005). However, results from Hishida

et al. (1994) contradict this notion. These authors found

that cotreatment with desoxycorticosterone acetate or SOD

normalized gentamicin-induced RBF decline but did not

reduce the severity of tubular necrosis. Moreover, cotreatment

with dimethylthiourea, a hydroxyl radical scavenger, attenuated

tubular necrosis but did not ameliorate the reduction in RBF.

These data break the link between tubular necrosis and reduced

RBF but, interestingly, indicate that intervention on different

ROS species may have preferential vascular or tubular effects

in gentamicin’s nephrotoxicity. Clearly, more investigation is

necessary.

The nephrotoxicity of gentamicin has been shown to involve

an inflammatory response in experimental animals (Bledsoe

et al., 2006; Kalayarasan et al., 2009; Kourilsky et al., 1982).

An exaggerated or pathologically skewed inflammatory

response seems to be involved in tubular injury and contribute

to renal damage progression (Karkar, 2008). In fact, strategies

that protect from gentamicin-induced renal damage usually

inhibit the inflammatory response (Bledsoe et al., 2006; Sue

et al., 2009) An increased or unbalanced ROS production and

oxidative stress mediate the inflammatory response unleashed

by gentamicin (Kadkhodaee et al., 2005; Maldonado et al.,

2003; Morales et al., 2002; Fig. 5). Superoxide anion (Schreck

et al., 1991) and hydrogen peroxide (Meyer et al., 1993; Lu

et al., 2010) activate nuclear factor jB (NFjB), a key mediator

of several inflammatory pathways. Indeed, NFjB inhibitors

protect the kidney against gentamicin-induced damage (Tugcu

et al., 2006). NFjB induces the expression of proinflammatory

cytokines (Sánchez-López et al., 2009) and iNOS (Xie

et al., 1994). Endothelial NOS-derived NO, at low levels,

mediates physiological vasodilatation, whereas excessive NO

production because of the overexpression of iNOS can cause

cytotoxic effects in surrounding cells. Excessive iNOS-

derived NO can react with superoxide anion and produce

peroxinitrite, a highly reactive radical that contributes to

cell damage (Pedraza-Chaverrı́ et al., 2004) and reduced

vascular relaxation (Förstermann, 2010; Fig. 5). Inflammatory

cytokines, such as tumor necrosis factor alpha can activate

tubular apoptosis, especially in the pathological environment

(Justo et al., 2006).

FIG. 5. Indirect mediators of gentamicin’s cytotoxicity: inflammation and reduced RBF. Ang II, angiotensin II; ET-1, endothelin-1; Ils, interleukins; INFs,

interferons; TLRs, toll-like receptors; TNF-a, tumor necrosis factor alpha.
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PERSPECTIVES

Many cellular effects of gentamicin have the capacity to

cause cell death or contribute significantly to it, including

activation of the mitochondrial pathway of apoptosis, ER

stress, and onset of an UPR and phospholipidosis. Others have

an uncertain capacity to lead directly to cell death, such as

oxidative stress and ATP-depleting mechanisms. However,

besides the relative contribution of these pathways considered

individually, the hierarchic relation among them is still

unknown. For example, can gentamicin pass through the

endosomal vesicles (endosomes, lysosomes, Golgi, etc.)

toward the cytosol without producing ER stress leading to cell

death? If mitochondrial effects were inhibited, would other

mechanisms lead the way to cell death? To what extent are

some of these mechanisms redundant? Does the participation

of each individual mechanism vary depending on the level of

stimulation (i.e., gentamicin dosage)? After reviewing the

existing information on gentamicin tubular cytotoxicity, it must

be concluded that these questions remain incompletely

answered. These are important aspects of future research,

which will yield critical information on the key mechanisms

that should be targeted for the pharmacological prevention of

gentamicin’s undesired renal side effects. Selective inhibition

of specific mediators of individual mechanisms will led further

light on these issues.

A potential limitation to progression in this line is the

uncertainty on the reliability of the available tubular cell lines

and primary cultures at reproducing the effects of gentamicin in

tubular cells in vivo. The relative resistance of cultured cells to

gentamicin cytotoxicity might be the result of an experimental

artifact or it might reflect the real nature of tubular cells in their

tissue environment. If this is the case, indirect mechanisms of

cytotoxicity, as those addressed in the previous section (i.e.,

reduced RBF, inflammation, and the immune response), will

need to be invoked to fully explain tubular necrosis and may

gain a central role in therapeutics.
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El cisplatino (cis-clorodiaminoplatinum-II) es 

un fármaco antineoplásico usado principalmente para 

el tratamiento de tumores sólidos. En humanos ha 

mostrado eficacia en el linfoma de Hodgkin, en cáncer 

de cabeza y cuello, tiroideo, de endometrio, de vejiga, 

de ovario (Hill y cols., 1974), de pulmón, de esófago 

y de cérvix (Rozencweig y cols., 1977). 

El cisplatino es un complejo de un metal pesa-

do que contiene un átomo central de platino rodeado 

por dos átomos de cloruro y dos moléculas de amonio 

en la posición cis. Debido a su estructura química, los 

átomos de cloro del cisplatino son más factibles de 

sufrir reacciones de sustitución por nucleófilos, por lo 

que generalmente son reemplazados por agua, así se 

forma un compuesto más reactivo. Estas moléculas 

reaccionan con ADN, formando uniones covalentes 

(“aductos”) inter- o intra-catenarias. Los “aductos” 

formados distorsionan la estructura espacial del ADN, 

causando lesiones citotóxicas en células tumorales y 

células normales, las cuales son reconocidas por pro-

teínas especializadas encargadas de su reparación. Si 

no se produce la reparación o es incompleta, la célula 

muere por apoptosis (Liedert y cols., 2006).  

Los dos principales problemas asociados a la 

quimioterapia con cisplatino son la resistencia intrín-

seca o adquirida así como los efectos adversos que 

produce en tejidos normales. Los mecanismos mole-

culares responsables de la resistencia al cisplatino 

pueden ser previos a la formación de los “aductos” 

como la falta de captación del cisplatino por la célula, 

el excesivo eflujo del mismo o su inactivación por 

moléculas como el glutation. Una vez se han produci-

do los “aductos” la eficacia en los mecanismos de 

reparación del ADN o los defectos en el proceso de 

apoptosis pueden ser causa de resistencia al cisplatino 

(Kartalou y Essigmann, 2001).  

Los efectos adversos del cisplatino en tejidos 

normales constituyen el principal factor limitante de 

su uso en la práctica clínica. Entre ellos, cabe destacar 

la neurotoxicidad, ototoxicidad, nauseas y vómitos, 

mielosupresión y toxicidad renal, siendo éste último la 

principal limitación terapéutica de su uso y eficacia en 

la terapia contra el cáncer, en términos de una reduc-

ción de la dosis o una suspensión del tratamiento 

���������	
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A pesar de su toxicidad renal, en la actualidad 

el cisplatino sigue siendo uno de los fármacos anti-

neoplásicos más ampliamente utilizados por su poten-

te eficacia antitumoral (Faubel y cols., 2007).  
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La utilización clínica del cisplatino no sólo 

depende de su eficacia terapéutica, sino también de la 

reducción de su nefrotoxicidad. Una de las estrategias 

aceptadas como estándar en la clínica es la hidratación 

intensiva con suero salino antes, durante y después de 

la administración de cisplatino y diuresis forzada me-

diante tratamiento simultáneo con furosemida o mani-

tol (Launay-Vacher y cols., 2008). Sin embargo, a 

pesar de las intensas medidas profilácticas encamina-

das a proteger las complicaciones renales, aproxima-

damente un 20-30% de los pacientes hospitalizados 

tratados con cisplatino padece algún grado de daño 

renal agudo, siendo en la mayoría de los casos reversi-

ble, pero puede volverse irreversible cuando se admi-

nistran dosis muy elevadas o repetidas (Kuriakose y 

Kurup, 2008).  

Los riñones acumulan cisplatino en mayor gra-

do que otros órganos, por ser la principal vía de excre-

ción del fármaco y por ser órganos altamente vascula-

rizados. Esta acumulación desproporcionada en el 

tejido renal contribuye decisivamente a su nefrotoxici-

dad (Ali y cols., 2008). El cisplatino se acumula en el 

riñón por captación peritubular en nefronas tubulares, 

predominantemente en el segmento S3 de los túbulos 
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proximales, en la región corticomedular, donde ejerce 

sus efectos nefrotóxicos. No obstante, en algunos ca-

sos se evidencian daños distales, e incluso lesiones 

tóxicas en los túbulos colectores como consecuencia 

de un daño tubulointersticial, por tratamientos prolon-

gados con cisplatino (Kawai y cols., 2009). Es impor-

tante destacar que la incidencia, severidad y duración 

de los efectos nefrotóxicos del cisplatino son varia-

bles, pudiéndose manifestar como una disfunción re-

nal derivando en un fracaso renal agudo irreversible o 

incluso una insuficiencia renal crónica y progresiva, 

alteraciones dependientes en gran medida de las dosis 

quimioterápicas empleadas (Taguchi y cols., 2005). 

2.1. Nefrotoxicidad aguda  

En humanos, la nefrotoxicidad aguda produci-

da por el tratamiento con cisplatino se manifiesta con 

una función tubular alterada y un daño renal reversi-

ble. Como se muestra en la figura 1, el daño renal 

agudo se presenta con una serie de alteraciones de la 

hemodinámica renal observándose un flujo plasmático 

renal reducido (FPR) que aparece a las 3 horas tras la 

Figura 1. Cambios en la función renal por nefrotoxicidad aguda o crónica del cisplatino (adaptado de Sánchez-

González y cols., 2011) 
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administración del cisplatino y precede a la disminu-

ción de la tasa de filtración glomerular (TFG). Esta 

hipofiltración se desarrolla en dos fases distintas. En 

un principio la osmolaridad de la orina disminuye 

durante las primeras 24-48 horas tras la administra-

ción del fármaco presentando una TFG normal. Esta 

poliuria temprana generalmente suele mejorar de for-

ma espontánea. Durante la segunda fase se observa 

una reducción de la osmolaridad entre las 72-96 horas, 

en este caso se observa también una disminución de la 

TFG que además persiste en el tiempo (Meyer y Ma-

dias, 1994, y cols., 2000). El daño tubular que se pro-

duce puede ser detectado a través de una serie de enzi-

mas que aparecen en orina como son la alanina 

aminopeptidasa (AAP), alcalino fosfatasa (AP), gam-

ma-glutamiltranspeptidasa (�GT) y N-acetil-beta-D-

glucosaminidasa (NAG) (Townsend et al., 2003, 

Uehara y cols., 2005, Kawai y cols., 2005).  

Morfológicamente, se observa muerte celular 

tubular por necrosis en el segmento S3 de túbulo pro-

ximal mientras que las células del túbulo colector dis-

tal y de la rama gruesa ascendente del asa de Henle 

presentan muerte por apoptosis (Arany y cols., 2004, 

Taguchi y cols., 2005).  

2.2. Nefrotoxicidad crónica 

Los pacientes con nefrotoxicidad crónica pro-

ducida por el cisplatino presentan alteraciones en la 

estructura de la nefrona, progresivo daño su funciona-

lidad y daño renal irreversible. Como se ilustra en la 

figura 1, los signos clínicos de esta patología se carac-

terizan por permanente e incluso a veces progresiva 

disminución de la TFG acompañada con un incremen-

to de los niveles plasmáticos de creatinina y nitrógeno 

ureico plasmático (BUN), incremento en la excreción 

de electrolitos urinarios, así como proteinuria y enzi-

muria que pueden volver a valores normales. 

Las alteraciones histopatológicas observadas 

tras un tratamiento prolongado con dosis repetidas de 

cisplatino incluyen lesiones como necrosis-apoptosis 

aguda tubular focal, hiperplasia intersticial, infiltra-

ción de células peritubulares, núcleo atípico o incluso 

fibrosis tubulointersticial. Estos cambios se han obser-

vado en riñones de humanos tratados con cisplatino 5 

meses después de la quimioterapia lo que indica daño 

renal irreversible (Kawai y cols., 2009). 

��������������	���

3.1. Efectos vasculares 

3.1.1. Disfunción endotelial:  

Una de las principales causas de la producción 

y mantenimiento de las distintas fases de daño renal 

agudo por el cisplatino, es la disfunción endotelial 

(Brodsky y cols., 2002). Inicialmente se manifiesta 

como una serie de eventos que desencadenan una va-

soconstricción, que produce una disminución del flujo 

sanguíneo renal (FSR) poco después de la administra-

ción de cisplatino. Además, en el daño endotelial tam-

bién se observa una sobreexpresión de moléculas de 

adhesión celular en el endotelio vascular, seguido de 

una adhesión de leucocitos (Luke y cols., 1992). Co-

mo consecuencia se produce una obstrucción de los 

pequeños vasos impidiendo el flujo sanguíneo, lo que 

contribuye a la producción de factores promotores de 

la vasoconstricción. Este aumento de la sensibilidad 

de la arteriola glomerular aferente a la vasoconstric-

ción podría producir la activación de los mecanismos 

de retroalimentación tubuloglomerular (figura 2) con 

la consiguiente disminución de la TFG durante la le-

sión renal aguda (Schrier y cols., 2004). 

El daño endotelial producido por el cisplatino 

puede comprender también una alteración de la res-

puesta de las areteriolas a las sustancias vasoactivas 

(Bae y cos., 2009), dando lugar a un incremento de la 

reactividad de agentes vasoactivos como la angioten-

sina II (Saad y cols., 2007), adenosina (Gill y cols., 

2009), endotelina-I (Bae y cols., 2009) y factor activa-

dor de plaquetas (PAF) (dos Santos y cols., 1991b). 

Así mismo puede producir una disminución de la res-

puesta a la vasodilatación mediante un descenso de la 

producción de oxido nítrico endotelial por parte de la 
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óxido nítrico sintasa endotelial (eNOS), mientras que 

se produce un incremento de la producción de NO por 

la óxido nítrico sintasa inducible (iNOS). Además 

existe evidencia de que la producción de prostaglandi-

nas vasodilatatorias como es el caso de la prostaglan-

dina E1 (PGE1) se encuentra disminuida por la admi-

nistración de cisplatino.  

Adicionalmente, la acumulación de citoquinas, 

quimioquinas y radicales libres de oxígeno (ROS), por 

la administración de cisplatino es posible que produz-

ca una activación de la expresión de moléculas de 

adhesión en el endotelio vascular y leucocitos circula-

torios, que puede favorecer a la respuesta inflamatoria 

y al tono vascular, contribuyendo a la reducción de la 

TFG (Bae y cols., 2009) 

3.1.2. Autorregulación vascular anormal 

Un importante componente en la fisiopatología 

del daño renal agudo producido por el cisplatino está 

relaccionada con reducciones en el FSR medular en el 

que se observa una disminución de la liberación de 

oxígeno desde las células renales (Winston y Sarfis-

tein, 1985). El riñón isquémico muestra una vasodila-

tación pronunciada que puede llegar a transformarse 

en daño hipóxico como consecuencia de una altera-

ción en la función vascular normal del FSR. Además 

se observa una reactividad vascular anormal  puesto 

que se produce un aumento a la sensibilidad de los 

agentes vasoconstrictores y una mayor respuesta a la 

estimulación nerviosa renal en las arteriolas de los 

riñones isquémicos por tratamiento con cisplatino 

(Khan y cols., 2009). Las alteraciones hemodinámicas 

Figura 2. Fisiopatología de la nefrotoxicidad por cisplatino. Mecanismos tubulares y vasculares. 
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renales observadas podrían ser debidas a un incremen-

to del calcio citosólico en las arteriolas glomerulares 

(Kawai y cols., 2006). Por otra parte, los bloqueadores 

de los canales de calcio han demostrado revertir el 

incremento de FPR atenuando así la disfunción renal 

asociada con la administración de cisplatino (Khan y 

cols., 2009). 

3.2. Efectos glomerulares

El cisplatino puede dañar directamente las cé-

lulas glomerulares y alterar tanto su estructura como 

su permeabilidad dando lugar a la aparición de protei-

nuria en el rango nefrótico (Skinner y cols., 2009). 

Las alteraciones ultraestructurales que puede causar el 

cisplatino muestran que existe daño en todos los com-

ponentes glomerulares. Esta lesión se manifiesta con 

aparición de extrusiones citoplasmáticas endoteliales 

dentro del lumen vascular, ensanchamiento y lamina-

ción de la membrana basal capilar, fusión focal de los 

pedicelos de los podocitos, vacuolización citoplasmá-

tica de las células endoteliales, podocitos epiteliales y 

células parietales así como la presencia de cuerpos 

lipídicos y mieloides en todos los tipos de células glo-
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La inducción de daño glomerular por el cispla-

tino está caracterizada por un marcado descenso de la 

TFG y el FPR que está asociada con un marcado des-

censo en el coeficiente de ultrafiltración (Kf) y un 

aumento de la resistencia vascular renal (RVR) (dos 

Santos y cols., 1991a), que sugiere que se deriva de 

una vasoconstricción preglomerular (Winston y cols., 
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el cisplatino altera la función de filtración glomerular 

principalmente mediante una disminución de la per-

meabilidad de la membrana de filtración, como resul-

tado de una contracción de las células mesangiales 

(Mene y cols., 1989). 

3. 3. Efectos tubulares 

El túbulo proximal es el sitio donde se produce 

principalmente el daño renal inducido por una gran 

cantidad de  tóxicos. El cisplatino es captado por las 

células tubulares renales, alcanzando su máxima con-

centración en las células de la corteza interna y médu-

la externa, donde produce mayor lesión, pero también 

puede dañar al túbulo distal y a los conductos colecto-

res de forma dependiente de la dosis (Taguchi y cols., 
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El cisplatino entra en las células tubulares re-

nales mediante un proceso de difusión pasiva, pero 

también puede hacerlo mediante un proceso mediado 

por transportadores. Los transportadores basolaterales 

de cationes orgánicos (OCTs) han sido identificados 

como los mecanismos responsables de la captación 

del cisplatino (Ciarimboli y cols., 2011). Más concre-

tamente, el transportador OCT2 es el que determina la 

captación de cisplatino y por lo tanto su citotoxicidad 

�+
�
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Una vez dentro de las células, los iones cloruro 

se disocian de la molécula, debido a las bajas concen-

traciones de cloruro intracelular (Ekborn y cols., 

2003) provocando la formación de especies acuatadas 

mediante reacciones hidrolíticas. Los iones de platino 

cargados positivamente son más tóxicos y altamente 

reactivos que el compuesto en sí, lo que aumenta su 

afinidad por el ADN, ARN y proteínas (Cohen y cols., 
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puentes inter- e intra- catenarios con el ADN renal. 

Los aductos de platino-ADN activan varias respuestas 

celulares, incluyendo la señalización del daño del 

ADN, los puntos de control del ciclo celular y el 

arresto, reparación del ADN y muerte celular.  

Los mecanismos fisiopatológicos  mediante los 

cuales  el cisplatino produce daño renal tubular se 

encuentran resumidos en la figura 3. 

3.3.1. Alteración de los sistemas de transpor-

te 

La nefrotoxicidad del cisplatino se caracteriza 

por una disfunción de las células renales del túbulo 

proximal. En particular, interfiere con los transporta-
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dores de sodio como la Na/K ATPasa, el co-

transportador Na/K/2Cl y el intercambiador Na/H tipo 

III y también con los canales de agua de la membrana 
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Bae y cols., 2009). Como consecuencia, se produce 

una alteración en el transporte de agua, nutrientes y 

electrolitos en las células tubulares renales. En este 

sentido, el cisplatino inhibe la actividad de los trans-

portadores en el borde en cepillo de la membrana re-

nal tanto in vivo como in vitro (Yoshiki y cols., 2000). 

El daño producido por cisplatino puede perturbar la 

integridad del citoesqueleto y la polaridad celular, 

dando lugar a cambios en el manejo de los iones de 

hidrógeno, magnesio, potasio y calcio, lo que contri-

buye a que se produzca una disminución en la reab-

sorción de dichos iones en los túbulos proximal y dis-

tal y por lo tanto, un incremento de la excreción urina-

ria (Lajer y cols., 2005). Además puede provocar la 

pérdida de la barrera epitelial celular y/o las uniones 

estrechas entre células viables durante el proceso de 

inducción de daño renal por parte del cisplatino, pu-

diendo incluso producir una disminución de la TFG, 

como se ilustra en la figura 2. 

3.3.2. Disfunción mitocondrial 

La mitocondria es un punto clave para la nefro-

toxicidad del cisplatino, por ello la aparición de dis-

función mitocondrial producida por la administración 

de cisplatino puede suceder de forma temprana 

(Santos y cols., 2008). El cisplatino puede acumularse 

en las mitocondiras de las células renales, afectando a 

la bioenergética mitocondrial, lo que incrementa la 

generación de ROS, produce una disminución del 

consumo mitocondrial de calcio y una liberación de 

factores pro-apoptóticos, dando lugar a la muerte de 

las células tubulares renales (Chang y cols., 2002). 

3.3.3. Estrés oxidativo y nitrosativo 

Es bien conocido que el estrés oxidativo está 

involucrado en la producción de daño renal por admi-

nistración de cisplatino (Chirino y cols., 2009). Se ha 

sugerido que entre los principales mecanismos me-

diante los cuales el cisplatino produce nefrotoxicidad 

se encuentran la generación de ROS, la depleción de 

los sistemas antioxidantes y la estimulación de la per-

oxidación lipídica (Aydinoz y cols., 2007). La produc-

ción de estrés oxidativo por el cisplatino se debe a la 

excesiva producción de ROS por la mitocondria daña-

da, incluyendo al anión superóxido (O2º
-), el peróxido 

de hidrógeno (H2O2) y el radical hidroxilo (ºOH), y a 

una disminución en los sistemas de defensa antioxi-

dante, como el glutation reducido (GSH), la superóxi-

do dismutasa (SOD), catalasa (CAT) y glutation per-
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2009). Recientemente se ha asociado la nefrotoxicidad 

del cisplatino con el estrés nitrosativo. Hay evidencias 

de que los efectos celulares de los ROS están amplifi-

cados por una producción masiva de óxido nítrico 

(NOº), posiblemente por la iNOS, como consecuencia 

se produce una contínua formación de peroxinitritos 

(ONOO-) (Saleh y cols., 2001), contribuyendo al daño 

renal producido por el cisplatino. 

Esta situación en la que se ve incrementada la 

producción de especies reactivas del oxígeno y del 

nitrógeno tras el tratamiento con cisplatino es conoci-

da como estrés oxidativo y nitrosativo y resulta en un 

significativo daño renal de las estructuras celulares y 

de sus funciones, incluyendo a la peroxidación lipídi-

ca, nitración de proteínas, inactivación enzimática y 

rotura del ADN. Como consecuencia, induce disfun-

ción celular y la generación de señales intracelulares 

para la activación de los procesos de apoptosis y por 

lo tanto de muerte celular. 

3.3.4. Respuesta inflamatoria 

El cisplatino activa la fosforilación y la poste-

rior translocación del factor de  transcripción kappa B 

(NF-2B) al núcleo, a través de la degradación de la 

proteína inhibitoria I2B3 (4��� �� 	
���� ���%�� ����� ��

cols., 2008). La activación de NF-2B promueve la 

transcripción de genes específicos que codifican me-

diadores inflamatorios, promoviendo las respuestas 

inmunológica, proliferativa, antiapoptósica e inflama-

toria. (Lee y cols., 2006). Este evento da lugar a un 
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incremento de la expresión del factor de necrosis tu-

bular 3 (TNF-3) en las células tubulares renales. El 

TNF-3 es una citoquina muy importante involucrada 

en la inflamación sistémica y en la respuesta de fase 

aguda inducida por la administración de cisplatino. 

Ejerce su función directamente a través del receptor 

tipo 1 (TNFR1), pero también lo puede hacer de modo 

indirecto mediante una activación de la respuesta in-

mune via receptor tipo 2 (TNFR2). Adicionalmente la 

señal TNF- 3/TNFR2 puede potenciar los efectos 

proapotósicos de la activación del TNFR1 lo que con-

tribuye a la nefrotoxicidad del cisplatino (Ramesh y 

cols., 2003). 

El TNF-3 además coordina la activación de 

gran cantidad de citoquinas pro-inflamatorias como 

las interleuquinas 1, 4, 6 (IL-15, IL-4, IL-6), factor de 

crecimiento transformante – 51 (TGF- 51) y las pro-

teína quimioatractante de monolitos 1 (MCP1 del in-

gés monocyte chemoattractant protein-1) y células  

RANTES (del inglés regulated upon activation nor-

mal T-cell expressed and secreted).  Además TNF-3

induce la expresión de moléculas de adhesión entre 

las que se incluyen la molécula de adhesión intercelu-

lar 1 (ICAM-1), la molécula de adhesión vascular 1 

(VCAM-1) y la E-selectina, promoviendo un influjo 

de células inflamatorias dentro del tejido. (Ramesh y 
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padhyay y cols., 2011).  

La expresión de los factores de crecimiento y 

las citoquinas, cuando ya existe un problema inflama-

torio desemboca en el desarrollo de fibrosis intersti-

cial (Bolhe y cols., 1996), caracterizada por la expan-

sión de la membrana basal tubular y de la matriz ex-

tracelular intersticial (Norman y cols., 1996). Estas 

alteraciones dan lugar a una pérdida del balance entre 

la tasa de producción de matriz extracelular y la inac-

tivación de enzimas proteolíticas encargadas de degra-

Figura 3. Principales mecanismos intracelulares involucrados en la inducción de daño renal tubular por cispla-

tino 
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dar los componentes de la matriz, con el consiguiente 

desarrollo de fibrosis (Norman y cols., 1995). 

 3.3.5. Activación de proteínas quinasas acti-

vadas por mitógeno (MAPKs) 

El mecanismo de señalización de las MAPKs 

consiste en una serie de quinasas que se activan por 

diversos tipos de estrés extracelular, que regulan la 

homeostasis celular y procesos como los de la prolife-

ración celular, diferenciación, apoptosis y superviven-

cia (Owens y cols., 2007). Investigaciones recientes 

con modelos experimentales de nefrotoxicidad por 

cisplatino in vivo e in vitro han observado una expre-

sión diferencial de las principales quinasas: quinasa 

Jun N-terminal (JNK), p38 y la proteína quinasa acti-

vada por señales extracelulares (ERK). Otro estudio 

(Arany y cols., 2004) realizado in vivo, sugirió que la 

activación temprana de ERK, P38 y JNK por cispla-

tino, precedía al desarrollo de daño renal. Sin embar-

go, el papel que juega cada quinasa parece ser muy 

complicado de explicar y varía dependiendo del tipo 

celular, del perfil de estrés y de las señales de creci-

miento a las que las células están expuestas. La acti-

vación de dichas quinasas podría ser, en parte, respon-

sable de la activación de varios mecanismos de señali-

zación que culminan en daño celular renal y muerte 

durante la nefrotoxicidad producida por cisplatino 

(Pabla y cols., 2009). 
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A pesar de que la administración de cisplatino 

se realiza de forma controlada y tras la previa realiza-

ción de pruebas de funcionalidad renal, durante y des-

pués del tratamiento, la aparición de nefrotoxicidad 

suele aparecer en un porcentaje elevado de pacientes. 

Diversos estudios tratan de encontrar un marcador 

temprano de daño renal capaz de diagnosticarlo en sus 

primeras fases de desarrollo. 

En humanos, antes de la administración de 

cisplatino, generalmente se mide  BUN, creatinina 

plasmática y se realiza el cálculo del aclaramiento de 

creatinina mediante el uso de diversas fórmulas 

(Giannattasio y cols., 1983). Sin embargo, el cálculo 

de este parámetro presenta problemas puesto que no 

se correlaciona totalmente con la TFG. Bardi y cols., 

(2004) propusieron el cálculo del aclaramiento de 

cistatina C, en pacientes pediátricos, como mejor mar-

cador para caracterizar la función glomerular que la 

creatinina, ya que la cistatina C tiene una tasa de pro-

ducción mucho más estable, es independiente de la 

talla, del peso, de la masa muscular y del género. Ade-

más, observaron que la concentración plasmática de 

cistatina C aumentaba de forma significativa antes que 

la cratinina. 

En algunos casos, también se miden iones séri-

cos y urinarios (calcio, magnesio, fósforo y potasio) 

así como las enzimas hepáticas en orina: aspartato 

aminotransferasa (AST) y alanino aminotransferasa 

(ALT) (Giannattasio y cols., 1983). Estas pruebas de 

funcionalidad renal también han de realizarse durante 

y después del tratamiento con cisplatino. 

La excreción urinaria de marcadores de daño 

tubular se ha propuesto como posible método de de-

tección temprana como es el caso de la beta-2-

microglobulina, la NAG y la alfa-1-glicoproteína áci-

da, de las que se ha observado un aumento tras la ad-

ministración de cisplatino en humanos (Anand y cols., 

2011). Pero, como se comentó anteriormente en el 

apartado 3.4., de la introducción, estos marcadores 

poseen algunos inconvenientes puesto que la informa-

ción que nos proporcionan es limitada y su aparición 

sucede cuando ya existe algún tipo de alteración. 

Un marcador más específico y temprano en la 

detección del daño por cisplatino es la proteína lipoca-

lina asociada a la gelatinasa neutrófila (NGAL, por 

sus siglas en inglés neutrophil gelatinase associated 

lipocalin). Estudios realizados con animales de expe-

rimentación, observaron concentraciones elevadas de 

NGAL tras la administración de cisplatino, de forma 
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aguda, en ratones (20 mg/Kg o 5 mg/Kg). Compara-

ron la excreción urinaria de NGAL con la aparición de 

otros marcadores como NAG en orina o creatinina en 

plasma. Mientras los marcadores habituales no varia-

ban sus valores hasta 96 horas después de la adminis-

tración de cisplatino, la excreción de NGAL ya se 

había incrementado a las 3 horas. Asimismo, en estu-

dios clínicos se ha corroborado el incremento de ésta 

proteína, tras observar niveles elevados de NGAL en 

plasma y en orina de pacientes tratados con cisplatino, 

además observaron que este incremento precedía al 

diagnosticado por los métodos habituales de la prácti-

ca clínica (Haase y cols., 2010, Gaspary y cols., 

2010).  

Otra proteína estudiada como posible marcador 

temprano de daño renal por el cisplatino es la molécu-

la de lesión renal 1 (KIM-1 por sus siglas en inglés 

kidney injury molecule 1). Se observó un incremento 

en la excreción urinaria de este polipéptido en ratones 

tratados con 3 o 6 mg/Kg de cisplatino vía iv a las 48 

horas, mientras que la NAG no aumentó hasta las 72 

horas (Espandian y cols., 2009). También se observó 

un aumento en la excreción urinaria de KIM-1 en ra-

tas tratadas con 10 mg/Kg de cisplatino vía i.p., en 

este caso, el incremento se produjo al día siguiente de 

la administración del citostático, mientras que los ni-

veles de creatinina plasmática no aumentaron hasta 

dos días después de dicha administración. En ratas 

Sprague-Dawley también se detectó el incremento de 

KIM-1 que se produjo tres días después de adminis-

trar 3,5mg/Kg de cisplatino vía i.p. (Vaidya y cols., 

2009). Estos autores concluyen que el incremento 

renal de KIM-1 se correlaciona con los diferentes gra-

dos de daño tubular y que proporcionan una mejor 

detección del daño renal, más específica y más tem-

prana que el BUN, la creatinina plasmática o la enzi-

ma NAG. 

Otras proteínas han sido probadas también en 

la detección temprana de la nefrotoxicidad de cispla-

tino, como es el caso de la proteína netrina-1 (PM 

75KDa) cuya  aparición en orina sucedía antes que la 

de NGAL en un estudio realizado con ratones (Reeves 

y cols., 2008), o de la fetuina A exosomal, que apare-

ció excretada en la orina 24 h después de la adminis-

tración de cisplatino en ratas, antes de observar  incre-

mentos en la creatinina plasmática y el BUN (Zhou et 

al., 2008) 

Tonomura y cols., 2010 realizaron una evalua-

ción de diferentes marcadores urinarios tras tratamien-

to con cisplatino, encontraron que los marcadores 

KIM-1 y glutation-S-transferasa µ (GST-µ) presenta-

ban una alta sensibilidad a la detección de la nefroto-

xicidad del cisplatino mientras que los marcadores 

GST-3, lactato deshidrogenasa (LDH) y albúmina 

urinaria eran relativamente sensibles y que, de todos 

los estudiados, la proteína  NGAL es el marcador más 

exacto y sensible. 

Pero no solamente se han estudiado proteínas 

como posibles marcadores. En el trabajo de Portilla y 

cols. (2006) se observó un incremento en la excreción 

urinaria de glucosa, aminoácidos y metabolitos del 

ciclo del ácido tricarboxílico dos días después del 

tratamiento con cisplatino.  El aumento en la excre-

ción urinaria de aminoácidos tras la administración de 

cisplatino se ha observado también en otra serie de 

trabajos experimentales, como es el caso de la carniti-

na (Hascke y cols., 2010) histidina, glicil prolina 

(Boudonck y cols., 2010), alanina, leucina, metionina 
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(Xu y cols., 2008). 

En perros se ha observado la excreción de cito-

quinas y quimioquinas urinarias [interleucinas (IL-2, 

IL-8, IL-7), MCP-1, chemoquina derivada de quera-

tinocitos (KC, por sus siglas en inglés keratinocite-

derived chemokine) y el factor estimulante de colonias 

de macrógos y granulocitos (GMCSF, por sus siglas 

en inglés granulocyte macrophague colonyl-

stimulating factor)] en la orina tras la administración 

del cisplatino (vía i.v. a la dosis de 0,75 mg/Kg/día 

durante 5 días), y este aumento apareció antes de que 

se observaran incrementos de la creatinina en plasma 

(McDuffie y cols., 2010).  
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De todos los marcadores mencionados ante-

riormente, la agencia europea del medicamento 

(EMA) ha realizado una valoración y ha concluido 

que los biomarcadores urinarios KIM-1, Albúmina, 

beta-2-microglobulina, trefoil factor 3 y cistatina C 

urinaria son considerados como aceptables en el con-

cepto de determinaciones no clínicas, ya que propor-

cionan información complementaria a la obtenida con 

el BUN y la creatinina, y que se correlación con las 

alteraciones histopatológicas observadas. Además 

reconocen que se deben realizar más estudios y así 

poder valorar si estos marcadores podrían tener utili-

dad en  un futuro en la práctica clínica (EMA, 2011).  
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En una visión histórica, los esfuerzos por con-

trolar la toxicidad renal del cisplatino se pueden agru-

par en dos grandes períodos. El primero basado en las 

modificaciones de los protocolos de perfusión, en 

cuanto a tiempos y vehículos de administración del 

cisplatino, y fue una mezcla de empirismo y de inves-

tigación guiada por las propiedades químicas y cinéti-

cas del fármaco. Pertenecen a esta estrategia el frac-

cionamiento de la dosis, la intensificación de la diure-

sis, y el uso concomitante de suero salino hipertónico.  

La segunda época o de modulación farmacoló-

gica, en la que aún nos encontramos, se caracterizaría 

por el empleo concurrente con el cisplatino de diver-

sos fármacos no citostáticos, que pudieran inhibir los 

efectos tóxicos del cisplatino sin alterar su función 

terapéutica. 

Hasta la fecha, la administración de coadyu-

vantes nefroprotectores no ha logrado resultados clíni-

cos satisfactorios. Existe un amplio arsenal de com-

puestos en fase de desarrollo experimental, encamina-

dos a facilitar la eliminación y evitar la acumulación 

del cisplatino en los túbulos renales, a formar comple-

jos menos tóxicos, o a modular las vías de señaliza-

ción implicadas en su efecto tóxico. Entre ellos se 

incluyen: (1) la cimetidina, que compite con el cispla-

$��
� &
�� ��� 9�:��� ���� ��� procainamida, que forma 
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salicilatos, la hormona estimulante de melanocitos  y 

la IL-10, como supresores de mediadores proinflama-

$
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����"�����amifostina, como citoprotector por dona-
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señalización intracelular de las MAPKs, como son 

PD98059 y UO126 [inhibidores de MEK/ERK], SKF-

86002 y SB203580 [inhibidores de p38] o SP600125 

>�� �'��
�� ��� ?@�A� �/�'��� �� B
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�
��� ��� ���%��� 
� �7�� ��� quercetina como antioxi-

dante, que además ejerce mejoras en la hemodinámica 

renal y reduce la inflamación en el riñón (Sánchez-

González y cols., 2011)  

La amifostina, un tiofosfato orgánico, es el 

único fármaco aprobado por la FDA para su uso en 

pacientes sometidos a tratamiento con cisplatino, con 

el objetivo de reducir su toxicidad (Capizzi, 1999). No 

obstante, el descubrimiento y desarrollo de fármacos 

nefroprotectores realmente útiles en la clínica sigue 

siendo un objetivo pendiente. 
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As in the case of other heavy metals, a considerable body of

evidence suggests that overexposure to uranium may cause

pathological alterations to the kidneys in both humans and

animals. In the present work, our aim was to analyze the available

data from a critical perspective that should provide a view of the

real danger of the nephrotoxicity of this metal for human beings.

A further aim was to elaborate a comparative compilation of the

renal pathophysiological data obtained in humans and experi-

mental animals with a view to gaining more insight into our

knowledge of the mechanisms of action and renal damage.

Finally, we address the existing perspectives for the improvement

of diagnostic methods and the treatment of intoxications by

uranium, performing an integrated analysis of all these aspects.

Key Words: uranium; nephrotoxicity; chronic; acute; diagnosis;

treatment.

Human beings are constantly exposed to a certain amount of

uranium because it is heterogeneously present in natural form

in food, the air, the soil, and water. The repercussions of this

natural exposure as regards human physiology and pathophys-

iology are not completely known. However, the evidence

gathered so far suggests that overexposure to uranium may

result in toxicity, which is derived from an excessive

accumulation of the element in the organism. This accumula-

tion, in turn, depends on the route of entry, the duration of

the exposure, the dose and the chemical compound of which

it forms part, and its absorption (Maynard and Hodge,

1949; Stokinger et al., 1953). Natural exposure, overexposure,

and intoxication can occur by ingestion, inhalation, or

skin contact (Fig. 1). In any case, a small portion of the

uranium gains access to the circulation from which it

distributes throughout the body. Uranium accumulates mainly

in the bones (66%), kidneys (8%), and liver (16%) (ICRP,

1996), and it is eliminated with the urine, rapidly from the

blood and slowly from organ depots (ICRP, 1996; La Touche

et al., 1987).

Human beings may be subjected to pathological over-

exposure to the metal, both acutely and chronically, as

a consequence of (1) contamination of the usual sources of

normal exposure with high amounts of uranium arising from

the anisotropy of the distribution of the metal in the earth’s

crust, as in ground veins or water masses in contact with them,

or from human dumping and (2) direct contact with new

sources of exposure originated by human activity and enriched

in the element, such as in materiel and aeronautics or in the

fields of mining and industry. The main industrial use of

uranium is for fuel in nuclear reactors, which produce 17% of

the world’s electricity (Uranium Institute, 1996). Many

countries are being driven into nuclear energy generation as

a consequence of (1) the energy demand escalation, (2) the

limited reserve of fossil fuels, (3) the scarce development of

alternative sources, (4) the climate change, and (5) the

regulation imposed by the Kyoto treaty. In this sense, uranium

is one of the most useful fuels for nuclear energy production; it

is reasonably inexpensive and complies with the Kyoto

protocol. Other industrial uses of the element include the

manufacture of aircraft stabilizers, in satellites, and in naval

architecture (Wilkinson, 1962); in inertial orientation devices

and gyroscopes (ATSDR/CDC, 1990); in green or yellow

glasses (Peeks et al., 2002; Rossol, 1997); and in certain

luminous devices, in highly penetrating gun ammunitions

and in the production of high-energy x-rays (EPA, 1985).

For years, it was used in the manufacture of dental porcelain

(Thompson, 1976). The long half-life of the 238U isotope

(4.51 3 109 years) is a good proxy for estimating the age of

igneous rocks and in other types of radiometric dating

(ATSDR, 1999).

Ó The Author 2010. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
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The toxicity of the metal depends on several factors, such

as sex, age, the body mass index (Kurttio et al., 2006), and

species. Of all the mammals studied, humans seem to be the

least sensitive to uranium (Kathren and Burklin, 2008). An

interspecies order of sensitivity has been proposed: rabbit >

rat > guinea pig > pig > mouse > dog > cat > human (Orcutt,

1949; Tannenbaum et al., 1951). Uranium is responsible for

both radiological and chemical toxicity. The radiological

toxicity has been theoretically associated with the production

of cancer. However, because the specific radioactivity of

natural uranium is low, there seems to be no evident danger of

cancer from radiological effects. The results of different

studies carried out on animals and humans are consistent with

this notion (Morris et al., 1990; Muller et al., 1967; Sanders,

1986; Stokinger et al., 1953). On the other hand, the chemical

toxicity has been associated with hepatic, lung, and renal

injury (UNSCEAR, 1988). It has also been suggested that the

net effects caused by this metal in the kidneys and lungs could

be because of cooperation between the chemical and

radiological properties through a complementary mechanism

of action, although this relationship has not been demon-

strated experimentally (Ballou et al., 1986; Filippova et al.,

1978; Spiegel, 1949; Spoor and Hursh, 1973; Stokinger et al.,

1953).

No significant toxicity of uranium has been evidenced at

the cardiovascular (Boice et al., 2007; Dygert, 1949; Gilman

et al., 1998c), muscle-skeletal (Gilman et al., 1998c),

endocrine (Boice et al., 2007; Dygert, 1949; Gilman et al.,

1998c; Maynard and Hodge, 1949; Stokinger et al., 1953),

gastrointestinal (Boice et al., 2007; Gilman et al., 1998c;

Maynard and Hodge, 1949), and skin (Boice et al., 2007;

Spiegel, 1949) levels. No effects on reproduction have been

reported in humans (Mays et al., 1985; McDiarmid et al.,

2007). In contrast, in animal experimentation, relatively high

doses of uranium have been reported to elicit reproductive

abnormalities, manifested as a decrease in sperm counts

(Llobet et al., 1991), fetal toxicity (Domingo et al., 1989),

and testicular lesions (Maynard et al., 1953). In this article,

the available information on the nephrotoxicity of uranium

upon acute and chronic intoxication is thoroughly analyzed.

For this purpose, both data from human as well as animal

studies are critically compared. Human studies are scarcer and

less controlled than animal studies. As such, information from

experimental animals can, to a certain extent, be processed

FIG. 1. Possible mechanisms involved in uranium nephrotoxicity. U, Uranium; Na/K ATPase, sodium-potassium pump; Na ATPase, sodium pump; Na,

sodium; Pi, inorganic phosphate.
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and extrapolated into the framework delineated by data

obtained from human beings, in order to create a more

complete picture of the pathophysiological aspects of the

nephrotoxicity of uranium and the real risk posed by this

metal to the human being.

NEPHROTOXICITY BECAUSE OF ACUTE

OVEREXPOSURE

Acute Nephrotoxicity in Animal Models

Pathophysiological Studies

In animals, it has been possible to characterize the renal

damage caused by the element in detail, under predetermined

and controlled experimental conditions. Several studies have

reported decreases in creatinine clearance (Banday et al., 2008;

Haley, 1982; Sanchez et al., 2001; Shim et al., 2009), which is

indicative of a reduction in the glomerular filtration rate (GFR).

Congruently, with the decrease in the GFR, a significant

increase in the plasma concentration of creatinine and blood

ureic nitrogen (BUN) has been reported after uranium

administration (Banday et al., 2008; Fukuda et al., 2005b;

Sanchez et al., 2001; Shim et al., 2009; Taulan et al., 2006;

Yapar et al., 2010; Zimmerman et al., 2007). It is unknown

whether such a decrease in the GFR is because of (1) the

glomerular effects of uranium, (2) the tubuloglomerular

feedback brought about after tubular insult in order to prevent

an uncontrolled loss of water and electrolytes, or (3)

a combination of both. In this sense, in animals acutely

intoxicated with uranium, functional tubular alterations have

been observed. These are reflected in a significant increase in

electrolyte excretion (sodium, potassium, magnesium, calcium,

and inorganic phosphate) (Banday et al., 2008; Haley,

1982), proteins (Haley, 1982; Sanchez et al., 2001), b-2-

microglobulin (Fukuda et al., 2008), and glucose (Nomiyama

et al., 1974; Taulan et al., 2006). Increases in the urinary

activity of several enzymes indicating tissue lesion have also

been reported. At least in part, this could be explained by the

functional tubular alterations. Still, it is not possible to rule out

a direct effect of the metal on transport mechanisms or tubular

cell functions, independently of cell viability. Among the

increased urinary enzymes are N-acetyl glucosaminidase

(NAG) (Diamond et al., 1989; Fukuda et al., 2005b, 2008;

Sanchez et al., 2001) and alkaline phosphatase (ALP) (Banday

et al., 2008; Nomiyama et al., 1974). The increase in ALP in

urine has been linked to the loss of microvilli in the proximal

tubules, where this enzyme is mainly located (Yuile, 1973).

Increases in the activities of other enzymes in the urine, such as

gamma glutamyl transpeptidase (GGT), lactate dehydrogenase

(LDH), and acid phosphatase (Banday et al., 2008; Diamond

et al., 1989; Sanchez et al., 2001; Taulan et al., 2006), have

been described, pointing to the presence of tissue lesions. LDH

is a nonspecific marker of renal tissue lesion, but NAG, ALP,

and GGT are mainly markers of proximal tubule insult

(Emeigh Hart, 2005).

Other effects of uranium on the kidneys possibly related to

the function and viability of renal structures include (1)

alterations in the activities of several enzymes associated with

glycolysis (aldolase and phosphoglycerokinase), the tricarbox-

ylic acid cycle (isocitrate, succinate, and malate dehydro-

genases), and gluconeogenesis (FBPase and G6Pase) (Banday

et al., 2008); (2) disturbances in the oxidative balance

(Schramm et al., 2002), potentially related to increases in the

activity of superoxide dismutase (SOD) (Banday et al., 2008;

Schramm et al., 2002); and (3) increases in the plasma renin

levels, associated with increases in blood pressure (Kato et al.,

1994; Mendelsohn and Smith, 1980).

Table 1 summarizes the most relevant data obtained from the

acute intoxications with uranium carried out in experimental

animals, with regard to the alterations in renal function and

structure observed; the animal species; and the dose, route, and

duration of the exposure. The diversity of route of adminis-

tration, uranium type, and other factors introduces some

complexity when comparing the results from different studies.

Most of them have been done with rats, a species very sensitive

to uranium’s toxicity. Regardless of strain and route of

administration, single doses of a few (> 2) milligram per

kilogram are consistently and overtly nephrotoxic, as demon-

strated by alterations in classical parameters of renal function

(serum creatinine, BUN, etc.) and renal tissue status (e.g.,

urinary excretion of NAG), during the immediate days after

exposure. This is also true for other less sensitive species, such

as mice and dogs. There are fewer studies using lower doses,

which were all conducted in rats. However, it is evident that, at

least when uranium is administered ip, the toxic threshold for

single-dose exposures is set around 0.5 mg/kg. In the case of

the im administration, at least doses of or over 1 mg/kg induce

a renal injury that is still detectable 28 days after exposure

(Fukuda et al., 2005b). Because this is the only study

monitoring renal parameters so late after an acute exposure,

there is not enough evidence to know whether this is rather

specific of the im route or it can also be observed upon

intoxication by other routes.

All together, these data indicate that several species acutely

intoxicated with uranium undergo some degree of renal

damage in a dose-dependent and route-independent manner.

Doses of 5 mg/kg U (or higher) are overtly nephrotoxic for

rats, mice, and dogs. Doses higher than 0.5 mg/kg U are

nephrotoxic at least for rats. ‘‘Documented Human Cases’’

section presents the evidence on acute intoxication of humans

gathered in documented cases and compares the information

with that obtained in animals.

Morphological Renal Modifications

As far as we are aware, there are no histological studies

about the acute effects of uranium on kidney structure in
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human beings. In contrast, its effects on the kidney structures

of laboratory animals are fairly well documented because

uranyl nitrate has been widely used as an experimental

nephrotoxic agent (Domingo et al., 1989; Haley, 1982; Haley

et al., 1982; Kobayashi et al., 1984; McDonald-Taylor et al.,

1997; Sun et al., 2002). Modifications in the color and

smoothness of the kidney surface have been described (Fukuda

et al., 2005a). At toxic doses (5–20 mg/kg), ip injected uranyl

nitrate elicits specific damage to the S2 and S3 segments of the

proximal tubule (Gilman et al., 1998c; Haley, 1982; Haley

et al., 1982; Oliver, 1915), cell vacuolization (Gilman et al.,

1998c; Haley, 1982; Haley et al., 1982; Martinez et al., 2000;

Taulan et al., 2006), loss of the brush border membrane

(Taulan et al., 2006; Haley, 1982; Haley et al., 1982; Schwartz

and Flamenbaum, 1976), and in the S1 segment, an increase in

lysosomal and vacuolar mass. In other studies, reports have

also been made of variations in mitochondrial mass (Haley,

1982; McDonald-Taylor et al., 1997). At very high doses

(5–10 mg/kg body weight, ip), it is also possible to observe

necrosis of the proximal tubules (Haley et al., 1982; Hirsch,

1976; Taulan et al., 2006), especially in the corticomedullary

area (Fukuda et al., 2005a; Shim et al., 2009; Sun et al., 2002).

When the dose of uranyl nitrate administered is not very high

(0.5 mg/kg), the glomerulus is apparently left intact (Taulan

et al., 2006). However, if the dose is very high (~10 mg/kg),

adherences and congestion are seen in the glomerular

epithelium (Haley, 1982) together with a decrease in the

glomerular surface (Shim et al., 2009).

Once exposure has ceased, the uranium bound to the

tubular cells is eliminated in the urine (Leggett, 1989) and

a process of tubular re-epithelization begins (Zager et al.,

1994). It is believed that interstitial myofibroblasts and

macrophages could play an important role in regeneration

after acute insult owing to their role in scarring (Leibovich

and Ross, 1975; Powell et al., 1999). The appearance of

myofibroblasts and monocytes/macrophages in the renal

interstitium of rats has been observed following injections

of uranyl nitrate at toxic doses (Sun et al., 2002). A network

of myofibroblasts surrounding the tubular basal membranes

has been observed; this persists until cellular re-epithelization

has been fully completed (Sun et al., 2002). It is thought that

this formation may serve to provide contractile capacity and

to prevent nephron collapse, as well as to reinforce the

extracellular matrix and promote the production of cytokines

that favor re-epithelization (Sun et al., 2002). This regen-

erated tubular epithelium seems to be more resistant to the

toxicity of uranium than the original one (Hodge et al.,

1973).

Documented Human Cases

Acute overexposure to uranium in humans is very rare and

unlikely, such that few cases have been documented. Table 2

shows a summary of the main studies addressing acute
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exposure to the metal. The information comes from a case of

intended suicide (Pavlakis et al., 1996), several controlled

administration of uranium (via oral) with research purposes on

volunteers (Bassett et al., 1948; Butterworth, 1955; Hursh and

Spoor, 1973), and professional accidents in which individuals

were exposed through inhalation (Bijlsma et al., 2008; Fisher

et al., 1990; Kathren and Moore, 1986; Lu and Zhao, 1990). In

most of these cases of acute intoxication in humans, there is

clear evidence of acute nephrotoxicity. A decrease in the GFR

(as assessed by the measurement of creatinine clearance)

(Kathren and Moore, 1986; Tanigawara et al., 1990), or

consequences of this, such as increases in plasma creatinine

levels (Pavlakis et al., 1996), has been reported. Increases in

the urinary excretion of proteins (Friberg et al., 1986; Lu and

Zhao, 1990), amino acids (Lu and Zhao, 1990), and urinary

catalase (Bassett et al., 1948; Friberg et al., 1986) have also

been reported. Other studies have described increases in the

excretion of certain proteins, such as albumin (in amounts in

the microalbuminuria range) (Butterworth, 1955), and b-2-

microglobulin (Butterworth, 1955). In those studies, the origin

of the proteinuria was not determined, such that it could reflect

glomerular or tubular alterations (or both). In other cases, it has

been reported that uranium affects both the reabsorption of

filtered solutes and the excretion of other solutes. All the above

findings suggest that, depending on the effective dose, acute

intoxication with uranium may lead to kidney impairment of

varying intensity, which is strongly dependent on the circum-

stances of the exposure.

There seems to be some divergence of results regarding the

renal effects of exposure to uranium because the available

information is extremely varied as regards the route of

exposure, the dose (sometimes unknown), and the type of

uranium used, the time of analysis, etc. None of the studies in

which renal function was evaluated after several years has

reported altered parameters. In analyses carried out during or

immediately after acute intoxication, in addition to increased

urinary uranium levels, an alteration of different renal

parameters has been observed after both oral and inhalation

intoxication. Through oral administration, only in one case of

exposure to low doses, in the range of a few milligram of

uranium (Hursh and Spoor, 1973) corresponding to an

estimated dose of 0.16 mg/kg, was renal function apparently

unaltered. For higher doses, more serious alterations were

observed as the dose increased, ranging from simple micro-

albuminuria with a dose of 14.3 g/kg in Butterworth (1955) to

alterations in all the renal parameters measured in Pavlakis

et al. (1996), after an estimated dose of about 214.3 mg/kg. It

therefore seems that acute exposure (at least through the oral

route) to more than about 15 mg/kg is required for renal

alterations to start appearing.

Along with ingestion, inhalation is the other most likely

potential route through which humans can be overexposed to

uranium. We have found four studies reporting overexposure

to uranium though inhalation. One of them (Bijlsma et al.,

2008) studied renal function parameters 8.5 years after the

exposure and found no alteration other than higher urinary

excretion of uranium. The other three studied renal function

immediately after the exposure. Kathren and Moore (1986)

found reduced creatinine clearance, Lu and Zhao (1990)

proteinuria and increased serum non protein nitrogen (NPN),

TABLE 2

Documented Cases of Acute Intoxication with Uranium in Humans

Study Participants number

Exposure

source

Uranium amount

and type Study moment Observations

Bassett et al.

(1948)

6 volunteers iv 6.3–70.9 lg/kg UN

(0.44–4.96 mg/kg)a
During exposure > Urinary catalase > Prot.

(for the highest dose used)

Butterworth

(1955)

1 volunteers Oral 1 g UN (14.3 mg/kg)a During exposure Vomiting, diarrhea >

microalbuminury

Hursh and

Spoor (1973)

4 patients Oral 10.9 mg UN (0.16

mg/kg)a
During exposure Without kidney damage

Pavlakis et al.

(1996)

1 attempted suicide Oral 15 g UN (214.3

mg/kg)a
After cessation All renal parameters altered

Kathren and

Moore (1986)

3 men Inhalation UF6 Sortly after the

accident

< Clcr

Fisher et al.

(1990)

31 enrichment plant

workers

Inhalation 0.47–24 mg/m3 UF6 After cessation > U in urine

Lu and Zhao

(1990)

1 Inhalation NU 1 week after

cessation

> Prot., NNP, aminoacidury >

U in urine

Bijlsma et al.

(2008)

2499 firefighters, police

and airport workers

Inhalation NU and DU 8.5 years after

cessation

No > U in urine; No differences

in the other renal parameters

Note. UN, uranyl nitrate; UF6, uranium hexafluoride; NU, natural uranium; DU, depleted uranium; Prot., proteinuria; Clcr, creatinine clearance; NNP,

nonprotein nitrogen; U, uranium.
aValues between brackets represent the estimated dose (milligram per kilogram) for a 70-kg individual.
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and Fisher et al. (1990) only higher excretion of uranium.

Except in Fisher et al. (1990), the concentration of uranium in

the air is not known (see Table 2). Accordingly, it is

impossible to draw conclusions on toxic dosage or sensitivity

through this route and much less to make comparisons with

other exposure routes. However, it is clear that feasible

accidents or sporadic circumstances can overexpose the

human being to uranium through inhalation resulting in some

degree of nephrotoxicity.

In conclusion, animal studies diverge from human studies in

the exposure route, which is a key determinant of uranium

bioavailability, and blood and tissue levels. However, it is clear

that acute intoxication with uranium leads to nephrotoxicity in

both animals and humans, in a dose-dependent manner. Yet

one study in rats (Kato et al., 1994) and another one in humans

(Bassett et al., 1948) of acute intoxication via iv with

similar doses yield interesting information. Humans exposed

to ~5 mg/kg U showed proteinuria as the most significant renal

alteration, whereas both serum creatinine and BUN increased

in rats subject to the same dose. This indicates that humans

underwent some degree of renal alteration (probably in tubular

reuptake) that did not end up in the renal dysfunction seen in

rats. This highlights the lower sensitivity to U toxicity of

humans when compared with rats. Through the iv route,

uranium surpasses interspecies differences posed by different

absorption and different influence of other physical barriers

working upon exposure through other routes.

Finally, it should be noted that it is not known whether acute

intoxication with uranium is able to trigger chronic renal

lesions that will progress irreversibly and autonomously

regardless of the presence of the metal, consistent with the

well-known fact that the concurrence of several acute renal

insults may drive the kidneys to enter an autonomous chronic

degenerative process (Basile, 2008). The few data available

concerning acute intoxications in human beings, together with

the lack of this type of study in animals, make it impossible to

draw conclusions. As a possible indication, the work of

Bijlsma et al. (2008) (see Table 2), in which renal function was

assessed years after the acute exposure, suggests that this

would not be the case, although the intensity of those

exposures is not known.

NEPHROTOXICITY BECAUSE OF CHRONIC

OVEREXPOSURE

Under certain circumstances, humans are chronically

overexposed to uranium. It remains largely unknown whether

such exposure may elicit kidney damage and neither are the

determinants of the possible nephrotoxicity known. It is also

unknown whether the possible nephrotoxicity is triggered

(1) as a subacute effect when a certain level of tissue

accumulation after a more or less long exposure time has been

surpassed or in contrast (2) as chronic renal damage that

gradually develops into irreversible degeneration that is even

independent of the presence of uranium, as occurs with most

of the causes of chronic renal impairment (CRI) (Remuzzi

et al., 2006). In this section, we attempt to shed some light on

these aspects.

Pathophysiological Studies with Animal Models

In general, studies carried out in laboratory animals have

used higher doses of uranium than those found in human

exposure, although the time of exposure was much shorter

(months instead of years). Table 3 summarizes the most

relevant data obtained from the chronic exposure to uranium

in experimental animals, with regard to the alterations in renal

function, the animal species, uranium type, the estimated dose

(milligram per kilogram), and the route and duration of the

exposure. As commented above, the toxicity of uranium

depends on sex, age, the body mass index, and species. Data

from Table 3 are not in agreement with the interspecies

sensitivity classically reported (Orcutt, 1949; Tannenbaum

et al., 1951). Indeed, after chronic oral exposure, the rat

seems to be more sensitive than the rabbit. Rabbits showed

no biochemical changes in the estimated dose range 0.048–

30 mg/kg during 3 months of exposure. However, rats subject

to even milder conditions (exposure of 1 month and a lower

dosage range [0.02–16 mg/kg]) showed renal alterations,

including glucosuria and increased leucine aminopeptidase

activity. Comparison with the mouse is more controversial

because exposure time was longer (4 months), which may

have induced a higher accumulation resulting in greater

kidney damage. The importance of exposure time has been

evidenced by the studies of Berradi et al. (2008) and

Tissandie et al. (2008), which show major renal alterations

owing to longer time of exposure.

Regarding inhalation exposure to uranium, renal damage has

been reported in studies from 1 to 24 months mainly in dogs.

Stokinger et al. (1953), in a study conducted at low doses

(0.05 mg U/m3 air), observed that NPN levels in plasma were

normal, and there were no differences in the excretion of

urinary proteins, whereas a decrease in creatinine clearance and

an increase in urinary catalase were observed. At higher doses

(0.13 mg U/m3), an increase in protein excretion and NPN

(Pozzani, 1949) was observed. In other studies conducted

during a similar exposure time but with higher dose, changes in

the usual markers of renal function (serum creatinine, BUN,

and urinary proteins) were observed. Importantly, similar

results were obtained in a wide range of doses (37.5–187 mg

U/m3) (Maynard and Hodge, 1949).

It is difficult to compare the results obtained in oral and

inhalation exposure because, among many other factors, the

absorption process in each route is different. Generally, when

exposure occurs with high doses of uranium, the markers of

renal damage, such as plasma creatinine and nonprotein

nitrogen in plasma, are found to be altered, but when exposure
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occurs at lower doses, these markers are not altered or at least

their alteration is not dose dependent. In the case of oral

exposure, an increase in glucosuria has also been observed in

several studies, whereas in the case of the inhalation route, no

alteration in glucose excretion has been described. It is also

important to note that the work carried out on oral exposure has

focused more on the nephrotoxicity of uranium than studies

carried out on the inhalation route, in which many of the markers

of renal damage were not analyzed. Accordingly, it is not

possible to rule out that certain parameters, such as glucosuria,

might be altered because of chronic uranium exposure through

this route. These factors presumably determine the accumulation

of the metal in the various compartments of the organism;

hypothetically, such accumulation could be an important

component of the renal toxicity of uranium.

Data Sources of Human Cases

Several epidemiological studies have attempted to link

chronic exposure to uranium and renal damage, which is

TABLE 3

Studies of Chronic Intoxication in Experimental Animals

Reference Species

Uranium

type Dose Estimated dose Route Exposure

Observations

Serum parameters

Urine

parameters Others

Gilman et al. (1998c) SD rats UN 0.96 mg/l 0.02 mg/kga Oral 3 months _ hemoglobin,

erythrocytes, Glc. >

leucine aminopeptidase

_ Body weight

Gilman et al. (1998c) SD rats UN 4.8 mg/l 0.32 mg/kga Oral 3 months _ hemoglobin,

erythrocytes > leucine

aminopeptidase, Glc.

_ Body weight

Ortega et al. (1989) SD rats UA 2 mg/kg 2 mg/kg Oral 1 month > Glc.

Berradi et al. (2008) SD rats UN 40 mg/l 2.67 mg/kga Oral 9 months _ Leucocytes < hemoglobin,

hematocrit (sligthly) < RBC

Tissandie et al. (2008) SD rats EU 40 mg/l 2.67 mg/kga Oral 9 months _ ALT, AST, Crs, BUN,

PTH, Pi > Ca

_ Body weight,

kidney weight

Ortega et al. (1989) SD rats UA 4 mg/kg 4 mg/kg Oral 1 month > Glc.

Ortega et al. (1989) SD rats UA 8 mg/kg 8 mg/kg Oral 1 month > Glc.

Ortega et al. (1989) SD rats UA 16 mg/kg 16 mg/kg Oral 1 month > Glc.

Gilman et al. (1998c) SD rats UN 600 mg/l 400 mg/kga Oral 3 months _ hemoglobin, erythrocytes,

Glc. > leucine

aminopeptidase

_ Body weight

Taulan et al. (2004) Mice UN 80 mg/l 13.33 mg/kgb Oral 4 months _ BUN > Crs _ Glc.,

GGT

_ Kidney weight

Taulan et al. (2004) Mice UN 160 mg/l 26.67 mg/kgb Oral 4 months _ BUN > Crs _ Glc. >

GGT

_ Kidney weight

Gilman et al. (1998b) Rabbits UN 0.96 mg/l 0.048 mg/kgc Oral 3 months No biochemical changes

Gilman et al. (1998b) Rabbits UN 4.8 mg/l 0.24 mg/kgc Oral 3 months No biochemical changes

Gilman et al. (1998a) Rabbits UN 24 mg/l 1.2 mg/kgc Oral 3 months No biochemical changes

Gilmanm et al. (1998b) Rabbits UN 24 mg/l 1.2 mg/kgc Oral 3 months No biochemical changes

Gilman et al. (1998a) Rabbits UN 600 mg/l 30 mg/kgc Oral 3 months No biochemical changes

Gilman et al. (1998b) Rabbits UN 600 mg/l 30 mg/kgc Oral 3 months No biochemical changes

Stokinger et al. (1953) Dogs UO2 0.05 mg U/m3 Inhalation 12–24

months

_ NPN _ Prot. >

catalase

< Clcr

Pozzani (1949) Dogs UO2 0.13 mg U/m3 Inhalation > NPN > Prot.,

catalase

< Clcr

Maynard and Hodge

(1949)

Dogs UO2F2 37.5 mg U/m3 Inhalation 1–24

months

> Crs, BUN > Prot.

Maynard and Hodge

(1949)

Dogs UO2F2 187 mg U/m3 Inhalation 1–24

months

> Crs, BUN > Prot.

Note. >, increase; <, decrease; _ no change; SD, Sprague-Dawley; UN, uranyl nitrate; UA, uranyl acetate; UO2, uranium dioxide; UO2F2, uranyl fluoride; RBC,

red blood cells; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Crs, serum creatinine; BUN, blood ureic nitrogen; PTH, parathyroid hormone;

Ca, calcium; NPN, nonproteic nitrogen; Prot., proteins; Glc., glucose; EU, enriched uranium.
aEstimated dose assuming that rat median weight of 300 g and daily intake of water 20 ml/day.
bEstimated dose assuming that mice median weight of 30 g and daily intake of water 5 ml/day.
cEstimated dose assuming rabbit median weight of 4 kg and daily intake of water 200 ml/day.
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usually determined through alterations in parameters, such as

microalbuminuria, glucosuria, and b-2-microglobulinuria.

There are few studies from which epidemiological information

can be drawn and they are incomplete and biased (Table 4).

This is because it is difficult to know (1) the number of people

exposed, (2) whether they in fact underwent some degree of

renal damage, (3) the characteristics of each episode of

exposure are highly variable (duration, dose, route of exposure,

etc.), and (4) the possible existence of other comorbility

factors, known or not.

The first documented data concerning chronic exposure

date back to the 19th century, before the discovery of insulin,

because uranium was then used as a treatment for diabetes

mellitus (Hodge et al., 1973). Thus, the treated population

could provide data about the chronic toxicity of uranium in

humans. However, the information from this population

should be taken with caution because it is now known that

diabetes is the main cause of chronic kidney disease in

developed countries (Molitch et al., 2004). Another factor

that further complicates the issue is the documented fact that

hyperglycaemia per se reduces the renal damage caused by

metals (Jin et al., 1996; Shyh et al., 1984), although diabetic

nephropathy caused by chronic diabetes increases the

susceptibility to metal nephrotoxicity (Jin et al., 1994,

1999). Several independent studies have provided evidence

of humans (totaling ~24 people) treated orally with soluble

uranyl nitrate, at 3 doses of 2 g daily (6 g/day) over months or

even years (Bond, 1898; Bradbury, 1896; Duncan, 1897;

Wilcox, 1917). No kind of renal damage was reported in any

of these cases (Wilcox, 1917). Nevertheless, it is not possible

to rule out that the patients treated with these concentrations

of uranium might have suffered some type of kidney lesion.

In the 19th century, there was no pathological or diagnostic

information available that would allow a slight or moderate

degree of damage to be detected, unlike current diagnostic

techniques that allow specific aspects of such damage to be

determined.

The highest concentrations of natural uranium present in

water are found in mountainous regions of countries, such as

Finland (Kurttio et al., 2002; Vesterbacka et al., 2005),

Norway (Frengstad et al., 2000), Canada (Mao et al., 1995;

Zamora et al., 1998, 2009), Sweden (Selden et al., 2009), and

the United States (Hakonson-Hayes et al., 2002; Magdo et al.,

2007; Orloff et al., 2004). Accordingly, in these zones,

population epidemiological studies on oral exposure to

uranium have been conducted. One important bias common

to such studies is that it is extremely difficult to establish the

number of years over which the people surveyed have been

exposed. It has generally been assumed that this would be

proportional to the time of residence in the place affected.

Table 4 shows the most significant data of these and other

studies addressing chronic exposure to uranium, specifying the

available data concerning renal effects, which are evaluated in

the next section.
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Pathophysiological Picture from Human Studies

The documented cases of chronic intoxication in humans

indicate that there are few situations in which uranium produces

symptoms of a reduction in glomerular filtration and azotemia,

such as a decrease in the GFR (McDiarmid et al., 2001), and an

increase in plasma creatinine and urea concentrations (Wyatt

et al., 2008). In most studies, no reports have been made of

alterations in these parameters, although a few authors have

described alterations in parameters related to the function and

integrity of the kidney structures, especially the tubular

compartment, although inconsistently among the different

studies. However, it is necessary to take into account that such

inconsistency could be because of strong biases among them as

regards the dose, duration and route of exposure, the time of

diagnosis, sex, age, and other determinant factors. Nonetheless,

as discussed below and reflected in Figure 2, it is interesting to

note that the same changes have also been observed in

laboratory animals exposed chronically to the metal (‘‘Patho-

logical Studies with Animal Models’’ section) and that the

pattern of damage is similar to that produced by acute

overexposure (with much higher doses—‘‘Nephrotoxicity

because of Acute Overexposure’’ section).

In some studies, reports have been made of proteinuria or the

excretion of certain specific proteins, such as albumin (retinol-

binding protein [RBP] and b-2-microglobulin, Magdo et al.,

2007; Pinney et al., 2003), after uranium exposure. These

findings are inconsistent with those obtained by other authors

(Kurttio et al., 2006; McDiarmid et al., 2001, 2006, 2007;

Zamora et al., 1998). In part, this may be also because of

differences in sampling, the analytical method used, the

statistical analyses applied, or the level of exposure to uranium.

It is not known whether the observed general or selective

proteinuria is of glomerular or tubular origin.

As in the case of acute nephrotoxicity, studies have also

measured a series of kidney enzymes used as markers of tissue

damage, including ALP, GGT, LDH, and NAG (Kurttio et al.,

2002, 2006; McDiarmid et al., 2006; Zamora et al., 1998). In

these studies, it was not possible to relate alterations in these

enzymes to the ingestion of uranium. Nevertheless, in rats,

a decrease in the activity of GGT in urine has been observed

following chronic ingestion of the metal (Niwa et al., 1993),

possibly because of the fact that the activity of this enzyme is

inhibited by uranium (Nechay et al., 1980). ALP activity seems

to be related to the chronic ingestion of uranium because

a tendency for it to increase in urine has been observed (Kurttio

et al., 2006; Zamora et al., 1998, 2009), although in other

studies, it seems to be unaltered (McDiarmid et al.,

2006; Squibb and McDiarmid, 2006; Squibb et al., 2005).

A tendency for LDH activity to increase after chronic exposure

to uranium in humans has also been reported (Zamora et al.,

1998, 2009). Some studies have reported alterations of other

tubular functions, such as increases in the excretion of calcium

(Kurttio et al., 2002; Squibb and McDiarmid, 2006), glucose

(Kurttio et al., 2002, 2006; Zamora et al., 1998), and phosphate

(Kurttio et al., 2002; McDiarmid et al., 2001). However, no

increases in calcium or phosphate levels have been observed in

other studies (McDiarmid et al., 2006; Selden et al., 2009).

However, no clear relation between exposure level, duration of

exposure, and observed renal effects can be drawn from the

available studies in humans (Table 3). Just as an example,

whereas Wyatt et al. (2008) found increased serum creatinine

in 156 people 1 year after the cessation of a chronic

overexposure of years to drinking water containing over

30 lg U/l, Kurttio et al. (2002) found no alterations in this

parameter in 325 people during an overexposure of years to

water containing over 100 lg U/l. Together with the results

obtained in animal models (‘‘Pathological Studies with Animal

Models’’ section), the available information indicates that

chronic exposure to uranium may lead to a variable degree of

renal damage, which in general terms ranges from no

detectable alterations to a mild injury mostly of tubular origin.

However, undetermined comorbidity factors seem to play an

important role at determining the final effect of uranium in the

kidneys.

Recent studies suggest that chronic exposure to uranium

would be associated with an increase in plasma renin

concentrations, which would result in an elevation of blood

pressure and hence a predisposition to hypertension in subjects

exposed to uranium (Kurttio et al., 2006). As commented

above (‘‘Nephrotoxicity because of Chronic Overdose’’

section), this effect has also been reported in acute over-

exposure to uranium. A new hypothesis has associated the

kidney damage produced by chronic ingestion of uranium with

the induction of renal anemia (anemia because of renal

disease), which has been described as an early symptom in

the progression of chronic renal disease (Berradi et al., 2008).

This conclusion was reached after the discovery, in laboratory

animals, of low red blood cell levels following chronic

exposure to the metal (Berradi et al., 2008). However, this

has not been corroborated in uranium workers (Shawky et al.,

2002), although it has been observed in people living close to

nuclear power plants (Pinney et al., 2003) and in soldiers

exposed to uranium (Squibb and McDiarmid, 2006).

Finally, studies have been carried out to determine whether

age influences renal damage. This aspect is of special

relevance because children may be at a greater risk of

developing renal damage after uranium exposure because

they drink more water and food per kilogram of body weight

than adults (Ershow and Cantor, 1989). In one study, it was

found that chronic ingestion of uranium by a 3-year-old boy

caused a much greater increase in the urinary excretion of

b-2-microglobulin than the other individuals exposed to the

same amount of the metal (Magdo et al., 2007). Moreover,

adults with impaired renal function may also be at greater

risk. In these, a decrease in creatinine clearance together with

an increase in serum cystatin C levels has been reported

(Kurttio et al., 2006). Regarding the possible increase in
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blood pressure because of increases in plasma renin concen-

trations, a correlation has been found between exposure to

uranium and increased blood pressure (Kurttio et al., 2006).

Histological Alterations

There is little histological information in humans following

chronic uranium exposure, and in a review of the literature, we

have only been able to find a few studies performed on uranium

workers. In one case, an autopsy was performed on a miner

who had been exposed to uranium for years. The mean

uranium content in was 2 ng U/g kidney, and his annual

uranium excretion calculated with several data was 14.3 mg U/

year (0.04 mg U/day). Sclerotic zones were observed in the

glomeruli, together with lymphocyte infiltration and zones of

arteriosclerosis (Russell and Kathren, 2004). In another work,

the authors performed an autopsy on seven uranium workers

together with another six people not known to have been

FIG. 2. Simptomatology after Chronic Exposure to Uranium. Comparison between Humans and Animals. BUN, blood urea nitrogen; Ca, calcium; ALP,

alkaline phosphatase; GGT, gamma-glutamyl-transpeptidase; NAG, N-actetyl-b-D-glucosaminidase, :, increase; ;, decrease; —, no change.
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exposed to the element. In this case, no histological differences

were observed between both groups (Russell et al., 1996).

Studies have been carried out on chronic exposure in laboratory

animals and the third segment of the proximal tubule (S3) has

been established as the site mainly affected (Gilman et al.,

1998a,b,c; Mao et al., 1995). Apical nuclear displacement,

cytoplasmic vacuolization, and tubular dilation were observed,

although a certain degree of glomerular damage, such as

adherences and focal sclerosis, was also found (Gilman et al.,

1998c).

The histological data obtained to date in human beings do

not allow a clear idea to be gained of the type of damage

caused by uranium through chronic exposure nor in which part

of the kidney such damage is caused. However, several

investigations carried out in animals suggest that the proximal

tubule is the one most affected by exposure to uranium, a result

that has been reproduced in both acute and chronic intox-

ications. In both cases, tubular dilation, cytoplasmic vacuoliza-

tion, and apical nuclear displacement have been reported.

However, the corticomedullary necrosis observed after acute

intoxications is not observed after a chronic exposure to

uranium. This metal has also been linked to the production of

glomerular damage, although in this case, the evidence is not as

clear because this kind of damage has only been observed in

a few studies.

As in the case of acute exposure, renal tissue tends to

regenerate after exposure to high and repeated doses of the

metal, pointing to the development of resistance to the toxic

effects of uranium (Bentley et al., 1985; Durbin et al., 1997;

Dygert, 1949; Maynard and Hodge, 1949; Pozzani, 1949;

Yuile, 1973). The mechanism through which this tolerance is

acquired is based on the morphological effects observed in

regenerated cells of the proximal tubule (Leggett, 1989;

MacNider, 1929), which appear swollen, without microvilli

on the luminal surface and with a reduced number of

mitochondria. It has been suggested that this reduction in

microvilli could give rise to a decrease in the binding of

uranium to the renal cell surface and hence reduce its toxic

action at this site (Gilman et al., 1998c).

Another possible tolerance mechanism is related to the

increase in heat-shock proteins (HSPs) (Ciocca et al., 1992;

Elliott et al., 1982; Honda and Sudo, 1982; Salminen et al.,

1997). In in vitro studies, it has been observed that renal

tubular cells express high levels of HSPs in response to uranyl

nitrate (Goering et al., 2000; Mizuno et al., 1997). In particular,

the HSP25 and HSP70i proteins have been associated with

cytoprotection against other renal toxic agents, among which

are mercury and gentamicin (Elliott et al., 1982; Goering et al.,

2000; Zager et al., 1994). HSP induction seems to be different

in the case of uranium (Goering et al., 2000) because exposure

to this metal has mainly been linked to an increase in HSP73

expression in kidney cells (Mizuno et al., 1997) as well as

increases in the levels of HSP25, HSP32, and HSP70i. In

contrast, in in vivo studies, no increases in the levels of these

proteins have been reported (Ananthan et al., 1986), such that it

has not been possible to corroborate this hypothesis.

Conclusions and Perspectives

All the above suggests that chronic exposure to uranium

cannot be easily linked to the occurrence of nephrotoxicity and

that, in the event of the metal being responsible for it, it may

revert with time. In studies on exposure performed only a short

time after the ingestion or inhalation of uranium, some urinary

markers of renal damage have been found to be altered, such as

urinary b-2-microglobulin, although some years after exposure

to the metal has ceased, the renal parameters studied seem to

return to normal values and only an increased urinary excretion

of uranium is observed. It has been proposed that such

excretion could be a marker of exposure to the metal. However,

it is difficult to associate uranium excretion with nephrotoxicity

because despite the excretion of the metal in the urine, in most

cases, no nephrotoxicity is observed. This therefore indicates

that (1) the risk of renal damage in humans because of chronic

exposure to uranium is at most uncertain and variable and (2)

even if in some cases chronic exposure produces an un-

determined level of renal injury, it reverts with time, suggesting

that people exposed chronically to uranium do not develop

a typical chronic renal disease.

Our impression is that a very long period of overexposure

(many years) would be necessary for uranium to accumulate in

target organs (in this case, the kidneys) at levels above the

toxicity threshold and to cause tangible deleterious effects.

Studies with an exposure time of months carried out on animals

require higher doses to produce similar effects to those detected

in humans subjected to years of low-dose exposure. Figure 2

shows a comparison of the changes observed in different

markers following chronic exposure in humans and animals. In

sum, by integrating the information concerning acute and

chronic overexposure, it may be deduced that uranium

nephrotoxicity probably derives from tissue accumulation

above certain levels, which can be attained with different

combinations of exposure time and dose, such that the greater

the dose, the shorter the time and vice versa. However, further

information is needed together with new studies to determine

correctly the profile of uranium nephrotoxicity because of both

chronic and acute overexposure.

An emerging issue to be considered is the possibility that

chronic exposure to uranium, in stages in which it still does not

cause any renal alteration, might be able to predispose subjects

to develop acute renal impairment (including acute renal

failure) because of exposure to other potentially nephrotoxic

environmental or therapeutic agents that under normal

conditions would not cause renal damage. In this sense, data

from our own laboratory (unpublished) indicate that chronic

exposure of rats to high doses of the metal over some months,

without eliciting symptoms of nephrotoxicity by itself, reduces
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the threshold of nephrotoxicity and enhances the nephrotoxic

effects of certain drugs, such as the aminoglycoside antibiotic

gentamicin. Were it to be confirmed, this situation would be of

huge clinical relevance because, in an occult and nondiagnos-

able way, chronic overexposure could render the sector of the

population in contact with the metal more susceptible to renal

failure. We believe that this is an issue requiring further

research effort in the near future, especially within the context

of the detection of this potential situation.

MECHANISMS OF NEPHROTOXIC ACTION

Although uranium is widely used as an experimental

nephrotoxic agent, the underlying physiological mechanism

responsible for renal damage has not been fully elucidated. One

limitation to our knowledge about this issue is that most of the

information has been obtained in acute studies with animals

(Diamond et al., 1989; Haley, 1982, Haley et al., 1982;

Morrow et al., 1982; Rothstein, 1949; Stokinger et al., 1953;

Taylor and Taylor, 1997; Thun et al., 1985).

The first issue that has not been suitably clarified is whether

uranium needs to penetrate cells to exert its toxic effect. Some

authors have proposed that this would not be necessary because

its effects (or a large part of them) derive from binding to

certain components of the cell membrane (Leggett, 1989;

Muller et al., 2006). According to those authors, such effects

would be based on interference with the reabsorption of

glucose, sodium, amino acids, proteins, water, and other

substances, which would lead to a slow cell death because of

the suppression of cell respiration (Hori et al., 1985; Leggett,

1989; Nechay et al., 1980). However, others have proposed

that the metal does need to enter cells to exert its toxic effects.

This has been observed in LLC-PK1 cells of the proximal

tubules in studies aimed at determining whether there are

differences in the toxicity of the U-bicarbonate and U-citrate

complexes (L’Azou et al., 2002; Mirto et al., 1999). In these

studies, it was possible to correlate the presence of the uranium

complex inside the cells and the toxic effect. Thus, it was

observed that the U-citrate complex entered the cells and

exerted a significant toxic effect in them, whereas the

U-bicarbonate complex, which did not enter the cells, exerted

a much lower toxic effect (Mirto et al., 1999). Accordingly, the

authors concluded that as regards its toxic effects, the entry of

uranium into cells is very important. Below, we detail some of

the aspects related to the mechanism involved in uranium

nephrotoxicity.

Alterations in Solute Transport

In studies of brush border membrane vesicles from rat renal

tubular cells, it has been observed that uranyl acetate produces

a decrease in glucose transport because of a reduction in the

number of sodium-glucose transporters (SGLT) (Goldman

et al., 2006). Hori et al. (1985) also reported a decrease in the

sodium-dependent glucose gradient that led them to suspect

that the enzymatic activity of Naþ Kþ, adenosine triphospha-

tase (Naþ, Kþ ATPase, or sodium pump) could be inhibited by

uranyl nitrate. Similar results were obtained by Brady et al.

(1989) in rabbit kidney cells. Those authors suggested that

uranyl nitrate would inhibit both the sodium-dependent and the

sodium-independent ATP utilization and mitochondrial oxida-

tive phosphorylation. Muller et al. (2006) reported that the

cytotoxicity of uranium for LLC-PK1 cells would depend on

the extracellular concentration of phosphate. High concen-

trations of phosphate in the medium gave rise to the formation

of uranium-phosphate complexes, which inhibited the Na/Pi II

transporter participating in the reabsorption of organic

phosphate.

Oxidative Stress

Oxidative stress has been proposed as a possible mediator of

renal damage because of exposure to uranium. In the rat renal

proximal tubular cell line (NRK-52E), uranium stimulates the

production of reactive oxygen species (ROS), caspases 9 and 3,

and cell death because of apoptosis (Thiebault et al., 2007). In

studies carried out on rat renal tissue (Linares et al., 2006), an

increase was observed in ROS levels, in oxidized glutathione

(GSSG), and in the activity of SOD. An increase in

thiobarbituric acid–reactive substances, indicative of lipid

peroxidation and oxidative stress, was also observed. It has

also been suggested that uranium could act as a catalyst in the

Fenton/Haber-Weiss reaction (Kovacic and Jacintho, 2001),

which would facilitate the conversion of the superoxide anion

and hydrogen peroxide into hydroxyl radicals, believed to be

responsible for initiating lipid peroxidation (Linares et al.,

2006; Stohs and Bagchi, 1995; Taulan et al., 2004). In other

studies, the pro-oxidant action of uranium has been related to

a disturbance in the activity of acetyl cholinesterase and of

monoamine metabolism (Kurttio et al., 2002; Linares et al.,

2006; Sanchez et al., 2001) and to an increase in mitochondrial

oxidative phosphorylation in the proximal tubule (Brady et al.,

1989). These results indicate that uranium could produce

oxidative stress, inducing, at least in part, the death of target

cells (Sabolic, 2006). Figure 3 shows the possible mechanism

responsible for renal damage caused by uranium.

Alterations in Gene Expression

Chronic exposure to uranium in animals elicits changes in

the profiles of the renal expression of genes related to oxidative

stress, cellular metabolism, solute transport, and signal trans-

duction, among other processes (Taulan et al., 2004, 2006). As

seen in Table 5, some of these changes in renal gene expression

are correlated with the appearance of pathological effects, such

as inflammation, apoptosis, oxidative stress, and alterations in

cellular homeostasis. However, the role of these genes in the
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initiation and development of such effects, as well as their

causal relationships with them, have not yet been clarified.

Diagnosis of Intoxication by Uranium

The diagnosis of nephrotoxicity because of uranium requires

two components: (1) the detection of overexposure to the metal

and (2) determination of the renal toxic effects. Detection of the

latter indicates that the former has occurred at a specific

moment. It is also possible that subnephrotoxic chronic

exposure could lead to a hidden predisposition to acute renal

failure because of other agents or that it might in some way

cooperate or increase the effect of other causes of CRI. As

commented in ‘‘Conclusions and Perspectives’’ section under

‘‘Nephrotoxicity because of Chronic Overexposure’’ section,

some results obtained by us indicate that chronic treatment with

uranyl nitrate predisposes individuals to the acute renal failure

elicited by other potentially nephrotoxic drugs, such as

gentamicin.

Detection of Overexposure

To date, the most efficient way of diagnosing exposure to

uranium is its detection in urine (Ballou et al., 1986; Cooper

et al., 1982; Downs et al., 1967; Morrow et al., 1982; Stradling

et al., 1981, 1991). According to the United States Nuclear

Regulatory Commission guide, acceptable methods for quan-

tifying uranium in urine should have a limit of 5 lg/kg and

a precision of 30% (Kressin, 1984). Different methods for

detecting the metal are available, such as kinetic fluorescence

analysis (Hooper et al., 1999; Price, 1989), alpha spectrometry

(Beyer et al., 1993; Chalabreysse et al., 1989; Harduin et al.,

1994; Sachett et al., 1984; Spencer et al., 1990; Wreen et al.,

1992), inductively coupled plasma mass spectrometry (Baglan

et al., 1999; Ejnik et al., 2000; Krystek and Ritsema, 2009;

Lorber et al., 1996; Paquet et al., 2006; Zamora et al., 1998),

neutron activation (Sansone et al., 2001), and atomic

absorption (Wessman, 1984).

Besides uranium determination, of all the other markers

studied only an increase in renal glucose excretion has been

linked to exposure to uranium in the human being (Kurttio

Food
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Digestive

tract
Skin Lungs

Blood

Bone Kidney Liver

Fecal 

excretion

Urinary

excretion
Exhalation

FIG. 3. Absorption, distribution, accumulation, and excretion of uranium

in the human body.

TABLE 5

Modifications in Renal Gene Expression Profiling (ARNm) after an Acute and Chronic Exposure to Uranium in Mice

Gen Physiological process Acute exposure Chronic exposure Observed effect

Na-Pi II Solute transporters < — Hypophosphatemia

Na/K ATPase Solute transporters — < Decreased sodium reabsorption

SOD Oxidative stress < > Induction of ROS

GPx Oxidative stress > > Induction of ROS

Fau Ribosomal protein synthesis > > Perturbation in protein synthesis

Odc Cellular metabolism < < Arrest of the cell cycle

Umod Tamm Horsfall protein synthesis > < Inflammation

Tctp Apoptosis, inflammation > > Apoptosis, inflammation

Gal-3 Apoptosis, inflammation > — Apoptosis, inflammation

Opn Inflammation, proximal tubules regeneration > — Inflammation, tissular regeneration

MT-2 Metallothionein synthesis > — Uranium detoxification

Igfbp7 Cellular proliferation > — Not established

Rps 29 Apoptosis > — Not established

Octs 2 Organic cation transport < — Decreased of organic cation transport

Note. This table was performed with data from Taulan et al. (2004) (chronic) and Taulan et al. (2006). <, decreased; >, increased; – unchanged. Modified genes:

Fau, Finkel-Biskis-Reilly murine sarcoma virus; Odc, ornithine decarboxylase; Umod, uromoduline; Tctp, translationally regulated transcript; Gal-3, galactose

binding, soluble 3; Opn, osteopontin; MT-2, metallothionein 2; Igfbp7, insulin-like growth factor binding protein 7; Octs 2, organic cation transporter 2.
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et al., 2002, 2006; Zamora et al., 1998), in agreement with

experimental studies carried out on different animal species

(Gilman et al., 1998c; Martinez et al., 2003; Ortega et al.,

1989).

Detection of Nephrotoxicity

For the detection of renal toxicity, there are no specific

biomarkers for diagnosing that it has been produced by

uranium; thus, general markers of nephrotoxicity are used

when a person is suspected to have been exposed to the metal

(Saccomanno et al., 1982; Thun et al., 1985; Zamora et al.,

1998). As in any situation in which there is suspicion of renal

damage, the most common diagnosis involves measurement of

the plasma creatinine concentration, which increases with the

decrease in the GFR. From the plasma creatinine concentration,

together with certain common anthropometric data (weight,

sex, age, etc.), by using established algorithms such as the

Modification in Diet in Renal Disease equation or the Cockroft-

Gault equation (Snively and Gutierrez, 2004; Snyder and

Pendergraph, 2005), it is possible to obtain an estimation of the

GFR. A slight proteinuria and amino aciduria are also

indicative of this damage (Saccomanno et al., 1982; Thun

et al., 1985), together with other markers of tubular damage,

such as urinary glucose, ALP, and b-2-microglobulin (Zamora

et al., 1998).

Presently, the most serious problem in the diagnosis of renal

impairment, both chronic and acute, is that it is based on the

detection of the consequences of renal dysfunction, which only

occur when the kidney damage is in a very advanced stage. At

that time, both the possibility of intervening and the prognosis

are poor (Vaidya et al., 2008). The future of the diagnosis of

these kidney diseases will require the identification of markers,

preferentially urinary markers, able to detect damage in the

early stages (Vaidya et al., 2008). In the case of acute renal

impairment, some urinary markers that appear in the urine

a few hours after the start of the damage have been identified.

Among them is neutrophil gelatinase–associated lipocalin

(lipocalin 2), Kidney Injury Molecule 1 (KIM-1), interleukin

18, and cystatin C, to mention but a few, that are in an

advanced stage of validation (reviewed in Vaidya et al., 2008).

The next step in the refinement of the capacity to diagnose

acute renal damage will be the discovery of markers (or sets of

markers—fingerprints) that as well as being detected early are

able to discern the cause of the damage. This, then, is also

a matter pending in the diagnosis of acute renal impairment

because of uranium exposure.

Regarding chronic renal disease, there are not even any

good early markers of the disease. In the case of some chronic

renal conditions with a given etiology, such as diabetes, the

possible role of microalbuminuria in the early diagnosis and

prognosis of the evolution of the disease is currently being

discussed (Parving et al., 2002; Schena and Gesualdo, 2005).

In diabetic nephropathy, microalbuminuria occurs prior to the

appearance of signs of kidney dysfunction, such as the

increase in plasma creatinine concentrations. However, its

value as a marker is debatable and it probably does not occur

early enough to be of use (Parving et al., 2002). In the case of

chronic intoxication with uranium, it remains to be seen

whether the gradual accumulation of the metal will lead to

a subacute kidney lesion. This difference is not trivial in the

diagnosis of nephrotoxicity because of chronic exposure

because CRI is a disease that, when the no-return point has

been passed, enters a vicious degenerative cycle and

progresses irreversibly and independently of the initial cause

of the damage (Compton, 2004).

Conclusions and Perspectives

Accordingly, the perspectives for improving the diagnosis of

this condition are necessarily based on a better understanding

of the renal pathology associated with chronic intoxication with

the metal. In the case of chronic uranium exposure producing

CRI, it would be necessary to identify very early general and

specific markers of this type of lesion. In the case of chronic

exposure inducing a subacute lesion, improvements in di-

agnosis will probably involve the identification of urinary

markers that afford information about the level of uranium

accumulation in the kidney. In this sense, it will be necessary to

determine whether the urinary excretion of the element could

fulfill this function or whether it would be necessary to identify

other markers that are more tightly correlated with the

physiopathological outcomes of increased levels of accumula-

tion of the metal in renal structures.

TREATMENT OF INTOXICATION BY URANIUM

Therapy for intoxication with uranium has a dual mission.

On one hand, it must attempt to palliate the intoxication by

halting the absorption, distribution, or the action of the metal or

by accelerating its excretion, and—on the other—it must take

into account the repair of the toxic damage caused.

Prevention of Intoxication

Prevention of intoxication is attempted at two nonexcluding

levels aimed at preventing absorption and, if this has already

occurred, at preventing uranium action on target organs.

Prevention of Absorption

The main objective in treating patients overexposed to

uranium is to prevent or minimize absorption from the site of

entry and distribution and to increase its removal from the

blood or target organs by favoring its excretion (Cronin and

Heinrich, 2000). When acute intoxication occurs through the

oral route, the usual measures stipulated for the treatment of the

NEPHROTOXICITY OF URANIUM 339

 a
t U

N
IV

E
R

S
ID

A
D

 D
E

 S
A

L
A

M
A

N
C

A
 o

n
 F

e
b
ru

a
ry

 9
, 2

0
1
1

to
x
s
c
i.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o
w

n
lo

a
d
e
d
 fro

m
 



ingestion of toxic substances must be brought into play with

a view to lowering intestinal absorption. Among such measures

are (1) stomach gastric lavage; (2) the use of emetics, such as

oral ipecacuana; (3) laxatives; (4) ion exchange agents; and (5)

the administration of antacids containing salts of aluminium,

barium sulfate, sodium phytate, and salts of glucuronic and

maluronic acid (ICRP, 1991). When intoxication has occurred

through the inhalation route, the therapeutic agents include

pancreatic dornase, Triton, or Tween-90, which decrease

the viscosity of the endobronchial mucosa and act on the

mucopolysaccharides and nucleoproteins of the respiratory

tree, favor the elimination of uranium through coughing, and

prevent its pulmonary absorption (ICRP, 1991).

Prevention of Action

If it is suspected or known that the uranium has reached the

blood stream, complex-forming agents are employed, such as

bicarbonate, citrate, lactate, and fumarate. Of these, bicarbonate

is the one reported to have the highest elimination efficiency

(Neuman et al., 1948) because it binds to uranium to form ring-

shaped complexes, which are excreted in the urine. Addition-

ally, bicarbonate alkalinizes the urine, which improves renal

uranium excretion. This treatment must be applied as soon as

possible after exposure, before the uranium has a chance to be

incorporated into the target organs. Generally, it is adminis-

tered 24 h after exposure (Domingo et al., 1992; Ortega et al.,

1989), but its use is limited because of the possible adverse

effects of hypocalcaemia and alkalosis (Bhattacharyya et al.,

1992; NCRP, 1980; WHO, 1984).

Classic chelating agents. If uranium has already entered

the target organs, therapy with chelating agents is initiated. In

clinical practice, these agents are usually used as antidotes in

intoxications, both acute and chronic, with metals. These

compounds bind to the metal and improve its excretion.

Moreover, in some cases, they decrease the toxicity of the

metal because they prevent it from binding to its target cells.

To obtain the best effects in therapy with chelating agents, it is

necessary to adjust the length of the treatment (Basinger and

Jones, 1981; Domingo et al., 1990; Henge-Napoli et al., 1995,

1999) and the doses of the chelating agents (Henge-Napoli

et al., 1999) and to take into account the route of entry and the

chemical form of the uranium involved (Houpert et al., 2003).

In humans, the chelating agents used are EDTA and

diethylene triamine pentaacetic acid (DTPA) (Basinger and

Jones 1981; Dagimanjian et al., 1956; Domingo et al., 1989,

1990; Durbin et al., 1997; Henge-Napoli et al., 1995, 1998,

1999; Houpert et al., 2001; Martinez et al., 2000, 2003;

Stradling et al., 1991; Ubios et al., 1994).

EDTA has been used both in human medicine and in

experimentation with animals for the treatment of intoxications

by inorganic substances (Hammond and Beliles, 1980). In

intoxications with uranium, both acute and chronic, it is

administered iv dissolved in 5% glucose or in physiological

saline. It is crucial to assess kidney function before starting

treatment because the use of EDTA is contraindicated in

patients with established renal disease. EDTA is also used in

combination with sodium (Na-EDTA), although this may give

rise to hypocalcaemia, and thus, the use of EDTA associated

with calcium is preferred (Ca-EDTA).

DTPA is a chelating agent belonging to the polyaminocar-

boxylate series that forms highly stable water-soluble com-

plexes that are excreted by the kidney. The U.S. Food and Drug

Administration approves the use of calcium and zinc salts with

DTPA in cases of human contamination with transuranic

elements. Ca-DTPA provides efficient treatment of contami-

nation with actinides (Rosen et al., 1989). The therapeutic

efficiency of both (Ca-DTPA and Zn-DTPA) depends on the

chemical form and solubility of the transuranic element. Both

agents are useful for the elimination of soluble uranium salts,

such as nitrates and chlorides, but their efficiency with

sparingly soluble salts such as oxides is somewhat weaker

(Catsch, 1959). They are injected or infused iv, injected im, or

are administered in aerosol form for inhalation. The route of

administration depends on the circumstances of the intoxica-

tion by uranium, its chemical form, and the route of

contamination. Ca-DTPA is more efficient than Zn-DTPA if

used early on after the contamination has occurred (Lloyd

et al., 1977), but the efficiency of both is the same if they are

administered later. The injection of 1 g of Ca-DTPA per week

in long-term treatments does not elicit toxic effects in patients

contaminated with actinides (Ballou, 1962). In contrast,

a constant infusion of Ca-DTPA did cause severe toxic effects

in animals, which led to death after a few days (Taylor and

Mays, 1979). The toxicity of Zn-DTPA is 30-fold lower than

that of its Ca-DTPA counterpart in fractionated doses

(Lushbaugh and Washburn, 1979). Although DTPA is the

recommended treatment after accidental exposures to uranium,

derivatives, it is very risky to use this substance because at high

doses, it is nephrotoxic (Diamond et al., 1989; Doolan et al.,

1967). In addition, (1) in certain studies with laboratory

animals, the use of DTPA has not proved to be useful

(Archimbaud et al., 1994; Domingo et al., 1989, 1990; Ubios

et al., 1994); and (2) more recently, in vitro, it has been

observed that the administration of DTPA increases the

cytotoxicity of uranium in LLC-PK1 cells (Houpert et al.,

2003).

DTPA together with EDTA were used in the treatment of

a patient who ingested a large amount of uranium. This

treatment was inefficient at increasing the excretion of the

metal (Pavlakis et al., 1996).

New chelating agents. Apart from the classic chelating

agents, others have also been studied in animal experimenta-

tion, among which is sodium-4,5-dihydroxybenzene-1,3-

disulphonate (Tiron), which has been seen to decrease uranium

toxicity in mice (Domingo et al., 1989, 1990, 1992; Gomez

et al., 1991; Ortega et al., 1989). In this species, Tiron has been

340 VICENTE-VICENTE ET AL.

 a
t U

N
IV

E
R

S
ID

A
D

 D
E

 S
A

L
A

M
A

N
C

A
 o

n
 F

e
b
ru

a
ry

 9
, 2

0
1
1

to
x
s
c
i.o

x
fo

rd
jo

u
rn

a
ls

.o
rg

D
o
w

n
lo

a
d
e
d
 fro

m
 



found to be useful at doses of 1500 mg/kg/day (Bosque et al.,

1993; Ortega et al., 1991), whereas in rats, it has not been

reported to be so efficient (Zalups, 1991). For treatment with

Tiron to be effective, early administration is crucial, such that

its use would only be of value in acute intoxications. Another

chelating agent used in experimental rodents is ethane-1-

hydroxy-1,1-biphosphonate. This is a drug used in the

treatment of osteoporosis and when administered ip is useful

in the treatment of uranium intoxication (Henge-Napoli et al.,

1999; Houpert et al., 2001; Martinez et al., 2000, 2003;

Ubios et al., 1994). Catechol-3, 6-bismethylaminodiacetic acid

(CBMIDA) has also been found to be effective in the

experimental setting (Fukuda et al., 2001). Studies have been

performed to determine whether the administration of this

chelating agent together with bicarbonate might improve the

toxic effects. The results obtained to date suggest that this is

not the case, and additionally, bicarbonate has adverse effects

when coadministered with ethane-1-hydroxy-1, 1-bisphosphonate

(EHBP) (Fukuda et al., 2005a). Furthermore, a series of

chelating agents with which no beneficial effects have been

obtained has been removed from the therapeutic arsenal,

among which are triethylene tetraamino hexaacetic acid

(TTHA) and diamine diethylthioether tetraacetic acid (DDTA)

(Ivannikov, 1966).

The affinity of uranium for phosphoric acid molecules is

known, and for this reason, the efficacy of polyaminophos-

phoric acids, bisphosphonates, and phosphoalkylpolyphos-

phates has been investigated (Bailly et al., 1994; Bulman,

1987; Dagimanjian et al., 1956; Ebetino and Jamieson, 1990;

Ebetino et al., 1990; Gillard et al., 1989) because these

substances complex uranium (Bulman, 1987; Ebetino and

Jamieson, 1990; Ebetino et al., 1990). In some cases, a strong

reduction in uranium contents in kidney and bone was

observed when administration was performed rapidly after

exposure to the metal (Gray et al., 1992; Henge-Napoli et al.,

1998; Ubios et al., 1994). The problem with polyphosphates

is that although they reduce the mortality caused by poisoning

with uranium, they also elicit metabolic acidosis and

hypocalcaemia, which makes their use impractical in the

treatment of uranium contamination (Dagimanjian et al.,

1956).

In the same sense, studies have been conducted with

hydroxyaspartate, citrate (Rajan and Martell, 1964), and

catechol disulphonate (Lusky and Braun, 1950). Of these,

multidentate catecholate and ligands of hydroxyaspartate

administered rapidly after iv or ip injection of uranium

decrease the renal content of the metal to a considerable extent

(Henge-Napoli et al., 1995, 1998). However, the treatment is

not successful if administered more than 30 min after the initial

exposure to this substance (Durbin et al., 1997; Henge-Napoli

et al., 1995), such that its behavior can be said to be similar to

that of phosphonates and hence of no use in clinical practice

(Gray et al., 1992; Henge-Napoli et al., 1998; Ubios et al.,

1994).

Several attempts have been made to produce a lipophilic

chelating agent that will allow better access to the intracellular

medium through the membrane lipid layer. Among such

compounds, a lipophilic compound called Puchel, produced at

Harwell (United Kingdom), was observed to be more effective

than DTPA when administered through the inhalation route

(Stradling et al., 1981), with better therapeutic effects when

used in combination with DTPA, but this combination has not

proved useful in clinical practice. For the treatment of chronic

intoxication with uranium, studies have also been carried out

regarding the possibility of inducing the mobilization of

uranium from bone structures by means of parathyroid

hormone. This has been studied in several experimental

models, but this technique does not seem to offer a practical

alternative for decreasing contamination by uranium in the

organism (Durakovic et al., 1973).

Repair of Renal Damage

As mentioned above, another important therapeutic aspect is

the repair of the damage produced, involving the regeneration

of kidney tissues. Thus, cessation of exposure to the metal

should favor the process of tissue regeneration discussed in

‘‘Treatment of Intoxication by Uranium’’ section. Because to

date no treatments that favor renal tissue regeneration after

damage because of any etiology are available, this remains

a challenge for the future. In this sense, although still in an

experimental context, some regenerative therapeutic strategies

that could possibly be applied in uranium-induced nephrotox-

icity are currently being tested. On one hand, investigators are

developing treatment with growth factors that regulate the

viability, proliferation, and migration of cells, among which

hepatic growth factor (reviewed in Matsumoto et al., 2000, and

Nigam and Lieberthal, 2000), but also insulin-like growth

factor and epidermal growth factor (reviewed in Nigam and

Lieberthal, 2000), are of interest. Exogenous administration of

these factors to laboratory animals has demonstrated their

ability to improve the repair of acute and chronic renal damage.

A new cell-based repair strategy consists of (1) stimulation

of resident renal stem cells (Oliver et al., 2004) and (2)

exogenous injection of kidney stem cells or bone marrow stem

cells with transdifferentiation capacity (e.g., mesenchymal cells

or haematopoietic stem cells, Anglani et al., 2004) to achieve

the re-epithelialization of lost tissues, especially damaged

tubules. In one experimental study, mesenchymal cells from

bone marrow were used (reviewed in Brodie and Humes, 2005)

owing to their known ability to differentiate into epithelial

tubular cells (Herrera et al., 2004; Kale et al., 2003) and

mesangial (Masuya et al., 2003) and endothelial cells for

neovascularization (Patschan et al., 2006; Takahashi et al.,

1999). This type of cell has been used to repair the damage

caused by drugs or ischemia (Herrera et al., 2004), although its

efficacy has also been questioned (reviewed in Brodie and

Humes, 2005). Finally, other systems are being developed
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including (1) a bioartificial kidney consisting of a dialysis

system formed by a tubular structure containing ~1 billion

tubular cells (Humes et al., 2004) and (2) implants of

encapsulated cells with a view to removing uraemic toxins

and for drug administration (see Brodie and Humes, 2005).
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Urinary albumin, transferrin and fumarylacetoacetase as potential markers of the pre-

disposition to acute kidney injury induced by sub-nephrotoxic cisplatin administration.

Laura Vicente-Vicente *,§, Laura Ferreira L‡, José Manuel González-Buitrago ‡,¶, Francisco J. López-

Hernández *,†,‡,§, José Miguel López-Novoa *,§ and Ana Isabel Morales *,§ 

(*) Unidad de Toxicología and Unidad de Fisiopatología Renal y Cardiovascular, Departamento de Fisiología y Farmacología, Universidad 

de Salamanca, Spain. (†) Instituto de Estudios de Ciencias de la Salud de Castilla y León (IECSCYL), Soria, Spain. (‡) Unidad de Investiga-

ción, Hospital Universitario de Salamanca, Salamanca, Spain. (§) Fundación Renal Íñigo Álvarez de Toledo, Instituto Reina Sofía de Investi-

gación Nefrológica, Madrid, Spain. (¶) Departamento de Bioquímica y Biología Molecular, Universidad de Salamanca, Salamanca, Spain. 

The treatment with the antineoplasic drug, cispla-

tin, is limited, in a large percentage of cases, by its 

secondary adverse effect, the nephrotoxicity. But 

the kidney damage may appear at non-toxic dos-

age, when subsequently administration of another 

nephrotoxicant is necessary. This condition could 

be called predisposition to acquire kidney injury. 

Common markers used in clinical practice can no 

detect the predisposition, so it is necessary the 

search of new markers that appear before the 

damage occurs. With this propose rats were treat-

ed with sub-toxic dose of cisplatin (3mg/Kg b.w., 

i.p.) and after two days with a sub-toxic regime of 

gentamicin (50 mg/Kg b.w./day, during 6 days, 

i.p.). Throughout the experiment renal function 

and renal histology studies were carried out. Cis-

platin treatment did not produce any renal altera-

tion but predisposes to acute kindey injury (AKI). 

Tree proteins, albumin, transferrin and fumary-

lacetoacetase were detected increased in urine of 

animals treated with cisplatin, at day 2 before gen-

tamicin administration. These proteins could de-

tect individuals at risk of AKI and stratifying them 

with quantitative parameters according to their 

individual risk. 

Key words: acute kidney injury, acquired predisposi-

tion, cisplatin, urinary biomarkers. 

INTRODUCTION  

Cisplatin is an antineoplasic drug widely used in the 

treatment of solid tumours with high efficiency. How-

ever, its use is limited by its most common adverse 

effect: the nephrotoxicity. Inicial experience reported 

that approximately 25-30% of treated patients develop 

a nephrotoxicity even with a single dose of cisplatin 

��������	�
����������������
�������������������������

nephrotoxic effect is dose-dependent and therefore the 

amount of cisplatin administered is limited, being this 

drug treatment less effective as desired. The most 

common effect observed after cisplatin administration 

is a reduction in the glomerular filtration rate in a dose

-dependent manner (Winston and Safirstein, 1985) 

even with a single dose treatment. 

  

The uptake of cisplatin in the kidney ocurrs mainly in 

the S3 segment of the proximal tubule, wich leads in 

tubular injury in this segment, but also in the thick 

ascending limb of the loop of Henle (Dobyan et al., 

1980). Clinically the manifestations of kidney damage 

produced by hig amounts of cisplatin administration 

consist in increases in serum parameters as creatinine 

and urea as well as decrease in creatinine clearance. 

Also an increased excretion of enzymes as N-acetyl-

beta-glucosaminidase (NAG) and electrolyte disturb-

ances have been shown in acute cases (Goldstein and 

Mayor, 1983). 

  

Several strategies have been used to avoid cisplatin 

nephrotoxicity, some of them quite effective, as is the 
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case of patient hydration before and during treatment 

(Arany and Safirstein, 2003), while others are under 

study, mainly the administration of substances which 

compte for platinium binding (Bodenner et al., 1986) 

or directly try to prevent renal failure (Hartman et al., 

2000), with more or less success. 

Despite all this, therapeutic doses of cisplatin in hu-

mans yet still triggering different types of kidney 

damage. Also must consider that the incidence of cis-

platin nephrotoxicity is not well estimated because, in 

most cases, renal function is only measured by serum 

creatinine, which have been seeing that it is not the 

�����  ���� !�� ����� ���	������ �"������ ��� ����� ������

Womer et al., 1985). Therefore, a number of early 

biomarkers are being studied to detect kidney damage 

in its earliest stages (Gautier ��������#$�$��%�&'!!������

al., 2010). 

But, the early detection is not only important to pre-

vent AKI produced by cisplatin administration. Some 

studies have related cases of patients treated with cis-

platin and without evidences of kidney damage which 

suffered febrile neutropenia and needs to be treated 

with aminoglycosides, these patients develop acute 

��	���� ��('�� �%������� ��� ����� #$�$�� "��� � ��� �����

1982). It means that these patients may be at risk if 

they are subsequently exposed to another neprotoxic 

agent. This concept could be called as predisposition 

to adquire AKI and it has been recently demonstrated 

by other authors with different nephrotoxins (Quiros 

et al., 2010), and even with cisplatin in pig, suffering 

for a second insult, i.e. unilateral nephrectomy 

�������������������$�����#��

Taking into account these situations, we decided to 

study if the sub-toxic cisplatin administration in rats, 

apparentely without renal disfunction symptoms, may 

Figure 1. Sub-toxic cisplatin administration does not produce kidney damage. A) Plasma creatinine and urea 

concentration, creatinin clearance, glucosuria, proteinuria and N-acetyl-beta-D-glucosaminidase (NAG) activity 

at times basal (d0) and two days before gentamicin administration (d2) in control (C), and cisplatin treated ani-

mals (P). B) Representative photographs of the cortical and medullary areas of renal slices staned with hematoxi-

lyn and eosin from control and cisplatin treated rats, 2 days after cisplatin administration. C) Western blot images 

of the urinary excretion of the proteins lipocalin 2 (NGAL), kidney injury molecule 1 (KIM 1), Clusterin and 

plasminogen activator inhibitor-1 (PAI-1) at day 2.
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lead in AKI when these animals are exposed to a se-

cond sub-toxic nephrotoxicant (in this case, the antibi-

otic, gentamicin). Our results indicate that, subtoxic 

administration of cisplatin does not produce renal 

damage or renal dysfunction, but sensitizes animals to 

developing AKI. This sensitization correlates with the 

alteration of the urinary proteome resulting in in-

creased excretion of albumin, transferrin and fumary-

lacetoacetase which are presented as potential markers 

of this condition. 

METHODS 

Animals and drugs 

Male wistar rats (200-250g initally) were housed un-

der controlled environmental conditions in metabolic 

cages and had free acces to standard rat chow and 

drinking water. Animals were divided into four 

groups (n=12 rats per group) (i)control group (C) 

wich received no treatment, (ii) Cisplatin group (P): 

rats were given a single i.p. injection of cisplatin a 

low dose (3 mg/Kg) on day 0, (iii) Gentamicin group 

(G): rats were treated with a low dosage regime of 

Figure 2.  Sub-nephrotoxic cisplatin administration does not alter renal hemodynamic. A) Glomerular 

fitration rate (measured as inulin clearance), renal plasma flow (measured as p-aminohipuric acid), renal vas-

cual resistance and systolic blodd pressure in control (C) and cisplatin treated rats (P). B) Representative images 

of renal blood flow and quantification with Moor LSLD software. C) Glomerular filtration rate progression du-

ring glycine perfusión and renal functional reserve, calculated as percentage, in control (C) and cisplatin (P) 

groups. AU, arbitrary units. 
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gentamicin (50 mg/Kg) i.p. during six days starting on 

day 2, and (iv) Cisplatin + Gentamicin (PG) group: 

this animals were treated first with cisplatin (3 mg/

Kg) on day 0 and after with 6 doses of gentamicin (50 

mg/Kg day) starting on day 2. At day 2, two animals 

of each group were sacrificed and the remaining ani-

mals at day 8. Urine was collected at days 0, 2, 4, 6, 8, 

and cleared by centrifugation and finally stored at -

80ºC. At these times, blood samples were also ob-

tained in heparinized capillaries from a small incision 

in the tail tip. Plasma was separated by centrifugation 

and kept at -80ºC. At the time of sacrifice, rats were 

anesthetized, and the kidneys dissected. One half of 

each organ was fixed in 3.7% para-formaldehyde and 

further used for histological studies. The remaining 

renal tissue was kept at -80 ºC for oxidative stress 

determinations. 

Biochemical analysis 

Plasma samples were analyzed for urea and creatinine 

(Crp), and urine samples for creatinine (Cru) concen-

�������)���� ��� �'�� ����� �����*�� ���!������ +�'�,��

������&��-��������� ��)��	����������� ���$�.� -/	0���

Creatinine clearance (Clcr) was calculated using the 

equation Clcr = (Cru X UF)/Crp (were UF means uri-

nary flow). Urine was also assayed for protein con-

centration using the Bradford technique (Bradford, 

1976), for glucose using the o-toluidine method 

(Passey et al., 1982) and for the NAG activity using a 

commercial kit based on colorimetric (Roche Diag-

nostics) following the manufacturers’ instructions.

Western Blot. 

Urine samples were separated by polyacrylamide gel 

������+������� �1234��%����1������ 55� ����� ��6��7

Rad). Proteins were electro-transferred to Immobilon 

P membranes (Millipore), which were then incubated 

with goat polyclonal antibodies against kidney injury 

molecule-1( KIM-��� �&� "���� ��� 8"2�� 9' ��7

lacetoacetase and Transferrin (Santa Cruz Biotechnol-

ogy CA, USA), with chiken polyclonal antibodies 

against albumin, with mouse polyclonal antibody 

against plasminogen activator inhibitor-1 (PAI-���"��7

ta Cruz Biotechnology CA, USA), and with rabbit 

polyclonal antibodies against Lipocaline-#� �:320��

MBL international, USA) and clusterin (Santa Cruz 

Biotechnology CA, USA). Membranes were then in-

cubated with horseradish peroxidase (HRP)-coupled 

secondary antibodies, subsequently incubated with the 

quimioluminiscent HRP-�'������� �4;0�� %����+�����

and exposed to photographic films (Kodak, Rochester, 

NY, USA). 

Histological studies 

Paraffin blocks were made with para-formaldehyde 

fixed tissue and 5-µm tissue sections were stained 

with hematoxilin and eosin. Photographs were taken 

under an Olympus BX51 microscope connected to an 

Olympus DP70 colour, digital camera. 

Flowmetry measured by Laser Doppler 

Renal flow was measured by laser Doppler flowmetry 

by applying the beam of light directly on the kidney 

surface. For this purpose, an incision in the abdomen 

of the anesthetized rat was made, and its left kidney 

was placed on a black surface. As moving erythro-

cytes displace the light frequency (Doppler shift), 

blood flow within the capillary network can be de-

rived by analyzing the power spectra from Doppler 

frequencies of backscattered laser light. Flow is then 

Figure 3. Sub-nephrotoxic cisplatin administration does not alter oxidative status.  Malondyaldehide (MDA) 

content, relation between oxidized and reduced glutathione (GSSG/GSH) an total glutatión in control (C) and 

cisplatin treated (P) animals in kidney homogenate samples, at day 2. 
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related to the velocity multiplied by the number of 

moving erythrocytes and this information is trans-

formed in colours code, low or no perfusion is dis-

played as dark blue, whereas the highest perfusion 

interval is displayed as red. The stored perfusion val-

ues behind the colour-coded pixels remain available 

for data analysis. The Moor LSLD software analyses 

this information by an analytic quantification of the 

selected area. Plasmatic flow was expressed as flux 

'����� )����� ��� ������� '����� �28�� "������ ��� �����

#$����3��*<��*-Escalada et al., 1999). 

Inulin and para amminohipuric acid (PAH) clear-

ance. 

After two days of treatment with cisplatin a subset of 

animals were anesthetized (sodium pentobarbital, 

80 mg/kg, i.p.) and their carotid artery, jugular vein 

and urinary bladder were cannulated in order to per-

form renal clearance studies as previously described 

(Valdivielso et al., 1997). Carotid artery catheter was 

connected to a pressure transducer (Beckman R511A, 

USA) and arterial pressure was registered along the 

experiment (Mac Lab, AD Instruments, Australia). 

Figure 4. Sub-toxic cisplatin administration predisposes animals to AKI. A) Plasma creatinine and urea con-

centration, creatinin clearance, glucosuria, proteinuria and N-acetyl-beta-D-glucosaminidase (NAG) activity at 

times basal (d0), days 2, 4, 6 and 8 (d2, d4, d6 and d8). Data expressed as mean ± standard error of the mean, #p< 

$�$.������������������� ��-�'+��=+>$�$.�������������������� ���� ��+������?+>$�$.�������+��������������� ���� ��

+������@p<0.05 vs gentamicin at the same time point. B) Representative photographs of the cortical area of renal 

slices staned with hematoxilyn and eosin from control (C), cisplatin (P), gentamicin (G)  and cisplatin + gentami-

cin (PG) treated rats in day 8.  
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Tritium-labeled inulin (ARC, St. Louis, USA) and 

carbon-14-labeled PAH (PerkinElmer, MA, USA) 

were infused throughout the jugular vein at a rate of 

3 mL/h, and 3 consecutive (30 min) urine samples 

were collected from the urinary bladder. Every half 

hour, blood was collected from the carotid artery into 

heparinized capillary tubes. Inulin and PAH were 

measured in plasma and urine using a two-channel 

Liquid Scintillation Counter (Wallac 1409 DSA, Tur-

ku, Finland). Glomerular filtration rate (GFR) was 

measured by clearance of 3H-inulin and renal plasma 

flow (RPF) was measured by clearance of 14C-para-

aminohipuric acid. The calculation of GFR and RPF 

was performed by standard formulae. Renal blood 

flow (RBF) was calculated from RPF and packed cell 

volume. Filtration fraction (FF) was calculated as 

GFR/RPF. Renal vascular resistance was calculated as 

RBF/Mean arterial pressure. 

Renal functional reserve (RFR) 

Another subset of animals was used for this study, 

also at day 2 of study (before gentamicina administra-

tion). The surgical method was the same than de-

scribed in PAH-inulin clearance, but in this case two 

Figure 5. Differential proteomic profiling of the urine from control and cisplatin treated rats. Representative 

images of 2-DE gels. The marked spots correspond to proteins significantly increased in the urine of cisplatin 

treated rats (P) as compared with control rats (C). The table below reports the protein identification parameters 

obtained by MALDI-TOF analysis and data base blast for the selected spots. Sc, score, MW, molecular weigth 

(in kDa), pl iselectric point.  
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period studies were conducted in each rat as previous-

ly described Slomowitz et al. (2001) but with modifi-

cations. GFR were measured in a control period and 

after glycine infusion. During control period rats were 

given a 1 mL bolus and then infunded intravenously 

the mixture I-PAH at approximately 3 mL/h and in the 

second period animals were infuded with the same 

mixture wich contains 200 mg/mL glycine and at rate 

of 1.5 mL/h. After 30 minut stabilization time in each 

case, urine and blood samples were obtained each 15 

minutes.  RVR was calculated by the difference be-

tween GFR induced by glycine less GFR obtained in 

control period, and expressed as a percentage.  

Stress oxidative studies 

Lipid peroxidation 

The malondialdehyde (MDA) content, a marker of 

lipid peroxidation, was assayed in the form of thiobar-

bituric acid-reactive substances (TBARS) by the col-

orimetric method of Recknagel and Glende, 1984. The 

reaction mixture (20% trichloroacetic acid and 0.67% 

thiobarbituric acid) was added to kidney tissue ho-

mogenated, heated at 90ºC and centrifuged. The ab-

sorbance was measured at 532 nm. 

Glutathione GSH-GSSG assay 

The reduced and oxidized glutathione (GSH and 

GSSG) were assayed by the fluorometric method de-

scribed by Hissin and Hilf, 1976. GSH assay: kidney 

tissue homgenate were incubated with buffer (100 

mM EDTA-5 mM phosphate buffer, pH 8.0) followed 

by 0.1% o-phthaldehyde solution (OPT). The fluores-

cence was read at 350/420 nm (excitation/emission). 

GSSG assay: kidney tissue homogenate were incubat-

ed with 0.04M N-ethylmaleimide (NEM) to interact 

with GSH present in the sample. This mixture was 

incubated with 0.1 N NaOH followed by 0.1% OPT 

solution. The fluorescence was read at 350/425nm 

(emission/excitation). 

Proteomics 

The proteome of urine samples from day 2 from ani-

mals without gentamicin (C, P) and animals receiving 

the aminoglycoside (G, PG) was analyzed by two-

dimensional electrophoresis (2-DE), basically as de-

�����	� �A'������� �����#$�$��9�������� �����#$�$��� 5��

short, urine proteins (200 µg) were precipitated and 

isoelectrically focused (500-8,000 V) through 18-cm 

long immobilized pH gradient (IPG) strips, pH 3-

Figure 6. Urinary biomarker validation by Western blot. Confirmation by western blot of the urinary excre-

tion of the proteins  transferrin, albumin and fumarylacetoacetas identified by proteomics at day 2 in control (C) 

and cisplatin treated animals  (P). Bands were quantified with the Scion Image software. Each bar represents the 

mean strandard error of the mean (* p<0.05 vs control ). AU, arbitrary units. 
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11NL (GE Healthcare, Madrid, Spain). Then, proteins 

in IPG strips were separated by 12% SDS-

polyacrylamide gels, fixed and stained with Sypro 

Ruby (Molecular Probes). The spots of interest were 

analyzed with the Image Master Platinum software 

(GE Healthcare) and in-gel digested with porcine 

trypsin (Promega). Tryptic peptides were analyzed by 

MALDI-TOF on an Autoflex III instrument (Bruker 

Daltonics). One microlitre of each sample was depos-

ited on Prespotted AnchorChip targets (Bruker Dal-

tonics), which are prespotted with B-cyano-4-

hydroxycinnamic acid (HCCA) matrix. Spectra were 

acquired with the FlexControl 3.0 software (Bruker 

Daltonics) and then processed using the Flex Analysis 

3.0 software (Bruker Daltonics). The equipment was 

first externally calibrated employing protonated mass 

signals from calibrants prespotted in the target, cover-

ing the 1000–4000 m/z range. All known contami-

nants (trypsin-derived peptides and keratins) were 

excluded during the process. The resulting final peak 

list was used for the identification of the proteins by 

peptide mass fingerprint (PMF). Protein identification 

was performed with the MASCOT software 

(www.matrixscience.com) against non redundant pro-

tein sequence database Swiss Prot (containing 516603 

sequences and 181919312 residues). The mass toler-

ance was set as 50 ppm, and the taxonomic category 

was Rattus (7509 sequences). Only one missed cleav-

age per peptide was allowed and cysteine residues 

were assumed to be carbamidomethylated with acryla-

mide adducts, and methionine residues were in oxi-

dized form. In all protein identifications, the probabil-

ity scores were greater than the score fixed by MAS-

COT as significant with a p-value lower than 0.05. 

Statistical analysis. 

Experimental groups were compared using a two-way 

analysis of variance (ANOVA) followed by Sceffe’s 

test when the data were normally distributed and by 

the Kruskal-Wallis test when they were not normal 

distributed. Values were considered significantl when 

p<0.05. Data were analyzed using the Number 

Cruncher Statistical System (NCSS) software, version 

6.0.10 for Windows. Data are shown as mean ± stand-

ard error of the mean.  

RESULTS 

Sub- toxic administration of cisplatin did not alter 

renal function 

As sown in figure 1, at day 2, sub-toxic cisplatin ad-

ministration of 3mg/Kg b.w. did not produce any al-

teration in the plasmatic biomarkers of kidney injury 

urea and creatinine. Values of GFR measured by Clcr 

did also not show differences between animals receiv-

ing cisplatin and animals without the chemotherapeu-

tic agent. In the same way, urinary biomarkers of pro-

teinuria, glucosuria and enzymatic NAG activity were 

not altered at this time point. 

Some novel biomarkers were tested: NGAL, KIM 

����� '����������#$�$��C��	�����������#$�$���;�'������

(Tonomura et al., 2010), and PAI1 (Vaidya et al., 

2008). These proteins were chosen because they had 

been useful in the kidney injury early detection in 

different models of nephrotoxicity. None of them ap-

peared in the urine of any of the studied groups. This 

situation highlights the need to find new biomarkers 

able to detect hidden conditions. 

The sub-toxic administration of cisplatin did not pro-

duce any morphologic alteration as shown renal his-

tology. These results indicate that cisplatin admin-

istration at dose of 3 mg/Kg apparently produce nei-

ther functional kidney damage measured by different 

biochemical methods (both plasmatic and urinary), 

nor structural changes as reveal the histology.   

With the purpose of make a deeper study of renal 

function on day two, renal homeostasis was studied, 

using three different techniques: inulin-PAH clear-

ance, flowmetry by laser Doppler and RFR (figure 2). 

GFR measured by inulin clearance did not show any 

difference between treated and no treated animals, 

data confirming Clcr results. PAH clearance provides 

data of RVR and FSR (or FPR), cisplatin administra-

tion induce al slight increase in RVR and decrease in 

FSR but not differences statically significants were 

shown. Renal flux also was measured using the laser 

Doppler technique. In this case, there was no differ-

ence between groups probably due to saturation in the 

colour measurement by the high flux in both groups. 
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As homeostasic mechanisms appeared not to be al-

tered, the RFR was studied. FR is defined as the abil-

ity of the kidney to respond to an aggression by in-

creasing their GFR. Animals treated and non treated 

with cisplatin responded in the same way, indicating 

that cytostatic treatment did not alter this kidney abil-

ity. 

It is well known that cisplatin exerts its nephrotoxic 

activity by an alteration in oxidative stress. Studies of 

oxidative stress in kidney samples at day 2 were 

made. The TBARs, and the glutation route were 

measured. As shown in figure 3, any of these parame-

ters were altered by cisplatin administration at day 2 

(before gentamicin administration). 

Sub-toxic cisplatin predisposes rats to AKI 

Gentamicin administration at day 2, produced a devel-

opment of AKI in the animals previously treated with 

low dose of cisplatin, as shown in figure 4, by a sig-

nificant increase in all the biochemical parameters in 

the PG group, evident at d4, which it is not observed 

in the rest of the groups, only the P group showed a 

small increase in serum creatinine at d4 but returns to 

baseline levels at d6. Clcr in PG group presented a 

decrease following the same trend than plasmatic bi-

omarkers and it is not altered in the rest of groups.  

But this second nephrotoxicant administration did not 

only impaired the kidney functionality in PG rats, 

renal histology revealed an extensive and aggressive 

damage in rats co treated with cisplatin and gentami-

cin as showed renal sections stained with hematoxilin 

and eosin (figure 4). The analysis of this histology 

showed a gross renal failure characterized by tubular 

necrosis in the renal cortex, loss of brush border, cyto-

plasmic vacuolization, tubular obstruction with hya-

line material. But glomerular structures were also 

damaged. 

In the other side, kidneys from control animals (C) or 

treated with only one drug (P and G groups) did no 

show any gross morphological alteration. 

Search for new biomarkers of susceptibility to kid-

ney damage. 

Proteomic study was conducted to find different pat-

terns of urinary protein excretion between animals 

treated with cisplatin and not treated at day 2 (before 

gentamicin administration). Urinary excretion of pro-

teins seems to be very similar between groups (figure 

5), but subtle differences were observed. Treated ani-

mals excreted medium molecular weight (MMV) pro-

teins in higher proportion than control rats. Using a 

specific satatistical analysis of urinary proteomes be-

tween groups, three proteins were found to be signifi-

cantly increased in urine by cisplatin treatment: albu-

min, transferrin and fumarylacetoacetase. The urinary 

increased excretions of these proteins were re-

confirmed by western blot analysis, as shown in figure 

6, the amount of protein excreted is statically different 

in animals treated with cisplatin when compared with 

controls. 

DISCUSIÓN

Clinical evidences showed that chemotherapeutic 

drugs are myelosupressive, since that cisplatin pa-

tients usually suffer from infections, mainly febrile 

episodes. Broad expectrum antibiotics are necessary 

in the treatment of urinary and pulmorary infections in 

patients with metastatic lesions. The bacteria responsi-

ble from these infections are mainly gram-negative 

bacilli, which made necessary the use of antibiotics as 

aminoglycosides. Some studies had reported that, in 

rats, the combination of cisplatin with aminoglycoside 

terapy produced a potentiation in the cisplatin ne-

+����D�������E��-'�(����������������������
�)� '��

�����������$��4�-��������������������&�!!�����	���-���

of cisplatin and different aminoglycosides are used in 

these articles, for example, Jonguejan et al., 1989 and 

1998 used amikacin, Engineer et al., 1987 used gen-

tamicin and Kawamura et al., 1980 used tobramicin in 

all these cases, cisplatin doses were lightly nephrotox-

ic or even with evident nephrotoxicity, and they 

showed that concurrent aminoglycoside administra-

tion increases nephrotoxicity incidence. The bi-

omarkers most common used to measure kidney dam-

age are blood urea nitrogen (BUN) and glomerular 

filtration rate (GFR). They do not use better kidney 

damage markers or more specifics.  

Engineer et al. (1987) reports that cisplatin reduces 
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gentamicin excretion because they observed a de-

crease in gentamicin clearance in the animals treated 

previously with cisplatin which results in an elevated 

concentration of gentamicin in plasma and tissues. 

Jonguejan et al., 1998, discusses that this toxicity may 

be due for a pontentitation by amikacin of the cispla-

tin nephrotoxicity or as an increase in the aminoglyco-

side sensitivity to cisplatin because the kidney was 

predammaged.  

In humans treated with cisplatin and gentamicin thera-

+���"��� ������������#��%���������������#$�$��&����������

al., 1978 Gonzalez-Vitale 1978) the chemotherapeutic 

agent produced a potentiation in the nephrotoxic ef-

fect of the aminoglycoside as compared with patients 

treated only with cisplatin. Increases in serum creati-

nine, BUN and decreases in GFR have been reported. 

In one case, the severity of the damage was as ex-

treme as the patient died of renal failure after treat-

ment with these two drugs (Salem et al., 1982). The 

final conclusion of this articles said that administra-

tion of aminoglycosides in patients previously treated 

with cisplatin should be avoided or, at less, given sep-

arated by several days.  

Our opinion is that cisplatin produces a silent acquired 

sensitivity to AKI wich is unmasked when the second 

nephrotoxicant, gentamicin, was administered and this 

condition could be called as predisposition to acquired 

AKI.  

Drug-induced predisposition to AKI has been recently 

demonstrated (Quiros et al., 2010). Indeed, animals 

exposed to a subnephrotoxic regime of gentamicin are 

predisposed to AKI. This predisposition is manifested 

as a higher sensibility to the action of other renal in-

sults. Indeed, predisposed rats undergo an overt ARF 

when subject to subnephrotoxic doses of other drugs, 

contrast media or environmental metals, which cause 

no harm to non-predisposed animals. 

The results obtained in this work differ from others 

obtained in animals or humans since the cisplatin dose 

used is sub-toxic and apparently without kidney injury 

lesions. Cisplatin administration alone or gentamicin 

regimen alone did not produce nephrotoxicity meas-

ured by different biomarkers. However when this two 

therapies were given in combination, the rats devel-

oped acute kidney injury, evident since two gentami-

cin doses. It means that cisplatin predisposes to ac-

quire acute kidney injury when a second insult occurs. 

This work uses the common creatinine and BUN as 

well as GFR measured by different techniques, but 

also specific biomarkers as proteinuria, glucosuria, 

NAG activity and novel early biomarkers (KIM, 

NGAL), none of them altered before gentamicin ad-

ministration. However, the relative composition of 

urinary proteins is altered by cisplatin. As depicted in 

picture 5 were more medium molecular weight pro-

�������%%F��������.-65 KDa) and less low molecular 

)��-��� +������� �0%F�� �����>�.�
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in urine samples of rats treated with cisplatin. The 

explanation of this event may be due an alteration on 

the glomerular filtration barrier (GFB) which let that 

some proteins, that in normal conditions should not 

pass the glomerular barrier, are found in the glomeru-

lar filtrate. However, proteinuria was not observed, 

probably due to equilibrium of reabsorption into the 

tabules was produced and thus compensate this in-

crease in the glomerular permissively. So this, final 

composition of urine is different in treated animals 

with cisplatin than those in control animals. Aparition 

in urine of the proteins albumin, transferrin and 

fumarylacetoacetase make these three proteins able to 

be candidates to predisposition kidney injury bi-

omarkers induced by subtoxic administration of cis-

platin.  

Urinary excretion of albumin and transferrin had been 

detected in other studies as usefull parameters for de-

tection of cisplatin nephrotoxicity in early stages in 

childrens, but this increase was associated with a de-

crease in GFR (Erdlenbruch et al., 2001) as in our 

work, serum creatinine was not modified when this 

proteins appear in urine. 

An increase in urine excretion of both proteins also 

were reported by other authors (Rossi et al., 1994) but 
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in this work cisplatin was administered combined with 

ifosfamide, 6% of patients treated with both drugs 

excreted higher amounts of transferrin in urine and 

30% albumin, but this patients also had increased the 

NAG, and also suffer from hiperaminoaciduria. In our 

work the presence of both proteins is not related with 

other biomarkers, neither new early biomarkers. 

Previous results in our laboratory had detected these 

proteins as probable markers of predisposition to AKI 

in a chronic model of exposure to an environmental 

nephrotoxicant, uranium. The relation between chron-

ic uranium model and sub-acute cisplatin model is 

that, in both cases, the nephrotoxic substance is a hard 

metal which once reach blood circulation needs to be 

bound to albumin and transferrin to be transported.

By other side, the protein fumarylacetoacetase (also 

known as fumarylacetate hydrolase) have not been 

used as marker of nephrotoxicity by cisplatin nor an-

other nephrotoxic substance. Only the work of Banda-

ra et al. (2003) relate the enzyme fumarlyacetoacetate 

hydrolase as possible biomarker of kidney toxicity 

after treating Fischer rats with toxic doses of d-serine, 

but this enzyme appears increased in plasma and is 

not measured in urine. In fact, the results of this paper 

show for first time the detection of fumarylacetoace-

tase in urine, and the possibility to use it as a marker 

of predisposition to kidney injury by sub-toxic admin-

istration of cisplatin. 

In conclusion, the clinical investigation of this tree 

biomarkers might be very useful for detecting treated 

individuals at risk, in order to improve their clinical 

handling and to reduce the incidence of drug-related 

ARF. 
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Rats chronically predisposed to nephrotoxicity have increased urinary excretion of albu-

min, hemopexin, transferrin and VDBP: potential diagnostic applications

Laura Vicente-Vicente *,§, Laura Ferreira L‡, José Manuel González-Buitrago ‡,¶, Francisco J. López-

Hernández *,†,‡,§, José Miguel López-Novoa *,§ and Ana Isabel Morales *,§ 
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Rats may become transitorily predisposed to acute 
renal failure (ARF) by acute, subnephrotoxic expo-
sure to potentially nephrotoxic drugs. Impaired 
renal function is another risk factor for drug-
induced ARF. However, it is not known whether 
animals might become chronically predisposed to 
ARF by potentially nephrotoxic insults under long-
term subnephrotoxic circumstances. To this end, 
rats were treated with a subtoxic dosage of the ex-
perimental nephrototoxin uranyl nitrate (UN) in 
the drinking water for 21 weeks, or plain water (as 
control), and then with low-dose gentamicin for 7 
days. Renal function and renal tissue damage were 
evaluated through the experiment. The renal dam-
age caused by gentamicin was markedly magnified 
in rats having received UN chronically, which was 
evident both at the functional and histological lev-
el. Four proteins, namely albumin, hemopexin, 
transferrin and vitamin D binding protein were 
increased in the urine in temporal association with 
the appearance of chronic predisposition. Our re-
sults suggest that these proteins might be potential-
ly used as markers of hidden predisposition to 
ARF, in order to appropriately and pre-emptively 
stratify and handle individuals according to their 
specific risk in the long term, as regards their life 
conditions or additional clinical procedures or 
treatments that might trigger the disease. This 
might reduce ARF incidence and severity and the 
associated costs. 

Key words: acute kidney injury, acquired pre-
disposition, chronic risk, urinary biomarkers, preven-
tive medicine, personalized medicine. 

INTRODUCTION 

Acute kidney injury (AKI) defines a rapid functional 

or structural alteration in the kidneys resulting from 

an abrupt insult of diverse aetiology (1).  AKI may 

range from mild, reversible alterations to severe inju-

ries leading to acute renal failure (ARF) and death, or 

even progress towards progressive and irreversible 

chronic kidney disease (CKD) (2). ARF is a very seri-

ous and life-threatening condition in which renal ex-

cretory function rapidly declines in a few hours or 

days. It is estimated that approximately 1% of hospital 

admissions are associated to some degree of AKI, and 

that 2-7% of hospitalized patients eventually develop 

AKI (3, 4). Mortality due to ARF is extremely high, 

especially if multi-organ damage occurs and also 

within the population of critically ill patients, in which 

case it may reach to 50-80% of patients (5-8). Even 

mild episodes of AKI, with transient episodes of renal 

dysfunction and repairable parenchymal injury are 

associated to higher short and long term mortality 

rates (9-11). A number of AKI patients progress to-

wards progressive and irreversible chronic kidney 

disease, keep chronically a certain degree of renal 

dysfunction (10, 12-14) or need long or permanent 

dyalisis (15). Drug nephrotoxicity poses one of the 

leading causes of AKI and a considerable health and 

economic burden worldwide. In fact, nephrotoxicity 

causes 10-20% of the ARF cases (16). Nearly 25% of 

the top 100, most used drugs in intensive care units 

are potentially nephrotoxic (17). AKI and AKI severi-

ty are most commonly diagnosed and classified ac-

cording to the “Risk, Injury, Failure, Loss of kidney 

function, and End-stage kidney disease” (RIFLE) cri-
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teria (18), which are based on alterations in the plas-

matic concentration of creatinine (Crpl), glomerular 

filtration rate (GFR) and urinary output alterations. 

The first stage or severity grade of AKI (“risk”) is 

achieved when Crpl increases 1.5 fold, GFR decreases 

over a 25%, or urine output decreases at a rate of 0.5 

mL/kg/h in a period of 6 hours (19). At this point, 

when renal function is only mildly impaired, renal 

tissue damage may be extensive. This is because, due 

to renal functional reserve, the equivalent in function 

of a large fraction of nephrons must be void for Crpl to 

increase or overall GFR to decrease. Because of this, 

we have recently put forward a diagnostic concept 

different from the detection of mild damage or mild 

dysfunction, which we have named “acquired predis-

position to ARF” (20). This concept states that experi-

mental animals subject to an absolutely sub-

nephrotoxic, acute treatment with certain drugs (e.g. 

aminoglycoside antibiotics) according to the finest 

clinical and academic criteria, are transitorily more 

sensitive to a second potentially nephrotoxic insult 

than non-predisposed animals. As such, doses of a 

second insult that have no effect on non-predisposed 

animals cause an overt ARF on predisposed animals. 

Most interestingly, predisposed animals show in-

creased urinary excretion of specific markers, despite 

showing no gross alteration in the composition of the 

urine. These markers might have a potential applica-

tion for the detection of acquired predisposition to 

AKI in order to stratify and handle patients conven-

iently, pre-emptively and individually according to 

quantitative parameters of individual risk.  

  It is well known that compromised renal function is a 

risk factor for AKI (10).  As such, CKD patients are 

more prone to drug-induced AKI than those with nor-

mal renal function. On these grounds, we decided to 

step a little further by studying whether animals with 

absolutely normal renal function and no signs of kid-

ney injury might also become chronically predisposed 

or sensitized to ARF. This condition would gain spe-

cial importance for its silent course, especially in 

those people with no signs of kidney injury or renal 

dysfunction in the long term. For these reason, we 

also aimed at identifying markers of chronically ac-

quired predisposition to ARF which might serve to 

better monitor the population over longer periods of 

time. Prevention of AKI has also significant socioeco-

nomic consequences. AKI episodes, regardless of 

prognosis or future impact on health, extend hospitali-

zation time and often require dialysis. In 2005, it was 

estimated that, in the United States, costs derived 

from an AKI episode were directly proportional to the 

increment in plasma creatinine, ranging from 8,902 to 

33,162 dollars for creatinine increments of 0.3 to 2.0 

mg/dL, respectively (21). The cost associated to AKI 

was 5% of all-admission costs. 

RESULTS 

UN rats experienced a lower body weight gain com-

pared to control rats, which was significant by week 

11 (Table 1). Water ingestion was lower in UN rats 

through the experiment, which correlated with a lower 

urinary flow (Table 1). Uranium consumption was 

calculated weekly from water intake data. UN animals 

Table 1. Body weight (b.w.), water intake, urinary output, uranium ingestion, renal accumulation and excretion 
in control and UN-exposed rats at 0, 11 and 21 week of treatment. Data are expressed as the mean ± standard 
error of the mean of n = 12 animals per group. * p � 0.05 vs. control. N/D, not determined.
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showed an elevated intake throughout the study rang-

ing between 80-85 mg UN/day (Table 1).  Uranium 

excretion in the urine and uranium concentration in 

the kidney were measured at eleven weeks (T11) and 

twenty-one weeks (T21). The UN group showed a 

high uranium concentration in the kidneys at T11 

which remained elevated at T21. Urinary excretion of 

uranium also appears elevated at T11 but decreases to 

some extent at T21 (Table 1). Because previous stud-

ies have associated uranium intoxication with increas-

es in arterial pressure (22), we also measured this pa-

rameter. Systolic pressure measured by the tail cuff 

method was higher in UN than in control rats at 11 

weeks of exposure, and remained elevated at 21 

weeks (Figure 1A). At 21 weeks, systolic pressure 

was also measured directly from the carotid artery, in 

anesthetized animals. By this method, systolic pres-

sure was also higher in UN than in control rats (Figure 

1B). 

Chronic exposure to UN does not alter renal func-

tion or renal tissue integrity. 

Chronic administration of UN in drinking water dur-

ing 21 weeks did not modify renal function or renal 

tissue integrity, as revealed by serum and urine bio-

chemical parameters, and renal histology. In fact, the 

analysis of renal sections stained with hematoxilin and 

eosin after 21 weeks of treatment do not reveal any 

gross morphological alterations (Figure 2-A). In addi-

tion, the urinary level of sensitive markers of renal 

injury, such as KIM-1, NGAL, NAG and LDH 

showed no differences between both groups, further 

supporting the absence of tissue damage (Figure 2-B-

C). With respect to renal excretory function, glomeru-

lar filtration appears to be normal in UN-treated rats, 

as indicated by inulin clearance experiments (Figure 1

-B), which agrees with the unaltered levels of plasma 

creatinine and urea concentration (Figure 1-A). Fur-

thermore, proteinuria and glycosuria are also normal 

Figure 1. Overexposure to UN during 21 weeks does not induce renal dysfuction. A) Plasma creatinine and 
����� ��	��	
��
��	�� ���	��� ���
��	� �	�� �������� �����
��	�� �	�� ��
����� ��������� ��
��� ��� ������ �	�� ��� ������

(T21) of exposure to uranyl nitrate (UN). Data are expressed as the mean ± standard error of the mean of n = 12 
animals per group (* p<0.05 vs control). ��� ����������� ���
��
��	� ��
�� ���������� ��� �	���	� ������	����� ��	���

plasma flow (mesured as p-aminohipuric acid clearance), renal vascular resistance and systolic blood pressure in 
control and UN-treated rats after 21 weeks. Data are expressed as the mean ± standard error of the mean of n = 6 
animals per group (* p<0.05 vs control).  
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in UN rats through the experiment (Figure 1-A). The 

only parameter altered in UN rats is the reduced renal 

blood flow (RBF) due to increased renal vascular re-

sistance (RVR), despite systolic pressure being slight-

ly increased (Figure 1-B). These data indicate that, in 

our model, chronic administration of UN causes no 

����	�
������ ��	��� �	 ���� �	�� 
!�
� ��
!� �����������

and tubular function are apparently normal, despite a 

pronounced readjustment in renal hemodynamics. 

Figure 2. Overexposure to UN during 21 weeks does not cause renal tissue injury. A) Representative images 
of renal slices stained with  hematoxylin and eosine from control and UN-treated rats during 21 weeks 
(magnification = 400x). Panel show the cortical, cortico-medullary and medullary areas. B) Western blot analysis 
of the sensitive urinary markers of kidney tissue injury kidney injury molecule-1 (KIM-1) and neutrophil 
gelatinase-associated lipocalin (NGAL) after 21 weeks. Possitive control (C+). C) Urinary excretion of N-acetyl-
beta-D-glucosaminidase (NAG) and lactate dehydrogenase (LDH) in control and UN groups at 21 weeks. Data 
are expressed as the mean ± standard error of the mean of n = 12 animals per group. 

Figure 3. Overexposure to UN during 21 weeks sensitizes to  renal damage: histological evidence.
Representative photographs of the cortical, cortico-medullary and medullary areas of renal slices stained with 
hematoxylin and eoxin from control and UN-treated rats, 7 days after gentamicin administration. n = 6 animals 
per group. 



����������	
������	����������������������	
������	����������������������	
������	����������������������	
������	����������������

                                                                                                                                                              130  

Chronic exposure to UN sensitizes rats to acute 

renal failure. 

However, when rats exposed to UN during 21 weeks 

where challenged with low doses of a second poten-

tially nephrotoxic insult, namely the aminoglycoside 

antibiotic gentamicin, they developed an overt renal 

failure characterized by massive tubular necrosis in 

the renal cortex, extensive tubular obstruction with 

hyaline material in the cortico-medullary and medul-

lary areas, and significant tubular dilation in the corti-

co-��������� �����	� �"������ #��� �!������ ��	
���� ��
��

subject to the same regime of gentamicin suffered 

only a mild renal dysfunction with no gross parenchy-

mal injury, indicating that chronic UN exposure mag-

nified the effect of gentamicin. At the functional level, 

gentamicin induced a much higher elevation of serum 

creatinine and urea concentration in UN compared to 

control rats (Figure 4-A-�����!������ ���
��	����� ����

similarly elevated by gentamicin in both groups 

(Figure 4-C). Glycosuria was increased only in rats 

preconditioned with UN and subsequently treated 

with gentamicin (Figure 4-D). 

  Interestingly, this sensitization to ARF does not oc-

cur after only 11 weeks of UN exposure, as revealed 

by similar levels of serum creatinine and urea concen-

tration in control and UN (11 weeks) rats treated with 

gentamicin (Figure 4-A-B). This occurs despite renal 

accumulation of uranium being similar to those ob-

served after 21 weeks, and uranium excretion being 

even higher at 11 weeks than at 21 weeks (Table 1).

Chronic exposure to UN alters the urinary proteo-

mic profile 

With the aim of identifying urinary markers of UN 

over-exposure related to ARF sensitization, we com-

pared the urinary proteome of rats exposed during 21 

weeks to UN and of control rats. As shown in Figure 

5, a general glimpse reveals that the urine of UN-

treated rats contains a higher proportion of medium 

molecular weight (MMW) proteins, and a lower pro-

portion of low molecular weight proteins than the 

urine of control rats. This is despite the total urinary 

Figure 4. Overexposure to UN during 21 weeks sensitizes to  renal damage: functional evidence. (A) 
Plasma creatinine and urea right before gentamicin administration (0) and 4 and 7 days after the inception of the 
gentamicin regime, in control and UN-traeted rats during 11 or 21 weeks. In the urine of these rats, proteinuria 
(C) and gluosuria (D) were also measured. Data expressed as mean ± standard error of the mean. n = 12 animals 
���������$��%��&'$'(�)����	
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excretion of proteins being unaltered in UN-exposed 

rats (Figure 1-A). This indicates that (i) the permis-

siveness or selectivity of the filtration barrier might be 

��
����� �� ���	����� ����� 
������� !�	���	�� ��� ���
��	��

���!
� �������� ��
������ ��� ������ �� �����	�
��	���� ��
!. 

Statistical analysis of the urinary proteomes from con-

trol and UN rats revealed that four proteins, namely 

albumin, hemopexin, transferring and vitamin D bind-

ing protein (VDBP), were significantly increased in 

the urine of UN-treated rats (Figure 5). The urinary 

level of these proteins was further analyzed by West-

ern blot. Figure 6 shows that the excretion of albumin, 

hemopexin, transferring and VDBP is increased by 21 

weeks of UN exposure, whereas it is indistinguishable 

from that in control rats by week 11. This closely cor-

relates with the appearance of the predisposition to 

renal damage by week 21 and not by week 11 (Figure 

4 A-B). 

DISCUSSION 

Drug nephrotoxicity is a very serious health and eco-

nomic problem worldwide. As such, strategies aimed 

at preventing drug-induced AKI may result in lower 

incidence and high economic savings for health sys-

tems. In this line, the investment in new diagnostic 

procedures may largely compensate for AKI-derived 

expenditure. We have previously proposed (20) a pre-

emptive strategy to identify individuals at risk before 

subjecting them to potentially kidney-injuring proce-

dures, such as certain pharmacological treatments, 

contrast radiographies, etc. In this line, we have 

demonstrated that an acute, sub-nephrotoxic treatment 

with gentamicin transitorily sensitizes rats to ARF 

(20). This correlates with the excretion of new urinary 

Figure 5. Differential proteomic profiling of the urine from control and UN-treated rats. Representative 
images of 2-D gels (n = 6 animals per group) obtained with the urine of control rats and rats treated during 21 
weeks with UN. The marked spots correspond to proteins significantly increased in the urine of UN-rats. The 
table below reports the protein identification parameters obtained by MALDI-TOF analysis and data base blast 
for the selected spots. Sc, score. MW, molecular weight (in kDa). pI, isoelectric point. VDBP, vitamin D binding 
protein  
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markers, which might serve to detect this condition. 

Our present results demonstrate that rats may also 

become chronically predisposed to ARF, in this case 

by an experimental manoeuvre [e.g. chronic treatment 

��
!�
!����
�	
����	��!��
���	����	��	�
��
�����#�+

  The results obtained in our model indicate that 

chronic over-exposure of rats to the toxin during some 

weeks, without eliciting symptoms of nephrotoxicity 

by itself, reduces the threshold of nephrotoxicity and 

enhances the nephrotoxic effects of a second renal 

insult, in this case a treatment with low-dose gentami-

cin. This chronically acquired sensitivity to ARF 

might be especially significant for its silent clinical 

course. Translated to a potential clinical application, 

this might be one, among many other predisposing 

circumstances that would stratify patients according to 

their risk, which would gain outstanding relevance in 

those 

patients under critical conditions. As such, markers of 

chronic predisposition would allow us to detect and 

classify humans unaware of their risk, which cannot 

be associated to acute risk factors. For this purpose, 

we focused on the urine to search for markers of this 

condition, because it is one of the most suitable body 

samples for population-scale screening in a non-

traumatic manner.

  In our model, the daily urinary protein excretion was 

not modified by chronic uranium overexposure. This 

suggests that the overall balance between glomerular 

filtration and tubular reabsorption of proteins is not 

altered. However, as depicted in figure 5, the relative 

composition of urinary proteins is altered by uranium. 

,	� ���
-� ����� ������� ���������� ����!
� �../�� �$�$�

35-65 KDa) proteins and fewer low molecular weight 

�0./�� �$�$� &� #(� 12��� ���
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��$� �!���

Figure 6. Urinary biomarker validation by Western blot. Confirmation by western blot of the urinary 
excretion of the proteins identified by proteomics (i.e. hemopexin, transferrin, albumin and vitamin D binding 
protein (VDBP)), both at 11 weeks (11) and 21 weeks (21) in control (C) and UN groups. Bands were quantified 
with the Scion Image software. Each bar represents the mean ± standard error of the mean (* p<0.005 vs control 
�
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probably indicates that the sieving properties of the 

glomerular filtration barrier (GFB) are affected by 

chronic uranium overexposure. As a consequence, 

some MMW proteins mostly excluded from filtration 

in normal circumstances by size or electrical reasons 

are now capable of spanning the GFB. However, this 

increased filtration does not translate into proteinuria, 

likely because the moderate excess of filtered proteins 

is reabsorbed in the tubuli. Still, the different protein 

composition of the ultrafiltrate alters the equilibrium 

of competition among proteins for the tubular trans-

porters and endocytic systems, leading to a different 

composition of the final urine (24-29). The urinary 

excretion of four proteins was significantly increased 

in predisposed rats, compared to control rats, namely 

the blood-borne proteins albumin, hemopexin, trans-

ferring and VDBP. About 20% of uranyl ions in se-

rum are bound to the protein pool (30). Uranium binds 

some major plasma proteins, including ceruloplasmin, 

hemopexin and transferrin (30-33). It might be specu-

lated that the increased urinary excretion of some of 

these proteins would be the result of their being swept 

along with uranium to the final urine. However, this 

does not seem to be the case, because in our model, by 

week 11 the excretion of uranium is almost identical 

to that at week 21, and no significant increase in the 

urinary excretion of these proteins is detected by that 

time. Accordingly, their increased excretion is more 

closely associated to the predisposition than to other 

conditions such as uranium exposure or uranium accu-

mulation itself, because the intake and renal accumu-

lation of uranium are by week 11 is as high as by 

week 21. Rather, other chronic events derived from 

subtoxic accumulation are needed to render animals 

more sensitive to ARF. 

  Hypertension has also been reported to increase the 

urinary excretion of determined proteins, including 

albumin and transferrin (34-37). However, in our 

model, the moderate hypertension caused by UN does 

not correlate either with the increased excretion of 

albumin, hemopexin, transferring or VDBP. In fact, 

hypertension is already installed by week 11. Inde-

pendently from systemic arterial pressure, selective 

increased excretion of these proteins has been ob-

served not only in hypertensive animals and patients, 

but also in pre-microalbuminuric (and microalbu-

minuric) diabetic patients (38-46). In these latter, the 

increased, selective protein excretion has been associ-

ated to increased intraglomerular pressure (45). In our 

model, by week 21 predisposed rats have normal glo-

merular fitration (i.e. inulin clearance), despite re-

duced RBF (figure 1). This can be theoretically ex-

plained by an increased intraglomerular pressure, 

which would also explain the increased filtration of 

MMW proteins.      Albumin (47), hemopexin (48), 

transferrin (49) and VDBP (48) are serum-borne pro-

teins whose increased urinary excretion has been 

widely reported in renal diseases coursing with altera-

tions in the sieving properties of the glomerular filtra-

tion barrier. Microalbuminuria and microtransferrinu-

ria have also been reported in early stages of diabetic 

nephropathy (42, 47). A new use of the increased uri-

nary excretion of these proteins is proposed by our 

results. Especially in non-diabetic patients (but also in 

them), increased urinary excretion of albumin, trans-

ferrin, hepomexin or VDBP (or combinations there-

of), besides indicating a possible incipient stage of 

nephropathy (in the absence of markers of renal dys-

function or injury) might alert health professionals on 

an increased risk of acute nephropathy. Clinical stud-

ies are necessary to explore the incidence of AKI in 

patients with increased urinary excretion of these pro-

teins. In conclusion, the future development of this 

new diagnostic capability might enable the pre-

emptive and personalized handling of patients by al-

lowing us to stratify them with quantitative parame-

ters according to their individually acquired risk or 

sensibility to AKI, when they need to be subject to 

acute, potentially nephrotoxic treatments, diagnostic 

procedures (e.g. contrast radiography) or clinical pro-

cedures (e.g. cardiovascular surgery). This new diag-

nostic strategy might help to reduce AKI incidence 

and severity, and also the associated sanitary and soci-

oeconomic costs.

MATERIALS AND METHODS 

Except where otherwise indicated, all reagents were 

purchased from Sigma-Aldrich (Madrid, Spain).
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Animal handling and sample collection. 

Experiments were performed with male Sprague-

Dawley rats weighing 220-250 g initially. Rats were 

housed under controlled environmental conditions and 

had free access to standard rat chow and drinking wa-

ter. Animals were divided into two groups: (i) control 

������ �	6�7�-� �!��!� �����)��� 	�� 
���
��	
�� �	�� �����

uranyl nitrate (UN)-treated group (n=24), which re-

ceived 5.4 g/L UN in the drinking water during up to 

22 weeks, as the experimental, chronically predispos-

ing factor. The dose of UN was determined, for this 

experimental purpose, in pilot studies based on the 

information from previous reports (50, 51). After 11 

or 21 weeks, some animals were sacrificed and others 

were treated with a low dosage regime of gentamicin 

(50 mg/kg/day, 7 days, i.p.), and then sacrificed. Wa-

ter intake consumption was recorded weekly to esti-

mate uranium intake. At determined time points rats 

were transitorily moved to individual metabolic cages 

for urine collection. Urine was cleared by centrifuga-

tion and stored at -80ºC. Coinciding with urine collec-

tion, blood samples were also obtained in heparinized 

capillaries from a small incision in the tail tip. Plasma 

was separated by centrifugation and kept at -80ºC. At 

the time of sacrifice, rats were anesthetized, and the 

kidneys dissected. One half of each organ was fixed in 

3.7% para-formaldehyde and further used for histo-

logical studies. The remaining renal tissue was kept at 

-80 ºC and eventually used for uranium content analy-

sis. 

Renal tissue, urine and serum biochemical analy-

sis. 

Plasma samples were analyzed for urea and creatinine 

concentration with an automatic analyzer (Reflotron 

plus��� 8��!�� 2���	��
���-� �������	�-� 9���	�� ������

detection limit 0.5 mg/dL). Urine was assayed for 

protein concentration using the Bradford technique 

(52) and for glucose using the o-toluidine method 

(53). Commercial kits based on colorimetric or fluori-

metric methods were also used for the determination 

of the urinary enzymes N-acetyl-:-D-glucosaminidase 

�;4��� 8��!�� 2���	��
���-� �������	�-� 9���	�� �	�

���
�
�� ���!������	���� �02<�� 4	�� 9���� ,;=-� 9�	�

Jose, USA), following the manufacturers’ instruc-

tions. Uranium content was measured in kidney tissue 

and urine samples using inductively coupled plasma 

mass spectrometry (ICP-���� ����	
-Elmer ELAN-

6000, Madrid, Spain). 

Inulin and PAH clearance. 

Inulin and para-aminohipuric acid (PAH) renal clear-

ance was studied in a subset of animals at the end of 

the 21-week treatment, basically as previously de-

scribed (54). Briefly, animals were anesthetized and 

the left carotid artery, the right jugular vein and the 

bladder were cannulated. The carotid artery was con-

nected to a pressure transducer (Beckman R511A, 

Miami. FL, USA) through the process. The jugular 

vein was connected to an infusion pump containing an 

isotonic saline infusion of [metoxy-14C] inulin (ARC 

Inc., Sant Louis, MO, USA) and [3H] PAH (Perkin-

Elmer, Madrid, Spain). Initially, a 1 mL bolus of mix-

ture was injected intravenously and then the pump 

was connected in a continuous infusion (3 mL/h). 

After a 30 minute stabilization period, blood was col-

lected through the artery every 30 minutes for 3 times. 

Urine samples were obtained directly from the blad-

der. Blood and urine samples were centrifuged and 

their [14C] and [3H] activities were measured in a liq-

uid scintillation counter (Wallac 1409 DSA, Turku, 

Finland). Packed cell volume (PCV) was determined 

by the microcapillary method. Inulin and PAH clear-

ances were calculated to measure GFR and RPF, re-

spectively. RBF was calculated from RPF and PCV. 

RVR was calculated from RBF and MAP. 

Western Blot. 

Urine samples were separated by polyacrylamide gel 

����
���!������� �>4�?��Mini Protean II system, Bio-

Rad, Madrid, Spain). Proteins were electro-transferred 

to Immobilon P membranes (Millipore, Madrid, 

SPain), which were then incubated with goat polyclo-

nal antibodies against kidney injury molecule 1 

(KIM1/TIM1) (RD Systems, Minneapolis, MN, 

USA), transferrin (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) and VDBP (Everest Biotech, Upper 

Heyford, UK), and with rabbit polyclonal antibodies 
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against lipocaline-���;�40��.�0��	
��	�
��	��-�/�@

burn, MA USA) and hemopexin (Biovision INC,�

Mountain View, California� USA) and with chiken 

polyclonal against human serum albumin (Abcam, 

Cambridge, UK). Membranes were then incubated 

with horseradish peroxidase (HRP)-coupled second-

ary antibodies, subsequently incubated with the 

quimioluminiscent HRP-����
��
�� �?=0�� .��������-�

Madrid, Spain), and exposed to photographic films 

(Kodak, Rochester, NY, USA). Bands were quantified 

��
!� 
!�� 9���	� ,����� ���
����� �9���	� =������
��	��

Frederick, MD, USA). 

Histological studies. 

Paraffin blocks were made with para-formaldehyde 

fixed tissue and 5-µm tissue sections were stained 

with hematoxilin and eosin. Photographs were taken 

under an Olympus BX51 microscope connected to an 

Olympus DP70 colour, digital camera (Olympus, Ma-

drid, Spain). 

Urinary proteomics. 

The proteome of urine samples from week 21 from 

control and UN-treated rats was analyzed by two-

dimensional electrophoresis (2-DE), basically as de-

scribed (20, 55). In short, urine proteins (200 µg) were 

precipitated and isoelectrically focused (500-8,000 V) 

through 18-cm long immobilized pH gradient (IPG) 

strips, pH 3-11NL (GE Healthcare, Madrid, Spain). 

Then, proteins in IPG strips were separated by 12% 

SDS-polyacrylamide gels, fixed and stained with Sy-

pro Ruby (Molecular Probes, Barcelona, Spain). The 

spots of interest were analyzed with the Image Master 

Platinum software (GE Healthcare, Madrid, Spain) 

and in-gel digested with porcine trypsin (Promega, 

Barcelona, Spain). Tryptic peptides were analyzed by 

MALDI-TOF on an Autoflex III instrument (Bruker 

Daltonics, Madrid, Spain). One microlitre of each 

sample was deposited on Prespotted AnchorChip tar-

gets (Bruker Daltonics, Madrid, Spain), which are 

prespotted with A-cyano-4-hydroxycinnamic acid 

(HCCA) matrix. Spectra were acquired with the Flex-

Control 3.0 software (Bruker Daltonics, Madrid, 

Spain) and then processed using the Flex Analysis 3.0 

software (Bruker Daltonics, Madrid, Spain). The 

equipment was first externally calibrated employing 

protonated mass signals from calibrants prespotted in 

the target, covering the 1000–4000 m/z range. All 

known contaminants (trypsin-derived peptides and 

keratins) were excluded during the process. The re-

sulting final peak list was used for the identification of 

the proteins by peptide mass fingerprint (PMF). Pro-

tein identification was performed with the MASCOT 

software (www.matrixscience.com) against non re-

dundant protein sequence database Swiss Prot 

(containing 516603 sequences and 181919312 resi-

dues). The mass tolerance was set as 50 ppm, and the 

taxonomic category was Rattus (7509 sequences). 

Only one missed cleavage per peptide was allowed 

and cysteine residues were assumed to be carbami-

domethylated with acrylamide adducts, and methio-

nine residues were in oxidized form. In all protein 

identifications, the probability scores were greater 

than the score fixed by MASCOT as significant with a 

p-value lower than 0.05. 

STATICAL ANALISYS 

Experimental groups were compared using a two-way 

analysis of variance (ANOVA) followed by Scheffé’s 

test when the data were normally distributed and by 

the Kruskal-Wallis test when they were not normally 

distributed. P-values < 0.05 were considered signifi-

cant. Statistical tests were performed using the Num-

ber Cruncher Statistical System (NCSS) software, 

version 6.0.10 for Windows. Data are shown as mean 

± standard error of the mean.
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La nefrotoxicidad producida por los 

tratamientos farmacológicos o incluso la toxicidad 

derivada de una sobreexposición a sustancias 

ambientales suponen un problema sanitario y 

socioeconómico. 

Varios son los fármacos que presentan daño 

renal entre sus efectos adversos más 

problemáticos, se estima que aproximadamente 1 

de cada 4 medicamentos utilizados en la unidad de 

cuidados intensivos es nefrotóxico. La aparición 

de nefrotoxicidad durante el tratamiento con 

diversos fármacos provoca el abandono del 

tratamiento o la necesidad de disminuir la dosis 

administrada. Estas estrategias preventivas 

suponen una disminución en la eficacia terapeútica 

de los fármacos, pues se ven limitadas las dosis 

que pueden ser administradas.  

Otra causa importante a tener en cuenta a la 

hora de tratar las causas de nefrotoxicidad, es la 

exposición crónica a sustancias ambientales. Este 

es el caso de los metales pesados entre los que se 

encuentran, p.e., el mercurio, el plomo y el 

urnanio. La exposición a estas sustancias puede en 

sí no producir aparentemente ningún daño, pero 

predisponer a los individuos expuestos a sufrir un 

daño renal cuando tienen que someterse a un 

tratamiento con un fármaco nefrotóxico. 

Una mejora sustancial en el manejo de la 

nefrotoxicidad de las diferentes sustancias, sería el 

uso de marcadores capaces de detectar el daño 

renal en sus fases más iniciales. El estado actual 

del diagnóstico del daño renal está experimentando 

grandes cambios. Se ha pasado del uso de 

marcadores que detectan fases ya avanzadas de 

daño renal, a la búsqueda de marcadores más 

tempranos y más específicos. Pero, a pesar de que 

en los últimos años se está realizando una 

búsqueda extensiva y varios son los marcadores ya 

propuestos como marcadores tempranos, aún 

queda mucho camino por recorrer. 

Los resultados de esta tesis doctoral, junto 

con las publicaciones obtenidas con los mismos, 

ponen de manifiesto la necesidad de seguir 

investigando en el diagnóstico del fracaso renal 

agudo a fin de prevenir su aparición, además de ser 

capaces de identificarla y  controlarla de una forma 

más precisa. 

Mediante la labor de investigación llevada a 

cabo en este trabajo de tesis doctoral, hemos 

identificado marcadores capaces de detectar la 

predisposición al daño renal que puede producir la 

exposición a diferentes nefrotóxicos a dosis no 

tóxicas. Esta predisposición se ha puesto de 

manifiesto tanto tras la administración de un 

fármaco de forma subaguda como por una 

exposición crónica a un tóxico ambiental. 

En primer lugar hemos demostrado que la 

administración de un fármaco (cisplatino), a dosis 

aparentemente no tóxicas, que son inocuas tanto 

funcional como estructuralmente para la estructura 

de los riñones, hace más sensible a los animales de 

sufrir un fracaso renal agudo cuando los animales 

tienen que someterse a un segundo tratamiento con 

otro nefrotóxico (gentamicina) a dosis no tóxicas. 

Pero la novodead que muestra este trabajo, es 

que no solamente presentamos un nuevo modelo de 

predisposición aguda al daño renal. En los 

resultados expuestos reproducimos 

experimentalmente, en rata, un nuevo modelo de 

predisposición al daño renal por exposición crónica 

a un contaminante medioambiental, el uranio  



�
�����������������������
��
����
��
�
�����������������������
��
����
��
�
�����������������������
��
����
��
�
�����������������������
��
����
��
����

149  

(estudiado mediante el uso de su derivado, el nitrato 

de uranilo). Al igual que en el caso anterior, los ani-

males que entraban en contacto con el primer nefrotó-

xico eran más susceptibles a padecer daño renal que 

los que no habían estado expuestos previamente. Es-

tos resultados sugieren que la exposición crónica a 

uranio disminuye el umbral de toxicidad de otro agen-

te nefrotóxico. Por lo tanto, los animales expuestos a 

este metal son más susceptibles a padecer un fracaso 

renal agudo cuando han de someterse a un tratamiento 

con un fármaco nefrotóxico, a dosis que prácticamen-

te no producen daño renal. 

Tanto en el modelo de predisposición aguda 

como en modelo de predisposición crónica, se ha ob-

servado un diferente perfil proteico de excreción uri-

naria entre animales tratados con uno de los nefrotóxi-

cos y animales control. Los animales predispuetos 

presentaban mayor excreción de proteínas de medio 

peso molecular y una menor excreción de las proteí-

nas de bajo peso molecular. Estos resultados nos su-

gieren que las propiedades de filtración de la barrera 

glomerular podrían estar alteradas, pero de una forma 

sub-clínica que no se traduce en un incremento de 

excreción urinaria de proteínas. Además las técnicas 

más precisas de estudio de la función glomerular, 

como es el aclaramiento de inulina, no son capaces de 

detectar alteraciones en dicha función. 

La procedencia de las proteínas propuestas 

como potenciales marcadores de daño renal también 

es incierta.  Su aparición probablemente no está rela-

cionada con el daño a las estructuras, ya que nuestros 

resultados indican que las dosis usadas de cisplatino o 

de nitrato de uranilo que predisponen al FRA no cau-

san ningún daño detectable (por marcadores bioquí-

micos y por estudio histopatológico) en ninguna de 

las muestras biológicas analizadas (orina y sangre). 

Más bien pensamos que su acumulación (incluso sub-

tóxica) en el interior de las células diana puede alterar 

rutas de señalización o procesos celulares de exocito-

sis, endocitosis, transporte transmembrana, etc., que 

resulten en la modificación de los niveles de alguna 

sustancia normalmente presente o ausente en la orina, 

que puedan asociarse a la predisposición al FRA. 

Un posible mecanismo implicado en la produc-

ción de predisposición por cisplatino y por uranio 

podría estar relacionado con alteraciones en la hemo-

dinámica renal. En el modelo agudo y en el crónico se 

han observado una disminución en el flujo plásmático 

renal de animales predispuestos y por consecuencia, 

una aumento de las resistencias vasculares renales 

(diferencias estadísticamente significativas en el caso 

de la exposición crónica a uranio). Pero estos resulta-

dos son solo una aproximación. Es necesario un estu-

dio más intenso en el que poder determinar, con ma-

yor precisión, cuales son los mecanismos responsa-

bles de predisponer a los animales al fracaso renal 

agudo cuando han sido previamente tratados con ne-

frotóxicos a dosis aparentemente no tóxicas. 

Independientemente del mecanismo por el que 

se produce la predisposición, la identificación en ori-

na de proteínas nos proporicionan un nuevo concepto 

“teranóstico” permitiéndonos el estudio de nuevos 

marcadores capaces de detectar una fase anterior a la 

aparición de los efectos tóxicos renales. El desarrollo 

de estos marcadores podría permitirnos realizar un 

diagnóstico previo a la administración de un segundo 

tratamiento farmacológico en pacientes ya tratados 

con otro nefrotóxico o en personas potencialmente 

expuestas a toxicos ambientales. Estos nuevos marca-

dores podrían informarnos, de forma anticipada, del 

posible riesgo de padecer una enfermedad de origen 

tóxico.  

El diagnóstico temprano supondría un gran 

avance a la hora de elegir un correcto tratamiento 

clínico y además podría contribuir significativamente 



                                                                                                                                                              150  

������������������������������������������������������������������������

a la disminución de la incidencia del FRA derivado de 

la acción de los fármacos.  

 El objetivo inmediatamente posterior sería 

comprobar la validez en el ser humano de los marca-

dores encontrados en estos modelos experimentales. 

La orientación de este proyecto es la aplicación clíni-

ca útil de los resultados en un futuro cercano. 
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