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RESUMEN 
 
 
Los estudios clínicos, epidemiológicos y experimentales han demostrado que lesión 

renal aguda (LRA) es un factor de riesgo independiente para el desarrollo de 

enfermedad renal crónica (ERC) y enfermedad renal en etapa terminal (ERT). En 

esta transición, la severidad y duración del insulto inicial es proporcional al riesgo 

de ERC y la edad es otro factor preponderante. 

La ERC ha aumentado en las últimas dos décadas y diagnosticar a los pacientes en 

fases tempranas de esta enfermedad es difícil, y es aún más difícil predecir la 

transición de LRA a la ERC. Además, la única forma de saber si un paciente 

presenta fibrosis y daño estructural es a través de una biopsia renal, que es poco 

común en la práctica clínica por los riesgos que conlleva. 

Hemos demostrado previamente que un episodio de LRA inducido por isquemia / 

reperfusión renal (IR) bilateral moderada o grave en ratas macho es suficiente para 

inducir la progresión a ERC después de nueve meses. Sin embargo, los 

mecanismos involucrados en la transición de LRA a ERC son muy poco conocidos, 

y aún menos conocidos son las alteraciones que ocurren temporalmente a lo largo 

de dicha transición. Por lo tanto, es relevante comprender mejor los mecanismos 

que desencadenan la transición de LRA a ERC, así como establecer una 

comprensión temporal de los mecanismos fisiopatológicos a lo largo de la transición, 

lo que no solo nos permitirá comprender este proceso sino también proponer 

tratamientos efectivos durante el transcurso del tiempo de la enfermedad.  Aunado 

a ello, sabemos que México ocupa uno de los primeros lugares en obesidad y 

síndrome metabólico a nivel mundial, es por ello, que parte de este trabajo se centro 
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en estudiar los mecanismos iniciales que promueven la progresión a ERC utilizando 

un modelo de obesidad.  

En este estudio, utilizamos el modelo de IR renal unilateral más nefrectomía 

contralateral, que nos permitió inducir ERC después de cuatro meses. Descubrimos 

que la hemodinámica renal anormal redujo la señalización de HIF-1, aumentó el 

estrés oxidativo y afectó la metilación global del ADN en la fase temprana de la 

transición de LRA a ERC. También demostramos que la reducción de la 

señalización de Factor Inducible por Hipoxia 1 α (HIF-1 α) / Factor de crecimiento 

vascular (Vegfa) se vio afectada por la hipermetilación del ADN del promotor del 

gen Vegfa, contribuyendo a la transición de LRA a ERC. 

Finalmente, usamos el mismo modelo para la búsqueda de biomarcadores renales 

no invasivos para la detección oportuna del daño renal, encontrando que la 

serpinA3K es un biomarcador oportuno y eficiente para la detección de la transición 

de ERC, ERC de distintas etiologías, y la LRA; además, actualmente tenemos la 

solicitud de patente.  Dentro de las alteraciones epigenéticas evaluamos el papel de 

la desacetilasa de histonas, sirt7 en el daño renal, encontrando que la deficiencia 

de esta enzima previene el desarrollo de inflamación en respuesta a la  LRA.  

Los resultados del presente trabajo contribuyen de manera importante al 

entendimiento de la fisiopatología de la ERC desde diferentes aspectos: 

moleculares, temporales, epigenéticos y de diagnóstico, lo cual ayudará a la 

búsqueda de tratamientos efectivos para evitar y retrasar está enfermedad.    
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1 INTRODUCCIÓN 
 
 
1.1 Anatomía y Fisiología Renal 
 
 

La homeostasis es un proceso de balance dentro de los organismos, en 

donde están involucrados procesos de entrada y salida de nutrientes, así como, la 

eliminación de desechos. Uno de los sistemas que se encarga de la eliminación de 

los desechos es el sistema urinario, ya que es capaz de filtrar toda la sangre del 

organismo y de esa manera eliminar selectivamente los desechos, así como 

reabsorber nutrientes (1). 

El sistema urinario está compuesto por dos riñones con su respectivo uréter, 

la vejiga y uretra. Todos estos componentes llevan en conjunto a la eliminación de 

los desechos a través de la orina, pero es en el riñón en donde se llevan a cabo los 

procesos de filtración, secreción y eliminación de los componentes metabólicos.  

En humanos, los riñones se encuentran ubicados en la parte posterior del 

peritoneo, entre la doceava vértebra torácica y tercera vértebra lumbar. Tienen un 

peso de entre 125-170 g en hombres y de 115-155 g en las mujeres, representando 

solo el 0.5% del peso del organismo. Son órganos que presentan una clara 

organización entre las células endoteliales y las células epiteliales, que lo hace 

competente para desempeñar sus funciones. Entre estas funciones está la filtración 

del plasma sanguíneo, la regulación del balance de hídrico, electrolítico y ácido-

base. También los riñones cumplen un papel muy importante en la regulación de la 

eritropoyesis (generación de células sanguíneas) y en la regulación del calcio, al 

producir hormonas como eritropoyetina y vitamina D, respectivamente (1). 
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La anatomía de los riñones está en estrecha relación con su función, debido 

a que, cuenta con glomérulos y un área extensa de tubos de epitelio renal que le 

permiten realizar de forma correcta la filtración, la secreción y la reabsorción de 

iones y sustancias. El primer paso es la filtración del plasma sanguíneo. Luego para 

modificar el ultrafiltrado glomerular cuenta con una vasta cantidad de capilares que 

permiten llevar a cabo la reabsorción o secreción a lo largo de su paso por los 

túbulos renales (2). 

A simple vista en un corte transversal pueden apreciarse dos zonas en el 

riñón; en la parte externa se encuentra la corteza renal, que es donde se encuentran 

los glomérulos y hacia el centro se ubica la médula renal. Dentro de la médula se 

encuentran entre 8-18 pirámides renales que desembocan hacia los cálices 

menores en donde fluye la orina hacia el seno renal, para posteriormente ser 

eliminada. (1,2)  

La unidad funcional del riñón es la nefrona, cada riñón presenta entre 800,000 

a 1, 200,000 nefronas. Las nefronas están formadas por un penacho capilar llamado 

glomérulo y una serie de túbulos epiteliales que están divididos en túbulo proximal, 

asa de Henle, túbulo distal y túbulo colector. Cada uno de estos segmentos presenta 

una enorme selectividad al paso de iones y metabolitos a través de sus membranas, 

esto es importante para que los procesos de reabsorción y secreción se lleven a 

cabo de forma óptima (2). 

La función renal comienza con la filtración del plasma sanguíneo a través de 

glomérulo generando un ultrafiltrado libre de proteínas, posteriormente al pasar por 

las distintas zonas de los túbulos renales, se van reabsorbiendo iones y sustancias 

como glucosa y al mismo tiempo se secretan otros desechos que no fueron filtrados 
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al inicio. Al final, tenemos un concentrado de desechos llamado orina que se 

excretará a través del túbulo colector. Al volumen de filtrado que se genera por 

unidad de tiempo se le llama Tasa de Filtrado Glomerular (TFG), la cual es de unos 

180 litros al día. Es por esta razón que el riñón recibe aproximadamente el 20% del 

gasto cardiaco, esto indica lo metabólicamente activo que es este órgano, es por 

ello por lo que incluso períodos leves de hipoxia son capaces de generar un gran 

daño (1, 2, 3). 

 

1.2 Lesión Renal Aguda (LRA) 
 
 

Dentro de las entidades fisiopatologías del tejido renal se encuentra la LRA. 

Esta enfermedad se caracteriza por la caída abrupta y transitoria del flujo sanguíneo 

renal, lo que ocasiona una reducción de la función y el consecuente daño endotelial 

y epitelial por hipoxia (4, 5). Se conoce que la LRA afecta al 15% de los  pacientes 

hospitalizados, siendo la mayor la incidencia en los pacientes en terapia intensiva 

que es entre el 30 al 60% y con una tasa de mortalidad de alrededor del 40% (6). 

En la clínica este fenómeno se puede presentar por diversas causas, como es la 

sepsis, el uso de medicamentos nefrotóxicos o medios de contraste, la hipovolemia 

generada por hemorragias, deshidratación o por una disminución en la presión 

arterial y cirugías mayores (5, 6, 7, 8), lo que trae como consecuencia que ocurran 

procesos de isquemia/reperfusión (IR). La isquemia causa un proceso de hipoxia, 

que puede llevar a la muerte de las células epiteliales proximales por apoptosis y 

necrosis, ya que el oxígeno es indispensable para la fisiología de estas células. 

Aunado a este fenómeno, el proceso de reperfusión incrementa la generación de 
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especies reactivas, generando daño oxidante en macromoléculas, como, los ácidos 

nucleicos, las proteínas y los lípidos (4, 5, 8).  

Hace varios años no existían consensos de la definición clínica de LRA, en 

las últimas décadas se han establecido algunos parámetros clínicos para unificar la 

definición estándar de LRA y la ERC mediante las guías Kidney Disease: Improving 

Global Outcomes (KDIGO) (9).  

La LRA implica la reducción de la función renal, que se determina por un 

aumento de la concentración de creatinina sérica de ≥0,3 mg/dl durante 48 h o 

aumento de ≥1.5 veces en los últimos 7 días, o diuresis <0,5 ml/kg/h durante 6 h. 

La LRA se clasifican en tres grados de severidad las cuales  en las guías KDIGO se 

definen por el aumento de la creatinina sérica con referencia a los valores basales: 

Red de Lesión Renal Aguda (por sus siglas en inglés, Acute Kidney Injury Network 

(AKIN)) I con un aumento CrS ≥0.3mg/d o 1.3-1.9 veces del basal, AKIN II 2-2.9 

veces del basal y AKIN III 3 veces del basal o porque se inicie la  terapia de remplazo 

renal (9). Desafortunadamente estos cambios ocurren 48 h después de haber 

ocurrido la LRA, además no siempre es factible conocer los valores basales de 

referencia del paciente. Esto trae como consecuencia que la incidencia de LRA no 

haya disminuido en los últimos 40 años. (6, 8). Por lo tanto, la LRA constituye un 

serio problema de salud pública alrededor del mundo, generando costos de hasta 9 

mil millones de dólares para el sistema de salud norteamericano (6). En la 

actualidad, la búsqueda de biomarcadores tempranos para la detección de la LRA 

(10, 11), así como, la generación de estrategias terapéuticas que sean capaces de 

prevenir el desarrollo de un episodio de LRA resulta indispensable.  
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1.3 Mecanismos responsables de la LRA 
 
 

En la actualidad se tiene noción de algunos de los mecanismos involucrados 

en la LRA, sin embargo, no se ha terminado de entender a esta entidad  del todo. 

Se conoce que durante la LRA hay un ambiente de hipoxia, que lleva a la muerte 

celular, principalmente del epitelio tubular, tanto por apoptosis que es una muerte 

celular programada, como por necrosis, muerte celular que promueve la liberación 

del material celular. Ambos mecanismos generan una pérdida importante de epitelio 

tubular renal, que se desprende y las células epiteliales se pueden encontrar en la 

orina de los pacientes con este tipo de lesión. Se ha demostrado que las células 

epiteliales más dañadas son las del túbulo proximal, específicamente, los 

segmentos S2 y S3 (4, 5, 8, 12).  

Después de un episodio de LRA, ocurre una cascada de eventos, como 

pérdida del borde en cepillo, alteraciones de la polaridad celular, aumento del estrés 

oxidativo y disfunción mitocondrial de las células epiteliales tubulares proximales (4, 

5, 7, 8, 12). Estos procesos también se acompañan de inflamación e infiltración de 

macrófagos (13, 14, 15). Aunque el epitelio tubular tiene capacidad de regeneración 

(12), el epitelio lesionado ya no es el mismo. Una subpoblación de células tubulares 

desdiferenciadas y en proliferación que se recuperan del daño renal agudo sufren 

una detención del ciclo celular y no pueden volver a diferenciarse, lo que lleva a una 

atrofia tubular; todos estos eventos contribuyen en gran medida a la fibrosis 

tubulointersticial que se observa a largo plazo (12, 18). 

En consecuencia, se produce una reparación inadecuada (16-19), donde hay 

infiltración persistente de macrófagos (13, 14, 15), disociación de pericitos de los 

capilares tubulares (19) y arresto de algunas células tubulares en la fase G2 / M 
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(20), lo que conduce a la fibrosis progresiva (18, 20-22). Se han dilucidado algunos 

mecanismos implicados, como la transdiferenciación de pericitos en miofibroblastos 

(19,22), la proliferación descontrolada de células epiteliales (22), la aparición de un 

fenotipo anormal del túbulo proximal (23, 24), la producción excesiva de TGFβ tanto 

por el epitelio tubular (18), como por los miofibroblastos locales (24,25), 

acumulación de proteínas de la matriz extracelular (26,27), la pérdida de la 

microvasculatura,proceso denominado rarefacción vascular (28-30), hipoxia crónica 

(30,31) y estrés crónico del retículo endoplásmico (32). 

Durante la LRA, las células de este segmento sufren cambio de su polaridad, 

debido a que, la bomba Na+K+ATPasa, que normalmente se encuentra en el lado 

basolateral se relocaliza al lado apical, así como, cambios en el citoesqueleto que 

producen la pérdida del borde en cepillo, una estructura especializada que presenta 

este tipo epitelial. Los dos procesos antes mencionados se relacionan con una 

disminución en la capacidad de reabsorción del epitelio. Otro componente que sufre 

daño durante este proceso es la microcirculación, que no es capaz de responder a 

la hipoxia llevando a la rarefacción vascular (17, 28-30, 34). En la Figura 1 se 

esquematiza algunos de los procesos celulares que se alteran durante la LRA. 
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Aunque se han dilucidado algunos mecanismos, muchos otros permanecen 

desconocidos y se sabe menos sobre los cambios temporales durante la progresión 

de la enfermedad renal crónica (ERC), como la hemodinámica renal, la lesión 

estructural, la señalización de HIF y las modificaciones epigenéticas. 

 

1.4 Enfermedad Renal Crónica 
 

La ERC se caracteriza por la pérdida progresiva de las nefronas y de la 

función renal, lo que puede resultar a largo plazo en la pérdida de la función renal 

completamente, momento en el cual, la única forma de que el paciente sobreviva 

es con terapias de remplazo renal, como diálisis peritoneal y hemodiálisis, o bien el 

trasplante renal. Ambas posibilidades terapéuticas generan enormes costos a los 

sistemas de salud. En las últimas dos décadas, la incidencia de la ERC ha 

aumentado más de tres veces y es un síndrome que en la actualidad tiene 

importantes implicaciones para la salud de las poblaciones y la sostenibilidad 

económica de los sistemas de salud en todo el mundo (33-36).  
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Las guías KDIGO definen la ERC como la disminución de TFG 

<60mL/min/1.73m2 persistente por >3 meses y se clasifica de acuerdo con la causa 

específica (37), en combinación con la estratificación de la gravedad según la TFG 

y los niveles de albuminuria (9). Para hacer la evaluación de TFG se toma la 

elevación de la creatinina sérica por >3 meses, además se toma en cuenta 

anormalidades en el sedimento urinario, estudio de imagen o histología (37). La 

desventaja de estas evaluaciones es que detecta a la enfermedad de manera tardía 

y en el caso de los estudios histológicos, son invasivos, lo que conlleva a un riesgo 

mayor para el paciente y dependiendo del área donde se tome la muestra, puede 

no dar información certera. Por estas razones, se están haciendo esfuerzos para 

identificar nuevos biomarcadores que además no sean invasivos. Retomaremos 

este concepto más adelante.  

 

1.5 Transición de la LRA a ERC 
 
 

Durante mucho tiempo se especuló que los pacientes que sobrevivían a un 

episodio de LRA no tenían ninguna repercusión posterior y que el epitelio era capaz 

de regenerarse y regresar a su funcionamiento normal. Sin embargo, estudios 

clínicos y modelos experimentales recientes han demostrado que la LRA es un 

factor de riesgo independiente para desarrollar ERC (16, 17, 34). 

Resulta evidente que cada vez existe mayor conocimiento sobre los 

mecanismos involucrados en un evento de LRA, sin embargo, como se comentó la 

LRA se ha convertido en un reto aún mayor, debido al riesgo inminente que tiene el 

paciente de desarrollar ERC en un futuro no lejano. A pesar de que el tejido renal 

tiene la habilidad de recuperarse del daño celular letal o subletal, lo cual se observa 
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de manera funcional cuando los pacientes son egresados de la hospitalización con 

cifras de creatinina en parámetros normales, los procesos celulares del endotelio y 

del túbulo renal no se recuperan totalmente, lo que condicionan al desarrollo de 

disfunción renal progresiva, Figura 2 (36).  

 

En los últimos años se han propuesto varias teorías tratando de explicar 

como un episodio de LRA puede conducir al desarrollo de ERC dentro las que 

destacan: ciclos de daño/reparación/regeneración continuos a lo largo del tiempo 

(5, 12), rarefacción de los capilares peri-tubulares con el desarrollo subsecuente de 

hipoxia crónica (27-30)  y la activación de las vías de señalización en donde están 

involucrados factores como HIF-1α, MAP cinasas, y citocinas pro-fibróticas y pro-

inflamatorias (31, 39). También se ha mostrado que después de la isquemia/ 

reperfusión (I/R) no solo no hay proliferación de las células endoteliales, sino que 

se presenta una transición del endotelio a mesénquima. Es decir, la disminución en 

la densidad vascular que ocurre después de la LRA resulta en parte por la transición 

fenotípica que sufren las células epiteliales que se combina con la capacidad 

impedida de regeneración (20, 22). Además, Conger et al. mostraron que el riñón 



 16 

post-isquémico pierde la capacidad de autorregular adecuadamente el flujo 

sanguíneo renal. Estas condiciones en conjunto perpetúan los ciclos continuos de 

daño por hipoxia e inflamación que eventualmente conducen al desarrollo de ERC 

(34). Aunque es esencial que las células tubulares proliferen para restablecer la 

estructura tubular normal, dos estudios recientes sugieren que las células epiteliales 

de los túbulos renales también juegan un papel crítico en el desarrollo de la fibrosis 

túbulo intersticial característica de la ERC, a través de inducir un arresto en el ciclo 

celular y modificaciones epigenéticas (101). Yang L. et al. demostraron que después 

de daño renal por I/R o por nefrotóxicos o por obstrucción uretral, las células 

epiteliales sufren un arresto en el ciclo celular en la fase G2/M, lo que resulta en  un 

fenotipo que facilita la producción de factores pro-fibróticos, como TGF-β, Esto se 

debe a que en las células del túbulo proximal que se encuentran arrestadas, la 

cinasa JNK se activa y sobre-regula la producción de citocinas pro-inflamatorias 

(20). Además, Bechtel W et al. infirieron que el mantenimiento de la fibrosis puede 

representar que los fibroblastos activados no pueden regresar a su estado basal 

debido a que  sufren alteraciones únicas en la metilación de los fibroblastos. De 

hecho, estos autores identificaron 12 genes candidatos para ser regulados por 

metilación, pero demostraron que la metilación en el gen RASAL1 por la 

metiltransferasa Dnmt1.5, es esencial para la activación crónica de los fibroblastos. 

Este estudio mostró que los cambios epigenéticos toman lugar en la progresión de 

la ERC (40). Además, en otros estudios recientes se ha demostrado que la 

activación aberrante de vías implicadas en el desarrollo embrionario como Wnt/β-

catenina, Shh y Snail contribuyen al cambió en el fenotipo de las células tubulares 

y al desarrollo de fibrosis (41-43). La Figura 3 esquematiza los mecanismos 

conocidos de la transición de LRA a ERC.  
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Previamente, demostramos que un episodio de LRA inducida por I/R bilateral 

moderada o grave en ratas macho es suficiente para inducir la progresión de la ERC 

después de nueve meses (26). Curiosamente, esta transición no se observó en 

ratas hembra, a pesar de una magnitud similar de LRA a las de las ratas macho. La 

única diferencia en la fase inicial posterior a la isquemia fue que las hembras no 

mostraron estrés oxidante, lo que sugiere un papel fundamental de la generación 

de ROS en esta transición (21). 

Debido a que la ERC se desarrolló después de nueve meses, surge la 

necesidad de tener un modelo que resulte eficiente, en cuanto a tiempo y costos, y 

que permita estudiar los procesos involucrados en la transición de LRA a ERC en 

periodos de tiempo más cortos.  

Algunos modelos que se han descrito que logran acelerar la ERC son los 

modelos de Nefrectomía 5/6 y la UUO (44-45).  Sin embargo, ambos modelos 

resultan demasiado agresivos, y llevan a hipertensión y fibrosis severa, 

respectivamente, lo que no permiten evaluar mecanismos temporales de 
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progresión. La nefrectomía unilateral o uninefrectomía, es un modelo que reduce la 

masa renal en un 50%, lo que permite que el riñón remanente tenga un proceso de 

hipertrofia compensatoria, así como, un aumento en la tasa funcional y el flujo 

sanguíneo renal, capaces de mantener la función renal normal (44). Se considera 

que el riñón remanente, al tener una mayor actividad metabólica, es más susceptible 

a  episodios de daño, y es por ello,  que sería interesante explorar este modelo para 

estudiar los mecanismos temporales de la transición de la LRA  a ERC.  

 
1.6 Obesidad y daño renal 
 
 

El aumento en la prevalencia de la obesidad es un problema de salud a nivel 

mundial, ya que, el exceso de tejido adiposo incrementa el riesgo de enfermedades 

cardiovasculares, diabetes y cáncer (46, 47). En una revisión sistemática publicada 

en el 2017, se estimó que 1.46 mil millones de adultos con sobrepeso en todo el 

mundo y de estos, 502 millones presentaban obesidad (48). De acuerdo con la 

Encuesta en Salud y Nutrición (ENSANUT) de 2016 en México, la prevalencia 

combinada de sobrepeso y obesidad estimada en adultos fue 72.5% y en edad 

escolar, la prevalencia combinada de sobrepeso y obesidad fue de 33.2% (49). Se 

ha estimado que para el 2025, la prevalencia mundial de obesidad aumentará de 11 

a 18% en hombres y de 15 a 21% en mujeres, por lo que, existe una gran 

preocupación en los sistemas de salud (48). 

Actualmente, se considera a la diabetes y a la hipertensión como las 

principales causas de ERC, asociadas ambas enfermedades con obesidad (50). Por 

lo que, algunos autores consideran que la ERC en pacientes obesos es ocasionada 

indirectamente a través de la influencia de factores de riesgo como el síndrome 
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metabólico; sin embargo, en otros estudios se sugiere una relación directa entre la 

obesidad y la ERC (51). Además, se tienen reconocidos dos fenotipos en la 

obesidad, uno con disfunción metabólica, y el otro sin disfunción metabólica, 

además de que se ha reportado la transición entre estas dos entidades en el 

transcurso del tiempo (52).  

De acuerdo con la Organización Mundial de la Salud (OMS), el síndrome 

metabólico se define por la coexistencia de la resistencia a la insulina con al menos 

dos de las siguientes entidades fisiopatológicas: hipertensión arterial sistémica (≥ 

140/90 mm Hg), dislipidemia manifestada como hipertrigliceridemia, con una  

concentración mayor a  150 mg/dL o lipoproteína de baja densidad (HDL) menor a 

35 mg/dL en hombres o 39 mg/dL en mujeres, obesidad central o abdominal 

caracterizada por un índice de masa corporal (IMC) menor a 30 kg/kg/m2, 

microalbuminuria con un índice albuminuria-creatinina de 30 mg/g o más, o una tasa 

de excreción urinaria de albúmina mayor a 20 µg/min. (52, 53).  

Así mismo, un metaanálisis publicado en 2017 identificó a la obesidad 

como un factor de riesgo independiente para el desarrollo de ERC, con o sin la 

presencia de síndrome metabólico, siendo caracterizado por un riesgo aumentado 

de tener una TFG baja (<60 mL/min/1.73 m²) y albuminuria (48). Además, se ha 

identificado a la obesidad como un factor potencial de riesgo para el desarrollo de 

ERC terminal en pacientes con ERC (53). 

Se han identificado diferentes vías fisiopatológicas por las que, la obesidad 

podría estar relacionada con el desarrollo de ERC. Una es la glomerulopatía 

relacionada a la obesidad (por sus siglas en inglés ORG), la cual está caracterizada 

por una disminución de la TFG y una disminución del flujo sanguíneo renal efectivo, 
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así como, disfunción e hipertrofia de los podocitos que se acompaña de una 

disminución en la densidad y número de estos, hipertensión e hipertrofia glomerular 

y el hallazgo histopatológico de glomerulomegalia, lo que conlleva a una forma 

secundaria adaptativa de glomeruloesclerosis focal y segmentaria (GSFS) a largo 

plazo (51). Se ha visto que, solo una proporción menor de los pacientes obesos 

presentan clínicamente ORG manifestada con proteinuria.  Debido a la alta 

incidencia de obesidad en nuestra población y as su relación con la ECR,la 

búsqueda de biomarcadores para la detección oportuna de esta patología es crucial. 

La obesidad es considerada un estado de inflamación crónica, además de 

que se asocia con diferentes condiciones patológicas como, la resistencia a la 

insulina, la lipotoxicidad generada en diferentes órganos, y el síndrome de apnea 

obstructiva del sueño (SAOS). Además, se conoce que una dieta rica en fructosa 

incrementa el estrés oxidante que propicia disfunción endotelial y un estado pro-

inflamatorio (51). 

Algunos de los mecanismos descritos se encuentran el Figura 4, en donde la 

hipertensión sistémica y la hipertensión glomerular ocasionan el engrosamiento de 

la membrana basal glomerular (MBG) y el daño de los podocitos (54). Sin embargo 

poco se ha estudiado sobre el daño tubular en esta patología, y se desconoce, los 

mecanismos iniciadores clave para el desarrollo de daño renal inducido por 

obesidad. 
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1.7 Biomarcadores de daño renal 
 
 

Se conoce que la detección y el inicio temprano del tratamiento en LRA y su 

transición a ERC puede ayudar a un mejor pronóstico de estos pacientes.  En la 

actualidad, aunque se han propuesto algunos biomarcadores de LRA, no se cuentan 

con estudios sólidos que apoyen a estos biomarcadores para el diagnóstico 

oportuno de la ERC. Estudios recientes han demostrado que la fibrosis 

tubulointersticial se presenta desde etapas tempranas de la enfermedad (21), por lo 

que, es importante identificar nuevos marcadores tempranos de la presencia de 

fibrosis renal como posibles biomarcadores de ERC. 

Para el diagnóstico de LRA se han descrito múltiples biomarcadores que 

parecen prometedores como: la gelatinasa de neutrófilos asociada a lipocalina 2 

(NGAL), la molécula de daño renal 1 (Kim-1), la interleucina 18 (IL-18), la N-acetil-
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beta-glucosaminidasa (NAG), la proteína de unión a ácidos grasos de hígado (L-

FABP), el inhibidor tisular de las metaloproteinasas 2 (TIMP-2) y la proteína de 

choque térmico 72 (Hsp72) (11, 55-61). Sin embargo, la mayoría han sido poco 

sensibles, por lo que se ha llegado a proponer el uso de un panel de varias de estas 

proteínas para aumentar la sensibilidad. Hsp72 fue descrita por nuestro grupo y ha 

mostrado ser sensible y específica para la detección de LRA en pacientes 

críticamente enfermos (61, 62). Definitivamente, cada biomarcador debe ser 

analizado en cada contexto de la LRA y muchos estudios alrededor del mundo 

exploran la efectividad de cada uno. 

En el caso de la ERC, los biomarcadores que se utilizan para el diagnóstico 

son la presencia de albuminuria o la reducción de tasa de filtrado glomerular 

mediada por creatinina o cistatina C; es importante mencionar que estos 

bimarcadores se alteran cuando la enfermedad ha progresado y no se cuentan con 

biomarcadores efectivos para detectar a la ERC incipiente (11, 63, 64).  Además, 

es necesario contar con un biomarcador que refleje el estado de fibrosis renal lo que 

evitaría el uso de métodos invasivos como la biopsia renal. Uno de los que se ha 

propuesto son los niveles plasmáticos de TGFβ, sin embargo, los resultados no son 

convincentes (65). En este sentido, el contar con un biomarcador temprano que 

pueda estratificar el grado de daño que ha sufrido el paciente y que además permita 

conocer la respuesta al tratamiento, permitirá ofrecer un tratamiento capaz de 

prevenir desenlaces no deseados, como la muerte del paciente o la progresión a 

ERC en estadios avanzados.  Este concepto lo retomaremos más adelante. 

 

 



 23 

1.8 Influencia de modificaciones epigenéticas en la enfermedad renal  
 
 

Inicialmente se descubrió que algunos cambios hereditarios ocurrían sin 

alterar la secuencia del DNA, estos fueron llamados cambios epigenéticos. 

Estos cambios ocurren por metilación del DNA o por metilación o acetilación de las 

histonas, proteínas que rodean a cada 146 pares de bases de DNA, estructura 

llamada cromatina. Estas modificaciones modifican la compactación de la cromatina 

y están relacionadas con la actividad transcripcional. 

En los últimos años, las modificaciones epigenéticas ha tomado gran 

relevancia en el desarrollo de diversas patologías. Las enfermedades renales no 

son la excepción, pero para el caso de la LRA y la ERC poco se conoce al respecto. 

En el caso de enfermedades renales, las principales modificaciones epigenéticas 

que se han visto involucradas son: la metilación del DNA y de las histonas, la 

acetilación/desacetilación de las histonas y recientemente la influencia de los de los 

miRNAs en la expresión de proteínas (67-68). Se ha demostrado que la 

hipometilación en fibroblastos es capaz de conferirles un fenotipo profibrótico, lo que 

contribuye al desarrollo de fibrosis renal (40). Además, estudios recientes han 

sugerido que los procesos inflamatorios y de reparación, tienen un componente de 

regulación epigenética muy importante (69, 70). Se ha demostrado, por ejemplo, 

que cambios en la metilación de regiones promotoras de los genes de factor TNF-

α, IL-6 y MCP-1 promueven la llegada de remodeladores de la cromatina como, 

Brahma-related gene-1 y Pol II, promoviendo la transcripción de estos genes en la 

LRA (70). También se sabe que los inhibidores de desacetilasas de histonas 

(HDAC), enzimas encargadas de añadir una pequeña molécula que se llama grupo 

acetilo, se han involucrado en la prevención de LRA.  Sin embargo, se conoce muy 
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poco sobre la participación de las modificaciones epigenéticas en la transición de 

LRA a ERC.  

Por lo tanto, resulta interesante conocer si hay procesos dinámicos en la 

metilación de DNA durante la transición de la LRA a ERC y conocer la expresión de 

uno o más genes que puedan modularse por metilación y que promuevan la 

transición. 

 

1.9 Sirtuinas como orquestadoras de cambios epigenéticos 
 
 

Las HDAC son enzimas que extraen grupos acetilo, de las proteínas histonas 

que se encuentran formando la cromatina. La eliminación del este grupo acetilo 

modula la forma en que las histonas se unen al DNA, con ello, pueden afectar su 

actividad (66). Existen cuatro tipos de desacetilasas de histonas que se han 

denominado Clase I, II, III y IV. Específicamente, las desacetilasas clase III, son 

conocidas como sirtuinas. La diferencia de está familia es que dependen del 

cofactor  NAD+ para realizar su actividad enzimática, por lo que pueden censar el 

estado metabólico de la célula (71). Se han identificado siete tipos de sirtuinas, de 

la 1 a la 7, siendo la sirtuina 7 (Sirt7) la menos estudiada hasta ahora.  

Las sirtuinas se han implicado en el desarrollo de diversas patologías 

humanas incluyendo: cáncer, diabetes tipo II, dislipidemias, enfermedades 

cardiovasculares o desordenes neurodegenerativos. Las Sirt6 y Sirt7 se encuentran 

canónicamente en el núcleo, las Sirt3–5 se localizan principalmente en la 

mitocondria y las Sirt1-2 se encuentran en el núcleo y en el citoplasma (71). La Sirt7 

regula la homeostasis celular, ya que, participa en múltiples procesos celulares 

como la transcripción, la síntesis de ribosomas, la conformación de la cromatina y 
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la proliferación celular. La Sirt7 regula la expresión de genes, ya sea afectando de 

manera directa la transcripción de genes específicos, o bien por la desacetilación 

de la histona 3 en el residuo de lisina 18 (H3K18), que reprime la transcripción. Se 

ha reportado que la Sirt7 también funciona como un regulador vital para atenuar las 

condiciones de estrés, al activar moléculas de supervivencia celular. De acuerdo 

con esto, la sobreexpresión de Sirt7 en algunos tipos de cáncer se ha relacionado 

con mayor proliferación, sobrevida celular, así como, fibrosis cardiaca asociada a 

angiotensina II (71-73). En cambio, la depleción de Sirt7 se asocia con mayor daño 

al DNA, apoptosis, hepatoesteatosis crónica y ateroesclerosis. 

Debido al amplio espectro de funciones que puede ejercer la Sirt7 se 

requieren estudiar su papel en cada condición fisiopatológica para descifrar los 

mecanismos involucrados (71). Algunos trabajos han reportado que el uso de los 

inhibidores de desacetilasas de histonas, es capaz de prevenir procesos fibróticos 

e inflamatorios (72). Sin embargo, también hay evidencia que indica que, la 

activación o sobreexpresión de Sirt1, Sirt3, Sirt5 y Sirt6 promueve protección frente 

a episodios de lesión renal aguda (LRA), en diferentes contextos patológicos (74-

77)  
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Recientemente se mostró la relación que existe entre la Sirt7 con la respuesta a 

estrés inducido por hipoxia, mediante su interacción con las proteínas HIF-1α y HIF-

2α. Esta interacción regula a la baja la cantidad de HIF-1α y HIF-2α., mediante su 

degradación independiente de la vía proteasomal o lisosomal, lo que, implica que la 

inhibición de Sirt7 puede ser crítica para la señalización adecuada frente a hipoxia 

(79). Además, estudios en ratones deficientes de la Sirt7 usando el modelo de 

esteatosis hepática, han demostrado que la Sirt7 es inducida en respuesta al estrés 

del retículo endoplásmico (RE) y se estabiliza en los promotores de proteínas 

ribosomales al interactuar con el factor Myc para silenciar la expresión de genes y 

aliviar el estrés-RE (85), además de su implicación en la regulación de procesos 

fibróticos e inflamatorios (80, 83-84, 86).  

La Sirt7 ha cobrado relevancia en la respuesta inflamatoria en los últimos 

años. En contraste con el hallazgo de que la sobreexpresión de la Sirt1 promueve 

protección inhibiendo la inflamación, es la deficiencia de la Sirt7 la que parece 
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suprimir la respuesta inflamatoria. La Sirt7 juega un papel importante en la 

regulación de la exportación nuclear de NFkB, lo que fue puesto de manifiesto en el 

modelo de inducción de daño renal por cisplatino (80, 86), en dónde se demostró 

que los ratones deficientes de la Sirt7 presentaron menor concentración de citocinas 

proinflamatorias en comparación con los ratones silvestres, por lo que, la falta de 

Sirt7 confiere renoprotección en este escenario. También se ha demostrado que la 

deficiencia de la Sirt7 es suficiente para prevenir el hígado graso inducido por una 

dieta alta en grasa, al regular el metabolismo de lípidos mediante la degradación de 

factores como TR4, que promueven la acumulación de ácidos grasos y la síntesis 

de triglicéridos (84). En la figura 5 se esquematizan algunas de las funciones de la 

Sirt7. Sin embargo, se desconoce el efecto de la Sirt7 en otros modelos de daño 

renal, y mucho menos se sabe si la ausencia de esta desacetilasa puede afectar la 

progresión a ERC.   

El presente proyecto fue diseñado para mejorar nuestro conocimiento sobre 

los mecanismos y contar con un método de diagnóstico oportuno de la ERC. Por lo 

tanto este proyecto abordó tres perspectiva diferentes,  como se esquematiza en la 

Figura 6: 1) evaluando las vías de señalización que se encienden de manera 

temporal en el desarrollo de daño renal inducido por un episodio de LRA o por la 

obesidad, 2) buscando nuevos biomarcadores no invasivos para la detección 

oportuna del daño renal y 3) evaluando algunas alteraciones epigenéticas como: la 

metilación global del DNA, la metilación del promotor del gen del factor de 

crecimiento del endotelio vascular (VEGF por sus siglas en inglés) y la implicación 

de la deficiencia de la desacetilasa de histonas, sirt7 en el daño renal. Como se verá 

mas adelante, la mayoría de los resultados del proyecto han sido publicados en tres 
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artículos originales en revistas indizadas, también se publicó un artículo de revisión 

y estamos preparando dos manuscritos mas.  
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2. PLANTEAMIENTO DEL PROBLEMA  
 

 
El daño renal es una patología compleja, en donde diversos mecanismos 

celulares juegan un papel importante. Sin embargo, no conocemos la temporalidad 

ni los mecanismos iniciales que llevan a desarrollo de daño renal.  Aunado ha esto 

la mortalidad y morbilidad de la LRA no ha disminuido en los últimos años, 

acompañado con el aumento en la obesidad y síndrome metabólico en nuestro país, 

que esta directamente relacionada con un incremento en la nefropatía diabética y la 

ERC. Además, la mayoría de los modelos murinos de obesidad en los que se induce 

daño renal utilizan modelos usando una dieta que duplica la proporción ingesta de 

grasas en pacientes obesos. Por lo tanto, es crucial estudiar el impacto de una 

ingesta alta en grasas en la fisiología renal usando un modelo de obesidad común 

en humanos  

Debido a la diferencias que existen entre las etiologías, se requiere el 

abordaje de diferentes modelos experimentales para poder entender esta 

enfermedad y lograr encontrar blancos terapéuticos que prevengan o frenen la 

progresión a ERC. Además, es importante contar con moléculas o biomarcadores 

que puedan evidenciar los mecanismos iniciales de daño para poder establecer el 

momento adecuado para comenzar el tratamiento. 
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3. HIPÓTESIS  
 
 
1. Es posible acelerar la transición de la LRA a ERC con el modelo de 

uninefrectomia e IR unilateral simultánea. 

2. Existen cambios temporales que ocurren en la transición de LRA a ERC. 

3. Existen mecanismos clave iniciales involucrados en la ERC inducida por 

obesidad. 

4. Existen biomarcadores que identifiquen oportunamente la LRA y el desarrollo 

de ERC. 

5. La Sirt7 tiene un papel  tanto en la LRA como, en la transición de la LRA a ERC. 
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4. OBJETIVO  
 

Conocer los mecanismos temporales y epigenéticos involucrados en el 

desarrollo de daño renal inducido por diversos etiologías, como LRA, transición de 

LRA a ERC y obesidad; así como la búsqueda de métodos de diagnóstico oportuno 

de la ERC.  

 

4.1 OBJETIVOS PARTICULARES  
 
 

1. Caracterizar el efecto de la unifrectomia + IR unilateral a largo plazo en la rata. 

2. Evaluar el curso temporal de las alteraciones: funcionales, histopatológicas, 

inflamación renal, respuesta de estrés oxidante y metilación del DNA en la transición 

de la LRA a ERC en la rata. 

3. Evaluar los mecanismos clave iniciales involucrados en la ERC inducida por 

obesidad. 

4. En base a un análisis proteómico, buscaremos nuevos biomarcadores tempranos 

de LRA y transición de LRA a ERC en este modelo. 

5. Determinar si la ausencia de la desacetilasa de histonas Sirt7 modifica el daño renal 

por IR y la transición a ERC. 
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5. METODOLOGÍA 
 
5.1 Modelo de transición de LRA a ERC. 
 

Se incluyeron tres grupos de ratas Wistar macho de entre 300-350 g. Los 

animales se dividieron en tres grupos, el grupo de cirugía falsa (sham n=16), el 

grupo de nefrectomía derecha (UNx n=16) y el grupo con nefrectomía derecha e 

isquemia renal izquierda de 45 min  (IR+UNx n=20). El protocolo experimental se 

muestra en la Figura 6. Los animales se anestesiaron con pentobarbital sódico (30 

mg/kg) y se mantuvieron en una cama termoregulada para realizar la cirugía a 37°C. 

Bajo anestesia se realizó una incisión abdominal para exponer los dos riñones; 

primero se realizó la nefrectomía del riñón derecho, disecando la grasa peri-renal, 

así como, separando la glándula suprarrenal del riñón con sutileza para evitar 

dañarla. Para el grupo con IR+UNx, además de la nefrectomía se colocó un clip en 

el riñón izquierdo durante 45 min, con la finalidad de provocar el proceso isquémico 

y la reperfusión se logró al retirar el clip, usando la coloración del riñón, como 

indicador. Los animales se mantuvieron en ciclos de luz-oscuridad ciclos12-12 h y 

acceso libre a comida y agua. Los animales se sacrificaron y estudiaron a las 24 h, 

1, 2, 3 o 4 meses dependiendo del periodo experimental.  



 33 

 

 

-Medición de parámetros fisiológicos 
 

Los animales se colocaron en jaulas metabólicas cada mes, para recolectar 

la orina de 24 h para determinar el volumen urinario, la excreción urinaria de 

proteínas y la depuración de creatinina, para la cual también se recolectó una 

muestra de sangre de forma mensual. Para la determinación de creatinina sérica y 

urinaria se utilizó el método colorimétrico de ácido pícrico (Creatinine Assay Kit). 

Para calcular la depuración de creatinina se utilizó la fórmula de C= (U*V)/S, en 

donde U es la creatinina urinaria multiplicada por el volumen urinario, y S 

corresponde a la creatinina sérica. La excreción urinaria de proteínas se determinó 
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por el método turbidimétrico de ácido tricloroacético (TCA), la curva estándar y las 

muestras se leyeron a 420 nm en un espectrofotómetro.  

Para los estudios fisiológicos, los animales fueron anestesiados con 

pentobarbital sódico (30 mg/kg), se colocaron en una cama de termo regulación, la 

tráquea se entubó con un tubo de polietileno PE-240 y se cateterizaron las arterias 

femorales con un tubo de polietileno PE-90. La medición de la presión arterial media 

se registró por uno de los catéteres colocado en la arteria femoral, usando un 

transductor de presión. Posteriormente se realizó una incisión abdominal para 

exponer el riñón izquierdo en donde se separó la arteria renal, después se colocó 

una sonda de ultrasonido para determinar el flujo sanguíneo renal.  

 

-Histopatología y Análisis Morfométrico 

Después de las mediciones hemodinámicas, el riñón derecho se ligó con una 

sutura y se retiró para separar la médula y la corteza renal y enseguida se 

congelaron a -70°C, ambas secciones para el análisis molecular: En el caso de los 

animales controles y en el caso de los animales uninefrectomizados, se escindió el 

polo superior y el inferior. Después, el riñón izquierdo se perfundió a través del 

catéter de la arteria femoral con 20 ml de solución salina, y después se fijó con 20 

ml de formaldehído al 4%, siempre manteniendo la presión que tenía previamente 

la rata. El riñón se incluyó en parafina con el fin de realizar cortes de 4 μm de grosor. 

Los cortes se colocaron en laminillas y se tiñeron con ácido periódico de Schiff (PAS) 

o rojo de sirio.  

Se realizó el análisis ciego de las lamillas teñidas con PAS, tomando 10 

microfotografías (Magnificación 100x) de diferentes campos de la corteza renal de 

cada riñón, usando una cámara Nixon incorporada al microscopio y se cuantificó el 



 35 

diámetro glomerular en al menos 40 glomérulos por animal. También se usaron 

estas microfotografías para determinar la dilatación tubular. En las laminillas teñidas 

con rojo de sirio se capturaron cinco campos subcorticales del riñón para cuantificar 

la fibrosis tubulointersticial usando un software Eclipse Net de morfometría, se 

consideraron las áreas de fibrosis, las zonas con deposición de colágena que se 

tiñen de rojo. 

-Determinación de parámetros bioquímicos  
 
-Peróxidos de Hidrógeno  

La orina recolectada durante el seguimiento se guardó a -70°C. Se realizó la 

determinación de peróxidos de hidrogeno de orina como marcador de estrés 

oxidante¸ mediante el kit comercial Amplex Red Hydrogen Peroxide/ Peroxidase 

Assay y siguiendo las instrucciones del fabricante. La determinación se basa en la 

presencia de peroxidasa que, al reaccionar con el peróxido de hidrógeno, produce 

un compuesto rojo-fluorescente. Se utilizaron 50 µL de cada muestra que se 

incubaron en el buffer que proporciona el kit durante 30 min a temperatura ambiente.  

Las muestras y la curva estándar fueron leídas a 560 nm.  

 

-Extracción de RNA y PCR Tiempo Real  
 

Para la extracción de RNA se utilizó el tejido previamente almacenado a -

70°C y usando TRIZoL y siguiendo las instrucciones de la compañía. Con el fin de 

conocer la calidad y la concentración de RNA se realizó una medición por 

espectrofotometría de UV (280/260 nm) y se analizó su integridad mediante 

electroforesis en gel de agarosa al 1%. 
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Para realizar la transcripción reversa (TR) se utilizó 1µg de RNA total de 

tejido. Se calentó el RNA a 65°C durante 10 min, se utilizó 200 U de transcriptasa 

reversa (MMLV), 100 pmol de hexámeros al azar, 0.5 mM de cada Dntp, y buffer 1X 

de TR (75Mm KCl: 50 Mm Tris-HCl; 3mM MgCl2; 10mM DTT, pH: 8.3), se incubó 

durante una hora a 37°C, en un volumen final de 20 µL. Al final se calentaron las 

muestras durante 5 min a 95°C para inactivar a la enzima.  

Para la PCR en tiempo real se utilizaron sondas TaqMan, para la 

amplificación de DNA complementario. Se utilizaron sondas específicas para TGF-

β, HIF-1α, factor de crecimiento vascular y endotelial (VEGF), IL-6, interleucina 10 

(IL-10), TNF-α (FAM) y 18S RNAr (VIC) como control de amplificación. FAM y VIC 

son colorantes fluorescentes para detectar la amplificación de producto. La cantidad 

liberada por la sonda TaqMan depende de la actividad exonucleasa de la reacción 

de PCR. La amplificación se detectó en un termociclador en tiempo real ABI 7300 

Prism o QuantStuido5. Se utilizó el método relativo al gen control mediante la 

fórmula comparativa de Ct. 

 

-Niveles de biomarcadores urinarios  
 

Se utilizó 1 µl de orina de cada animal y se sometieron a electroforesis en un 

gel de acrilamida al 8.5% desnaturalizante con Sodium dodecyl sulfate (SDS). Las 

muestras se prepararon con buffer de carga en relación 1:1 con un volumen final de 

20 µL. Después se transfirieron a una membrana de difloruro de polivinilo (PVDF) 

previamente equilibrada con buffer de transferencia 1x (190 mM glicina, 2 mM Tris 

base, SDS 0.1%) en un transblot durante 60 min a 9 volts. Posteriormente se 

bloqueó 90 min con el buffer TBS con 5% de agente bloqueante y al terminar el 

bloqueó, la membrana se incubó con el anticuerpo primario HSP72 (1:5000) durante 
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toda la noche a 4°C. Al terminar la incubación se realizaron tres lavados de 10 min 

con TBS-1x Tween, para después incubar con el anticuerpo secundario acoplado a 

HRP, anti-mouse IgG (1:5000). 

 

-Extracción de DNA y evaluación de la metilación global de DNA. 
 

Para la extracción del DNA, se utilizaron 50 mg de tejido y se homogenizaron 

con 200 μL de PBS 1X (10 mM PO4, 137 mM NaCl, y 2.7 mM KCl), se agregó 60 μL 

de buffer de digestión, para después agregar 26 μL de proteínasa K (10 mg/mL) y 

se mantuvo en hielo por 5 min. Posteriormente, la mezcla se dejó toda la noche a 

56°C, después, las muestras se trataron con 3 μL de RNAasa A (10 mg/mL) y se 

incubaron durante 3 h a 37°C. Al final se agregaron 250 μL de fenol-cloroformo-

isoamil alcohol, se centrifugaron a 14,000 rpm por 20 min a 4°C. Se tomó solo la 

fase superior, se agregaron 83 μL de acetato de amonio (7.5 M) y 250 μL de etanol 

absoluto. Las muestras se incubaron a -20°C durante toda la noche, se 

centrifugaron y se desechó el sobrenadante. Se hicieron dos lavados con 250 μL de 

etanol al 70%. El pellet se re-suspendió en 200 μL de agua libre de DNAsas. 

Finalmente, se hizo una medición por espectrofotometría de UV (280/260nm) para 

determinar la pureza y la concentración del DNA y se analizó su integridad mediante 

electroforesis en gel de agarosa al 1%.  

Para analizar la metilación global de DNA se utilizó el kit de metilación de 

DNA 5-mC. Se usaron 100 ng de DNA de cada muestra y se llevó a un volumen de 

100 µl con 5-mC de Coating Buffer, se incubó a 98°C por 5 min y después se dejó 

en hielo durante 10 min. Se agregaron a la placa y se incubó a 37°C por una hora. 

Posteriormente se desechó el excedente y se lavó con 200µl de 5-mC Elisa Buffer. 

Se añadieron 200 µl de 5-mC Elisa Buffer a cada pozo y se incubó a 37°C por 30 
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minutos. Se agregó una mezcla de anticuerpo primario anti-5-metil citosina (dilución 

1:2,000) y anticuerpo secundario anti rabitt acoplado a HRP (diución 1:1,1000). Para 

finalizar se agregaron 100 µl de HRP Developer a cada pozo, se incubó 1 h y se 

midió en espectrómetro a 405-450nm. Los resultados se extrapolaron con una curva 

estándar y se hizo la corrección por el porcentaje de islas de citocinas y guaninas 

(CpGs), que se han reportado previamente presentes en el genoma de la rata.  

 

-Análisis de secuencia y diseño de oligos para bisulfito 
 

Se han identificado previamente tres secuencias de unión de Hif1α en el gen 

promotor Vegfa en la rata y se denominaron región 1 (-976 a -857), región 2 (-724 

a -645) y región 3 (-470 a -369 ), respectivamente (93). La base de datos de las islas 

CpG y la herramienta analítica (DBCAT) (http://dbcat.cgm.ntu.edu.tw) nos ayudaron 

a identificar las islas CpG en el promotor y la primera parte de las regiones 

codificantes del gen Vegfa. Este análisis mostró que solo las regiones 2 y 3 estaban 

enriquecidas con islas CpG, lo que sugiere que, estas regiones son susceptibles a 

la metilación. En consecuencia, se diseñaron cebadores óptimos en el software 

Methyl Primer Express para la secuenciación de bisulfito de los promotores de 

genes Hif-1α y Vegfa. Para Hif-1α, los cebadores fueron: 5´-

GTAGAGAGTAGAGATTGAGTT-3´ (hacia delante) y 5´-

CAAAACCTAACCAAACACTAC-3´ (hacia atrás) que amplificaron la región de -1390 

a -688 (702 pb). Hay tres secuencias de unión de HIF1α en el promotor de Vegfa, 

pero solo dos son susceptibles de metilación: la región 2, de -724 a -645 y la región 

3, de -470 a -369, amplificamos junto con los siguientes cebadores : 5´- 

http://dbcat/
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GGTTTTGTTAGAT (hacia adelante) y 5´- CCATAACCTAAAAATTATCTATC-3´ 

(hacia atrás) dando un producto de 763 pb. 

 

-Conversión de bisulfito de sodio y secuenciación de DNA  
 
 

El DNA genómico (3 μg) se procesó con bisulfito de sodio (94), los fragmentos 

de DNA de interés se amplificaron por PCR. Los fragmentos de DNA amplificados 

se clonaron en el sistema pGEM-T Easy y se secuenció por el método de Sanger 

usando su cebador inverso respectivo. Se evaluaron al menos 8 clonas para cada 

región. 

 

5.2 Modelo de ERC inducido por obesidad 
 
 

Se utilizaron ratones macho C57BL / 6 (Charles River Laboratories 

International, Inc.) de 5 a 6 semanas y con un peso de 17 a 22 g, que  se 

mantuvieron en condiciones controladas de temperatura y humedad con un ciclo día 

/ noche de 12:12 h, con libre acceso a agua y comida. No usamos un método para 

generar la secuencia de aleatorización, los ratones solo se asignaron al azar en dos 

grupos de al menos 10 ratones por grupo, de la siguiente manera: 1) ratones de 

control alimentados con una dieta control (C) y 2) ratones obesos (OB) alimentados 

con una dieta moderadamente alta en grasas (MHFD). El protocolo experimental se 

muestra en la Figura 8. El tamaño de la muestra se calculó según el porcentaje de 

acierto y error de la prueba (95). El estudio no fue cegado porque no se realizó 

ninguna intervención farmacológica. Todos los ratones completaron nuestros 

criterios de inclusión y ninguno fue excluido. Ambos grupos fueron seguidos durante 
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14 semanas. Las dietas experimentales fueron realizadas por nuestros laboratorios, 

como fue previamente reportado por Castro-Rodríguez, et al 2020 (95). La dieta de 

control estuvo compuesta por:  22.0% de proteína, 5.0% de grasa vegetal (aceite de 

maíz), 31.0% de polisacárido, 31.0% de azúcares simples, 4.0% de fibra, 6.0% de 

minerales y 1.0% de vitaminas (p/p), y energía 4.0 kcal g− 1, en el que la grasa 

representa el 11.3% del aporte calórico. Mientras que, la MHFD contenía 23.5% de 

proteína, 20.0% de manteca de cerdo, 5.0% de grasa vegetal (aceite de maíz), 

20.2% de polisacárido, 20.2% de azúcares simples, 5.0% de fibra, 5.0% de 

minerales, 1.0% de vitaminas (p/p) y energía 4.9 kcal. g− 1, donde la grasa 

representa el 45% del aporte calórico total (95). El peso corporal se registró 

semanalmente y se registró el consumo diario de alimento. 

Al final del período experimental, se recolectó una muestra de orina durante 

un período de 24 h en jaulas metabólicas. Luego, los ratones fueron anestesiados 

con pentobarbital sódico (30 mg/kg) para obtener muestras de sangre mediante 

punción cardíaca. Uno de los riñónes fue fijado en paraformaldehído al 4% para 

análisis histopatológico. Se pesaron ambos riñones y uno de ellos se conservó en 

nitrógeno líquido (-80ºC) hasta su análisis. 

La concentración de creatinina en orina se midió con el kit de ensayo de 

creatinina. 
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-Parámetros metabólicos y composición corporal. 
 

El análisis de la composición corporal se realizó en 6 animales por grupo 

utilizando una resonancia magnética de animales pequeños 4 en 1. El análisis sérico 

de glucosa, triglicéridos y colesterol se determinó enzimáticamente con un 

analizador automático SynchronCX. 

 

5.3 Modelo de Lesión Renal Aguda 
 
Se utilizaron dos grupos de ratas. El primer grupo incluyó 20 ratas macho (320-350 

g de peso corporal) distribuidas en cinco niveles diferentes de severidad de LRA de 

la siguiente manera: 0, 15, 30, 45 o 60 min de isquemia y 24 h de reperfusión (n = 

4 por período de isquemia). Una hora después de la cirugía, las ratas se colocaron 

en jaulas metabólicas y se recolectaron muestras de orina de 24 h y se almacenaron 

a -70 ° C para su posterior análisis. El segundo grupo incluyó 44 ratas macho que 

se sometieron a 45 minutos de isquemia bilateral. Estas ratas se realizó eutanasia 
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y estudiaron en diferentes períodos de reperfusión (3, 6, 9, 12, 18, 24, 48, 72, 96 y 

120 h) y se compararon con los grupos control correspondientes (n = 4 por período). 

 

-Recolección de muestras de pacientes diagnosticados con LRA 
 

Se recolectaron muestras de orina de pacientes diagnosticados con LRA. El 

diagnóstico se realizó por la elevación significativa de la creatinina sérica y/o la 

reducción del flujo urinario y la severidad de la LRA se hizo de acuerdo con la 

clasificación KDIGO (9). 

 

-Inmunohistoquímica de serpinA3K 
 
 
 Se usó tejido de rata embebida en parafina para obtener rebanadas de 4 µm 

colocados en portaobjetos cargados, que luego se desparafinaron. La recuperación 

de anticuerpos se realizó con buffer de citrato (BSB 0022, Bio SB) durante 12 min a 

alta presión. Los portaobjetos se bloquearon con el bloqueador de fondo 

inmunoDNA durante 20 min y se incubaron con el anticuerpo primario serpinA3K 

(1:500, SC-162175) durante 2 h a 23 °C, y luego se incubaron con un anticuerpo 

secundario de cabra en roedor-HRP, y revelado con sustrato de peroxidasa DAB. 

 

-Cuantificación de la serpinA3 por ELISA 
 
 Se utilizó el kit ELISA para determinar la concentración de serpinA3 de 

acuerdo con las instrucciones y recomendaciones del fabricante. La orina de 

pacientes y voluntarios sanos se diluyeron a 1:500 y el volumen final fue de 100 µl 

para cada muestra. 
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5.4 Clonación de la Serpina3k  
 
 Se amplificó serpina3k de rata a partir de DNAc de hígado y se clonó en el 

vector pcDNA3.1 (-) junto con una secuencia que codifica para una etiqueta FLAG 

en el extremo C-terminal de la proteína. Esto fue realizado por la tecnología de 

FastCloning Li, et al. 2011 (102). FastCloning: a highly simplified, purification-free, 

sequence- and ligation-independent PCR cloning method). Este método 

independiente de ligación consiste en la amplificación por PCR de la secuencia que 

será clonada (en este caso el ORF de serpin3k), así como, la amplificación por PCR 

del vector de clonación. Ambos amplicones se producen con colas que se 

sobrelapan y la mezcla de los dos amplicones de PCR se transforman directamente 

en E. coli para obtener la clona deseada. La reacción de PCR se realizó con la DNA 

polimerasa de alta fidelidad Phusion.  Los oligonucleótidos utilizados para amplificar 

el inserto fueron: 5'-CGCCTGGCCCTTCCCATGGCCTTCATTGCAGCTTTGG-3’ 

(forward) y 5'-ATGGTGATGATGATGGTGCATGGGGTTAGTGACTTTGCCCATA-

3’ (reverse), mientras que el vector se amplificó con 5'- 

CATGGGAAGGGCCAGGCG-3’ (forward) y 5'-

GACTACAAAGACGATGACGACAAGTAAGGTACCAAGCTTAAGTTTAAACCGCT

GATC-3’ (reverse). Varias de las clonas se analizaron por digestión con enzimas de 

restricción del plásmido. Las que mostraron las bandas del peso correcto, se 

confirmaron después por secuenciación de Sanger y una clona fue elegida para los 

experimentos de transfección.  
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-Transfección de rSerpin3k en células HEK293 
 
 Las células HEK293 (ATCC CRL-1573) se usaron para la transfección 

transitoria de serpin3A-FLAG o vector vacío, (0.25, 0.5, 1, 2 o 3 µg de DNA). Las 

células se cultivaron hasta un 70-80% de confluencia y se transfectaron con el 

plásmido usando Lipofectamine 2000. Después de 24, 48 o 72 h de transfección, el 

medio fue recuperado y guardado con un coctel que contiene inhibidores de 

proteasas (Complete) para analizar las proteínas secretadas, mientras que las 

células se lavaron con PBS y se lisaron con un buffer que contenía 50mM HEPES 

pH 7.4, 250mM NaCl, 5mM EDTA, 0.1% NP-40 and y el coctel con Complete. 

Posteriormente se cuantificó la concentración de proteínas.  

 

-Respuesta de la rSerpin3k transfectada frente al estrés celular  
 
 Después de 24 h de la transfección con rserpin3k, indujimos estrés celular 

mediante la depleción de nutrientes, es decir, al eliminar la albúmina de suero 

bovino del medio (BSA) o mediante la adición de dosis crecientes de peróxido de 

hidrógeno (0, 25, 50, 100 µM) durante 3 h. El sobrenadante y las células se 

almacenaron como previamente se describió. 

 

-Tratamiento con PNGasa  
 
 Los lisados y los sobrenadantes de células transfectadas con rSerpin3k-

FLAG, así como lisados de hígado y riñón, plasma y orinas de rata con LRA, fueron 

desnaturalizados e incubados con o sin PNGAasa F siguiendo las instrucciones del 

fabricante, para analizar los cambios en la movilidad por electroforesis de SerpinA3 

después de remover los N-oligosacáridos. 
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-Análisis estadístico 
 
Las variables se presentan como media ± SEM. Los grupos se compararon con 

ANOVA y posterior Bonferroni para comparaciones múltiples. La significancia 

estadística se definió como un valor p <0.05. 

 

5.4 Modelo de LRA en los ratones silvestres y deficientes para SIRT7  
 

Se incluyeron 60 ratones con fondo genético C57Bl/6 de dos meses de edad: 

20 ratones silvestres (WT), 20 ratones deficientes para SIRT7 (KO-Sirt7) y 20 

ratones heterocigotos (HT), que se dividieron en seis grupos: 1) WT con cirugía 

falsa, 2) WT sometidos a isquemia/reperfusión bilateral por 22.5 min (IRB), 3) KO-

Sirt7 con cirugía falsa, 4) KO-Sirt7 con IRB, 5) HT con cirugía falsa y 6) HT+IRB.  

Se realizó la recolección de orina de 24-h, se tomo una muestra de sangre y se 

estudiaron al término de la recolección. Los riñones se separaron en médula y 

corteza, la mitad se almacenó a -70ºC para las pruebas moleculares y la otra mitad 

se fijó para su análisis histológico. El protocolo experimental se muestra en la Figura 

9. 
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-Evaluación de función renal 
 

Se determinó la tasa de filtrado glomerular por el método de fluoresceína-5-

isotiocianato (FITC)-sinistrina, con un monitor de fluorescencia. Los animales fueron 

parcialmente sedados con pentobarbital sódico (15 mg/kg), posteriormente se 

colocó sobre la piel depilada el equipo de filtración, que fue fijado para que no se 

moviera. Se realizó una lectura basal de un minuto, posteriormente se inyectaron 7 

mg/kg de peso de FITC-sinistrina y se determinó la tasa de decaimiento durante 1 

h, con el fin de calcular la tasa de filtrado glomerular. Al mismo tiempo, se determinó 

la concentración de creatina sérica, como marcador subrogado de la función renal.  

 

-Detección de biomarcadores urinarios de daño renal 
 

Se determinó la albuminuria con el kit de ELISA y se siguieron las 

instrucciones del fabricante, usando 10 ul de orina. 
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Al mismo tiempo, se determinaron en la orina los biomarcadores, HSP72, 

KIM-1 y serpinA3 mediante un análisis de Western Blot. En un gel de acrilamida se 

cargó 0.1 µl de cada orina, diluida en 9.9 µl de solución salina 0.9%. El gel se 

transfirió en membrana de PVDF, las membranas fueron bloqueadas con agente 

bloqueante al 5%, posteriormente se incubaron toda la noche a 4ºC con anti-HSP72 

(hibridoma, 1: 10,000), anti-KIM-1 (1: 5000), o con anti-serpinA3K (1 : 5000). Más 

tarde, se incubaron con los anticuerpos secundarios, anti-ratón (1: 10,000) para 

HSP72 o anti-conejo (1: 5,000) para KIM-1 y serpinA3K. Las proteínas se detectaron 

usando un kit de quimioluminiscencia comercial y se normalizaron mediante 

creatinina urinaria (CrU). 

 

-Evaluación de niveles de RNAm 
 

Se extrajo RNA con el método de trizol y se realizó la retro trascripción para 

generar el cDNA. Las sondas que se usaron son la siguientes: Sirt7 

(Mm01248607_m1), Sirt1 (Mm01168521_m1), Il10 (Mm01288386_m1), Il6 

(Mm00446190_m1), Mcp1 (Rn00580555_m1), Tnfalpha (Mm0443258_m1), Tgfb1 

(Mm03024053_m1), Nfe2l2 (Rn00582415_m1), Hif1a, (Mm00468869_m1), Vegfa 

(Rn01511602_m1) y Cat (Mm00437992_m1). Como control endógeno, se utilizó 

rRNA 18S eucariota. La cuantificación relativa de cada expresión génica se realizó 

con el método del ciclo umbral comparativo (Ct). 

 

-Análisis de Western Blot y anticuerpos utilizados 
 

Las proteínas de la corteza renal se homogeneizaron con un buffer de lisis 

que contenía: HEPES 50 mM pH 7,4, NaCl 250 mM, EDTA 5 mM, NP-40 al 0,1% e 
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Complete. La concentración de proteínas se evaluó mediante el ensayo de 

proteínas de Lowry. Se sometieron a electroforesis individualmente 20 µg de 

proteínas en un gel desnaturalizante de acrilamida al 8.5% con SDS. Las 

membranas se incubaron con el anticuerpo primario Sirt7 (1: 1000), Sirt3 (1: 1000), 

IL-6 (1: 1000) y el anticuerpo β-actina/HRP [AC-15] (1: 1,000,000) durante la noche 

a 4ºC. Se realizaron tres lavados de 10 min con TBS-Tween 1x y luego se incubaron 

con el anticuerpo secundario acoplado a HRP, IgG anti-conejo o anti-ratón 

(respectivamente, 1: 5000). Las proteínas tisulares evaluadas por Western blot se 

normalizaron mediante detección de beta -actina. 

La evaluación de los niveles de TNF-α en plasma se analizó mediante un 

ensayo de ELISA, siguiendo las instrucciones del fabricante. 
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6. RESULTADOS PUBLICADOS  
 
6.1 ARTICULO 1 https://pubmed.ncbi.nlm.nih.gov/33888767/  
 
Resumen de los resultados de la evaluación del curso temporal de la 

transición de LRA a ERC que fueron publicados en la revista Scientific 

Reports, 11(1):8769, 2021, como parte del objetivo 1 y 2. 

La hipoxia crónica es un factor importante que contribuye a la ERC después 

de una LRA. Sin embargo, la relación temporal entre la lesión aguda y la respuesta 

renal inadecuada a la hipoxia sigue sin conocerse con exactitud. En este estudio, 

analizamos la evolución temporal de la hemodinámica renal, el estrés oxidativo, la 

inflamación y la fibrosis, así como las modificaciones epigenéticas, con especial 

atención a la señalización de HIF1α / VEGF, en la transición de LRA a ERC. Se 

incluyeron tres grupos de ratas: operación simulada, nefrectomía derecha (UNx) y 

UNx más isquemia renal (IR + UNx) y se estudiaron a los 1, 2, 3 o 4 meses. Como 

hemos reportado previamente, el grupo IR+UNx desarrolló ERC caracterizada por 

proteinuria progresiva, disfunción renal, proliferación tubular y fibrosis. En el primer 

mes posterior a la isquemia, hubo un aumento significativo dos veces mayor en el 

estrés oxidativo y una reducción en la metilación global del ADN que se mantuvo 

durante todo el estudio. La expresión de Hif1α y Vegfa se deprimió en el primer y 

segundo mes después de la isquemia y luego se recuperó la expresión de Hif1α, 

pero no de Vegfa. Interesantemente, encontramos hipermetilación del promotor del 

gen de Vegfa, particularmente la región 2, en el sitio de unión de HIF1α, desde la 

primera etapa de la progresión de la ERC. Nuestros hallazgos sugieren que la 

hipoperfusión renal, la respuesta hipóxica ineficiente, el aumento del estrés 

oxidativo, la hipometilación del DNA y la hipermetilación del gen promotor de Vegfa 

https://pubmed.ncbi.nlm.nih.gov/33888767/
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en el sitio de unión de HIF1α, son determinantes tempranos de la transición de AKI 

a ERC. 
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Vegfa promoter gene 
hypermethylation at HIF1α binding 
site is an early contributor to CKD 
progression after renal ischemia
Andrea Sánchez‑Navarro1,2, Rosalba Pérez‑Villalva1,2, Adrián Rafael Murillo‑de‑Ozores1,2, 
Miguel Ángel Martínez‑Rojas1,2, Jesús Rafael Rodríguez‐Aguilera3, Norma González2, 
María Castañeda‑Bueno2, Gerardo Gamba1,2, Félix Recillas‑Targa3 & Norma A. Bobadilla1,2*

Chronic hypoxia is a major contributor to Chronic Kidney Disease (CKD) after Acute Kidney Injury (AKI). 
However, the temporal relation between the acute insult and maladaptive renal response to hypoxia 
remains unclear. In this study, we analyzed the time-course of renal hemodynamics, oxidative stress, 
inflammation, and fibrosis, as well as epigenetic modifications, with focus on HIF1α/VEGF signaling, 
in the AKI to CKD transition. Sham-operated, right nephrectomy (UNx), and UNx plus renal ischemia 
(IR + UNx) groups of rats were included and studied at 1, 2, 3, or 4 months. The IR + UNx group 
developed CKD characterized by progressive proteinuria, renal dysfunction, tubular proliferation, and 
fibrosis. At first month post-ischemia, there was a twofold significant increase in oxidative stress and 
reduction in global DNA methylation that was maintained throughout the study. Hif1α and Vegfa 
expression were depressed in the first and second-months post-ischemia, and then Hif1α but not 
Vegfa expression was recovered. Interestingly, hypermethylation of the Vegfa promoter gene at the 
HIF1α binding site was found, since early stages of the CKD progression. Our findings suggest that 
renal hypoperfusion, inefficient hypoxic response, increased oxidative stress, DNA hypomethylation, 
and, Vegfa promoter gene hypermethylation at HIF1α binding site, are early determinants of AKI-to-
CKD transition.

Clinical, epidemiological, and experimental studies have shown that AKI is an independent risk factor for the 
development of CKD and end-stage renal disease (ESRD)1,2. In this transition, the initial insult severity and 
duration is proportional to the risk of CKD, besides, age is another preponderant factor3–6.

AKI is characterized by an abrupt reduction in renal blood flow with consequent hypoxia, endothelial and 
proximal epithelial injury, and renal dysfunction. After an AKI episode, a cascade of events occurs, such as 
brush border loss, cell polarity alterations, increased oxidative stress, and mitochondrial dysfunction of proxi-
mal tubular epithelial cells7,8, as a result, some of these cells undergo necrosis or apoptosis9. These processes are 
also accompanied by macrophage infiltration and inflammation7,10,11. Although the tubular epithelium has the 
capacity for regeneration12, the injured epithelium is no longer the same. A subpopulation of dedifferentiated 
and proliferating tubular cells that recover from the acute renal insult suffer cell cycle arrest and cannot be re-
differentiated, leading to tubular atrophy; all these events contribute greatly to the tubulointerstitial fibrosis that 
is observed in the long term12,13.

Consequently, a maladaptive repair occurs11,14,15, where there is persistent macrophage infiltration16–18, dis-
sociation of pericytes from the tubular capillaries19, and arrest of some tubular cells in the G2/M phase20, leading 
to a progressive fibrotic kidney20–22. Some mechanisms involved have been elucidated, such as trans-differen-
tiation of pericytes into myofibroblasts19,23, uncontrolled proliferation of epithelial cells22, the emergence of an 
abnormal proximal-tubule phenotype24, excessive production of TGFβ by both the tubular epithelium22 and 
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local myofibroblasts25,26, accumulation of extracellular matrix proteins27,28, vascular rarefaction29–31, chronic 
hypoxia30,32, and chronic stress of the endoplasmic reticulum33.

In addition, it has been recently shown that epigenetic modifications may be involved in several renal patholo-
gies. However, the specific molecular mechanisms by which epigenetic modifications alter renal physiology are 
little known. The most studied epigenetic regulations in AKI are the chromatin compaction, DNA methylation 
and histone acetylation/deacetylation. In AKI, obstructive renal injury, and diabetic nephropathy, epigenetic 
modifications induced an increase in proinflammatory and profibrotic cytokines such as monocyte chemoat-
tractant protein-1 (MCP-1), complement protein 3 (C3), transforming growth factor β (TGF-β), which in turn 
perpetuate inflammation and promote epithelial-to-mesenchymal transition (EMT) that contributes to renal 
fibrosis34–38. Although some mechanisms have been elucidated, many others remain unknown, and less is known 
about temporal changes during CKD progression, such as renal hemodynamics, structural injury, HIF signaling, 
and epigenetic modifications.

We have previously shown that an AKI episode induced by moderate or severe bilateral renal ischemia/
reperfusion (IR) in male rats is sufficient to induce CKD progression after nine months22,27. Interestingly, this 
transition was not observed in female rats, despite a similar magnitude of AKI in both male and female rats. The 
unique difference in the early phase post-ischemia was that females did not exhibit oxidative stress, suggesting 
a pivotal role of reactive oxygen species generation in this transition21.

Thus, it is relevant to establish a temporal understanding of the pathophysiological mechanisms throughout 
the AKI-to-CKD transition. In this study, we used the model of unilateral renal IR plus contralateral nephrec-
tomy, which allowed us to induce CKD after four months. We found abnormal renal hemodynamics, reduced 
HIF-1α signaling, increased oxidative stress, and global DNA hypomethylation in the early phase of the AKI to 
CKD transition. We also showed that the HIF-1α/Vegfa signaling reduction was associated with the DNA hyper-
methylation of the Vegfa gene promoter, beginning at an early stage post-ischemia and suggesting that reduced 
VEGF expression is an early contributor that triggers renal hypoxia and the consequent fibrosis.

Results
Renal injury induced by unilateral ischemia after 24 h of reperfusion.  First, we corroborated that 
the initial insult induced by IR in the uninephrectomized rats was similar among the groups studied at 1, 2, 3, 
or 4 months postischemia. All IR + UNx rats were randomly assigned to the different periods of follow-up. After 
24 h of inducing renal ischemia, all the IR + UNx rats exhibited significant proteinuria that was of the same 
magnitude among the groups assigned to 1, 2, 3 and, 4 months of follow-up (Fig. 1A), together with a similar 
reduction in renal function (Fig. 1B); these alterations were not observed in the S (n = 16) or UNx (n = 16) groups 
after 24 h of the surgery as is shown by the individual data presented in Fig. 1A, B. Consequently, the S or UNx 
rats were also randomly assigned to the different periods of follow-up. The urinary hydrogen peroxide levels 
were also evaluated and reflected significant oxidative stress in all IR + UNx groups (Fig. 1C). The urinary HSP72 
levels, known to be a sensitive AKI biomarker, were also analyzed39–42. As expected, all rats that underwent 
IR + UNx exhibited a significant and similar increase in urinary HSP72 levels corrected by urinary creatinine 
(UHSP72/UCreat), (Fig. 1D). These findings show that all the IR + UNx rats exhibited a similar AKI degree. This 
was important to ensure that the changes observed in the long term were due to the initial insult itself rather than 
differences in the severity of the ischemic injury.

Temporal progression of renal dysfunction and structural injury after an AKI episode.  To 
evaluate the precise moment at which the functional, structural, and molecular alterations occur along with 
AKI to CKD transition, the groups were euthanized at 1, 2, 3, or 4 months after the initial ischemic insult. No 
differences in body weight were found among the studied groups (Fig. 2A). As expected, the UNx and IR + UNx 
groups showed a significant increase in kidney weight/body weight (KW/BW) starting in the first-month com-
pared to that of the S group (Fig. 2B). All experimental groups remained normotensive at the time of evaluation 
(Fig. 2C). The IR + UNx group exhibited a progressive increase in proteinuria starting in the second month of 
follow-up that was not evident in the S and UNx groups (Fig. 2D). Due to the renal mass reduction, the UNx 
group exhibited renal hyperperfusion, but when it was correct to the kidney weight, renal blood flow (RBF) was 
similar to the S group (Fig. 2E). This finding, in the UNx group, was related to the maintenance of normal renal 
function (Fig. 2F). Interestingly, this compensatory response was not seen in the IR + UNx group. RBF/KW was 
significantly lower than that of the S and UNx groups, starting in the first-month, and renal hypoperfusion was 
maintaining along the study course (Fig. 2E). At the end of the study, the IR + UNx group had significant renal 
dysfunction (Fig. 2F). The renal urinary biomarker HSP72 and KIM1 normalized by urinary creatinine, were 
significantly elevated starting in the first-month and third-month respectively, and increased even more by the 
end of the study (Fig. 2G, H). In Table 1 appears urinary flow, fractional excretion of sodium (FENa) and osmo-
larity. No differences were found among the groups along the study, except that the osmolarity was lower in the 
IR + UNx group at fourth-month compared to S group. 

The long-term consequences of an AKI episode were also evidenced by the presence of tubulointerstitial 
fibrosis starting in the second-month post-ischemia, which progressively increased, whereas this injury was not 
detected in the UNx group (Fig. 3A). Although increased Tgfb1 mRNA levels were not observed in the early 
stages of the AKI to CKD transition, a significant upregulation in Tgfb1 mRNA and protein levels was evident in 
the fourth-month post-ischemia compared to that of the S and UNx groups (Fig. 3B, C). Accordingly with this, 
Col1a1 (collagen 1) mRNA levels were significantly increased in the fourth-month (Fig. 3D). We only measured 
TGFβ protein levels at the fourth-month, because the Tgfb1 mRNA levels and its target gene Col1a1 were only 
significantly increased in this point of the follow-up. Besides, the IR + UNx group exhibited higher levels of Ki67 
positive tubular cells (Fig. 3E, F), similar to our previous findings22.
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These results show that an AKI episode induced functional and structural alterations that mostly appear 
beginning at an early stage, highlighting the fact that there was no compensatory renal hyperperfusion expected 
by the renal mass lost in the IR + UNx group.

Temporal course of oxidative stress and vasoactive factors in the CKD progression induced by 
an AKI episode.  Oxidative stress and renal inflammation have a pivotal role in CKD progression; thus, the 
temporality of these two pathways was also analyzed. An increase in oxidative stress (Fig. 4A) and a reduction in 
mRNA levels of the transcription factor Nfe2l2, which stimulates the antioxidant response, was observed begin-
ning in the initial stage of the AKI to CKD transition (Fig. 4B), even though Nox4 mRNA levels were reduced 
in the late stage of the disease (Fig. 4C). An imbalance in vasoactive factors was also observed at the end of the 
study. NOS3 mRNA levels were significantly decreased (Fig. 4D), whereas the endothelin vasoconstrictor effect 
was increased (Fig. 4E, F).

Inflammatory pathways in the time course of CKD induced by AKI.  The mRNA levels of inter-
leukin 6 (Il6), monocyte chemoattract protein (Mcp1), and interleukin 10 (Il10) were measured throughout the 
study. Il6 was upregulated in the IR + UNx group in the fourth-month after renal ischemia, as demonstrated by 
the significant elevation in interleukin 6 mRNA and protein levels (Fig. 5A, B). Because, we only observed a 
significant increase in Il6 mRNA levels in the IR + UNx group at fourth-month post-ischemia, the IL6 protein 
levels were only evaluated in the Sham and IR + UNx groups in this specific time of the study. Mcp1 mRNA 
levels increased in the first-month, and this elevation was observed again in the fourth month (Fig. 5C). The 
mRNA levels of the anti-inflammatory cytokine Il10 showed a reduction starting in the first-month that became 

Figure 1.   Renal injury induced by unilateral ischemia after 24 h of reperfusion. (A) Proteinuria, (B) Creatinine 
clearance, (C) Urinary hydrogen peroxide, and (D) Urinary HSP72 corrected by urinary creatinine, including 
a representative cropped blot image. Data are represented as the mean ± SE (for S, n = 16, for UNx, n = 16 and 
n = 20 for IR + UNx groups). White bars represent the S, gray bars represent UNx, and black bars represent 
IR + UNx groups. The one-way analysis of variance (ANOVA) was used to determine statistical differences, 
using the Bonferroni correction for multiple comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx 
group. Full-length blots are presented in Supplementary Fig. 3.
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Figure 2.   Follow-up of renal function in the AKI to CKD transition. (A) Body weight, (B) Ratio kidney 
weight/body weight, (C) Mean arterial Pressure, (D) Proteinuria, (E) Renal blood flow / kidney weight, (F) 
Creatinine clearance, (G) Urinary HSP72 corrected by urinary creatinine, and (H) Urinary KIM-1 corrected 
by urinary creatinine, including representative cropped blots, along the follow-up. Data are represented as the 
mean ± SE. n = 4, 4, and 5 for the S, UNx, and IR + UNx groups in each studied period: 30, 60, 90, and 120 days 
post-ischemia. White circles represent the S, gray squares represent UNx and black triangles represent IR + UNx 
groups. The one-way analysis of variance (ANOVA) was used to determine statistical differences, using the 
Bonferroni correction for multiple comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx group in 
their respective period. Full-length blots are presented in Supplementary Figs. 4 and 5.
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significant in the second month and returned to normal levels by the third month compared to that of the S and 
UNx groups (Fig. 5D).

These findings suggest that oxidative stress, rather than renal inflammation, is an initial trigger of the sub-
sequent damage.

Hypoxic response in the timing of CKD progression.  As we showed, the UNx group exhibited renal 
hyperperfusion starting in the first-month post ischemia (Fig.  2E). In contrast, because renal compensatory 
hyperperfusion was absent in the IR + UNx group, the HIF1α signaling pathway was studied. The gene expres-
sion Hif1a and one of its target genes, Vegfa, were assessed during AKI to CKD transition. In the UNx group, 
Hif1a mRNA levels were significantly reduced in the first and second-month post-ischemia, whereas HIF1α 
protein levels remained unaltered during follow-up. This response was explained and expected in part by the 
compensatory renal hyperperfusion seen in these rats. In contrast, there was an inefficient response to hypoxia in 
the IR + UNx group that exhibited renal hypoperfusion because there was a significant decrease in Hif1a mRNA 
levels in the first and second-month after ischemia (Fig. 6A). In support of this inefficient response, Vegfa mRNA 
and protein levels were significantly reduced starting in the first-month and remained so on during follow-up 
(Fig. 6B–D), despite Hif1a mRNA and protein levels being reestablished by the third-month, suggesting that an 
independent mechanism maintains Vegfa gene expression downregulation and could be related with the vascu-
lar rarefaction characteristic of the AKI to CKD transition29–31.

Time course global DNA methylation during CKD progression induced by AKI.  Numerous stud-
ies have demonstrated that renal injury is associated with epigenetic changes, including histone modifications, 
DNA methylation, and the expression of various non‐coding RNAs43. We found that rats experiencing the AKI 
to CKD transition exhibited mainly hypomethylation of global DNA, which started in the first-month post-
ischemia and was maintained throughout follow-up (Fig. 7A). These changes were only seen in the renal cortex, 
whereas no differences were observed in the renal medulla (Fig. 7B). In general, the renal medulla exhibited 
lower levels of DNA methylation compared to that of the renal cortex.

Based on the changes observed in the global methylation of DNA and the possible independent mechanisms 
regulating the decreased expression of VEGF in the AKI to CKD transition, we decided to evaluate the specific 
methylation of the Vegfa gene promoter.

Vegfa gene promoter DNA methylation during AKI to CKD transition.  With the interest to know 
if DNA methylation was associated with the modulation of Vegfa and Hif1a expression in AKI to CKD transi-
tion, we assessed the methylation state on 5′-upstream promoter region by bisulfite sequencing. According to 
the decreased Vegfa gene expression, we localized a DNA hypermethylated region in the noncoding upstream 
region of this gene, since the first-month post-ischemia (Fig. 8A), which was maintained until the fourth-month 
of follow-up (Fig. 8B). Therefore, we discovered that in the binding site for HIF1α, located at the region 2 of the 
Vegfa gene promoter, contains a specific CpG that was highly methylated in the IR + UNx group since the first-
month and (75%) compared to that of the S (12%) and UNx groups (30%) (Fig. 8A). Moreover, the hypermethyl-
ated region was maintained at the end of the study in the IR + UNx group (91%) compared to that of the S (18%) 
and UNx (40%) groups (Fig. 8B).

Consistent with our transcriptional findings, we did not found any methylation in the noncoding upstream 
promoter region of Hif1a among the groups (Suppl. Fig. 2).

Table 1.   Urine Chemistries along the study for all the included groups. *p < 0.05 versus respective Sham.

Urinary flow (mL/min) FENa (%) Osmolarity (mOsm/L)

Sham

30 days 0.031 ± 0.004 0.17 ± 0.03 350 ± 77

60 days 0.026 ± 0.007 0.10 ± 0.00 481 ± 107

90 days 0.023 ± 0.003 0.11 ± 0.02 729 ± 123

120 days 0.014 ± 0.003 0.08 ± 0.03 1226 ± 178

UNx

30 days 0.029 ± 0.005 0.19 ± 0.04 494 ± 172

60 days 0.025 ± 0.005 0.15 ± 0.05 703 ± 119

90 days 0.014 ± 0.007 0.16 ± 0.04 936 ± 72

120 days 0.024 ± 0.004 0.09 ± 0.02 746 ± 129

IR + UNx

30 days 0.026 ± 0.005 0.21 ± 0.07 448 ± 59

60 days 0.037 ± 0.003 0.26 ± 0.14 440 ± 39

90 days 0.030 ± 0.002 0.24 ± 0.07 501 ± 30

120 days 0.024 ± 0.004 0.20 ± 0.08 678 ± 145*
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Discussion
Acute kidney injury is a public health problem and despite the advances in modern medicine, its incidence has 
not diminished in recent decades44. Also, the alarming increase in patients with CKD worldwide45, coupled with 
the recent recognition that AKI is an independent risk factor for CKD development1,2 requires joint work between 
biomedical and clinical researchers to avoid this complication. Therefore, it is imperative to study the temporality 
of the mechanisms that affect and lead to the AKI to CKD transition, which will allow for the identification of the 
key points and mediators in the development of this disease and propose specific therapeutic targets according to 
the stages of CKD. Many efforts have been made, and some pathways, such as trans-differentiation of pericytes 
into myofibroblasts19,23, uncontrolled proliferation of epithelial cells22, excessive production of TGFβ by both 
tubular epithelium22 and local myofibroblasts25,26, accumulation of extracellular matrix proteins27,28, chronic 
hypoxia30,32, vascular rarefaction29,31,46, and chronic stress of the endoplasmic reticulum33, have been identified, 
but many others remain to be elucidated.

In this study, we evaluated ischemic renal damage after 24 h of reperfusion plus right nephrectomy compared 
to that of the S and UNx groups. AKI induced by IR was characterized by elevated proteinuria, renal dysfunction, 
and oxidative stress. All IR + UNx rats exhibited the same magnitude of AKI. In the long term, the nephrectomy 
plus I/R model was able to accelerate the development of CKD. After four months, the IR + UNx group presented 
a progressive increase in proteinuria and a significant decrease in renal function. Among the alterations that 
occurred in the early phase of the transition, we found a significant increase in oxidative stress that was main-
tained throughout the study follow-up and a significant decrease in global DNA methylation, suggesting that 
both are early key players in the AKI to CKD transition.

As expected, the UNx group exhibited renal hyperperfusion and hyperfiltration to compensate the renal mass 
reduction for maintaining renal function within standard values, as the S group had. Interestingly, the IR + UNx 
group displayed sustained hypoperfusion that was observed beginning at an early phase and impacted the 
expected renal function compensation. Our results suggest that this poor renal hemodynamic response after an 
AKI episode could be one of the responsible mechanisms involved in the AKI to CKD transition, contributing 
to chronic renal hypoxia.

Previous studies have demonstrated that chronic hypoxia is a trigger mechanism in the AKI to CKD transition 
that coordinates the interaction between inflammation, oxidative stress, and progressive fibrosis13,16–18,20–22,47. 
Hif1α serves as a master regulator of adaptive responses against hypoxia, although, the levels of HIF1α can 
also be regulated by oxygen independent pathways48. This transcription factor induces an angiogenic pathway 
throughout the induction of Vegfa gene expression49,50. In this regard, we found an inefficient response against 
renal hypoxia in the IR + UNx group. Hif1α mRNA levels were decreased in the first and second-month post-
ischemia, similar to those observed in the UNx group. Although, this response could be explained in the UNx 
group due to the compensatory elevation in RBF, which when normalized by kidney weight was similar to the S 
group. Since, HIF1α is regulated by proteasomal degradation pathways in response to oxygen levels51, it is very 
likely that in the UNx group, there is a greater metabolic work to maintain renal function and therefore, the state 
of renal oxygenation could not have changed. But this HIF1α response was unexpected in the IR + UNx group 
that exhibited renal hypoperfusion, a condition in which proteasomal degradation is not expected to occur. This 
inefficient response of HIF1α was also demonstrated by the reduction in its target gene Vegfa. Thus, Vegfa mRNA 
levels were reduced starting in the first-month, and interestingly, they remained reduced throughout the study, 
despite the restoration of HIF1α levels. The decreased Vegfa expression was also corroborated at the protein 
level throughout the study. Recent studies have reported that the late response of HIF1α could be related to the 
activation of inflammatory processes and the generation of renal fibrosis52. It is well known that the reduction 
in Vegfa gene expression is partly responsible for vascular rarefaction46,53–55 that accompanies the AKI to CKD 
transition, which also perpetuates chronic hypoxia. Although Hif1a mRNA levels were restored at the end of the 
study and protein levels remained unaltered, Vegfa levels continued diminishing; this opened the possibility of 
an alternative regulation of Vegfa gene expression through the involvement of epigenetic mechanisms.

It has been shown that the hypoxia response element (HRE) in the Vegfa promoter gene contains several 
cytosines in a CpG context that are potentially methylated. This methylation could reduce the HIF1α interaction 
with the Vegfa gene promoter56,57. In vitro studies have demonstrated that DNA hypermethylation in the Vegfa 
promoter region induces silencing of this gene58. To understand the reduction in Vegfa expression despite sus-
tained renal hypoperfusion and recovery of Hif1a mRNA levels, we analyzed the methylation of the noncoding 
upstream region of Vegfa during the AKI to CKD transition. Interestingly, we found DNA hypermethylation 
in the promoter region of Vegfa. More importantly, we demonstrated that the HRE, as well as the core region 
for HIF1α interaction was hypermethylated since the first-month post-ischemia and it was maintained at the 
fourth-month of the follow-up. This site matches with the region 2, previously described to be important in Vegf 

Figure 3.   Temporally induction of tubulointersticial fibrosis by TGFβ activation. (A) Tubulointersticial 
fibrosis, (B) mRNA levels of Tgfb1, (C) Protein levels of TGFβ, at fourth-month post-ischemia, including a 
representative cropped blots. (D) mRNA levels of Collagen1a1, (E) Representative microphotographs of Ki67 
immunostaining for the S and IR + UNx groups. (F) Quantification of Ki67 positive epithelial cells (cells/
mm2). Data are represented as the mean ± SE. n = 4, 4, and 5 for S, UNx, and IR + UNx groups, in each studied 
period: 30, 60, 90, and 120 days post-ischemia. White circles/bar represent the S, gray squares/bar represent the 
UNx and black triangles/bar represent the IR + UNx groups. The one-way analysis of variance (ANOVA) was 
used to determine statistical differences, using the Bonferroni correction for multiple comparisons. *p < 0.05 
versus S group and + p < 0.05 versus UNx group in their respective period. Full-length blots are presented in 
Supplementary Fig. 6.
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gene transcription regulation59. Using the transcription factor binding site predictor tool PROMO (version 8.3 
of TRANSFAC, http://​alggen.​lsi.​upc.​es), TFsitescan (http://​www.​ifti.​org/​cgi-​bin/​ifti/​Tfsit​escan.​pl) and JASPAR 
database (http://​dbcat.​cgm.​ntu.​edu.​tw), we found that this hypermethylated region contains a putative binding 
sequence responsible for the interaction of Hif1α, C/EBPα and the p300. This complex is essential for Vegfa tran-
scription regulation and contributes to the pro-angiogenic pathway60,61. Our findings suggest that the reduction 
in Vegfa gene expression in the IR + UNx group resulted from epigenetic regulation, which could be partially 
responsible for inducing vascular rarefaction and chronic renal hypoxia, which are mechanisms implicated in 
the AKI to CKD transition19,29–31,46. In agreement with our results, it has been demonstrated that treatment with 
VEGF-121 was effective in suppressing the AKI to CKD transition induced by IR in rats. Although VEGF-121 
did not affect AKI, the loss of peritubular capillaries in the cortex and outer stripe of the outer medulla was 

Figure 4.   Oxidative stress and vasoactive mediators over the course of AKI to CKD transition. (A) Urinary 
hydrogen peroxide, (B) mRNA levels of Nfe2l2 (C) mRNA levels of Nos3, (D) mRNA levels of NOX4, (E) 
mRNA levels of Edn1 and (F) mRNA levels of endothelin receptor A (Endra). Data are represented as the 
mean ± SE. n = 4, n = 4, and n = 5 for the S, UNx, and IR + UNx groups, in each studied period: 30, 60, 90, 
and 120 days post-ischemia. The one-way analysis of variance (ANOVA) was used to determine statistical 
differences, using the Bonferroni correction for multiple comparisons. *p < 0.05 versus S group and + p < 0.05 
versus UNx group in their respective period.

http://alggen.lsi.upc.es
http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl
http://dbcat.cgm.ntu.edu.tw
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significantly attenuated55. Further experimental and clinical studies are required to evaluate VEGF therapeutic 
power in preventing the AKI to CKD transition. In this hypermethylated region, we also found a putative bind-
ing site for Nrf2, which is a master regulator of the antioxidant response62. Because hypermethylation of the 
Vegfa promoter region occurred from the first-month post-ischemia, it suggests that this epigenetic mechanism 
plays an important role in the onset of the disease, promoting chronic hypoxia and concomitant development 
of renal fibrosis. In a recent study, it was observed that indeed, epigenetic modifications occur early after folic 
acid-induced kidney damage. In particular, it was observed that de novo methylation of histone H3K4 is nec-
essary for the differentiated cells to re-enter mitosis and regenerate the proximal tubular epithelium63. These 
findings together, highlighted the crucial role of the early epigenetic modifications in the long consequences 
after an ischemic insult. Furthermore, our results open an exciting research field to explore the mechanisms by 
which hypermethylation of the Vegfa promoter gene is occurring, in which cell subpopulations occur, as well 
as the molecular mediators of this phenomenon, such as histone modifications and the enzymes involved in 
this pathophysiological condition. In this context, previous reports have demonstrated that the up-regulation 
of DNA methyltransferase 1 (Dnmt1), DNA methylation, and transcriptional silencing are linked to fibroblast 
activation and kidney fibrosis37.

In addition to the mentioned changes, the IR + UNx group exhibited activation of renal inflammation. Pro-
inflammatory molecules, as indicated by Mcp1 and Il6 mRNA levels, increased, while the anti-inflammatory 
molecule, Il10, decreased beginning at the early phase of the transition of this disease. These changes could 
result from the global DNA hypomethylation observed in the IR + UNx, as previous studies have shown in AKI, 
diabetic nephropathy, and CKD models34,37,38.

Figure 5.   Inflammatory mediators participation during AKI to CKD transition. (A) mRNA levels of Il6, (B) 
Protein levels of IL-6 at fourth-month post-ischemia, including a representative cropped blots, (C) mRNA levels 
of Mcp1 and (D) mRNA levels of Il10. Data are represented as the mean ± SE. n = 4, 4, and 5 for the S, UNx, and 
IR + UNx groups in each studied period: 30, 60, 90, and 120 days post-ischemia. White circles/bar represent the 
S, gray squares represent the UNx and black triangles/bar represent the IR + UNx groups. The one-way analysis 
of variance (ANOVA) was used to determine statistical differences, using the Bonferroni correction for multiple 
comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx group in their respective period. Full-length 
blots are presented in Supplementary Fig. 7.
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In summary, our study shows that early renal hypoperfusion, inefficient hypoxia response, increased oxida-
tive stress, and increased inflammation play an important role in the AKI to CKD transition. Specifically, the 
inefficient hypoxia response results from the inadequate hypermethylation of the Vegfa promoter gene at the 
site of HIF1α binding that occurs in the early stage post-ischemia.

Methods
All the experimental procedures in the animals were conducted following the Guide for the Care and Use of 
Laboratory Animals and were approved by the animal research ethics committee of the Instituto Nacional de 
Ciencias Médicas y Nutrición Salvador Zubirán with the approval number NMM-1852. The study was carried 
out in compliance with the ARRIVE guidelines.

Experimental model: right nephrectomy and contralateral ischemia.  Fifty-nine male Wistar rats 
weighing between 300 and 320 g were included. Seven rats did not meet our inclusion and exclusion criteria, two 
were excluded due to bleeding during the nephrectomy surgical procedure and five due to postoperative death 
in the first 72 h as a consequence of renal ischemia–reperfusion injury. Therefore, a total of 52 rats were included 
and randomly divided into three groups: the sham surgery group (S, n = 16), the right nephrectomy group (UNx, 
n = 16), and the group with right nephrectomy and simultaneous left renal ischemia of 45 min in the left kidney 
(IR + UNx, n = 20). Based on our previous experience with the IR experimental model, we calculated the sample 
size for comparison of two means, using the creatinine elevation after 24 h post-ischemia. Although, we did not 
use a method to generate the randomization sequence, each block of 3 rats was randomly assigned to each of the 
studied groups: S, UNx or IR + UNx and so on. The study was not blinded because no pharmacological interven-
tion was carried out.

Figure 6.   Temporal course of HIF-1α signaling during AKI to CKD transition. (A) mRNA levels of Hif1a, (B) 
mRNA levels of Vegfa, (C) Protein levels of HIF-1α, including a representative cropped blot, and (D) Protein 
levels of VEGF, including a representative cropped blot. Data are represented as the mean ± SE. n = 4, for S, UNx, 
and IR + UNx groups, in each studied period: 30, 60, 90, and 120 days post-ischemia. White circles represent the 
S, gray squares represent the UNx and black triangles represent the IR + UNx groups. The one-way analysis of 
variance (ANOVA) was used to determine statistical differences, using the Bonferroni correction for multiple 
comparisons. *p < 0.05 versus S group and + p < 0.05 versus UNx group in their respective period. Full-length 
blots are presented in Supplementary Figs. 8 and 9.
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The animals were anesthetized with sodium pentobarbital (30 mg/kg) and kept in a thermoregulated bed to 
perform the surgery at 37 °C. Under anesthesia, an abdominal incision was made to expose the two kidneys, 
first, the nephrectomy of the right kidney was performed, dissecting the peri-renal fat, as well as, separating the 
adrenal gland from the kidney with delicacy to avoid damaging it. For the IR + UNx group, in addition to the 
nephrectomy, a clip was placed in the left kidney for 45 min, to induce the ischemic process and the reperfusion 
was achieved when the clip was removed, using the recovery of the coloration of the kidney, as an indicator. 
The animals were bred and kept in our animal facility; on a 12/12 h light/dark cycles and permitted ad libitum 
access to food and water. Each studied group was followed for 1, 2, 3, and 4 months, respectively. At the end of 
each experimental period, the following parameters were assessed: mean arterial pressure (MAP), renal blood 
flow (RBF), creatinine clearance, glomerular diameter, tubule-interstitial fibrosis, Ki67 positive cells, urinary 
H2O2 excretion urinary biomarkers of renal injury, RNA and protein levels of antioxidant enzymes and anti-
inflammatory cytokines, DNA methylation and promoter VEGF methylation.

Renal functional studies.  The animals were placed in metabolic cages every month, to collect urine for 
at least 18 h to determine urinary protein excretion and creatinine clearance. A blood sample from the retro-
orbital plexus was also collected monthly. Urine collections were carried out at the same schedule in all animals, 
starting between 4 and 6 pm and ended 18 h later, to avoid diurnal variations. For the determination of serum 
and urine creatinine, the colorimetric method of picric acid was used and quantified at 510 nm in a spectro-
photometer. To calculate the creatinine clearance, the formula of C = (U*V)/S was used, where U is the urinary 
creatinine multiplied by the urinary volume (V), and S corresponds to the serum creatinine. Urinary protein 
excretion was determined by the turbidimetric method of trichloroacetic acid (TCA) and quantified at 420 nm 
in a spectrophotometer.

By the end of each experimental period, the animals were anesthetized with sodium pentobarbital (30 mg/
kg) and were placed in a thermoregulated pad. The trachea was cannulated with a PE-240 polyethylene tube and 
the femoral arteries were catheterized with a polyethylene tube PE-90. The mean arterial pressure was recorded 
by one of the catheters placed in the femoral artery, using a pressure transducer (Model p23 db, Gould, Puerto 
Rico). Subsequently, an abdominal incision was made to expose the left kidney, the renal artery was dissected 
and an ultrasound probe was placed to register the renal blood flow (1RB, Transonic, Ithaca, NY).

The right kidney from the S group was ligated and removed and the left kidney upper and lower pole for the 
UNx and the IR + UNx groups were excised to separate renal medulla and cortex, both sections were immediately 
frozen at − 70 °C for further molecular analysis. The left kidney was then perfused through the femoral artery 
catheter with 20 mL of saline and then fixed with 20 mL of 4% formaldehyde, and removed immediately after. 
The animals were euthanized with an intraperitoneal delivery of an overdose of pentobarbital (100 mg/kg) after 
1, 2, 3, and 4 months of renal reperfusion.

Light microscopy and immunohistochemistry analysis.  After tissue fixation, the kidneys were dehy-
drated and embedded in paraffin. Renal slices of 4 μm were obtained and stained with Periodic Acid Schiff 

Figure 7.   Global DNA methylation over the course of AKI to CKD transition. (A) Percentage change of 
global DNA methylation in renal cortex from the UNx (gray squares) and IR + UNx (black triangles) groups. 
(B) Percentage change of global DNA methylation in renal medulla from the UNx (gray squares) and 
IR + UNx (black triangles) groups, for each studied period: 30, 60, 90, and 120 days The one-way analysis of 
variance (ANOVA) was used to determine statistical differences, using the Bonferroni correction for multiple 
comparisons. *p < 0.05 versus S group.
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(PAS) or Sirius red. In the slices stained with PAS, ten microphotographs (Magnification 400x) were obtained 
from different renal cortex fields of each kidney and glomerular diameter was quantified in at least 40 glomeruli 
per rat using a Nixon camera incorporated to the microscope. In the slices stained with Sirius red, five to eight 
subcortical periglomerular fields per section were randomly selected in kidneys from the groups studied (Mag-
nification 100x). Tubulo-interstitial fibrosis consisted of extracellular matrix expansion with collagen deposition 
together with distortion and collapse of the tubules; fibrosis was evidenced by red coloration in Sirus red-stained 
slides. The affected area was delimited and the percentage of tubulointerstitial fibrosis was calculated by dividing 
the fibrotic by the total area, excluding the glomerular area. Researchers were blind to the experimental group.

To evaluate tubular cell proliferation, conventional immunoperoxidase assays for Ki67 (anti-Ki67 antibody, 
Abcam Cat. No. ab66155) were performed. For signal detection, HRP/DAB Detection System (Bio SB, Santa 
Barbara CA, USA Cat. No. BSB 0001) was used, slides were counterstain with hematoxylin. The number of 
Ki-67-positive epithelial cells on each slide was counted in at least 10-subcortical fields (100 × magnification).

Hydrogen peroxide urinary excretion.  In the urine collected during the follow-up time, the determina-
tion of urine hydrogen peroxides as an oxidative stress marker was carried out, using a commercial kit (Amplex 
Red Hydrogen Peroxide/Peroxidase Assay, Roche, Cat. No. A22188) following the manufacturer’s instructions. 
The determination is based on the presence of peroxidase which, when reacted with hydrogen peroxide, pro-
duces a red-fluorescent compound, which was quantified in a spectrophotometer at 560 nm and extrapolated 
with a standard curve.

Figure 8.   Bisulfite sequencing of two non-codifying upstream regions of Vegfa promoter for (A) the first-
month and (B) the fourth month of follow-up for the Sham, UNx and IR + UNx groups, respectively. Arrows 
represented the forward and reverse primers for each amplicon. HIF-1α, p300, C/EBPα, and Nrf2 binding sites 
as is stated. White circles represented non-methylated CpG, and black circles represented methylated CpG, each 
circle represented an individual clone. Each C represented a cytosine in CpG context. TSS-Transcription star 
site; HRE-Hypoxia response element (ACGTG).
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RNA extraction and quantitative PCR.  The total RNA was isolated from the kidneys using the TRIzol 
method (Invitrogen, Carlsbad, CA, Cat. No. 15596026) and checked for integrity using 1% agarose gel elec-
trophoresis. To avoid DNA contamination, total RNA samples were treated with DNase (DNase I; Invitrogen, 
Carlsbad, CA, Cat. No. 18068015). Reverse transcription (RT) was carried out with 1 µg of total RNA and 200 
U of Moloney murine leukemia virus reverse transcriptase (Invitrogen). The mRNA levels of Hif1a, Vegfa, pre-
pro-endothelin (Edn1), endothelin receptor A (Ednra), endothelial NOS 3 (NOS3), transforming growth factor 
(Tgfb1), monocyte chemoattractant protein 1 (Mcp1), nuclear factor erythroid 2 like 2 (Nfe2l2), NADPH oxidase 
4 (Nox4), collagen-1 (Col1a1) interleukin 6 (Il6), and interleukin 10 (Il10) were quantified by real-time PCR on 
an ABI Prism 7300 Sequence Detection System (TaqMan, ABI, Foster City, CA, Cat. No. 4331182). Primers and 
probes were ordered as a kit as follows: Hif1a, (Rn0057756_m1), Vegfa (Rn01511602_m1), Edn1 (Rn00561129_
m1), Ednra (Rn00561137_m1), NOS3 (Rn004352204_m1), Tgfb1 (Rn00572010_m1), Mcp1 (Rn00580555_m1), 
Nfe2l2 (Rn00582415_m1), Nox4 (Rn00585380_m1), Col1a1 (Rn1463848_m1), Il6 (Rn01410330_m1), and Il10 
(Rn99999012_m1). As an endogenous control, eukaryotic 18S rRNA (predesigned assay reagent Applied by ABI, 
external run, Rn03928990_g1, Cat. No. 4319413E was used. The relative quantification of each gene expression 
was performed with the comparative threshold cycle (Ct) method.

Western blot and antibodies.  The renal cortex proteins were homogenized with a lysis buffer contain-
ing: 50 mM HEPES pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.1% NP-40 and complete protease inhibitor (Roche, 
Cat. No.. 11,697,498,001). The proteins concentration was assessed by Lowry protein assay (Bio-Rad, Cat. No. 
5000113 and 5,000,114). Renal cortex protein levels were detected by Western blot, tissue proteins (20–40 µg) 
were electrophoresed in a denaturing 8.5% acrylamide gel with SDS. The samples were prepared with loading 
buffer in a 1:1 ratio with a final volume of 20 μL. The membranes were incubated with the primary antibody 
TGFβ (Thermo Fisher, Cat. No. MA5-15,065, 1:1000), HIF-1alpha (Abcam, Cat. No.. ab2185, 1:5000) VEGFA 
(Invitrogen, MA1-16,629, 1:5000), IL-6 (Abcam, Cat. No. ab9324, 1:1000), and HRP β-Actin antibody [AC-
15] (Abcam, Cat. No. ab49900, 1:1,000,000) overnight at 4  °C. Three 10-min washes were performed with 
TBS-1 × Tween and then incubated with the secondary antibody coupled to HRP, anti-rabbit or anti-mouse IgG 
(Santa Cruz, Cat. No. sc-2031 or sc-2004, respectively 1: 5000). Tissue proteins assessed by Western blot were 
normalized by β-Actin detection.

Detection of urinary biomarkers by western blot.  Urinary HSP72 levels were detected by Western 
blot, each urine was diluted 1:10 in 0.9% saline solution, and 10 µL of each dilution was loaded and resolved 
by 8.5% SDS-PAGE, as previously described39–42,64. The membranes were incubated with mouse anti-HSP72 
antibody (ENZO Life Sciences, Cat. No. ADI-SPA-819F, 1:5000 dilution) or KIM-1 (Boster, Cat. No. PA1632, 
1:5000) overnight at 4 °C. Thereafter; membranes were incubated with a secondary antibody, HRP-conjugated 
goat anti-mouse IgG, or anti-rabbit IgG, respectively (1:5000, Cat. No. sc-2031 or sc-2004, respectively, Santa 
Cruz). The proteins were detected using a commercial chemiluminescence kit (Millipore, Cat. No. WBKLS0500) 
and were normalized by urinary creatinine (UCreat).

Genomic DNA extraction and quantification of global DNA methylation.  For genomic DNA 
extraction, 50 mg of tissue was homogenized in 200 μL of 1X PBS (10 mM PO4, 137 mM NaCl, and 2.7 mM 
KCl), 60 μL of digestion buffer (Tris–HCl 1 M, EDTA 0.5 M, SDS 10%, NaCl 5 M, pH = 8), then 26 μL of Pro-
teinase K (Sigma, Cat. No. P2308-100 mg, 10 mg/mL) was added and kept on ice for 5 min. Subsequently, the 
mixture was left overnight at 56 °C, then the samples were treated with 3 μL of RNase A (Qiagen, Cat. No. 19101, 
10 mg/mL) and incubated for 3 h at 37 °C. By the end, 250 μL of phenol–chloroform-isoamyl alcohol (Sigma, 
Cat. No. 77617-100ML) was added, centrifuged for 20 min, 16.1 g at 4 °C. Only the upper phase was taken and 
83 μL of ammonium acetate (7.5 M) and 250 μL of absolute ethanol were added. The samples were incubated 
at − 20 °C overnight, centrifuged and the supernatant was discarded. Two washes were made with 250 μL of 70% 
ethanol. The pellet was re-suspended in 200 μL of DNase⁄RNase-Free Distilled Water. To analyze the global DNA 
methylation, the commercial methylation kit of 5mC DNA (Zymo Research Cat. No. D5326) was used, 100 ng 
of DNA from each sample was used and it was taken to a volume of 100 μL with 5mC of coating buffer. The mix 
was incubated at 98 °C for 5 min and then left on ice for 10 min. Then it was added to the plate and incubated 
at 37 °C for 1 h and the excess was discarded and washed with 200 μL of 5mC Elisa Buffer. Thereafter, 200 μL 
of 5mC Elisa buffer was added to each well and incubated at 37 °C for 30 min. A mixture of 5-methyl cytosine 
primary antibody (1:2,000) and HRP-coupled secondary anti-rabbit antibody (1:1000) was added. Finally, 100 
μL of HRP developer was added to each well, incubated 1 h, and measured in a spectrometer at 405–450 nm. The 
results were extrapolated with a standard curve and the correction was made for the percentage of cytosines and 
guanine dinucleotides (CpGs), which have been previously reported for the rat genome65.

Sequence analysis and bisulfite primer design.  Three binding Hif1α sequences in the promoter Vegf 
gene in the rat have been previously identified and were named as region 1 (− 976 to − 857), region 2 (− 724 
to − 645), and region 3 (− 470 to − 369), respectively (Suppl. Fig. 1)59. DataBase of CpG islands and Analytical 
Tool (DBCAT) (http://​dbcat.​cgm.​ntu.​edu.​tw) software-assisted us to identify the CpG islands in the promoter 
and the first part of the coding regions of Vegf gene. This analysis showed that only regions 2 and 3 were enriched 
of CpG islands, suggesting that these regions are susceptible to methylation. Consequently, optimal primers 
were designed in the Methyl Primer Express software for bisulfite sequencing of Hif-1α and Vegf gene promot-
ers. For Hif-1α the primers were: 5′-GTA​GAG​AGT​AGA​GAT​TGA​GTT-3′ (forward) and 5′-CAA​AAC​CTA​ACC​
AAA​CAC​TAC-3′ (reverse) that amplified the region from − 1390 to − 688 (702 bp): As was commented before 
there are three HIF1α binding sequences in the promoter of Vegfa, but only two are susceptible to methylation: 

http://dbcat.cgm.ntu.edu.tw
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the region 2, from − 724 to − 645, and the region 3. from − 470 to − 369, we amplified together with the follow-
ing primers: 5′-GGT​TTT​GTT​AGA​TTT​TAT​AGTG-3′ (forward) and 5′-CCA​TAA​CCT​AAA​AAT​TAT​CTATC-3′ 
(reverse) yielding a product of 763 bp.

Sodium bisulfite DNA conversion and sequencing.  Genomic DNA (3 μg) was processed with sodium 
bisulfite66, DNA fragments of interest were PCR-amplified. The amplified DNA fragments were cloned into the 
pGEM-T Easy system (Promega, Cat. No. A1360), and Sanger sequenced using its respective reverse primer. At 
least 8 clones were evaluated for each region.

Statistical analysis.  The results are presented as the mean ± SE. The significance of the differences between 
groups was assessed by 1-way ANOVA using the Bonferroni correction for multiple comparisons. All compari-
sons passed the normality test. Statistical significance was defined when the p-value was < 0.05. All the graphs 
and statistical analyses were performed using the statistical GraphPad Prisma 8 software for Mac (GraphPad 
Software, San Diego, CA, USA).
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6.2 ARTÍCULO 2 https://pubmed.ncbi.nlm.nih.gov/34291592/ 
 
Resumen de los resultados de los mecanismos clave iniciales involucrados 

en la ERC inducida por obesidad, publicados en la revista Physiological 

Reports, Jul;9(14): e14937, 2021, correspondientes al objetivo 3. 

La mayoría de los modelos murinos de obesidad en los que se induce daño 

renal utilizan alimentos ricos en calorías, donde la grasa representa el 60% del 

aporte calórico total, sin embargo, esta estrategia duplica la proporción estándar de 

ingestión de grasas en pacientes obesos. Por lo tanto, es crucial estudiar el impacto 

de una ingesta alta en grasas en la fisiología renal que se asemeja a la obesidad 

común en humanos para comprender los mecanismos desencadenantes de las 

consecuencias renales a largo plazo del sobrepeso y la obesidad. 

En este estudio, analizamos si la alimentación crónica con una dieta 

moderadamente alta en grasas (MHFD) que representa el 45% de las calorías 

totales, puede inducir daño funcional y estructural del riñón en comparación con los 

ratones C57BL/ 6 alimentados con una dieta de control. Después de 14 semanas, 

MHFD indujo obesidad significativa en ratones. A nivel funcional, los ratones obesos 

mostraron signos de lesión renal caracterizados por un aumento del cociente 

albuminuria/creatinina y una mayor excreción de biomarcadores urinarios de daño 

renal. Mientras que, a nivel estructural, se observó hipertrofia glomerular. Aunque 

no detectamos fibrosis renal, los ratones obesos exhibieron una elevación 

significativa de los niveles de RNAm de Tgfb1. El daño renal causado por la 

exposición a MHFD se asoció con un mayor estrés oxidante, inflamación renal, 

mayor estrés en el retículo endoplásmico (RE) y alteración de la dinámica 

mitocondrial. 

https://pubmed.ncbi.nlm.nih.gov/34291592/
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En resumen, nuestros datos demuestran que la obesidad inducida por una dieta de 

menor contenido en grasa es suficiente para establecer daño renal, donde el estrés 

oxidativo, la inflamación, el estrés ER y el daño mitocondrial cobran relevancia, 

señalando la importancia de llevar a cabo intervenciones oportunas para evitar las 

consecuencias de la obesidad y el síndrome metabólico a largo plazo.  
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Abstract
Most of the obesity murine models inducing renal injury use calorie-enriched foods, 
where fat represents 60% of the total caloric supply, however, this strategy doubles 
the standard proportion of fat ingestion in obese patients. Therefore, it is crucial to 
study the impact of a high-fat intake on kidney physiology that resembles common 
obesity in humans to understand the trigger mechanisms of the long-term conse-
quences of overweight and obesity. In this study, we analyzed whether chronic feed-
ing with a moderately high fat diet (MHFD) representing 45% of total calories, may 
induce kidney function and structural injury compared to C57BL/6 mice fed a control 
diet. After 14 weeks, MHFD induced significant mice obesity. At the functional level, 
obese mice showed signs of kidney injury characterized by increased albuminuria/
creatinine ratio and higher excretion of urinary biomarkers of kidney damage. While, 
at the structural level, glomerular hypertrophy was observed. Although, we did not 
detect renal fibrosis, the obese mice exhibited a significant elevation of Tgfb1 mRNA 
levels. Kidney damage caused by the exposure to MHFD was associated with greater 
oxidative stress, renal inflammation, higher endoplasmic reticulum (ER)-stress, and 
disruption of mitochondrial dynamics. In summary, our data demonstrate that obe-
sity induced by a milder fat content diet is enough to establish renal injury, where 
oxidative stress, inflammation, ER-stress, and mitochondrial damage take relevance, 
pointing out the importance of opportune interventions to avoid the long-term conse-
quences associated with obesity and metabolic syndrome.
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1  |   INTRODUCTION

The global overweight/obesity epidemic has worsened in 
the last decades, it has nearly tripled since 1975, affecting 
more than 1.9 billion adults and 350 million children in 2016, 
which has resulted in an increase in obesity-related health 
complications with a significant impact on the economic bur-
den of disease and mortality, accounting for 4 million deaths 
globally, most of them related to cardiovascular disease 
(Collaborators et al., 2017; Ogden et al., 2014; Tsuboi et al., 
2017; Wang et al., 2008).

The higher cost of a balanced diet may explain why many 
families around the world face food insecurity and have 
a higher risk of developing overweight or obesity (Popkin 
et al., 2012). People choose less expensive foods that often 
have a high caloric density and low nutrient content, this has 
not only been reported in low- and middle-income countries, 
but also in high-income countries (FAO I, UNICEF, WFP, 
& WHO, 2020). It is well known that obesity predisposes 
to many cardiometabolic diseases, including type 2 diabetes 
mellitus (T2D), hypertension (HTN), chronic kidney dis-
ease (CKD), fatty liver disease, and several types of cancer, 
among others (Bluher, 2019; Eknoyan, 2011; Kovesdy et al., 
2017; Tsuboi et al., 2017). In numerous large population-
based studies, having a higher body mass index (BMI) was 
associated with the reduction of estimated glomerular fil-
tration rate (eGFR) (Chang et al., 2018; Foster et al., 2008; 
Pinto-Sietsma et al., 2003; Tsuboi et al., 2017). In fact, when 
considering that the main causes of CKD are all related to 
high-BMI states, we can highlight the impact of overweight 
and obesity in kidney health (Camara et al., 2017). The rela-
tionship between obesity and kidney damage is multifactorial 
and bidirectional, involving insulin resistance, hyperlipid-
emia, increased renin-angiotensin-aldosterone system activ-
ity, oxidative stress, chronic inflammation and mitochondrial 
dysfunction (Kovesdy et al., 2017; Takagi et al., 2018).

In most models of murine obesity in which kidney abnor-
malities have been reported, animals have free access to high-
calorie foods, where fat represents 60% of the total caloric 
intake, which is known as a high-fat diet (HFD) and the fol-
low-up fluctuates between 12 and 34 weeks (Borgeson et al., 
2017; Cheng et al., 2019; Kim et al., 2019; Luo et al., 2019; 
Pereira et al., 2020; Saito et al., 2019; Szeto et al., 2016; Xu 
et al., 2019; Yamamoto et al., 2017). Although this strategy 
leads effectively to the establishment of obesity in rodents and 
is capable of reproducing many of the multi-organ alterations 
known in humans, it doubles the typical proportion of fat in-
gestion in obese patients (Botchlett & Wu, 2018). More realis-
tic diets that resemble different degrees of obesity in humans 
are crucial to understand the trigger mechanisms of the long-
term consequences of overweight and obesity. Unfortunately, 
very little is known about calorie-enriched foods containing a 
lesser content of fat on renal function in mice.

There is evidence that C57BL/6 mice fed with a diet con-
taining 60% of fat for at least 12 weeks develop renal func-
tional alterations like glomerular hyperfiltration and increased 
urinary excretion of albumin, as well as structural injury such 
as: glomerulopathy, podocytopathy and vacuolization of the 
tubular epithelium (Borgeson et al., 2017; Cheng et al., 2019; 
Kim et al., 2019; Luo et al., 2019; Pereira et al., 2020; Saito 
et al., 2019; Szeto et al., 2016; Xu et al., 2019; Yamamoto 
et al., 2017). These functional and structural abnormalities 
have been associated with increased reactive oxygen species 
(ROS) (Borgeson et al., 2017), endoplasmic reticulum stress 
(Li et al., 2019a), and more recently with disruption of mi-
tochondrial homeostasis (Sun et al., 2020; Yamamoto et al., 
2017). Since most of these studies have used the typical HFD, 
we decided to study the impact of chronic feeding of male 
C57BL/6 mice with a moderately high fat diet (MHFD) on 
kidney function and structure. We consider that this model 
resembles more accurately what happens to people with 
overweight, which is relevant in order to identify early patho-
physiological events and find possible targets to prevent 
CKD development. We found that renal inflammation, oxi-
dative stress, altered balance of mitochondrial fission/fusion, 
and endoplasmic reticulum stress (ER-stress) are induced by 
feeding a MHFD in the mice for a relatively short period, 
showing deleterious outcomes of a moderate fat consumption 
in promoting renal injury.

2  |   METHODS

All experiments involving animals were conducted in ac-
cordance with the NIH Guide for the Care and Use of 
Laboratory Animals (https://grants.nih.gov/grant​s/olaw/
guide​-for-the-care-and-use-of-labor​atory​-anima​ls.pdf) and 
with the Mexican Federal Regulation for animal reproduc-
tion, care, and experimentation (NOM-062-ZOO-2001). The 
Animal Care Committee at Instituto Nacional de Ciencias 
Médicas y Nutrición Salvador Zubirán approved our experi-
mental study.

2.1  |  Experimental protocol

Male C57BL/6 mice (Charles River Laboratories 
International, Inc.) aged 5–6 weeks and weighing 17–22 g 
were maintained in controlled conditions of temperature 
and humidity in our animal housing facility with 12:12 h 
day/night cycle, with free access to water and food. We did 
not use a method to generate the randomization sequence, 
the mice were only randomly assigned into two groups of 
at least 10 mice per group, as follows: (1) control mice 
fed with a control diet (C) and (2) obese mice (OB) fed 
with a moderately high fat diet (MHFD). The sample size 

https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
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was calculated according to the percentage of success and 
error test (Dell et al., 2002). The study was not blinded be-
cause no pharmacological intervention was carried out. All 
mice fill out our inclusion criteria and none was excluded. 
Both groups were follow-up for 14  weeks. The experi-
mental diets were homemade, as was previously reported 
by Castro-Rodríguez et al. control diet contained 22.0% 
protein, 5.0% vegetable fat (corn oil), 31.0% polysaccha-
ride, 31.0% simple sugars, 4.0% fiber, 6.0% minerals and 
1.0% vitamins (w/w), and energy 4.0 kcal/g, in which fat 
represents 11.3% of caloric supply (Zeigler Rodent RQ 
22–5). The MHFD contained 23.5% protein, 20.0% lard, 
5.0% vegetable fat (corn oil), 20.2% polysaccharide, 20.2% 
simple sugars, 5.0% fiber, 5.0% minerals, 1.0% vitamins 
(w/w), and energy 4.9 kcal/g, where fat represents 45% of 
total caloric supply (Castro-Rodriguez et al., 2020). Body 
weight was measured weekly and daily food consumption 
was recorded.

At the end of the experimental period, urine samples were 
collected over a 24-h period in metabolic cages. Then, mice 
were anesthetized with sodium pentobarbital (30 mg/kg) to 
obtain blood samples by cardiac puncture. A slide of the kid-
ney was fixed in paraformaldehyde 4% for histopathological 
analysis and both kidneys were weighed and preserved in liq-
uid nitrogen (−80ºC) until analysis.

Urinary creatinine concentration was measured with the 
Quantichrom creatinine assay kit (DICT-500).

2.2  |  Metabolic parameters and body 
composition

Analysis of body composition was performed in 6 animals 
per group using a 4- in-1 small animal MRI (Echo Medical 
Systems). Serum analysis of glucose, triglycerides, and cho-
lesterol were determined enzymatically with a SynchronCX 
auto analyzer (Beckman Coulter).

2.3  |  Hydrogen peroxide urinary excretion

The determination of urinary hydrogen peroxide as an oxi-
dative stress marker was carried out, using a commercial kit 
(Amplex Red Hydrogen Peroxide/Peroxidase Assay, Roche, 
cat. no. A22188) following the manufacturer's instructions.

2.4  |  Albuminuria excretion

As a marker of kidney damage, urinary albumin concentra-
tion was analyzed by using a commercial kit Albuwell M 
(Exocell Inc., cat. no. 1011) following the manufacturer's 
instructions. This assay is a competitive ELISA completed 

in a direct mode, consisting of mouse-specific albumin rec-
ognition by the provided horseradish peroxidase-conjugated 
antibody, absorbance spectrophotometry, and concentration 
estimation using linear regression of a standard curve, and 
were normalized by urinary creatinine (UCr).

2.5  |  Detection of urinary biomarkers by 
Western Blot

Using Western blot technique, urinary HSP72 (Barrera-
Chimal et al., 2011; Morales-Buenrostro et al., 2014; Ortega-
Trejo et al., 2015; Perez-Villalva et al., 2017), KIM-1 
(Perez-Rojas et al., 2007; Vaidya et al., 2005, 2006), and 
SerpinA3K (Sanchez-Navarro et al., 2019) levels were de-
tected in the diluted urine (1:10 in 0.9% saline solution) 
as follows: 10 μl of each dilution was loaded and resolved 
in 8.5% SDS-PAGE. A mouse anti-HSP72 (ENZO Life 
Sciences, cat. no. ADI-SPA-819F 1:5000 dilution), anti-
KIM-1 (Boster, cat. no. PA1632, 1:5000) or anti-SerpinA3K 
antibody (Proteintech, cat. no. 55480-1-AP, 1:1000) was in-
cubated overnight at 4℃. Thereafter, membranes were in-
cubated with a secondary antibody, HRP-conjugated goat 
anti-mouse IgG or anti-rabbit IgG, respectively (Santa Cruz, 
cat. no. sc-2031 and sc-2004, respectively 1:5000). The pro-
teins were detected using a commercial chemiluminescence 
kit (Millipore, Cat. No. WBKLS0500) and were normalized 
by urinary creatinine (UCr).

2.6  |  Western Blot and antibodies

The renal proteins were homogenized with a lysis buffer 
containing: 50 mM HEPES pH 7.4, 250 mM NaCl, 5 mM 
EDTA, 0.1% NP-40 and complete protease inhibitor (Roche, 
cat. no. 11697498001). The proteins concentration was as-
sessed by Lowry protein assay (Bio-Rad, Cat. No. 5000113 
and 5000114). Renal protein levels were detected by Western 
blot, tissue proteins (20 μg) were electrophoresed in a dena-
turing 8.5% acrylamide gel with SDS. The membranes were 
incubated with the primary antibody IL-6 (Santa Cruz, cat. 
no. sc57315, 1:1000), BiP-1 (Cell Signaling, cat. no. 3177, 
1:1000), CHOP (Cell Signaling, cat. no. 2895, 1:5000), 
FOXO3 (Santa Cruz, cat. no. sc11351, 1:5000), Mitofusin-
1+Mitofusin-2 (Abcam, cat. no. ab57602, 1:1000), Drp1 
(Santa Cruz, cat. no. sc-271583, 1:1000) and HRP β-Actin 
antibody [AC-15] (Abcam, cat. no. ab49900, 1:1,000,000) 
overnight at 4℃. Three of 10-min washes were performed 
with TBS-1x Tween, and then incubated with a second-
ary antibody coupled to HRP, anti-rabbit or anti-mouse 
IgG (Santa Cruz, cat. no. sc-2031 or sc-2004, respectively 
1:5000). Tissue proteins assessed by Western blot were nor-
malized by β-actin detection.
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2.6.1  |  RNA extraction and quantitative PCR

Total RNA was isolated from whole kidneys using the TRIzol 
method (Invitrogen, cat. no. 15596026) and RNA integrity 
was evaluated using 1% agarose gel electrophoresis, to ana-
lyze rRNA. To avoid DNA contamination, total RNA sam-
ples were treated with DNase (DNase I; Invitrogen, cat. no. 
18068015). Reverse transcription (RT) was carried out with 
1 μg of total RNA and 200 U of Moloney murine leukemia 
virus reverse transcriptase (Invitrogen, cat. no. 18064022). 
The mRNA levels of Interleukin 6 (Il-6), tumor necrosis fac-
tor alpha (Tnfa), interleukin 10 (Il10), transforming growth 
factor (Tgfb1) vascular endothelial growth factor (Vegfa), 
catalase (Cat), superoxide dismutase (Sod2) and glutathione 
peroxidase 1 (Gpx1) were quantified by real-time PCR on an 
ABI Prism 7300 Sequence Detection System (TaqMan, ABI, 
Foster City, CA, cat. no. 4331182). Probes were ordered 
as follows: Il6 (Mm00446190_m1), Tnfa (Mm0443258_
m1), Il10 (Mm01288386_m1), Tgfb1 (Mm03024053_m1), 
Vegfa (Rn01511602_m1), Cat (Mm00437992_m1), Sod2 
(Mm01313000_m1) and Gpx1 (Mm00656767_g1). As an 
endogenous control, eukaryotic 18S rRNA (predesigned 
assay reagent Applied by ABI, external run, Rn03928990_
g1, Cat. No. 4319413E) was used. The relative quantification 
of each gene expression was performed using the compara-
tive threshold cycle (Ct) method.

2.6.2  |  Histopathological analysis

After tissue fixation, the kidneys were dehydrated and em-
bedded in paraffin. Renal slices of 4 μm were obtained and 
stained with Periodic Acid Schiff (PAS). Twelve high-power 
fields (Magnification 200×) were captured from the renal 
cortex of each kidney to ensure the presence of at least 12 
glomeruli per kidney using a camera incorporated onto the 
microscope. The glomerulus size was evaluated by measur-
ing glomerular area in each captured glomerulus per mouse 
using the NIS-Elements software (Nikon Instruments Inc.). 
Because glomeruli are spheroidal in shape and in each section 
of the kidney, each glomerulus can be cut at the lower, upper, 
or middle pole, the glomerular area was organized by ranks 
and then the differences between the C and MHDF groups 
were determined by a contingency analysis, as we have pre-
viously reported (Barrera-Chimal et al., 2013, 2018; Garcia-
Ortuno et al., 2019; Perez-Rojas et al., 2007). Researchers 
were blind to the experimental group.

2.6.3  |  Statistical analysis

The results are presented as the mean ± SE. The significance 
of the differences between groups was assessed by unpaired 

t-test. All comparisons passed the normality test. The dif-
ferences in the ranks of glomerular area among the groups 
were evaluated by contingency analysis, and the differences 
were assessed using the chi-squared test with Yates correc-
tion. Statistical significance was defined when the p value 
was <0.05. All the graphs and statistical analyses were per-
formed using the statistical GraphPad Prisma 8 software for 
Mac (GraphPad Software).

3  |   RESULTS

3.1  |  Overweight and renal damage induced 
by a MHFD

The experimental group was fed with a MHFD for fourteen 
weeks. We observed that the MHFD group exhibited an in-
crease in body weight (BW) by 48% compared to the control 
group (Figure 1a), without changes in the kidney weight (KW) 
(Figure 1b). In addition, no statistical difference was ob-
served in the ratio kidney weight g/lean % (0.0034 ± 0.0002 
vs. 0.0026  ±  0.0003, respectively, p  =  NS). However, the 
ratio kidney/body weight (KW/BW) was reduced (Figure 
1c). We also observed that the MHFD group had decreased 
urine output (Figure 1d).

In Table S1 (https://figsh​are.com/s/753eb​0b268​daba3​
62bf6) (https://doi.org/10.6084/m9.figsh​are.14224199) ap-
pears the corporal composition and metabolic parameters 
for the studied groups. Serum glucose and cholesterol levels 
were significantly increased by 35.6% and 45.1%, respec-
tively in the MHDF group. In the MHFD group there was 
an increase in fat tissue percentage compared to the control 
group (33.6% vs. 8.4%, respectively). Similarly, the visceral 
adipose tissue was greater in the MHFD than in the C group 
(2.9 vs. 0.4 g, respectively). These alterations resulted in a 
reduction in lean tissue percentage in the MHDF compared 
to the control group (66.2% vs. 91.2%, respectively). At the 
end of the study, the MHFD group exhibited mild metabolic 
dysfunction characterized by a significant increase in serum 
glucose and in cholesterol, without changes in triglycerides 
levels.

Renal dysfunction induced by MHFD was evaluated by 
albuminuria/UCr (Figure 2a) and urinary biomarkers of kid-
ney injury: HSP72 (Figure 2b), KIM-1 (Figure 2c), and ser-
pinA3K (Figure 2d). The HFD group exhibited a significant 
increase in albuminuria/UCr compared to the C group (0.048 
vs. 0.004, respectively). In accordance with these results a 
significant increase in UHSP72, UKIM-1 and UserpinA3K 
was observed in the MHFD group by 2.1, 3.7 and 1.9-fold, 
respectively, compared to the control group.

Because hyperfiltration and glomerular injury are as-
sociated with albuminuria in obese subjects (D'Agati 
et al., 2016), we quantified glomerular area in at least 12 

https://figshare.com/s/753eb0b268daba362bf6
https://figshare.com/s/753eb0b268daba362bf6
https://doi.org/10.6084/m9.figshare.14224199
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glomeruli of each mouse. In seven ranges, the glomerular 
areas were distributed, the percentage in each range was 
calculated and the statistical differences between the C 
and MHDF groups were analyzed by contingency analy-
sis (Figure 3). Interestingly we found a higher proportion 
of large glomeruli (>3200  μm2) in the kidney micropho-
tographs from obese mice, whereas the C group exhibited 
a normal distribution in the glomerular areas, where most 
of the glomeruli were between 2001 and 2400 μm2 (Figure 

3b), indicating that glomerular hypertrophy is part of the 
renal structural abnormalities in our model. To address the 
establishment of chronic kidney disease, we also evaluated 
fibrotic area using Sirius Red stain, as a final common 
pathway of chronic kidney injury; however, we did not find 
extracellular matrix (ECM) expansion in any of the obese 
mice compared to the C group (Figure 3e,f). These results 
indicated that mice fed with a MHFD exhibited clear signs 
of early renal injury.

F I G U R E  1   Physiological parameters 
induced by a MHFD at the end of the study. 
(a) Body weight (BW) and (b) kidney 
weight (KW) (g), respectively. (c) Kidney 
weight/body weight ratio (KW/BW). (d) 
urinary volume (µl/24 h). The group fed 
with a control diet (c) is represented in white 
circles, while the MHFD group in black 
circles, n = 10/11 per group, respectively 
for (a), (b), (c) and n = 10 per group for 
(d). Lines stated in each group represent the 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t-test

F I G U R E  2   Kidney biomarkers of 
renal injury. (a) Albuminuria/UCr evaluated 
by ELISA (µg/ml). (b, c, and d) Urinary 
HSP72, urinary KIM-1, and urinary 
SerpinA3K respectively, detected by WB 
analysis and corrected by urinary creatinine 
(AU/UCr), in these graphs insets of 
representative blots are included. The group 
fed a control diet (C) is represented in white 
circles, while the MHFD group in black 
circles, n = 8/10 per group, respectively for 
(b), (c), (d) and n = 10 per group for (a). 
Lines reflect mean ± SE. *p < 0.05 versus 
the C group assessed by unpaired t-test

C MHFD
0

300

600

900

1200

U
rin

ar
y 

H
SP

72
A

U
/U

C
r

*

C MHFD
0

250

500

750

1000

U
rin

ar
y 

K
IM

-1
A

U
/U

C
r

*

C MHFD
0.00

0.04

0.08

0.12

A
lb

um
in

ur
ia

/U
C

r

*

C MHFD
0

250

500

750

1000

U
Se

rp
in

A
3K

A
U

/U
C

r

*

(a) (b)

(c) (d)



6 of 13  |      SÁNCHEZ-NAVARRO et al.

3.2  |  Mice fed a MHFD exhibited renal 
inflammation, oxidative stress and ER-stress

Obese mice fed a MHFD exhibited inflammation as is shown 
by the increase in interleukin-6 (Il6) mRNA (Figure 4a) and 
protein levels (Figure 4b), as well as by the increase in Tnfa 
mRNA levels (Figure 4c), and a significant reduction were ob-
served in the anti-inflammatory cytokine: interleukin-10 (Il10) 
(Figure 4d). Interestingly, transforming growth factor β (Tgfb1) 
mRNA levels were significantly increased in the kidney of 
obese mice (Figure 4e). In addition, significant increase of vas-
cular endothelial growth factor (Vegf) mRNA levels was ob-
served in the HFD group compared to the C group (Figure 4f).

Oxidative stress was indirectly evaluated by urinary hy-
drogen peroxide levels (Urinary H2O2) and by antioxidant 
enzymes mRNA levels. Urinary H2O2 was clearly enhanced 
in the MHFD group compared to the C group (10.5 ± 2.3 
vs. 4.2 ± 0.5 pMol/24 h) (Figure 5a). Although, we did not 
observe changes in nuclear factor erythroid 2 Like 2 (Nfe2l2) 
mRNA levels between the studied groups (Figure 5b), cat-
alase (Cat) mRNA levels were significantly reduced in the 
MHFD group compared to the C group (Figure 5c), whereas 
no changes in superoxide dismutase 2 (Sod2) or glutathione 
peroxidase (Gpx) mRNA levels were found (Figure 5d,e). 
We also evaluated the protein levels of FOXO3, because of 
its critical role in the regulation of metabolism, oxidative 
stress and hypoxic response, as well as, its role in the cell-
cycle (Senf et al., 2011). We found a significant reduction in 
FOXO3 protein levels in the obese animals, consistent with 
the oxidative stress found in the MHFD group (Figure 5f).

Additionally, we studied the protein levels of BiP-1 and 
CHOP involved in ER-stress in response to energetic or cel-
lular stress. A significant increase by almost 2-fold in BiP-1 
was observed in the MHFD group compared to the C group 
(Figure 6a). Similarly, a higher increase by 2.5-fold was 
found in CHOP expression in the MHFD group compared to 
the C group (Figure 6b).

3.3  |  Obese mice exhibited disruption of 
mitochondrial dynamics

Finally, we evaluated the mitochondrial dynamics by analyz-
ing the protein levels of Mitofusin-1+Mitofusin-2 (Mfn1/2) 
and Dynamin-related Protein-1 (Drp1) by western blot, as 
subrogates of mitochondrial damage. We found a significant 
increase in Drp1 protein levels (Figure 7a), whereas Mfn1/2, 
a basic component of the mitochondrial outer membrane fu-
sion machinery, did not change (Figure 7b). Nevertheless, we 
found an increased Drp1-to-Mfn1/2 expression ratio in the 
animals fed a MHFD (Figure 7c). These results reflect the in-
creased mitochondrial fragmentation and damage, that could 
be related to the oxidative and ER-stress.

4  |   DISCUSSION

In this study, we demonstrated that feeding male mice 
with a lesser content of fat (45%) for a relatively short pe-
riod induced relevant renal alterations characterized by a 

F I G U R E  3   Glomerular hypertrophy 
induced by MHFD. (a,b) Glomerular 
area distribution along seven ranks are 
represented in white bars for the control 
diet group (a), and in black for MHFD 
group (b). (c,d) Representative micrographs 
staining with PAS showing glomerular 
hypertrophy induced by MHFD. Scale 
bar 50 μm (Original magnification 200×). 
*p < 0.01 versus the C group assessed by a 
contingency analysis
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significant increase in albuminuria, glomerular hypertrophy, 
and increased excretion of urinary kidney injury biomarkers 
(Hsp72, Kim1, and serpinA3), in spite of a discretional meta-
bolic impairment. All these abnormalities were associated 
with altered balance of mitochondrial fission/fusion, renal 
inflammation, and increased oxidative and ER-stress.

Despite the efforts that have been made to study the 
mechanisms involved in the relationship between obesity 
and renal damage, there is an inadequate understanding of 
the crucial events that lead to long-term alterations in the 
kidney. A high-fat diet induces an initial adaptation of mi-
tochondrial bioenergetics to balance the energy supply and 
demand, in order to optimize nutrient overload and consump-
tion. However, this adaptation is accompanied by a reduced 
respiratory efficiency, increased proton leakage, ROS gener-
ation and increased mito-autophagy (Garrison et al., 2017; 
Ruggiero et al., 2011). Accordingly, we found that mice fed a 
MHFD exhibit greater oxidative stress that was evidenced by 
a significant increase in urinary H2O2 excretion and a signifi-
cant reduction in catalase mRNA levels. In addition, FOXO3 
protein levels were reduced in the kidney from the MHFD 
group, which could contribute to more ROS generation. In 

this regard, it has been shown that the conditional deletion of 
FOXO3 exacerbates acute kidney injury (AKI) to CKD tran-
sition by reducing epithelial autophagy and lowering SOD2 
expression. On the contrary, FOXO3 activation in hypoxic 
tubules prevents CKD (Li et al., 2019b).

Although we did not measure GFR, the presence of glo-
merular hypertrophy suggests an increase in intraglomerular 
pressure (D'Agati et al., 2016), which leads to enhanced sol-
ute and fluid delivery along the nephrons, therefore increas-
ing metabolic demand, and possibly contributing to oxidative 
stress perpetuation. The presence of albuminuria and the in-
creased excretion of tubular injury biomarkers in the MHDF 
group suggest a deterioration of both, glomerular filtration 
barrier and tubular epithelium.

Factors associated with obesity, like elevated circulat-
ing levels of free fatty acids (FFA) can lead to ER-stress in 
several tissues. ER is essential for the biosynthesis of pro-
teins, lipid metabolism and regulation of calcium metabolism 
(Martin-Jimenez et al., 2017). However, the precise mecha-
nisms that lead to ER-stress induced by obesity, is still un-
known. Recent evidence suggests that ER-stress is dependent 
on dysregulation of calcium homeostasis, increased ROS, 

F I G U R E  4   Kidney inflammation 
induced by MHFD. (a) Relative expression 
of Il-6 mRNA and (b) Protein levels of 
IL-6, including a representative blot. (c) 
Relative expression of Tnfa mRNA levels. 
(d) Relative expression of Il-10 mRNA 
levels. (e) Relative expression of Tgfb1 
mRNA levels and (f) Relative expression of 
Vegfa mRNA levels. In the IL-6 detection 
by WB: the first four samples corresponded 
to the control group (C) and the remaining 
five samples are from the MHFD mice and 
corrected by β-actin. The group fed a control 
diet (C) is represented in white circles, while 
the MHFD group in black circles, n = 8/10 
per group, respectively for (b) and n = 8 per 
group for (a), (c), (d), (e), (f). Lines reflect 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t-test
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and FFA accumulation (Cnop et al., 2012; Martin-Jimenez 
et al., 2017). In HFD-fed mice, excessive ectopic accumu-
lation of FFA has been demonstrated in several tissues, 

leading to cellular lipotoxicity, remarkable ER-stress, and an 
activated unfolded protein response (UPR) (Li et al., 2019a; 
Tanaka et al., 2012). Indeed, UPR becomes activated with 

F I G U R E  5   Oxidative stress after 
14 weeks of MHFD. (a) Urinary Hydrogen 
Peroxide (Urinary H2O2) (b–e) Relative 
expression of Catalase, Nrfe2l2, Sod2, 
and Gpx, respectively (f) Protein levels 
of FOXO3 and β-actin detected by WB 
including the insets of a representative blot. 
The first four samples correspond to the 
control group (C) and the remaining five 
to the MHFD group, the graph represents 
FOXO3 corrected by β-actin. The group fed 
a control diet (C) is represented in white 
circles, while the MHFD group in black 
circles, n = 9 per group for (a); n = 8 per 
group for (b), (c), (d), (e) and n = 8/10 per 
group, respectively for (f). Lines reflect 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t-test
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the accumulation of misfolded proteins in the ER lumen 
(Martin-Jimenez et al., 2017) that intends to balance the ER 
functional capacity. Additionally, oxidative and ER-stress are 
closely interrelated phenomena because oxidative stress can 
disturb the ER redox balance leading to the disruption of di-
sulfide bonds, the misfolding of proteins and the generation 
of ROS (Cao & Kaufman, 2014; Victor et al., 2021).

Moreover, it has been shown that ER-stress contributes to 
the development of insulin resistance and inflammation. In 
fact, ER-stress preceded inflammation in the liver mediated 
by lipotoxicity (Martin-Jimenez et al., 2017; Ozcan et al., 
2004; Townsend et al., 2019). During ER-stress, protein ki-
nase RNA-like ER kinase (PERK), inositol-requiring pro-
tein 1α (IRE1α) and activating transcription factor 6 (ATF6) 
dissociate from the ER chaperone immunoglobulin heavy 
chain-binding protein (BiP), which then increases its bind-
ing to misfolded proteins found in the lumen (Cnop et al., 
2012; Martin-Jimenez et al., 2017). Consistent with this, we 
found a significant increase in BiP expression, suggesting that 
feeding the mice a MHFD for 14 weeks is enough to induce 
renal ER-stress. The BiP up-regulation is associated with the 
prevention of protein translation, and inefficient removal of 
misfolded proteins, which favors apoptosis of damaged cells, 
as an adaptive mechanism (Dandekar et al., 2015; Kim et al., 
2018a). Furthermore, in chronic ER-stress, signaling switches 
from pro-survival to pro-apoptosis by upregulating the C/EBP 
homologous protein (CHOP) driven by ATF4 associated to 
the PERK/eIF2-α pathway to trigger apoptosis (Groenendyk 
et al., 2010; Li et al., 2019a). Chronic ER-stress also leads to 
oxidative stress and inflammation (Kim et al., 2018b). In fact, 
in human obesity and models of genetic or dietary obesity, 
ER-stress leads to the activation of UPR and the expression of 
CHOP. The upregulation of CHOP has been related with the 
induction of inflammation, leading to lower number of macro-
phages-M2 and lymphocytes Th2, well known to establish and 
anti-inflammatory response (Suzuki et al., 2017). In human 

obesity, UPR pathways' activation, evaluated by CHOP and 
BiP upregulation, happens together with oxidative stress and 
inflammation (Banuls et al., 2017; Komura et al., 2010; Sage 
et al., 2012) this data supports the existence of cross-linked 
mechanisms that occur in the kidneys as a result of obesity.

There is also evidence that ER-stress also leads to inflam-
mation through the liberation of Ca2+ and ROS from the ER 
that trigger the Toll-like receptor (TLR) pathways, including 
nuclear factor κB (NF-κB), mitogen-activated protein kinase 
(MAPK), and glycogen synthase kinase-3β (GSK-3β) (Victor 
et al., 2021). Accordingly, we found that the MHFD group ex-
hibited an increase in interleukin-6 mRNA and protein levels, 
as well as an increase in Tnfa mRNA levels. Additionally, Tgfb1 
mRNA levels were significantly increased too. This cytokine 
is well known to be associated with renal fibrosis by promot-
ing the proliferation and the activation of interstitial fibroblasts 
and the epithelial-mesenchymal transition (Iwano et al., 2002; 
Lovisa et al., 2015). Although, we did not find ECM expan-
sion, the elevation of Tgfb1 could represent the initiation of a 
pro-fibrotic state into the kidney, which could be histologically 
evidenced in future studies with a longer follow-up.

In this study, we also found a significant increase in Vegf 
mRNA levels in the MHFD group. VEGF-A is a protein 
that can be secreted by podocytes and its function is criti-
cal for podocytes, mesangial and endothelial cells survival. 
VEGF-A regulates slit-diaphragm signaling and podocyte 
shape through VEGF receptor 2-nephrin-actin interactions. 
Previous studies have demonstrated that chronic hyperglyce-
mia induced an excess of podocyte VEGF-A expression and 
low endothelial nitric oxide (NO) generation. The abnormal 
crosstalk between VEGF-A and NO pathways results in an 
increased oxidative stress (Tufro & Veron, 2012). Moreover, 
elevation of VEGF alone reproduces some aspects of glomer-
ulopathy, and its antagonism attenuates diabetic albuminuria 
and other associated features of the podocytopathy (Cooper 
et al., 1999; Sung et al., 2006).

F I G U R E  7   Altered balance of mitochondrial fission/fusion in the kidney of MHFD mice. (a) Protein levels of Drp1 and (b) Protein levels of 
Mitofusin1, including a representative blot. (c) Ratio Drp1/Mitofusin1. In the WB image insets: the first four samples correspond to the controls (C) 
and the remaining five are from the MHFD mice group and corrected by β-actin. The bars reflect mean ± SE. *p < 0.05 versus control group. The 
group fed a control diet (C) is represented in white circles, while the MHFD group in black circles, n = 8/10 per group, respectively. Lines reflect 
mean ± SE. *p < 0.05 versus the C group assessed by unpaired t-test
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Emerging evidence suggest that dysfunctional mito-
chondria have a primary role in the development of CKD. 
There are some hallmark features of mitochondrial dys-
function, such as, changes in morphology, remodeling, and 
decrease in both mitochondrial biogenesis and ATP produc-
tion (Galvan et al., 2017). Considering that we found an 
interesting bioenergetic dysregulation, reflected by the ox-
idative and ER-stress, we decided to analyze the mitochon-
drial dynamics as subrogate of mitochondrial dysfunction. 
Under normal conditions, both mitochondrial fission and 
fusion occur continuously and are precisely controlled by 
associated modulators (Chan, 2012). We found that Drp1 
protein levels, that is a member of the GTPase family, and 
controls the final step in mitochondrial fission (Correa-
Rotter & Gamba, 1997), was significantly elevated in the 
MHFD group, while Mfn1/2, a basic component of the mi-
tochondrial fusion machinery did not change (Chan, 2012). 
Therefore, our results suggest that increased mitochondrial 
fragmentation is another implicated mechanism in renal in-
jury induced by a MHFD (Jeong et al., 2018). In this regard, 
increased numbers of fragmented mitochondria have been 
observed in renal diseases, such as diabetic nephropathy 
(Brooks et al., 2009; Lee et al., 2017).

In summary, this model of MHFD-induced kidney dam-
age has given us a great opportunity to detect key initiators, 
suggesting relevant interactions that can lead to the develop-
ment of CKD. At the same time, it has taught us the possible 
kidney disorders that can occur in obese patients. We also 
believe that this model could be a useful tool to study the role 
of antioxidant molecules and drugs to protect ER and mito-
chondrial dynamics as new therapeutic targets for obesity-
induced kidney damage.
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Resumen de los resultados de un nuevo biomarcador para el diagnóstico de 

LRA y de la  transición de LRA a ERC,  publicados en la revista en Scientific 

Reports, 9(1), 1–11, 2019, correspondientes al objetivo 4. 

Identificar a los pacientes en las primeras fases de la enfermedad renal 

crónica (ERC) es difícil y resulta aún más complicado predecir la lesión renal aguda 

(LRA) y su transición a la ERC. El estándar de oro para identificar oportunamente la 

fibrosis renal es la biopsia renal, un procedimiento invasivo que no suele realizarse 

con este fin en la práctica clínica. Identificamos mediante espectrometría de masas 

de alta resolución la presencia anormal de SerpinA3 en la orina de animales con 

ERC. Se observó una elevación temprana y progresiva de SerpinA3 urinario 

(uSerpinA3) durante la transición de LRA a ERC, junto con la reubicación de 

SerpinA3 desde el citoplasma a la membrana tubular apical en el riñón de rata. 

uSerpinA3 aumentó significativamente en pacientes con ERC secundaria a GSFS, 

vasculitis asociada a ANCA (VAA) y nefritis lúpica proliferativa de clases III y IV (NL). 

Los niveles de uSerpinA3 se asociaron de forma independiente y positiva con la 

fibrosis renal. En pacientes con NL de clase V, los niveles de uSerpinA3 no fueron 

diferentes de los de voluntarios sanos. La uSerpinA3 no se encontró en pacientes 

con enfermedades inflamatorias sistémicas sin disfunción renal. Nuestras 

observaciones sugieren que la uSerpinA3 puede detectar la fibrosis y la inflamación 

renal, con un potencial particular de su detección no invasiva y de manera oportuna. 
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SerpinA3 in the Early Recognition 
of Acute Kidney Injury to Chronic 
Kidney Disease (CKD) transition in 
the rat and its Potentiality in the 
Recognition of Patients with CKD
Andrea Sánchez-Navarro1,2, Juan M. Mejía-Vilet   2, Rosalba Pérez-Villalva1,2, 
Diego L. Carrillo-Pérez4,5, Brenda Marquina-Castillo3, Gerardo Gamba1,2,5 & 
Norma A. Bobadilla   1,2

Recognizing patients at early phases of chronic kidney disease (CKD) is difficult, and it is even more 
challenging to predict acute kidney injury (AKI) and its transition to CKD. The gold standard to timely 
identify renal fibrosis is the kidney biopsy, an invasive procedure not usually performed for this 
purpose in clinical practice. SerpinA3 was identified by high-resolution-mass-spectrometry in urines 
from animals with CKD. An early and progressive elevation of urinary SerpinA3 (uSerpinA3) was 
observed during the AKI to CKD transition together with SerpinA3 relocation from the cytoplasm to 
the apical tubular membrane in the rat kidney. uSerpinA3/alpha-1-antichymotrypsin was significantly 
increased in patients with CKD secondary to focal and segmental glomerulosclerosis (FSGS), ANCA 
associated vasculitis (AAV) and proliferative class III and IV lupus nephritis (LN). uSerpinA3 levels were 
independently and positively associated with renal fibrosis. In patients with class V LN, uSerpinA3 
levels were not different from healthy volunteers. uSerpinA3 was not found in patients with systemic 
inflammatory diseases without renal dysfunction. Our observations suggest that uSerpinA3 can 
detect renal fibrosis and inflammation, with a particular potential for the early detection of AKI to CKD 
transition and for the differentiation among lupus nephritis classes III/IV and V.

Chronic kidney disease (CKD) is a silent disease that is often not recognized in clinical practice until the global 
renal function is impaired or proteinuria is detected in urine assays. Over the past two decades, the incidence of 
CKD has increased more than threefold, and according to the World Health Organization, it will be one of the 
three main causes of death and disability in the world by 20201. To assess renal function, international organiza-
tions such as the National Kidney Foundation in the Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) 
or the Kidney Disease Improving Global Outcomes (KDIGO) have proposed a series of guidelines for CKD 
detection that recommend CKD screening with serum creatinine, urea nitrogen and the abnormal presence of 
proteins in the urine2,3. Unfortunately, these classical kidney injury markers are only detectable when the disease 
is already advanced, and pharmacological treatments are possibly less effective. Moreover, tubulointerstitial fibro-
sis has been shown to occur earlier than renal dysfunction, and when proteinuria appears, the disease has been 
already established4,5. The presence of renal fibrosis, before glomerular filtration rate (GFR) reduction, can only 
be documented by kidney biopsy. Additionally, for most glomerular diseases, as is the case for lupus nephritis 
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(LN), kidney biopsy represents the gold standard for diagnosis and the only way to classify histological damage 
for diagnostic and prognostic purposes5.

Acute kidney injury (AKI) represents another important renal disease around the globe. It affects 21% of 
hospitalized patients in general wards and up to 60% of patients in critical care units6,7. It was previously spec-
ulated that patients who completely recovered from an AKI episode had no further repercussions on kidney 
function and structure; however, recent evidence based on epidemiological and experimental observations has 
demonstrated that in many cases, AKI leads to CKD8–13. Therefore, AKI is now acknowledged as a risk factor 
for the development of CKD and an accelerating factor for the transition from CKD to end-stage renal disease 
(ESRD)13–15.

Currently, CKD diagnosis is made through urine proteinuria or albuminuria, serum creatinine elevation, 
urine sediment abnormalities, imaging studies or histopathology. The disadvantage to these approaches is the 
late detection of renal disease and, for the case of histopathological studies, the invasiveness and impracticability. 
Therefore, current efforts are under way to identify a timely non-invasive biomarker for CKD and the AKI to 
CKD transition.

We identified the abnormal presence of serpinA3 in urine samples from animals with CKD by high-resolution 
mass spectrometry, and here, we present evidence that uSerpinA3 is a potentially useful diagnostic marker to 
detect the AKI to CKD transition and CKD from different etiologies.

Methods
All experiments involving animals were conducted in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals (https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf)  
and with the Mexican Federal Regulation for animal reproduction, care, and experimentation (NOM-
062-ZOO-2001). All methods involving humans were performed in accordance with the relevant guidelines and 
regulations. The study was approved by both the Animal Care and Use Committee and the Ethical Committee for 
human research at Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán. Informed consent was 
obtained from all the patients included in this study.

All the animals used in this study were maintained in controlled conditions of temperature and humidity in 
our animal housing facility with 12:12 h day/night cycle, with free access to water and food.

AKI to CKD transition model.  36 male Wistar rats (320–350 g) were included and randomly distributed 
into two groups as follows: control animals who underwent sham surgery and were studied and sacrificed at 1, 2, 
3, or 4-months (n = 4 per period), and rats who underwent right nephrectomy and unilateral 45-min left renal 
ischemia who were studied and sacrificed at 1, 2, 3, or 4-months (n = 5 per period). In our experience, 30–40% 
of the animals died after 24 h of ischemic injury, but none was lost during the follow-up (4 months). The animals 
were maintained in controlled conditions in our animal facility. All the samples of the included animals were 
evaluated and included in the analyses.

Ischemia/reperfusion model.  After an intra-peritoneal injection of sodium pentobarbital (30 mg/kg), the 
rats were placed on a heating pad to maintain core body temperature at 37 °C. Unilateral renal ischemia was 
induced using a non-traumatic clamp on left renal artery for 45 min. Then, the clip was released to allow the 
return of oxygenated blood to the kidney and right nephrectomy was performed. 3–0 vicryl and silk sutures were 
used to close the muscle and the skin, respectively. For sham surgery, laparotomy and renal pedicle dissection, 
without clamping, was performed.

Functional studies.  At the end of the experimental period, rats were anesthetized with sodium pentobar-
bital (30 mg/kg) and placed on a homoeothermic table. The femoral arteries were catheterized with polyethylene 
tubing (PE-50). The mean arterial pressure (MAP) was monitored with a pressure transducer (model p23 db, 
Gould) and recorded on a polygraph (Grass Instruments, Quincy, MA). An ultrasound transit-time flow probe 
(transonic flow probe, New York, NY) was placed around the left artery and filled with ultrasonic coupling gel 
(HR Lubricating Jelly, Carter-Wallace, New York, NY) to record the renal blood flow (Transonic flowmeter, New 
York, NY). Blood samples were taken at the end of the study as we previously reported16,17.

Biochemical studies.  Turbidimetric method with trichloroacetic acid (TCA) was employed to measure 
urinary protein excretion monthly in 24-h urine collections throughout the follow-up in all studied groups. 
Quantichrom creatinine assay kit (DICT-500) was used to determine urine and serum creatinine concentrations 
and renal creatinine clearance was obtained using the standard formula.

Percentage of tubulo-interstitial fibrosis.  Paraffin embedded renal tissue was deparaffinized and 3 µm 
sections were stained with Sirius red. Eight to ten subcortical fields (magnification x400) were recorded from 
each kidney slide using a digital camera incorporated in a Nikon Light microscope to measure the degree of 
tubulo-interstitial fibrosis by morphometry. The affected area of tubulo-interstitial fibrosis was automatically 
quantified by an eclipse net software. All the analyses were performed by an observer blind to the experiments as 
we previously reported16,17.

High-resolution urine mass spectrometry.  Bands of 55 and 70 kDa were cut from an 8.5% acrylamide 
gel stained with Coomassie R-250 blue to perform a tryptic protein digestion in gel, following the protocol of the 
Laboratory of Proteomics from our University. The collected peptides were desalted with Zip Tip C18 millipore 
tips (LUP protocol) and dried in a speedvac. Samples were kept at −80 °C until analysis. The sample ionization 
and subsequent analysis was performed by high-resolution mass spectrometry (LTQ Orbitrap, Thermo Fisher 
Scientific).
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Renal SerpinA3 mRNA levels.  At every predefined period, animals were sacrificed and half of the left 
kidney was quickly removed and frozen for molecular studies. Total RNA was isolated from the kidney using 
the TRIzol method (Invitrogen, Carlsbad, CA) and its integrity checked integrity using 1% agarose gel electro-
phoresis. To avoid DNA contamination, total RNA samples were treated with DNAase (DNAase I; Invitrogen). 
Reverse transcription (RT) was carried out with 1 μg of total RNA and 200 U of Moloney’s murine leukemia virus 
reverse transcriptase (Invitrogen) as we previously reported16,17. SerpinA3 mRNA levels (Rn04280570_m1) were 
quantified by real-time PCR on an ABI Prism 7300 Sequence Detection System (TaqMan, ABI, Foster City, CA). 
Eukaryotic 18S rRNA (predesigned assay reagent Applied by ABI, external run, Rn03928990_g1) was used as 
endogenous control. The relative quantification of each gene expression was performed with the comparative 
threshold cycle (Ct) method.

SerpinA3 protein levels in tissue, urine and plasma.  Electrophoresis on an 8.5% denaturing acryla-
mide gel was performed with 40 μg of renal tissue proteins, 1 μl of rat urine, 15 μl of human urine or 30 nl of 
human plasma as appropriate. Proteins were then transferred to pre-equilibrated polyvinyl difluoride (PVDF, 
Millipore) membranes with 1x transfer buffer (190 mM glycine, 2 mM Tris base, 0.1% SDS) in a transblot (SD cell, 
BioRad) for 60 min at 9 volts. Subsequently, membranes were blocked for 90 min with TBS buffer 5% blocking 
agent (BioRad). After blockade, membranes were incubated with the primary antibody serpinA3K (1:2000, Santa 
Cruz, SC-162175 for rat samples) and antibody serpinA3/alpha-1-antichymotrypsin (Proteintech, 55480-1-AP 
for human samples) overnight at 4 °C. The membranes were then incubated with the HRP-coupled anti-goat 
secondary antibody or HRP-coupled anti-rabbit secondary antibody, respectively (1:10000, Millipore or Thermo 
Scientific Pierce, respectively).

Urine Hsp72 levels.  Urine Hsp72 levels were detected by Western blot. Each urine sample was diluted 
1:10 in 0.9% saline solution, and 10 μL were loaded and resolved by 8.5% SDS-PAGE electrophoresis and then 
electroblotted. The membranes were incubated with mouse anti-Hsp72 antibody (ENZO Life Sciences, 1:5000 
dilution) for 2-h. Thereafter; membranes were incubated with a secondary antibody, HRP-conjugated goat 
anti-mouse IgG (1:5000, Santa Cruz Biotechnology). The proteins were detected using a commercial chemilumi-
niscence kit (Millipore), as we previously described18.

CKD patient sample collection.  Plasma and urine samples were collected pre-biopsy from male and 
female patients diagnosed with focal and segmental glomerulosclerosis (FSGS, n = 14), lupus nephritis (LN, 
n = 47), and ANCA associated vasculitis (AAV, n = 19). Lupus nephritis biopsies were classified according to the 
ISN/RPS classification19 into class III (n = 18), class IV (n = 18) and class V (n = 11). The sample size was based on 
the availability of biological samples and not statistically determined. The percentage of tubulointerstitial fibrosis 
was evaluated in renal biopsies by an expert nephropathologist. Patients with inflammatory diseases but without 
renal dysfunction were also included: liver cirrhosis (LC, n = 6), acute pancreatitis (AP, n = 6) and active rheuma-
toid arthritis (RA, n = 6). All the groups were compared to healthy volunteers (n = 20).

Figure 1.  Urine high-resolution mass spectrometry in CKD rats. (A) Representative acrylamide gel under 
denaturing conditions and subsequent staining with Coomassie blue of urines from rats with CKD compared to 
control rats (sham). The identified proteins were mainly between 55 and 72 KDa. (B) SerpinA3 was identified 
with high-resolution mass spectrometry with a high coverage (44.7%) in urine samples from CKD rats.
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Acute pancreatitis was defined by the presence of two of the following: acute onset of persistent, severe, epi-
gastric pain often radiating to the back, elevation in serum lipase or amylase to three times or greater than the 
upper limit of normal, or characteristic findings in the image studies20. RA was diagnosed by the 2010 ACR/
EULAR classification criteria. Active RA was defined as Disease Activity Score-28 joints (DAS28)-erythrocyte 
sedimentation rate (ESR) ≥ 3.221. LC was diagnosed by liver biopsy and/or clinical, biochemical, ultrasound, and/
or endoscopic findings, and classified according to the patient’s Child-Pugh score22.

SerpinA3 Immunohistochemistry.  Tissues from rat or human biopsies embedded in paraffin and cut into 
4 μm sections in charged slides. Once deparaffinized, the antibody recovery was performed with citrate buffer 
(Bio SB) for 12 min in high pressure. The slides were then blocked with a inmunoDNA background blocker (Bio 
SB) for 20 min and incubated with the primary serpinA3 antibody (1:500, Santa Cruz, SC-162175) for 2 h at 23 °C. 
Then the slides were incubated with a goat-on-rodent-HRP-polymer-secondary antibody (Biocare medical), and 
revealed with DAB peroxidase Substrate (Bio SB).

uSerpinA3 levels by ELISA.  Human serpinA3/Alpha-1-antichymotrypsin concentration in the urine sam-
ples was analyzed by ELISA kit (Catalog No. ELH-serpinA3, Raybiotech Inc.) The procedure was performed 
following the instructions of the manufacturer. Urine samples from healthy volunteers and patients were diluted 
at 1:100 or 1:200–500, respectively.

Statistical analysis.  Data distribution was evaluated by the Shapiro-Wilk test. The variables with normal 
distributions are presented as mean ± SD, while variables with non-normal distributions are presented as median 
and interquartile range. The groups were compared with ANOVA or the Kruskal Wallis test as appropriate, with 
Bonferroni’s and Dunn’s tests for multiple comparisons. Correlations were evaluated by Spearman’s test. The 
factors independently associated with interstitial fibrosis in LN patients were determined by a linear regression 
model. Variables were log-transformed and collinearity assessed by the variation inflation factor (VIF). Statistical 
significance was defined as a p-value < 0.05.
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Figure 2.  Temporal course of renal dysfunction and fibrosis in AKI to CKD transition in the rat. (A) 
Proteinuria, (B) Renal blood flow (RBF), (C) Creatinine clearance, and (D) Tubulo-interstitial fibrosis since the 
1st until the 4th month post-ischemia. Data are represented as the mean ± SE (for sham, n = 4, and for the AKI to 
CKD transition groups, n = 5 per period). White circles represent sham and black circles represent AKI to CKD 
transition groups. *p < 0.05 vs. sham group in their respective period.
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Results
Identification of SerpinA3 in the urine from rats with CKD.  CKD was induced in male rats using the 
model of right nephrectomy plus contralateral renal ischemia for 45-min then followed for four months. By the 
end of the study, all animals developed CKD and exhibited higher amounts of urine proteins between 55 and 
72 kDa compared to the control group (Fig. 1A). The bands were isolated, and the proteins were extracted from 
the gel to be analyzed by high-resolution mass spectrometry. As expected, albuminuria was present in the urine. 
In addition, serpinA3 was identified in these samples with a coverage of 44.7%. Other identified proteins were 
serotransferrin, alpha-1-antiproteinase, serine A3M protease inhibitor, LOC299282 protein, serpinC1, kininogen 
T, B-fetuin, and type I keratin. However, albumin and serpinA3 constituted the most abundant proteins (Fig. 1B).

uSerpinA3 levels in the AKI to CKD transition.  We analyzed the time course of the AKI to CKD transi-
tion by studying and euthanizing groups of animals on a monthly basis, starting in the 1st month and continuing 
up to the 4th month post-ischemia. The AKI to CKD transition was characterized by a progressive elevation 
of proteinuria that was statistically significant starting at the 3rd month (Fig. 2A), together with a significant 
reduction of renal blood flow (Fig. 2B) and renal dysfunction at the 4th month (Fig. 2C). The development of 
tubulointerstitial fibrosis was also observed starting at the 3rd month post-ischemia (Fig. 2D). These results show 
that uninephrectomized rats exposed to an AKI episode developed progressive CKD that was detected between 
three- and four-months post-AKI by the classic renal injury biomarkers.

Renal tissue serpinA3 mRNA and protein levels, as well as uSerpinA3 were analyzed during the time course 
of the AKI to CKD transition, as shown in Fig. 3. We observed a significant increase in serpinA3 mRNA levels 
starting at the 3rd month post-ischemia compared to the control group (Fig. 3A); however, this difference was not 
reflected at the protein level, as is shown by the Western blot analysis, in which no differences between groups 
were observed (Fig. 3B). Immunohistochemical analysis revealed that in the control group, serpinA3 is expressed 
mostly in the cytoplasm of tubular epithelium (Fig. 3C,D). Interestingly, in the AKI to CKD transition group ser-
pinA3 is relocated to the apical membrane (Fig. 3G,H). The Supp. Fig. 1 shows the serpinA3 relocation along the 
AKI to CKD transition, that was slightly observed since the 1st month and the relocation was even more evident 
throughout the CKD progression. Moreover, we found that the AKI to CKD transition was timely revealed by a 
progressive increase in uSerpinA3 levels, which were significantly elevated starting at the 1st month, even before 
the proteinuria appearance (Fig. 2A). In contrast, this protein was not detected in the urine from the control 
group (Fig. 3E). It is noteworthy that 15 days after the AKI episode was resolved, serpinA3 was not found in the 

Figure 3.  Timely AKI to CKD transition detection by serpinA3. (A) SerpinA3 mRNA levels in renal cortex 
during the follow-up of the animals, (B) SerpinA3 protein levels in the renal cortex evaluated by Western Blot 4 
months post-ischemia, (C,D) representative microphotographs of serpinA3 immunostaining in renal cortex 
from the control group, magnification 400 and 800x respectively, (E) Urinary serpinA3 levels during AKI to 
CKD transition and compared with the control group, (F) Spearman correlation between urine serpinA3 and 
tubulo-interstitial fibrosis, and (G,H) representative microphotographs of serpinA3 immunostaining in renal 
cortex from the AKI to CKD transition group, magnification 400 and 800x respectively. Data are represented 
as mean ± SE. (for sham, n = 4, and for the AKI to CKD transition groups, n = 5 per period). White circles or 
bar represent sham and black circles or bar represent AKI to CKD transition groups and. *p < 0.05 vs. the sham 
group in their respective period, φp < 0.05 vs. IR + UNx 2nd month and ωp < 0.05 vs. IR + UNx 3rd month.
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urine (Supp. Fig. 2). Thus, the abnormal uSerpinA3 levels and the gradual increment along the time course reflect 
the AKI to CKD transition. Accordingly to these findings, there was a significant correlation between renal fibro-
sis and uSerpinA3 levels, as is shown in Fig. 3F (r = 0.63, p < 0.001).

uSerpinA3 in CKD secondary to lupus nephritis.  To translate these findings to the clinical setting, we 
evaluated whether serpinA3 could be used as a biomarker in CKD patients. For this purpose, we analyzed ser-
pinA3/Alpha-1-antichymotrypsin levels in patients diagnosed with class III, IV and V lupus nephritis, focal and 
segmental glomerulosclerosis (FSGS), ANCA associated vasculitis (AAV), and compared them with healthy vol-
unteers. As these patients were diagnosed by kidney biopsy, CKD diagnosis was based on the histopathological 
analysis, severe proteinuria, and/or renal dysfunction. The patients with LN were classified using the ISN/RPS 
classification by a qualified nephropathologist. A representative microphotograph of hematoxylin/eosin stain-
ing and immunofluorescence that allowed the LN classification are shown in the Supp. Fig. 3. In this study, we 
included 47 LN patients of different classes and compared them with 20 healthy volunteers. The demographical 
characteristics of these patients are shown in Table 1. As expected in LN, the proportion of women was greater in 
all the groups and most were young patients. The time of evolution from systemic lupus erythematosus diagnosis 
and the time elapsed between the first renal symptom and the biopsy appears also in Table 1. In accordance with 
previous studies, the worst renal fibrosis and tubular atrophy was seen in class III and IV LN patients (proliferative 
LN)5. As shown in Fig. 4A, the serum creatinine levels were higher in class IV LN compared to class V patients 
(membranous LN). All LN patients exhibited severe proteinuria and variable renal fibrosis degrees (Fig. 4B,C). 
uSerpinA3 was not detected in the urine from healthy volunteers, but it was significantly elevated in classes III/IV 
LN patients, whereas class V LN group exhibited lower uSerpinA3 levels as is shown by the Western blot analysis 
in Fig. 4D. The absolute uSerpinA3 values are presented in Fig. 4E and the uSerpinA3 corrected by urinary cre-
atinine in Fig. 4F. The results obtained by ELISA were similar to those by Western blot analysis (Fig. 4G). There 
were no differences in plasma serpinA3/Alpha-1-antichymotrypsin levels among LN groups and between LN 
and healthy volunteers (Supp. Fig. 4A) and there was no correlation between plasma and uSerpinA3 levels (Supp. 
Fig. 4B). As found in the rat model, we observed a significant correlation between the uSerpinA3 levels (ELISA) 
and interstitial fibrosis % (r = 0.34, p = 0.02, Fig. 4H). Moreover, uSerpinA3 levels discriminated between class 
III/ IV LN patients from class V LN, with a c-statistic of 0.85 (Supp. Fig. 5). We constructed a linear regression 
model to determine factors associated to renal interstitial fibrosis (dependent variable). The model included age, 
serum creatinine, proteinuria, histological activity score, plasma and urinary SerpinA3 (Suppl. Table 2). Urinary 
SerpinA3, serum creatinine and proteinuria were independently associated to the degree of interstitial fibrosis. 
There was no collinearity among the included variables (VIF < 1.4 for all variables).

In accordance to our experimental findings, serpinA3 was found in the cytosol of tubular epithelial cells from 
kidney donor’s biopsies (Fig. 5A–C). By contrast, in class III/IV LN patients, serpinA3 was relocated to the apical 
tubular membrane (Fig. 5D–I). Interestingly, class V LN patients, whom exhibited lower uSerpinA3 levels, the 
relocation was minimal (Fig. 5J–L).

uSerpinA3 levels in CKD secondary to FSGS and AAV.  To explore other etiologies of renal injury, we 
included patients diagnosed with FSGS and AAV. The Table 1 shows also the demographical characteristics of 
these two groups compared with the volunteers group. The AAV patients were older than the other groups and the 
percentage of women was higher in all the groups. The worst renal structural injury was seen in the AAV group.

The AAV group exhibited severe renal injury characterized by a significant elevation of serum creatinine, 
proteinuria, renal fibrosis and tubular atrophy (Fig. 6A–C, Table 1). In the FSGS group, serum creatinine was 

Volunteers
n = 20

Class III LN
n = 18

Class IV LN
n = 18

Class V LN
n = 11

AAV
n = 19

FSGS
n = 14

Age, years 31 ± 10 31 ± 10 30 ± 11 33 ± 14 54 ± 15 36 ± 10

Female, n (%) 6 (30) 14 (75) 16 (89) 9 (82) 14 (74) 4 (29)

Months from SLE diagnosis, median (IQR) — 23 (0–62) 36 (4–83) 27 (8–116) — —

Months from renal symptoms start, median (IQR) — 2 (1–5) 2 (1–4) 3 (1–5) 1 (0–2) 6 (2–11)

Creatinine, mg/dl, median (IQR) 0.8 (0.7–0.9) 0.8 (0.7–1.3) 1.2 (0.7–2.1)φ 0.7 (0.5–0.9) 2.6 (1.2–3.6)* 0.9 (0.8–1.4)

eGFR, ml/min/1.73 m2, median (IQR) 118 (105–129) 99 (50–119) 64 (31–119)* 111 (103–132) 24 (14–90)* 85 (61–107)

Proteinuria, g/g, median (IQR) 0.1 (0.0–0.1) 2.7 (1.9–4.0)* 5.7 (3.4–8.4)* 2.9 (1.9–4.3)* 2.2 (0.7–3.1)* 3.3 (1.6–6.2)*

Hematuria, n (%) 0 (0) 12 (67) 17 (94) 7 (64) 18 (95) 11 (79)

+ve dsDNA antibodies, n (%) ND 15 (83) 16 (89) 7 (64) 0 (0) 0 (0)

Complement C3, mg/dl ND 73 (60–90) 53 (41–72) 111 (71–131) 119 (103–132) 148 (126–189)

Complement C4, mg/dl ND 9 (8–14) 8 (8–14) 14 (11–18) 32 (20–42) 32 (30–46)

Interstitial fibrosis, %, median (IQR) ND 15 (10–20) 20 (12.5–40)φ 10 (0–15) 30 (25–50)+ 17.5 (10–40)

Tubular atrophy, %, median (IQR) ND 15 (10–20) 20 (12.5–30)φ 10 (0–15) 30 (30–60)+ 15 (15–40)

Table 1.  Clinical characteristics of the studied patients. Abbreviations. LN, lupus nephritis; AAV, ANCA-
associated vasculitis; FSGS, focal and segmental glomerulosclerosis; SLE, systemic lupus erythematosus; eGFR, 
estimated glomerular filtration rate calculated by the CKD-EPI formula; +ve dsDNA antibodies, positive 
antibodies directed to double-strand DNA; ND, not determined. Mean ± S.D. *p < 0.05 vs. volunteers, Φp < 0.05 
vs. class V LN, and +p < 0.05 vs. FSGS.
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not different from the volunteers group (Fig. 6A), but the proteinuria was more severe than in the AAV group 
(Fig. 6B), despite similar tubular interstitial fibrosis (Fig. 6C). As shown in Fig. 6D, uSerpinA3 was significantly 
higher in patients with FSGS and AAV compared to the volunteer’s group as is shown by the Western blot, the 
densitometric analysis (Fig. 6E) and the uSerpinA3 corrected by urine creatinine (Fig. 6F). All results obtained 
by Western blot were later confirmed by a commercial serpinA3/alpha-1-antichymotrypsin ELISA (Fig. 6G). As 
we could not determine renal fibrosis in healthy volunteers group, no significant correlation between uSerpinA3 
levels and renal fibrosis % was found, but it can be appreciated that to greater fibrosis, uSerpinA3 levels were 
higher (Fig. 6H).

uSerpinA3 levels in patients with inflammatory diseases without renal dysfunction.  To deter-
mine the specificity of uSerpinA3 for detecting kidney injury, we evaluated uSerpinA3/alpha-1-antichemotrypsin 
in patients with inflammatory diseases, but without renal dysfunction. For this purpose, patients with liver cir-
rhosis (LC), acute pancreatitis (AP) and active rheumatoid arthritis (RA) were included. The clinical charac-
teristics of these patients are shown in the Suppl. Table 1. As shown in the Suppl. Fig. 6A,B, uSerpinA3 was not 
detected in LC, AP, and RA groups by either Western blot or ELISA.

Discusion
Using high-resolution mass spectrometry, we isolated urine proteins from animals with CKD. Among the iden-
tified proteins were: albumin, serpinA3, serotransferrin, alpha-1-antiproteinase, serine A3M protease inhibitor, 
LOC299282 protein, serpinC1, kininogen T, B-fetuin, and type I keratin. Albumin and serpinA3 constituted the 
most abundant proteins.

Serpins are a family of serine protease inhibitors. Thirty-four serpins from nine classes have been identi-
fied and characterized in humans to date; within these proteins is the serpinA3/Alpha-1-Antichymotrypsin 

Figure 4.  Renal clinical characteristics and urinary serpinA3 in patients diagnosed with LN. (A) Serum 
creatinine, (B) Proteinuria, (C) Percentage of renal fibrosis, and (D) WB autoradiography for urinary serpinA3 
levels showing all the patients included. (E) Densitometric analysis for WB. (F) Urinary serpinA3 corrected by 
urinary creatinine. (G) Urinary serpinA3 levels determined by ELISA. (H) Spearman’s correlation of urinary 
serpinA3 and tubule-interstitial fibrosis. LN III = class III lupus nephritis (n = 18); LN IV = class IV lupus 
nephritis (n = 18); LN V = class V lupus nephritis (n = 11). Data are presented as Tukey’s box and whiskers 
plots. Healthy volunteers (n = 20), *p < 0.001 vs. Healthy volunteers, φp < 0.001 vs. class V LN.

https://doi.org/10.1038/s41598-019-46601-1


8Scientific Reports |         (2019) 9:10350  | https://doi.org/10.1038/s41598-019-46601-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

(serine-proteinase inhibitor, class A, member 3), whereas the homologous for rodents is serpinA3K23. The gene-
cards website, a database of human genes (http://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA3&key-
words=serpinA3), has reported serpinA3 expression in different tissues, evaluated by three different approaches: 
RNAseq, microarrays and a serial analysis of gene expression (SAGE), with the largest expression in retina, kid-
ney, liver, and pancreas (Suppl. Fig. 7). In the kidney, Fleming S. et.al.24 identified serpinA3 in the tubular prox-
imal epithelium, the mesenchyme of nephroblastomas and the adult renal cell carcinoma. Similarly, Khan T.N. 
et al.25 found serpinA3 immunostaining in proximal tubules from control biopsies. We confirmed these findings 
in this work showing that in the kidney from control rats and in kidney from donor biopsies, serpinA3 is mainly 
located in the cytoplasm of tubular epithelial cells (Figs 3C,D and 5A–C).

SerpinA3 has been involved in different pathologies such as hypertension, inflammation, and angiogene-
sis26. Specifically, in cornea and retina, serpinA3 promotes anti-inflammatory, anti-angiogenic, anti-oxidant and 
anti-fibrotic actions26–30. However, little is known about the specific role of serpinA3 in the renal pathophysiol-
ogy. One study showed increased serpinA3 staining in the proximal renal tubules in biopsies from a variety of 
primary and secondary glomerulonephritis, such as minimal-change disease (MCD), FSGS, diffuse mesangial 

Figure 5.  Serpin A3K immunohistochemistry in renal biopsies. (A–C) Representative micrographs of serpinA3 
in a biopsy from healthy donor (Magnification 200x, 400x and 800x, respectively); (D–F) Representative 
micrographs of serpinA3 from a patient diagnosed with LN class III (Magnification 200x, 400x and 800x, 
respectively); (G–I) Representative micrographs of serpinA3 from a patient with LN class IV (Magnification 
200x, 400x and 800x, respectively); (J–L) Representative micrographs of serpinA3 from patient with LN class 
V (Magnification 200x, 400x and 800x, respectively). Black arrows point the relocation to apical membrane in 
CKD patients.
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proliferative glomerulonephritis (MeGN), membranous glomerulonephritis (MGN), diabetic nephropathy, IgA 
nephritis and LN compared to normal renal tissues31.

In the present study, using a model of AKI to CKD transition in rats, we found that serpinA3 appears in the 
urine since the first month post-ischemia, when the rats do not even exhibit proteinuria or any sign of glomeru-
lar damage. Moreover, uSerpinA3 levels positively correlated with renal fibrosis, hence higher uSerpinA3 levels 
associate with higher renal tissue fibrosis.

To address if urinary serpinA3 was being filtrated, we measured plasma serpinA3 and found no correlation 
between plasma serpinA3 with urinary serpinA3 levels. Furthermore, plasma serpinA3 levels were similar in 
healthy volunteers and among the different lupus nephritis classes (Suppl. Fig. 5) and uSerpinA3 levels were inde-
pendently associated with interstitial fibrosis. We cannot fully exclude that some fraction of serpinA3 may be fil-
tered in pathophysiological conditions, however, in our rat model, we showed that serpinA3 appears in the urine 
since the first month post renal ischemia, much earlier than proteinuria. Furthermore, the subgroup of class V LN 
patients with higher degrees of proteinuria (>3 g per day) still exhibited minimal serpinA3 urine excretion. As 
serpinA3 is mainly expressed in organs such as liver or pancreas, we also included patients with acute inflamma-
tion (pancreatitis) or chronic damage (cirrhosis). Urinary serpinA3 levels were not modified in these conditions. 
These evidences together strongly suggest that most of the serpinA3 found in the urine has renal origin.

In pathologic conditions, serpinA3 was relocated from the cytoplasm to the apical epithelial membrane 
(Fig. 3). This suggests: 1) that uSerpinA3 reflects intra-renal injury, 2) that during renal injury, serpinA3 is prob-
ably secreted into the luminal space explaining its emergence in the urine, and 3) that uSerpinA3 is an early and 
timely marker of AKI to CKD transition.

We then analyzed the expression of uSerpinA3 in human renal diseases. We showed that uSerpinA3 is not 
detectable in healthy volunteers but it increases in kidney diseases from different etiologies: LN, FSGS and AAV. 

Figure 6.  Renal clinical characteristics and urinary serpinA3 in patients diagnosed with FSGS and AAV. (A) 
Serum creatinine, (B) Proteinuria, (C) Percentage of renal fibrosis, and (D) WB autoradiography for urinary 
serpinA3 levels showing all the patients included. (E) Densitometric analysis for WB. (F) Urinary serpinA3 
corrected by urinary creatinine. (G) Urinary serpinA3 levels determined by ELISA. (H) Spearman’s correlation 
of urinary serpinA3 and tubule-interstitial fibrosis. Focal Segmental Glomerulosclerosis = FSGS (n = 14); 
ANCA-associated vasculitis = AAV (n = 19). Data are presented as Tukey’s box and whiskers plots. *p < 0.001 
vs. Healthy volunteers, φp < 0.001 vs. FSGS.
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In LN patients, uSerpinA3 levels were found elevated in severe classes III/IV LN that are usually associated with 
greater kidney fibrosis, and less elevated, in the less inflammatory class V LN that usually carries better prog-
nosis32. It has also been reported increased uSerpinA3 levels in active LN patients but not in systemically active 
lupus without renal involvement33. These suggests that uSerpinA3 derives from kidney and its elevation is prob-
ably associated with higher inflammation and fibrosis. However, the potential use of uSerpinA3 as a biomarker 
needs further evaluation in larger studies.

SerpinA3 has been described to have anti-inflammatory properties8–12,26,28, therefore, we decided to evaluate 
uSerpinA3 in AAV, a severe renal inflammatory disease, and compared it to FSGS patients, a proteinuric but less 
inflammatory disease. Urinary SerpinA3 levels were equally elevated in both groups despite different degrees of 
proteinuria and positively correlated with the percentage of renal fibrosis in the biopsy. Furthermore, we studied 
patients with extrarenal inflammatory diseases (rheumatoid arthritis, pancreatitis, liver cirrhosis) with preserved 
renal function. Urinary SerpinA3 levels were similar in these patients compared to those observed in healthy 
volunteers. This also supports that uSerpinA3 is kidney-derived and probably more related to fibrosis than to 
sytemuc inflammation.

The specific role of serpins in the renal physiology or pathophysiology has not been studied. Zhang B. et 
al.27,29,30, Liu X. et al.26 and Hu, J. et al.28 have demonstrated that serpinA3 blocks reactive oxygen species (ROS) 
generation, inflammation and pro-fibrotic pathways in the cornea and retina. Thus, our results suggest that ser-
pinA3’s role in the kidney could be to counterbalance the inflammation, oxidative stress and renal fibrosis that 
follows renal damage. This hypothesis will require further study. As it is possible that serpinA3 may have a differ-
ent role depending on the pathophysiological scenery, we need to wait for serpinA3’s transgenic mice that will be 
soon available to more profoundly evaluate its role in AKI and CKD.

The limitations of the present study are: 1) uSerpinA3 levels were measured in biological samples at a single 
time point, and further work has to be undertaken to evaluate the course of this protein longitudinally, and 2) 
although there was a good correlation with kidney fibrosis, it cannot be ignored that uSerpinA3 levels could be 
increased secondary to other ongoing inflammatory processes in the kidney.

This study supports that uSerpinA3 is an early and effective biomarker for the detection of renal injury, with a 
great potential to be used in the diagnosis of the AKI to CKD transition and CKD from different etiologies. Our 
observations in humans suggest that uSerpinA3 can be a useful marker for renal fibrosis and inflammation, with 
a potential role to differentiate between class III/IV and class V lupus nephritis.
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6.4 SOLICITUD DE PATENTE SERPINA3K  
Derivado de la descripción de la proteína SerpinA3 como un biomarcador 
temprano y oportuno para la detección de la ERC y la LRA, sometimos la 
solicitud de patente en 2017. 
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6.5 ARTÍCULO 4 https://pubmed.ncbi.nlm.nih.gov/33112643/  
La identificación de la serpinA3 en la orina de animales y pacientes con ERC, así 
como, el poco conocimiento que existe en este contexto, decidimos realizar una 
revisión sobre esta proteína que fue publicada en American journal of physiology. 
Cell physiology, 320(1), C106–C118. 
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Abstract

Serpins are a superfamily of proteins characterized by their common function as serine protease inhibitors. So far, 36 serpins
from nine clades have been identified. These proteins are expressed in all the organs and are involved in multiple important
functions such as the regulation of blood pressure, hormone transport, insulin sensitivity, and the inflammatory response.
Diseases such as obesity, diabetes, cardiovascular diseases, and kidney disorders are intensively studied to find effective thera-
peutic targets. Given the serpins' outstanding functionality, the deficiency or overexpression of certain types of serpin has been
associated with diverse pathophysiological events. In particular, we focus here on reviewing the studies evaluating the participa-
tion of serpins, and particularly SerpinA3, in diverse diseases that occur in relevant organs such as the brain, retinas, corneas,
lungs, cardiac vasculature, and kidneys. In this review, we summarize the role of serpins in physiological and pathophysiological
processes as well as recent evidence on the crucial role of SerpinA3 in several pathologies. Finally, we emphasize the impor-
tance of SerpinA3 in regulating cellular processes such as angiogenesis, apoptosis, fibrosis, oxidative stress, and the inflamma-
tory response.

angiogenesis; inflammation; physiopathology; serine protease inhibitors; suicide substrate inhibition

THE SERPIN SUPERFAMILY

The serpin superfamily is composed of �1,500 serpin
sequences that have been identified in the genomes of five
kingdoms. The name coined for serpins originated from
their main function: they are described as serine proteinase
inhibitors. Serpin protein structure is characterized by a core
domain with three b-sheets and eight or nine a-helices. This
domain is responsible for the structural and functional prop-
erties that determine the most notable function of the entire
serpin superfamily, their activity as serine protease inhibi-
tors (1). The molecular mass of serpins is �46–55 kDa (2),
and they are typically 330–500 amino acids in length (3).
The nomenclature for each serpin member consists of two
parts: clades with alphabetic and numerical designations.
However, this nomenclature does not refer to their evolu-
tionary proximity to each other but rather to their order of
discovery. Phylogenetic study of the serpin superfamily
divided the eukaryotic serpins into 16 clades, designated
from A to P, although many serpins have alternative
names that were given before this classification was pro-
posed. In humans, serpins are a superfamily of 36 pro-
tein-coding genes from nine clades: A, B, C, D, E, F, G, H,
and I (Table 1) (3,4).

The main structural similarity in the serpin superfamily
corresponds to 350 residues with a conserved conformation.
Variation occurs either at the NH2- or COOH-terminal tail,
which can lead to polypeptide extension, glycosylation, or
other posttranscriptional modifications (5). Several confor-
mational structures have been found in serpin crystal struc-
tures: native, cleaved, latent, and d-conformation. All these
conformational structures depend on the reactive center
loop (RCL) that interacts with specific substrates. The native
serpin form is a metastable conformation that is converted
to a more stable state during protease inhibition (4). The
native form spontaneously shifts to the latent form; how-
ever, this confirmation requires a lot of energy, and therefore
most of the serpins are not found in this state. Notably, the
effectiveness of protease inhibition is primarily modulated
by RCL and protein flexibility. Indeed, it has been demon-
strated that mutations in the RCL increase the serpins’ sta-
bility but significantly reduce their function as serine
protease inhibitors (6). One example of this is a d-conforma-
tion that is induced by the partial insertion of four residues
of the RCL into the top of b-sheet A. This conformation is
inactive because this partial insertion in the RCL prevents
the interaction with their respective proteases and is a natu-
ral variant (p.Leu55Pro) of SerpinA3 (Fig. 1E) (7). Another
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conformation that has been crystallized is the cleaved serpin
(Fig. 1D). Some serpin mutations, especially nonconservative
substitutions within the RCL, result in this conformation,
which is also inactive (3, 8).

Contrary to what happens with most enzymes and non-
serpin serine protease inhibitors, serpins establish a cova-
lent ester bond with their target protease, thus inhibiting
the activity of the protease by distorting their target pro-
tein. This mechanism has been named “suicide substrate
inhibition” (Fig. 1C), where the reactive loop center (RLC),
a conserved sequence of the serpin, acts as bait to attract
the protease, and the subsequent interactions are the same
as those occurring during usual protease catalysis. Serine

proteases form a noncovalent complex with their usual
substrates, which activates them to attack some of the typ-
ical peptide bonds, and therefore they form a covalent
enzyme-peptide acyl ester intermediate (Fig. 1B). This
action releases the free amino side of the substrate so that
water breaks the bond between the protease and the
remaining product (3, 8).

Serpin Clades in Humans

Serpins are widely distributed among eukaryotes and
located intracellularly, extracellularly, or both (3). In humans,
there are two large clades of 36 serpins that have been

Table 1. Human serpins: function and associated diseases

Serpin Other Names Target Associated Pathologies

SerpinA1 Antitrypsin Neutrophil elastase Liver and lung diseases
SerpinA2 Antitrypsin-related protein Not characterized
SerpinA3 Antichymotrypsin Cathepsin G Alzheimer´s disease, emphy-

sema, eye and renal damage
SerpinA4 Kallistatin (PI4) Kallikrein
SerpinA5 Protein C inhibitor (PAI-3) Active protein C Edema
SerpinA6 Corticosteroid-binding globulin Cortisol binding Chronic fatigue
SerpinA7 Thyroxine-binding globulin Thyroxine binding Hypothyroidism
SerpinA8 Angiotensinogen Release of angiotensin I by

renin
Hypertension

SerpinA9 Centerin Maintenance of naive B cells B-cell lymphomas
SerpinA10 Protein Z-dependent proteinase

inhibitor
Inhibition of activated factor Z

and XI
Venous thromboembolic
disease

SerpinA11 XP_170754.3 Not characterized
SerpinA12 Vaspin Kallikrein 7 anti-insulin resistance and

obesity
SerpinA13 XM_370772 Not characterized
SerpinB1 Monocyte neutrophil elastase inhibitor Neutrophil elastase Pulmonary emphysema and im-

petigo herpetiformis
SerpinB2 Plasminogen activator inhibitor 2 (PAI-2) Inhibition of uPA Gingivitis and preeclampsia
SerpinB3 Squamous cell carcinoma antigen I Cathepsins L and V Tumor metastasis and

autoimmunity
SerpinB4 Squamous cell carcinoma antigen 2 Cathepsin G and chymase Squamous cell carcinoma
SerpinB5 Maspin Tumor growth
SerpinB6 Proteinase inhibitor-6 (PI6) Cathepsin G
SerpinB7 Megsin Megakaryocyte maturation IgA nephropathy
SerpinB8 Cytoplasmic antiproteinase 8 (PI8) Furin Peeling skin syndrome 5 and

exfoliative ichthyosis
SerpinB9 Cytoplasmic antiproteinase 9 (PI9) Granzyme B Autoinflammatory disease
SerpinB10 Bomapin (PI10) Thrombin and trypsin Chronic myelomonocytic leuke-

mia and cardiomyopathy
SerpinB11 Epipin Ovarian endometrial cancer

and endometrioid ovary
carcinoma

SerpinB12 Yukopin Trypsin
SerpinB13 Headpin (PI13) Cathepsins L and K
SerpinC1 Antithrombin Thrombin and factor Xa inhibitor Thrombosis
SerpinD1 Heparin cofactor II Thrombin inhibitor Thrombotic risk
SerpinE1 Plasminogen activator inhibitor 1 (PAI1) Inhibitor of thrombin, uPA, tPA,

and plasmin
Abnormal bleeding

SerpinE2 Protease nexin I (PI7) Inhibition of uPA and tPA Cardiac fibrosis
SerpinE3 Hs.512272 Not characterized
SerpinF1 Pigment epithelium-derived factor Potent antiangiogenic molecule
SerpinF2 Alpha-2-antiplasmin Plasmin inhibitor Fibrinolytic activity, bleeding
SerpinG1 C1 inhibitor C1 esterase inhibitor Angioedema
SerpinH1 47-kDa heat-shock protein Chaperone for collagens
SerpinI1 Neuroserpin (PI12) Inhibitor of tPA, uPA, and

plasmin
SerpinI2 Myoepithelium-derived serine protein-

ase inhibitor (PI14)
Inhibition of cancer metastasis Polymerization results in

dementia

tPA, tissue plasminogen activator; uPA, urokinase plasminogen activator.
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identified within clade A, with 13 members clustered on chro-
mosomes 1, 14, and X. The clade B/ovalbumin-related serpins
(ov-serpins) have 13 members on chromosomes 18 and 6.
There are also one of each for clades C, D, G, and H, three of
clade E, and two of each for clades F and I. Inside these clades,
there are six noninhibitory human serpins: corticosteroid-
binding protein (CBG), T4-binding globulin (TBG), angiotensi-
nogen, mammary serine protease inhibitor (maspin), pigment
epithelium-derived factor (PEDF), and heat shock protein 47
(HSP47), which perform diverse physiological functions (3, 9)
(Table 1).

The principal function of serpins is to inhibit functional
proteases that are implicated in the coagulation process,
such as factor Xa, factor XIa, plasmin, tissue plasminogen
activator (tPA), and urokinase plasminogen activator

(uPA). Several of these serpins can also be bound to hepa-
rin and other glycosaminoglycans, regulating their func-
tions (10). Serpins are also involved in the regulation of
blood pressure, hormone transport, and insulin sensitiv-
ity as well as in inflammatory processes, such as acute
phase cellular response and complement system activa-
tion (11, 12).

Several functions have been demonstrated for serpins;
however, more studies are needed to determine all the roles
each member of the serpin superfamily may play in physio-
logical and pathophysiological conditions. Fortunately,
the similarity of the serpins in humans and mice allows
us to exploit experimental models to understand the role
that serpins may play in diverse human diseases (12)
(Table 1).

A

B

D

FE

C

Fig. 1. Serpin structure and the mechanism by which serine proteases are inhibited. A: the structure of native SerpinA1 (blue) [Protein Data Bank (PDB):
1QLP]. B: the Michaelis complex between SerpinA1 and trypsin (PDB: 1OPH). RCL, reactive center loop. C: the final serpin enzyme complex or “suicide
substrate inhibition” (PDB: 1EZX). The RCL changes the conformation of the protein to form the fourth strand of b-sheet A, and the inactive protease
hangs distorted at the base of the molecule. D: cleaved SerpinA1 (PDB: 7API) is inactive. E: d-conformation of SerpinA3 (PDB: 1QMN); the partial insertion
of 4 residues of the RCL into the top of b-sheet A is in the circle shown in yellow, caused by a natural variant (p.Leu55Pro). This conformation is constitu-
tively inactive and related to chronic obstructive pulmonary disease (COPD). F: mutant Z of SerpinA1 (PDB: 5IO1) (p.Glu342Lys) shown in cyan is related
to liver and lung disease. The RCL is shown in green and the protease in cyan. The modeling was performed with PyMOL version 1.20.
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GENERALITIES ABOUT SERPINS IN CHRONIC
DISEASES

The varied functions that serpins exert throughout the
body have been of interest to different research groups
around the world. Despite its participation in a series of cel-
lular events, it is crucial to study the functionality of each
serpin from different perspectives, which include its struc-
tural conformation and/or its location (intracellular, extrac-
ellular, or both).

Here we present a description of some of the molecular
mechanisms exerted by serpins that have been related to
chronic diseases. We focus on SerpinA3, which can be of in-
terest as a target in clinical settings.

Serpins in Brain Diseases

The participation of serpins in brain physiology has
attracted the attention of neuroscientists. One of the most im-
portant serpins expressed in the brain is SerpinI1 (neuroser-
pin), which is associated with effects on emotional behavior,
synaptic plasticity, and neuroprotection (13, 14). SerpinI1 is
expressed in neural, endocrine, and immune cells and inhib-
its both the plasminogen activator and plasmin (3, 15), but its
main target is tPA. In the brain, tPA might be deleterious, but
SerpinI1 efficiently regulates the neurotoxic effects of tPA (16).
It has been shown that a mutation in the SerpinI1 gene pro-
duces the serpinopathy known as familial encephalopathy
with neuroserpin inclusion bodies (FENIB). It is characterized
by SerpinI1 inclusion bodies, which in turn, lead to neurode-
generation, epilepsy, and dementia. Moreover, the accumula-
tion of SerpinI1 polymers in the brain causes endoplasmic
reticulum (ER) stress and inflammation (13, 17). SerpinI1 over-
expression has also been associated with the accumulation of
amyloid-b protein in patients with Alzheimer’s disease (AD),
which seems to result from a reduction in the degradation of
amyloid-b by plasmin (18). These results suggest that the inhi-
bition of tPA by SerpinI1 is a possible mechanism involved in
AD. This is supported by the decreased activity of tPA, which
converts plasminogen into plasmin in AD brains (19).
However, further studies are required to achieve better thera-
peutic options that attenuate the progression of this disease.

Serpins in Obesity and Diabetes

Another relevant area in which serpin contribution has
been explored is the endocrine system, particularly in diabe-
tes and obesity states. Several studies have found a potential
role of SerpinA12, also known as visceral adipose tissue-
derived serpin (Vaspin), in countering deleterious effects
of obesity by inducing insulin resistance and anti-inflamma-
tory effects (20, 21). Classically, SerpinA12 inhibits kallikrein
7, which is involved in the cleavage and degradation of the A
and B chains of insulin, suggesting that the SerpinA12 anti-
diabetic effect is due to the reduction of insulin degrada-
tion (11, 22). Another possible target of SerpinA12 is the
phosphatidylinositol 3-kinase (PI3-kinase)/AKT pathway,
which seems to ameliorate atherosclerosis (22,23). There is
also evidence that intraperitoneal administration of
SerpinA12 reduces food intake, improves glucose metabo-
lism, and regulates candidate genes for insulin resistance
in obese mice (24). These data suggest that SerpinA12

could be a pivotal regulator of weight gain and metabolic
function, suggesting SerpinA12 as an attractive candidate
for drug development.

Serpins in Liver Disease

Liver tissue is the main producer of SerpinA1, also known
as alpha-1-antitrypsin (ATT). During its synthesis, SerpinA1 is
transcribed and translated, with the resulting nascent peptide
being translocated to the endoplasmic reticulum (ER) for its
proper protein folding (25,26). There is a homozygous genetic
disease caused by a mutant Z allele of the SerpinA1 gene, in
which a punctual mutation occurs, provoking a change of glu-
tamic acid for lysine at position 342 (p.Glu342Lys) (Fig. 1F).
This mutant protein is unable to fold, so it is accumulated in
the ER, forming polymers, and this, in turn, leads to liver
damage. Teckman et al. (26) have demonstrated that autoph-
agy is an important pathway of intracellular degradation for
the mutant Z protein. Intriguingly, not all patients with this
mutation develop liver disease. This discrepancy has been
explained by the activation of a variety of proteolytic proc-
esses, such as ubiquitin-dependent and ubiquitin-independ-
ent pathways, as well as ER-associated degradation (27).

Heterozygous individuals for mutant Z represent 2% of
the White population and are generally asymptomatic.
However, retrospective studies reported a three- to fivefold
overrepresentation of heterozygous patients who developed
liver and lung diseases (28,29).

To treat genetic diseases, promising new technologies have
been developed, such as stimulation of proteolysis via autoph-
agy (30), small-molecule chaperones (31), gene therapy,
siRNAs (32), or gene repair by clustered regularly interspersed
short palindromic repeats (CRISPR) (33,34). However, none of
these has yet been approved for human use. A challenge for
future research will be to study these new clinical approaches
and to design effective clinical trials.

Serpins in Lung Diseases

SerpinA1 is the major source of protection against proteo-
lytic damage in the lungs. This protein is a potent inhibitor of
neutrophil elastase, cathepsin G, and proteinase-3. During
inflammation, neutrophils express cathepsin G on their surfa-
ces and release neutrophil elastase into the lungs, which indu-
ces severe damage by degrading elastin and collagen. Patients
with SerpinA1 mutant Z develop emphysema through an
excess of elastase activity (Fig. 1F) (35). Additionally, patients
with this mutation who smoke present a rapid onset of em-
physema and die by the age of 50yr.

Another associated disease is cystic fibrosis; in this pathol-
ogy, patients express normal amounts of SerpinA1, but their
elevated elastase levels overcome the neutralizing activity of
this serpin.

SerpinC1, also known as antithrombin III, regulates coagu-
lation processes by inhibiting thrombin, factors IXa, Xa, XIa,
and XIIa, and kallikrein (36). Defects in SerpinC1 result in
thrombosis; however, in animal models of sepsis and ische-
mia, SerpinC1 reduced sepsis-related lung dysfunction by
improving fibrin deposition and lung function (37).

SerpinA5/peptidase C inhibitor has been associated with
protection from pulmonary hypertension. Transgenic mice
overexpressing SerpinA5 in the lungs and displaying
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pulmonary hypertension exhibited a significant reduction in
proinflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-a) and monocyte chemoattractant protein 1
(MCP1). Because SerpinA5 inhibits proteases associated with
blood coagulation, the authors suggest that these transgenic
mice had lower levels of complex SerpinA5-thrombin, and
thus minor activation of the coagulation system, although
SerpinA5’s protection against pulmonary hypertension was,
in part, mediated by both anti-inflammatory and anticoagu-
lant activities in the lung (38). Furthermore, new evidence
indicates that SerpinA5 exerts antimicrobial activity against
bacterial pathogens by interacting with lipid membranes,
leading to bacterial permeabilization and death (38). This
additional antibacterial effect provides a novel perspective
to study the effect of serpins beyond their protease activity.

Serpins in Cancer

Several studies have implicated the serpin superfamily
in the development of different types of cancer. Here we
present some specific studies relevant to this topic.
According to Valiente et al. (39), SerpinI1 and SerpinB2
selectively inhibit tPA. Plasmin acts as a defense against
metastatic invasion; therefore, the inhibition of tPA by
these serpins promotes metastasis in brain, lung, and
breast cancer.

SerpinB9 is an endogenous inhibitor of granzyme B in
humans, which protects against cytotoxic granule leakage
(40). Vycital et al. (41) have shown that SerpinB9 expression
can be used as a prognostic factor for colorectal cancer
because of the association of SerpinB9 with lymph node
metastasis.

Although SerpinB5, also known as maspin, has been
linked with tumor growth and metastasis, its expression
can be upregulated or downregulated depending on the
type of cancer cells. These opposite expression levels
result from its localization (cytoplasmatic, nuclear, mem-
branal, or secreted), epigenetic regulation, or both (42).

All of these studies suggest that serpins participate in sev-
eral cancer scenarios; however, it is imperative to study the
localization and contribution of the serpin in question in
each specific type of cancer to understand its role in pathol-
ogy and to design possible therapeutic targets.

Serpins in Eye Diseases

Hatcher et al. (43) is a pioneering work that demonstrated
the existence of a decrease in SerpinA4 expression (also
known as kallistatin) in an animal model of diabetic retinop-
athy. This finding suggests that the lack of this protein pro-
motes deterioration in the retina; however, the underlying
mechanisms were not elucidated. SerpinA4 has been found
in the cornea, ciliary body, sclera, choroid, vitreous, and ret-
ina, but its expression is reduced in diabetic patients, sug-
gesting the importance of SerpinA4 in the eye physiology
and pathophysiology (44). In addition, SerpinA4 seems to be
a possible inhibitor of vascular endothelial growth factor
(VEGF) (45). Gao et al. (46) have shown that SerpinA4 attenu-
ates retinal angiogenesis in a rat model of oxygen-induced
retinopathy. This effect seems to be mediated by the interac-
tion of SerpinA4 with VEGF receptors, promoting the down-
regulation of VEGF and angiogenesis (46).

The SerpinF1 gene encodes the pigment epithelium-
derived factor (PEDF) (47). Although PEDF is not a serine pro-
tease inhibitor, it has been associated with neuroprotective
and antiangiogenic activity in the retina (48). Supporting this,
SerpinF1-knockout mice exhibited a reduced retinal vascula-
ture during the first through the seventh postnatal day, which
was associated with increased vessel obliteration in a model
of oxygen-induced retinopathy compared with wild-type
mice (49). Additionally, the binding of SerpinF1 to its recep-
tors promotes antiapoptotic activity in the retina (50).

These studies suggest that the serpin family could have an
important role in ocular diseases that are affected by angio-
genesis; therefore, it is crucial to know whether the balance
among the involved serpins is sufficient to regulate adequate
neovascularization.

Serpins in Cardiovascular Diseases

Evidence from in vivo and in vitro studies has shown that
serpins are related to cardiovascular pathologies. In experi-
mental cardiovascular injury, SerpinE1, also known as tPA in-
hibitor type 1 (PAI-1), has been demonstrated to be a
regulator of cardiac fibrosis by stimulating transforming
growth factor-b (TGF-b) production in cardiomyocytes (51).
Moreover, cultured cardiomyocytes treated with proinflam-
matory mediators, such as interleukin-1a and TNF-a, showed
upregulation of SerpinE1 expression. These data indicate that
PAI-1 acts as a mediator between proinflammatory and
fibrotic responses (52).

SerpinA4 seems to inhibit oxidative stress and inflamma-
tion after experimental cardiac injury. In patients with coro-
nary artery disease SerpinA4 is significantly reduced, which is
associated with worse outcomes in these patients. In support
of this, the depletion of SerpinA4 aggravates aortic injury by
inducing senescence, oxidative stress, and inflammation in
streptozotocin-induced diabetic mice (53). The role of serpins
in cardiovascular physiology is obvious because of their par-
ticipation in coagulation, but little is known about the specific
role of each expressed serpin in cardiovascular diseases.
Recent evidence suggests that serpins could exert activities
independent of their canonical pathways as protease inhibi-
tors, for example, the participation of SerpinA4 in the regula-
tion of the VEGF pathway in the retina by antagonizing the
VEGF receptor (46). These data suggest that this effect could
occur in cardiovascular diseases as well. However, this hy-
pothesis needs to be verified.

Serpins in Renal Pathologies

Deficiency in SerpinB2, also known as plasminogen acti-
vator inhibitor-2 (PAI-2), has been associated with delayed
development of diabetic nephropathy and chronic kidney
disease (54). The main function of this serpin has been
related to the immunological Th1 response (55), which is up-
regulated in activated macrophages (56). Recently, Sen et al.
(57) pointed out that SerpinB2 has an immune regulatory
function through enhancing phagocytosis and attenuating
persistent migration of proinflammatory type M1 macro-
phages; these are implicated in chronic inflammation leading
to fibrosis and a maladaptive response. This phenomenon
wasmediated by the induction of monocyte chemoattractant
protein 1 (MCP1 or CCL2) by tubular epithelium expression
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that allows appropriate transient inflammatory infiltration of
reparative type M2 macrophages in the kidney, stimulating a
reparative response (57).

The intraperitoneal administration of SerpinA1 in mice
that underwent bilateral renal ischemia-reperfusion
improved renal function and reduced tubular necrosis and
macrophage infiltration, but the renoprotective mecha-
nisms were not elucidated (58).

Finally, in db/db obese mice, gene transfer of SerpinA4
into the kidneys induced a reduction of inflammation, oxi-
dative stress, and angiogenesis as well as the attenuation of
tubular damage and fibrosis (59).

As mentioned above, even though there is evidence that
several members of the serpin superfamily have been impli-
cated in the physiology and pathophysiology of different
organs (Fig. 2), very little has been known about other mem-
bers of this superfamily until now. This review also focuses
on collecting the most relevant information about SerpinA3,
which has been of interest to us since we previously

demonstrated its potential as a biomarker of damage in sev-
eral kidney diseases (60).

GENERALITIES ABOUT SERPINA3

SerpinA3, also known as antichymotrypsin, is codified in
chromosome 14q32.1 with a length of 11.66 kb. It is one of the
13 group A serpins and has 423 amino acids, with amolecular
mass of�55–66kDa. SerpinA3 is subjected to multiple glyco-
sylations; this posttranscriptional modification is character-
istic of plasma serpins. Glycosylation modifications are
responsible for generating a tag that selectively targets the
native protein for intracellular processing to ensure the cor-
rect folding of SerpinA3 in the endoplasmic reticulum and
posterior secretion (61). Nevertheless, the posterior glycosy-
lation processing in the Golgi apparatus is not well under-
stood. The promotor and enhancers possess binding sites for
nuclear factor-κB (NF-κB), activator protein 1 (AP-1), nuclear
factor-1-X (NF1), and signal transducer and activator of

Fig. 2. Serpin involvement in pathophysiological events. Serpins are expressed throughout the body; alteration in their expression or conforma-
tional structure may participate in diverse diseases. The structure of native SerpinA1 [Protein Data Bank (PDB): 1QLP], which was the first crystal-
lized structure, is shown. In addition, the involvement of each serpin in the corresponding disease is illustrated. FENIB, familial encephalopathy
with neuroserpin inclusion bodies.
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transcription (STAT) (62). The SerpinA3 gene is regulated by
different cytokines, such as IL-1, IL-6, and oncostatin M,
probably through the regulation of the translocation of tran-
scription factors to the nucleus to induce the transcription of
these cytokines; however, the specific mechanism is
unknown. SerpinA3, like other members of the superfamily,
has a RCL of 23 amino acids located near the carboxy end
(16). When a protease binds to the RCL of SerpinA3, the latter
is inserted into b-sheet A, leading to irreversible inactivation
of the protease (Fig. 1C). This complex is thenmetabolized in
the liver (63).

The GeneCards website (https://www.genecards.org/cgi-
bin/carddisp.pl?gene=SERPINA3&keywords=serpinA3) has
reported SerpinA3 expression in different tissues. This was
found by using three different tools: RNA-seq, microarrays,
and serial analysis of gene expression (SAGE), with the highest
expression being in the retinas, kidneys, liver, and pancreas.

SerpinA3 inhibited several serine proteases, such as pancre-
atic chymotrypsin, leukocyte cathepsin G, mast cell chy-
mases, human glandular kallikrein 2, kallikrein 3 (also known
as prostate-specific antigen), pancreatic cationic elastase, and
lung serum protease (62, 64). Within these proteases, cathep-
sin G is the major target for SerpinA3. Cathepsin G is
expressed in neutrophil granules and is secreted during
inflammation. One special feature of SerpinA3 is its ability to
bind to DNA, but the physiological significance of this bind-
ing remains unclear (65).

Polymorphisms and mutations can occur, affecting
SerpinA3’s function, which could predispose the host to dis-
eases. In some cases, this serpin is elevated within the nu-
cleus of malignant cells, particularly in pancreatic, stomach,
liver, breast, prostatic, and lymphatic cancers. SerpinA3
appears to bind to DNA polymerase and DNA primase, and
this may be a regulatory mechanism to control cell replica-
tion (66).

SERPINA3 INVOLVEMENT IN
PATHOPHYSIOLOGICAL PROCESSES

An imbalance in the serpin-protease equilibrium may
have severe effects, leading to pathophysiological conse-
quences. The negative effect of this imbalance has been evi-
denced by the study of its mutations, which result in
deficiency or complete loss of serpin expression. This leads
to an excess in target protease activity and thus a disruption
of the downstream pathway. Mutations in key structural
regions of SerpinA3, such as the hinge, RCL, or shutter
domains, could destabilize the structure and initiate the po-
lymerization and accumulation of this protein (62, 67).

In the context of human diseases, two familial SerpinA3
mutations in p.Leu55Pro and p.Pro229Ala result in a defi-
ciency of SerpinA3 that is related to chronic obstructive pul-
monary disease (COPD) (Fig. 1E). Also, in cystic fibrosis
SerpinA3 deficiency has been associated with milder lung
disease. Nevertheless, these mutations are rare, and this
association is controversial (68,69).

SerpinA3 in Brain Pathogenesis

In the brain, serpins are synthesized by astrocytes that are
involved in neurodegeneration and neuroinflammation. The

most-studied brain disease associated with SerpinA3 is
Alzheimer’s disease. It has been reported that SerpinA3
might bind to b-amyloid proteins, and thus SerpinA3 makes
up part of amyloid deposits (70). In vivo studies with trans-
genic mice suggest that SerpinA3 mediates b-amyloid pro-
tein clearance. This finding was supported by the fact that
SerpinA3 is highly expressed in regions of the brain associ-
ated with Alzheimer’s disease, including the hippocampus
(71). Moreover, higher SerpinA3 levels have been found in
the serum and cerebrospinal fluid of patients with severe
Alzheimer’s disease (72). Genetic evidence for the role of
SerpinA3 in Alzheimer’s disease pathogenesis in humans
has been difficult to prove, and these results remain incon-
clusive. However, SerpinA3 signal peptide polymorphism at
codon �17 (A>T) has been linked to an earlier age of onset
of Alzheimer’s disease (73).

Another brain disease linked to SerpinA3 upregulation is
prion disease. This is a rare disorder in which misfolded
prion proteins accumulate, causing a neural loss in graymat-
ter, vacuolation, and the accumulation of glial fibrillary
acidic protein (GFAP). These neuropathological alterations
lead to death. Creutzfeldt–Jakob disease (CJD) is the most
common form of human prion disease. Vanni et al. (74)
found that in all patients with this disease there was a signifi-
cant elevation of SerpinA3 mRNA and protein levels. They
suggest that this upregulation may be a consequence of a
cycle in which elevated levels of the misfolded prion protein
are also affecting the production of SerpinA3; therefore, this
leads to the propagation of prions. They also have reported
that SerpinA3 could be able to translocate to the nucleus and
regulate chromatin condensation, which in turn downregu-
lates the prion protein gene transcription, a common fac-
tor in prion disease. Interestingly, it has been proposed
that SerpinA3 expression might be a useful tool for prion
disease diagnosis, even in the presymptomatic stage (74).
Furthermore, after a traumatic brain injury in mice,
SerpinA3 has been identified as a neuroprotective influ-
ence resulting from the regulation of the MAPK signal
pathway, which promotes antioxidant protection and the
reduction of endogenous mitochondrial apoptosis (15).

Together, all these findings suggest that SerpinA3 is
involved in the pathogenesis of brain diseases. SerpinA3
could be an important diagnostic tool, not only for early
identification of AD and CJD but also for many degenerative
brain diseases in which the diagnosis remains unclear.
Undoubtedly more studies are needed to understand the
mechanisms by which SerpinA3 can exert protective or
adverse function in the brain (Fig. 2).

SerpinA3/Antichymotrypsin in Eye Diseases

Disease in eye tissues has been one of the most-studied
pathological processes in which SerpinA3 is involved. The
administration of recombinant SerpinA3 was able to reduce
cornea neovascularization and inflammation in a murine
model of corneal alkaline burn. This effect was mediated by
the negative regulation of angiogenic and inflammatory fac-
tors (21). Moreover, the same research group that reported
the previous effect evaluated the SerpinA3-downregulated
components associated with the Wnt pathway in suture-
induced corneal neovascularization, which has been
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associated with the regulation of inflammatory response and
angiogenesis (75). Besides this, inhibition of the Wnt path-
way with an intravitreal injection of adenovirus expressing
SerpinA3 promoted antifibrotic activity in experimental dia-
betic retinopathy through the reduction of connective tissue
growth factor (CTGF) (76).

In vitro studies in retinal neuronal and M€uller cells have
shown that SerpinA3 exerts protection against reactive oxy-
gen species (ROS). This effect appears to be mediated by the
inhibition of phospholipase C activation, which avoids cal-
cium overload and preserves retinal cells (77). Moreover, in
cultured human corneal epithelial cells and in rat corneal ep-
ithelium in vivo, SerpinA3 has been reported to increase the
activity of superoxide dismutase (SOD) and catalase, which
cause lower levels of ROS, as well as blocking NOX4, which is
an isoform of NADPH oxidase, decreasing ROS production.
SerpinA3 could regulate the KEAP1-NRF2 pathway, which
mediates the redox system (78).

In eye pathogenesis, SerpinA3 seems to be a protective
molecule, having antiangiogenic, anti-inflammatory, antiox-
idant, and antifibrotic activities (Fig. 3). Therefore, the evalu-
ation of SerpinA3 in tissue-specific transgenic mice will
allow us to evaluate the detailed mechanisms implicated in
these pathologies.

SerpinA3/Antichymotrypsin in Oncological Processes

The activity of SerpinA3 is diverse, depending on the type
of tumor and the region of the body where the tumor is
located. In hepatocellular carcinoma, an overregulation of
the PI3-kinase/Akt/mechanistic target of rapamycin (mTOR)
pathway exists that counteracts apoptosis-related proteins.
It has been reported that SerpinA3 acts as a suppressor of
this type of carcinoma through the negative regulation of the
PI3-kinase/Akt/mTOR pathway, allowing the induction of
apoptosis of cancerous cells (79). On the contrary, the over-
expression of SerpinA3 was associated with glioblastoma
progression, as indicated by larger tumor sizes, a higher
World Health Organization (WHO) grade of glioma, and
reduction of patient survival (80). Additionally, in vitro
experiments have shown that when astroglia and microglia
cell lines are cocultured with SerpinA3, remodeling of the
extracellular matrix occurs, which promotes higher invasion
of the glioma (81).

SerpinA3 has been detected in the nuclei of pancreas,
stomach, breast, hepatic, and lymphatic cancers, despite not
being present in the nucleus of normal tissues (82).
Furthermore, SerpinA3 levels are elevated in the serum
of individuals with malignant diseases. Also, increased
SerpinA3 expression has been described in endometrial can-
cer as well as melanoma, and this has been considered to be
a prognostic factor related to high mortality (83,84). Also, it
has been reported that SerpinA3 could regulate the cell cycle
at the G2/M phase, allowing proliferation and avoiding apo-
ptosis of endometrial cancer cells that appears to be medi-
ated by the AKT and ERK1/2 pathway (80). Finally, in
melanoma and colon cancer, SerpinA3 was closely associ-
ated with the migration of, and invasion by, malignant cells
(83, 85). Most of these studies show that there is an increase
in SerpinA3 levels, but we still do not know if this is to help
counteract the tumorigenic process or to increase the

invasiveness of cancer cells; therefore, it is necessary to fully
explore its participation within each tissue type in cancer
proliferation processes.

SerpinA3/Antichymotrypsin in Cardiovascular Diseases

A few studies have explored the contribution of SerpinA3
in the cardiovascular system. In a murine model, an intrave-
nous injection of recombinant human SerpinA3 before
reperfusion of the myocardium was able to reduce myocar-
dial ischemia-reperfusion damage. This protective effect was
mediated by an inhibition of neutrophil accumulation at the
site of the injury (86).

In patients diagnosed with cardiac stenosis, SerpinA3
plasma levels are increased, suggesting that this molecule
could be useful as a diagnostic tool. Zhao et al. (87) recently
proposed that SerpinA3 could predict adverse cardiac events
such as cardiovascular death, recurrent myocardial infarc-
tion, advanced heart failure, and any revascularization in
patients with myocardial infarction. Although its usefulness
is still under investigation to determine the prognosis of
these diseases, additional clinical studies could help validate
its use as an effective diagnostic test.

SerpinA3 in Renal Diseases

Under normal conditions, SerpinA3 is mainly expressed in
epithelial cells of the proximal convoluted tubule, but it is
absent in glomerular structures and interstitium. A recent
massive proteomic study demonstrated that SerpinA3 is pri-
marily expressed in the S2 proximal tubule segment and the
descending thin limb of Henle’s loop in the kidneys of rats
(88). As in other organs, little is known about the specific role
of SerpinA3 in renal physiology and pathophysiology. It is
known that increased SerpinA3 is found in stainings of the
proximal renal tubules of biopsies compared with normal re-
nal tissues from a variety of primary and secondary glomeru-
lonephritis, such as minimal change disease (MCD), focal
and segmental glomerulosclerosis (FSGS), diffuse mesangial
proliferative glomerulonephritis (MeGN), membranous glo-
merulonephritis (MGN), diabetic nephropathy, IgA nephri-
tis, and lupus nephritis (LN) (89).

During kidney injury, it has been reported that several
proteolytic molecules are filtered, which could be potentially
harmful to the tubules (90). Colocalization of lysozymes with
either SerpinA1 or SerpinA3 in proximal tubular cells has
been reported, especially in patients with immunological
kidney diseases (91). Although it is feasible that serpins
regulate inflammatory responses in kidney injuries, there
is no evidence of serpin interstitial staining, even in the
setting of a nephritic process. SerpinA3 has also been
found in cells of different renal tumors, such as nephro-
blastoma, renal carcinoma, and congenital mesoblastic
nephroma (89).

Recently, through high-resolution mass spectrometry
we identified the abnormal presence of SerpinA3 in the
urine of rats with chronic kidney disease (CKD) (60). In
this study, we first assessed whether urinary SerpinA3
(uSerpinA3) could detect early CKD in rodents with an ex-
perimental model of transition from acute kidney injury
(AKI) to CKD. A progressive elevation of proteinuria and
renal fibrosis was observed during AKI-to-CKD transition
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in the rats. At the same time, we studied the presence of
SerpinA3 in the urine of patients with different renal dis-
eases, and we also included patients with inflammatory
diseases but without kidney damage. uSerpinA3 had
behavior similar to that in rats, but a much earlier eleva-
tion was seen, and there was a significant correlation with
fibrosis. In the immunohistochemical analysis, SerpinA3
was relocated from the cytoplasm to the tubular apical
membrane in CKD. uSerpinA3K levels increased markedly
in patients with CKD secondary to focal and segmental
glomerulosclerosis (FSGS), ANCA-associated vasculitis
(AAV), or proliferative lupus nephritis (LN) class III and
IV compared with a group of healthy volunteers.
Furthermore, although uSerpinA3 levels were significantly
correlated with renal fibrosis in the patient groups, in con-
trast, in patients with class V LN uSerpinA3 levels were not
different from healthy volunteers. Also, uSerpinA3 levels
in patients with other inflammatory diseases without renal
dysfunction were similar to healthy volunteers. In patients
with LN classes III and IV, SerpinA3 was also relocated
from the cytoplasm to the apical epithelial membrane,
suggesting that during renal injury SerpinA3 is probably
secreted into the luminal space, explaining its presence in
the urine (60). Urine proteomic studies of patients with
acute renal allograft rejection have also pointed out
SerpinA3K’s possible role as a potential early biomarker
(92) for this condition.

These results suggest that SerpinA3 seems to be involved
in renal diseases, although it is necessary to evaluate in
detail its role in renal inflammation, oxidative stress, cellular
proliferation, angiogenesis, and fibrosis.

CONCLUSIONS

In summary, the evolution and conservation of serpins in
three different species give us a broad view of their impor-
tance in preserving cellular physiology. Advances in knowl-
edge of the functional biochemistry and cell biology of
serpins have been reinforced by extensive contributions of
structural biology and genomics. These in vitro findings
have been supported by the generation and characterization
of transgenic mice providing in vivo evidence of the central
role of serpins in several chronic diseases.

Despite the earlier belief that the main function of serpins
was to act as serine protease inhibitors, many of the effects
that serpins exert are related to noncanonical pathways (Fig.
3), such as oxidative stress, cellular proliferation, and apo-
ptosis. In oncological processes, the location of the involved
serpin, either intracellular or extracellular, determines
whether cancer has a good or bad prognosis. Onemechanism
for this could be related to the ability to bind to DNA, DNA
polymerase, and DNA primase, which have been described
for SerpinA3 (65, 66). However, more studies are needed to

Fig. 3. Noncanonical functions of SerpinA3 during pathophysiological scenarios. SerpinA3 has been identified as a serine protease inhibitor, but addi-
tional functions have been identified in pathophysiological situations such as protection against reactive oxygen species, reduction of angiogenesis,
inflammation, and fibrosis, as well as decreasing apoptosis. There are several pathways identified in different diseases; however, the mechanisms of
regulation of these pathways require more detailed studies. CTGF, connective tissue growth factor; mTOR, mechanistic target of rapamycin; PEDF, pig-
ment epithelium-derived factor; PI3k, phosphatidylinositol 3-kinase; SOD, superoxide dismutase; TNF-a; tumor necrosis factor-a; VEGF, vascular endo-
thelial growth factor.
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determine whether other serpins have the potential to bind
to DNA.

Many serpinopathies are related to intracellular accumu-
lation caused by the improper folding of the proteins. Even
though the participation of some mutations in serpin mis-
folding is well described, little is known about the regulation
of serpin folding and secretion under conditions of cellular
stress. The glycosylation of serpins could play an important
role in pathological events, either by increased glycosylation
or by its lack, which could modify serpin secretion. This hy-
pothesis could be supported by the fact that the clade B
serpins, which are typically intracellular, are not fully glyco-
sylated, but there are examples of secreted and glycosylated
clade B serpins, such as SerpinB2 and ovalbumin, although
SerpinB5 is predicted to be a cytoplasmic and nonsecreted
protein (93). However, in different types of cancer SerpinB5
has been located extracellularly, on the membrane surface,
in the cytoplasm, or the nucleus, without any changes in the
protein sequence, suggesting that pathological situations
could influence posttranscriptional modifications (42).
Further investigation is essential to understand whether
glycosylation is needed for secretion of serpins as well as
whether their glycosylation is implicated in chronic
diseases.

Within the serpin superfamily, SerpinA3 has shown a rele-
vant role in the physiology and pathophysiology of the brain,
lungs, heart, corneas, retinas, and kidneys. Several studies
have demonstrated SerpinA3’s involvement in the regulation
of angiogenesis, apoptosis, oxidative stress, and inflammatory
responses as well as in preserving the balance of pro- and anti-
fibrotic factors. It has been shown that KEAP1-NRF2, SOD2,
Wnt, CTGF, phospholipase C, AKT, and ERK1/2 are regulated
by SerpinA3 (Fig. 3). Nevertheless, the specific mechanism by
which SerpinA3 can regulate these pathways is still unknown.
One explanation could be related to the DNA-binding
capacity of SerpinA3 (66), which theoretically could allow
SerpinA3 to regulate transcription. Another possibility is the
ability to interact with some receptors, as is the case for
SerpinA4 (46).

Although much remains to be discovered about serpins’
functions and the additional roles they may have in vari-
ous physiological and pathophysiological scenarios, their
participation in chronic and degenerative diseases is evi-
dent. This opens a niche of opportunity not only to explore
signaling pathways that may be activated in different cir-
cumstances but also to develop new therapeutic targets,
with the possible use of serpins as diagnostic tools for sev-
eral diseases.
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7. MANUSCRITOS EN PREPARACIÓN 
 
7.1 Manuscrito 1: La serpinA3 en respuesta al estrés celular. 
 

Evaluamos si los niveles de serpinA3K en orina podrían servir como un 

biomarcador temprano de LRA. Utilizamos un modelo de Lesión por 

Isquemia/Reperfusión (IR) para inducir LRA. Este modelo se caracteriza por hipoxia, 

estrés oxidante, inflamación y daño y muerte de células tubulares y endoteliales 

(87). Se incluyeron 20 animales que se sometieron a diferentes períodos de 

Isquemia / Reperfusión bilateral renal (15, 30, 45 y 60 min) y los comparamos con 

un grupo simulado (n = 4 para cada grupo). A las 24 h post-isquemia, se evaluaron 

los parámetros fisiológicos y bioquímicos. No encontramos cambios en la presión 

arterial media entre los grupos (datos no mostrados), mientras que los animales que 

se sometieron a isquemia mostraron alteraciones profundas a nivel renal, como la 

reducción en el flujo sanguíneo renal (FSR), que fue significativo en los grupos de 

45 y 60 minutos de isquemia (Figura 1A), aumentos significativos en la creatinina 

sérica (Figura 1B) y aumento de proteinuria (Figura 1C) a partir de los 30 minutos 

posteriores a la isquemia, mientras que la elevación de un marcador de estrés 

oxidante fue estadísticamente significativo después de 45 minutos de LRA (Figura 

1D). También analizamos los niveles de Hsp72 en orina, un biomarcador de LRA 

sensible que hemos descrito previamente. Los niveles de Hsp72 urinario 

aumentaron progresivamente en paralelo a la gravedad del daño renal inducido 

(Figura 1E). De manera similar, los niveles de serpinA3K en orina aumentaron 

progresivamente de manera proporcional a la severidad del LRA (Figura 1F). El 

incremento en los niveles de serpinA3K en orina fue evidente a partir de los 15 

minutos posteriores a la isquemia, pero alcanzó una diferencia estadística a partir 
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de los 30 minutos posteriores a la isquemia. Estos datos indican que los niveles 

urinarios de serpinA3K pudieron estratificar el grado de lesión renal. 

 

 

También evaluamos si serpinA3K podría ser un biomarcador temprano de 

LRA en ratas. Once grupos fueron incluidos y eutanasiados en diferentes períodos 

de reperfusión (3, 6, 9, 12, 18, 24, 48, 72, 96 y 120 h). Se encontró una reducción 

significativa en el FSR (Figura 2A), con una elevación significativa de la creatinina 
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sérica después de 9 h de isquemia (Figura 2B), mientras que la proteinuria y la 

excreción urinaria de H2O2 no se alteraron hasta las 24 h después de la isquemia 

(Figura 2C y 2D). Como reportamos anteriormente (61). El aumento de los niveles 

urinarios de Hsp72 apareció muy temprano, comenzando a las 3 h después de la 

isquemia (Figura 2E). Del mismo modo, observamos que los niveles de serpinA3K 

en orina podrían detectar AKI en las primeras etapas, también comenzando a las 3 

h post-isquemia (Figura 2F). 
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Al analizar la localización de la serpinA3K en el riñón, encontramos que esta 

se expresaba principalmente en las células tubulares. En el caso del grupo control, 

la proteína se encontraba distribuida por todo el citoplasma, en comparación con el 

grupo de LRA encontramos que la serpinA3K, se relocalizó a la membrana apical 



 60 

(Figura suplem. 1). Este cambio de localización sugiere su posible secreción a la luz 

tubular y de esa manera su presencia en la orina.  

 

Con la finalidad de evaluar si la serpina es secretada en condiciones de 

estrés celular, clonamos a la serpina3k de la rata en un vector de expresión para 

realizar la transfección transitoria en células HEK293, realizando una curva 

creciente de plásmido, así como, una curva temporal de la expresión y secreción de 

serpinA3K. Primero corroboramos que la transfección era eficiente mediante la 

utilización de un anticuerpo anti-Flag y anti-serpina. Encontramos que el punto 

máximo de expresión y secreción de la serpinA3K se logró con 1ug de plásmido 

(Figura 3A).  Al evaluar la temporalidad de la expresión y secreción de serpinA3K, 

encontramos que cambiando el medio cada 24 h, el período entre 24 y 48 h fue 

donde encontramos mayor secreción, (Figura 3C); es importante mencionar que la 

transfección continúo siendo eficiente hasta las 72 h, ya que, al hacer un ensayo en 
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donde no se realizó cambio de medio, podemos ver la acumulación creciente de la 

serpinA3K en el medio (Figura 3D). 

 

Para evaluar si el estrés celular era capaz de inducir mayor secreción de 

serpinA3K, eliminamos el suero fetal bovino del medio durante 24h. Encontramos 

que el estrés celular indujo una mayor secreción serpinA3K (Figura 3B).  

Observamos también que el peso molecular de la proteína secretada era 

mayor que la intracelular. Esto nos sugirió que, la serpinA3K para ser secretada, 

requiere una modificación postraduccional. La N-glicosilación es una modificación 

previamente identificada en esta proteína (88, 89). Por esta razón, analizamos si 
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esta modificación se estaba produciendo y si era encontrada en la serpinA3K 

secretada. Realizamos un ensayo de PNG-glicanasa, enzima encargada de 

remover las N-glicosilaciones. Cuando evaluamos el peso molecular después del 

tratamiento, encontramos que el peso se igualó entre todos los grupos, incluidos el 

del hígado, plasma, riñón y orina de rata con LRA. Este experimento sugiere que la 

glicosilación es una modificación presente en la proteína secretada (Figura 4A, B, 

C). 

 

Otra forma de inducir estrés celular fue exponer a las células a dosis 

crecientes de peróxido de hidrogeno y como se observa en la Figura 5, hubo un 

aumento en la secreción de serpinA3K de manera dosis dependiente (Figura 5).   
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Finalmente, determinamos si se encontraban niveles anormales de 

serpinA3K en la orina de pacientes con LRA. Se incluyeron once pacientes, cinco 

(45.5%) de los cuales eran mujeres y seis (55.5%) hombres, con una edad promedio 

de 56.8 ± 4.4 años. El nivel medio de creatinina sérica basal fue de 0.8 ± 0.1 mg/dL 

y aumentó a 3.0 ± 0.4 mg/dl en el momento del diagnóstico de LRA. La severidad 

de la LRA clasificada como AKIN 1, 2 o 3 fue 27.3, 36.1 y 36.4%, respectivamente. 

Como se muestra en la Figura 6A, los pacientes con LRA exhibieron un aumento 

significativo en los niveles séricos de creatinina y de serpinA3K en la orina (Figura 

6B). La serpinA3K no se detectó en la orina de voluntarios sanos. 
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DISCUSIÓN 

 
Encontramos que el modelo de IR+UNx fue capaz de inducir LRA, además 

que aceleró la transición a ERC. La ERC se caracterizó por la caída del FSR, la 

disminución de la depuración de creatinina y el aumento de la creatinina sérica, así 

como un aumento progresivo de la proteinuria.  

Los cambios que se presentaron de forma temprana fue el aumento del 

estrés oxidante que se mantuvo durante todo el seguimiento, así como una 
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disminución de la metilación global en corteza renal. Estos mecanismos deben 

estudiarse a mayor detalle, ya que podrían ser los responsables de la transición a 

ERC. 

Este modelo nos permitirá estudiar las alteraciones epigenéticas que 

acompañan la transición de la LRA a ERC, así como el estudio de todos los 

mecanismos temporales involucrados en dicha transición, al acelerar este proceso.  

En el presente estudio evaluamos si la serpinA3K urinaria podría ser también 

un biomarcador oportuno de LRA. Encontramos una elevación significativa de los 

niveles de serpinA3K en orina tan pronto como a las 3 h después de inducir la 

isquemia en la rata y esta mayor cantidad de serpina urinaria se mantuvo elevada 

hasta las 48 h después de la isquemia. Por el contrario, la elevación de la creatinina 

sérica y la aparición de proteinuria no se observaron hasta las 9 y 18 h posteriores 

a la isquemia, respectivamente. Cuando evaluamos los diferentes grados de LRA, 

hubo un aumento proporcional de los niveles de serpinA3K proporcionalmente a la 

gravedad de la lesión renal inducida. Se encontraron resultados similares cuando 

se evaluaron los niveles de RNAm de serpinA3K renal (datos no mostrados). Estos 

resultados sugieren que los niveles de serpinA3K en orina pueden ser una 

herramienta para la detección y estratificación temprana de LRA.  

También demostramos la capacidad de las células tubulares para secretar 

serpinA3K bajo estrés celular sugiere que esta proteína, al igual que en otros tejidos, 

pudiera promover un efecto antioxidante y antiinflamatorio de las células tubulares 

adyacentes. La secreción de serpinA3K, se vio acompañada de un aumento de peso 

molecular y los resultados muestran que la glicosilación, es una modificación 

necesaria para la secreción de serpinA3K.  
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Este estudio en células en cultivo, animales y humanos muestra que, en 

condiciones fisiopatológicas, la serpinaA3 es secretada, muy probablemente para 

contrarrestar el daño oxidante e inflamatorio que ocurren después de estrés celular.  

Este trabajo, deja la puerta abierta para evaluar el efecto de la serpinA3K en 

el riñón, frente a distintos escenarios fisiopatológicos, así como, la evaluación de la 

glicosilación como mecanismo de secreción frente a situaciones adversas. Además, 

queda pendiente la evaluación en un número mayor de pacientes para su función 

como biomarcador de LRA.  

Debido a que se sabe que la serpina A3K es capaz de inhibir vías pro-

inflamatorias como VEGF, TNF-α e ICAM (98, 99), previniendo efectos deletéreos 

de los procesos inflamatorios exacerbados (99-100) y conociendo que la LRA 

genera un proceso inflamatorio activo, decidimos evaluar que ocurría en las horas 

posteriores al episodio de isquemia bilateral. Encontramos que estos animales 

tenían presencia de serpina A3K de forma temprana a las 3 h pos-isquemia y 

permaneció elevada hasta las 120 h de reperfusión; mientras que la creatinina 

sérica y la proteinuria aparecieron de forma tardía (9 y 18h respectivamente) (Figura 

5).  

Al evaluar en animales con distintas severidades de LRA, vimos que la 

presencia de serpina A3K urinaria se reflejó desde los 30 min de isquemia y fue 

aumentando proporcionalmente al aumento de la severidad de daño, dejado de 

manifiesto la capacidad de esta proteína para estratificar el daño inducido por la 

LRA.  

En los últimos años el aumento de los pacientes con ERC a nivel mundial ha 

aumentado de forma alarmante, aunado al reciente reconocimiento de la LRA como 
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factor de riesgo independiente para el desarrollo de ERC, que si no es tratado 

adecuadamente puede promover el desarrollo de enfermedad renal crónica terminal 

(ERCT), lo que, además, genera altos costos para los sistemas de salud y aumenta 

el riesgo de muerte en los pacientes. Es por ello por lo que resulta imprescindible 

encontrar biomarcadores que permitan identificar de forma temprana el desarrollo o 

transición de ERC, para promover que los tratamientos se den de forma oportunidad 

y prevenir el deterioro de la función renal.  

El papel de la serpina A3K en fisiopatologías ha sido estudiada en modelos 

de daño en cornea y retina, pero no se conoce su función en la fisiopatología renal. 

Aunque, se ha encontrado que esta proteína ejerce actividades anti- inflamatorias, 

anti-angiogénicas y antioxidantes en la córnea y la retina, no se conoce si estos 

procesos son regulados de está misma manera en el riñón. Sin embargo, estos 

procesos antes mencionados, juegan un papel clave en la progresión y transición a 

ERC, por lo que se podría sugerir su posible función en esta patología.  

Los resultados del presente trabajo apoyan a que la serpina A3K urinaria es 

un biomarcador temprano y eficaz para la detección de estos procesos, y con un 

panorama para en un futuro ser utilizado en pacientes.   
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7.2 Manuscrito 2: La deficiencia de sirtuina 7 reduce la inflamación y el daño 
tubular inducidos por un episodio de lesión renal aguda 
 
 

Después de 24 h de la cirugía falsa de IRB renal, no se registraron diferencias 

significativas en el peso corporal entre los grupos (Figura 1A). El peso del riñón 

derecho y del izquierdo fueron significativamente mayores en los grupos WT+IRB y 

HT+IRB, curiosamente este efecto no se observó en el grupo KO-Sirt7+ IR (Figuras 

1B-C), incluso cuando fueron normalizados por el peso corporal (Figuras 1D-E). 

Estos hallazgos sugieren que la IRB renal indujo inflamación renal en ratones WT y 

HT, que no se observó en ratones KO-Sirt7.  

La LRA inducida por IRB se evidenció por la reducción significativa de la TFG 

evaluada por el monitor de fluorescencia y la inyección de FITC-sinistrina. Todos los 

grupos sometidos a IR bilateral mostraron un descenso significativo de la función 

renal (Figura 1F) Por lo tanto, la deficiencia de Sirt7 no tuvo impacto en la disfunción 

renal inducida por IR renal. 
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La deficiencia de Sirt7 evitó el daño tubular 

La albúmina urinaria y los biomarcadores de daño renal se evaluaron 

mediante ELISA y Western blot, respectivamente. Se observó un aumento 

significativo de la albuminuria en los grupos WT+IRB y HT+IRB, sin embargo, el 

incremento de la albuminuria en los grupos KO + IR fue de menor magnitud y no se 

encontró una diferencia significativa (Figura 2A). 
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 Se evaluaron los biomarcadores urinarios de lesión renal, KIM1, HSP72 y 

SerpinaA3K, los dos últimos previamente descritos por nuestro grupo (10-11). Estos 

biomarcadores se incrementaron significativamente en los grupos WT+IRB y HT + 

IRB (Figura 2B-2D), sin embargo, a pesar de que los grupos KO+IR exhibieron 

disfunción renal, no hubo elevación significativa en estos biomarcadores de lesión 
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renal. Todos estos resultados juntos muestran que la deficiencia de Sirt7 se asoció 

con una menor inflamación renal y menor lesión tubular. 

 

La ausencia de Sir7 no se asoció con cambio en la expresión de Sirt1 y Sirt3  

Evaluamos los niveles de RNAm y de proteína para Sirt7 en los animales 

para corroborar la deficiencia de esta proteína. Encontramos como era esperado, la 

desaparición total del RNAm y proteína de Sirt7 en los animales KO. En el caso de 

los animales WT, encontramos que la isquemia renal tendió a aumentar Sir7, sin 

embargo, la diferencia no fue estadísticamente significativa. (Figuras 3A-B). Para 

estudiar si Sirt1 y Sirt3 tenían una respuesta frente a la deficiencia de Sirt7, 

evaluamos los niveles de RNAm y de proteína. Encontramos una disminución 

significativa en los niveles de RNAm de Sirt1 (Figura 3C), sin embargo, no 

encontramos cambios a nivel de proteína (Figura 3D). Para el caso de Sirt3,  no 

encontramos diferencias en los grupos estudiados (Figuras 3E-F). 
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Evaluación de vías antioxidantes y de respuesta a hipoxia. 

Observamos que en los animales WT y HT después de un episodio de LRA, hubo 

un aumento significativo de peróxidos urinarios, que es un marcador de estrés 

oxidante (Figura 4A). Estos hallazgos correlacionaron con la disminución en los 

niveles de RNAm de catalasa y esto se previno de manera significativa en los 

animales KO+IRB en comparación con el grupo WT+IRB (Figura 4B). Aunado a este 

resultado, encontramos un aumento significativo del factor antioxidante Nfe2l2, que 

codifica para el factor Nrf2, en el grupo KO+IRB(Figura 4C). En Sod2 no 

encontramos diferencias significativas  (Figura 4D).  
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Al evaluar los niveles de RNAm de HIF-1α datos no mostrados) no encontramos 

cambios, sin embargo, existe evidencia que sugiere que SIRT7 puede degradar a 

HIF-1α al interactuar con la proteína (78), por ello sería interesante evaluar los 

niveles de la proteína de HIF-1α.  

 

 

 

 

 

 

 

 

 

 

 

 

 

La deficiencia de Sirt7 promovió la inhibición de vías pro-inflamatorias y 

activó a TGFβ.  

Se realizó la evaluación de los niveles de RNAm de Il6, Tnfa, Mcp-1, Tgfb y 

Il10. Observamos que en los grupos WT+IRB y HT+IRB los niveles de RNAm de Il6, 

Tnfa Mcp1y Il10 fueron significativamente mayores que su grupo control (Figura 5A-
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C, E). De manera interesante, los animales KO se protegieron de la elevación de 

los niveles de RNAm de las moléculas proinflamatorias, y por el contrario 

presentaron una elevación significativa en los niveles de RNAm del gen Tgfb, lo que 

no se observó en los animales WT o HT (Figura 5D). Para el caso de Il10, no se 

encontró elevada en los ratones KO+IR, en contraste con los animales WT+IR y 

HT+IR. Este dato resulto interesante, ya que típicamente se considera a IL-10 como 

una citocina anti-inflamatoria, sin embargo, la evidencia acumulada demuestra que 

la expresión anormal de IL-10, ya sea transitoria o prolongada, así como las 

interacciones con otros factores de crecimiento como respuesta a diversos 

estímulos, está relacionada con la aparición y progresión de una variedad de 

trastornos renales. Además, el aumento de las concentraciones de IL-10 en suero 

predice la albuminuria y se correlaciona con la gravedad de la nefropatía diabética 

(103). 
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Mediante Western Blot evaluamos los niveles de IL-6 en tejido. En concordancia 

con los hallazgos encontrados con los niveles de RNAm, los niveles de proteína se 

elevaron en los animales WT con respecto a su grupo control, mientras que esta 

elevación se previno parcialmente en los animales KO (Figura 5G). En el caso de 
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IL-33 una citocina que funciona como alarmina durante la respuesta inflamatoria, se 

encontró significativamente menor en los animales KO (Figura 5H). 

Además, evaluamos los niveles plasmáticos de TNF-α en donde vimos una 

tendencia a elevarse en los animales WT y HT con IRB, comparados con sus grupos 

control, mientras que en los animales KO los niveles plasmáticos de TNF-α se 

mantuvieron similares a su grupo control (Figura 5B). 

Sir7 en la infiltración de células inflamatorias después de la IRB  

Para hacer la evaluación del infiltrado de células inflamatorias, realizamos un 

análisis de citometría de flujo. En la Figura 6A se muestra la metodología empleada 

para hacer la elección de cada tipo celular usando a CD45 como marcador de 

células hematopoyéticas. Para el análisis de macrófagos se utilizó el marcador 

CD11b y para las subpoblaciones M1 y M2 se uso la expresión de F4/80 (M1 

lowF4/80 y M2 high F4/80, respectivamente) (Figura 6B). En el caso de las células 

T se uso la subunidad b del receptor de células T (TCRb), así como, CD4 y CD8 

para los subtipos de células T (Figura 5C).  
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Encontramos, de acuerdo con los hallazgos en los niveles de citocinas inflamatorias, 

un aumento en la infiltración de leucocitos posterior a la IRB en el grupo WT, 

mientras que, esta infiltración fue mucho menor en los animales KO+ IRB p=0.588 

(Figura 7A). Al evaluar las subpoblaciones M1 y M2 de macrófagos, encontramos 

una tendencia a mayor infiltración de M1 en los animales WT+IRB, que fue 

ligeramente menor en los animales KO+IRB, pero sin diferencias significativas 

(Figure 7B). De manera interesante, observamos un aumento significativo en la 

infiltración de M2 en los animales WT después de la LRA, que no fue observada en 

los animales KO (Figure 7C). En la infiltración de células T totales vimos un aumento 

significativo en el grupo WT+IRB y este cambio no se encontró en el grupo KO+IRB 

(Figura 7D). No encontramos diferencias en las subpoblaciones de células T, CD4 

y CD8 (Figura 7E-F).  
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DISCUSIÓN 

 
Encontramos que la deficiencia de SIRT7 atenuó el daño por 

isquemia/reperfusión renal, lo cual fue evidenciado por la menor excreción de 

proteínas y de biomarcadores urinarios de daño renal Hsp72, KIM-1 y serpinaA3 

(56, 61, 81).  Al mismo tiempo, se registró un menor aumento del peso renal. Lo 

anterior sugiere fuertemente que la deficiencia de Sirt7 se asocia con menor 

inflamación. Acorde con estos resultados, Miyasato, Y et. al. en 2018, encontraron 

que la deficiencia de Sirt7 en un modelo de daño renal inducido por cisplatino, 

previno el aumento de NGAL(80). No obstante que encontramos menor daño 

tubular, la deficiencia de Sirt7 no previno la disfunción renal (TFG) inducida por la 

isquemia/reperfusión. Estos resultados sugieren que la Sirt7 no reguló a los factores 

vasoconstrictores que se inducen tras un episodio de LRA.  

 Los datos de protección de daño tubular se asociaron con una menor 

inflamación renal, ya que los animales KO no tuvieron aumento del peso renal en 

comparación con los WT+IRB. Además, encontramos que los animales KO 

presentaron menor elevación de moléculas pro-inflamatorias como IL6, TNFα y 

MCP-1. Estudios recientes, llevados a cabo con endotelio pulmonar, han 

demostrado que la deficiencia de Sirt7 protege frente a procesos inflamatorios 

mediados por lipopolisacaridos (LPS). Más aún, esta protección se asoció con el 

aumento en la expresión TGF−β 1 y sus genes blancos, permitiendo la transición 

endotelio-mesénquima y promoviendo la reparación (85). En el caso de los modelos 

de isquemia-reperfusión renal se ha estudiado, que la activación de TGF−β1 se 

produce como consecuencia directa de la hipoxia, la señalización de la angiotensina 

II y la pérdida de la integridad de la matriz extracelular (MEC). Por lo tanto, se 
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considera que TGF−β1 regula al alza la síntesis de componentes de la matriz 

extracelular como la fibronectina y el colágeno IV, proporcionando una base para la 

restauración del epitelial en el túbulo en regeneración. TGF−β1 también regula la 

proliferación y diferenciación de células tubulares epiteliales. Esta respuesta se 

apaga rápidamente en respuesta a la recuperación del riñón (86). En este estudio 

encontramos que la deficiencia de la Sirt7 promovió el aumento de TGF−β 1 como 

posible molécula antiinflamatoria. Además, se ha encontrado que la Sirt7 pudiera 

ser un modulador de la translocación al núcleo de NFkB y posterior activación por 

fosforilación (86), sin embargo, no queda claro en qué contexto patológico ocurre 

esto. Sobuz, S. et al. demostraron recientemente que la Sirt7 interactúa con una 

pequeña GTPasa, antígeno nuclear relacionado con Ras (Ran), promoviendo su 

desacetilación en K37 y con lo cual, la exportación nuclear de NFkB se inhibió en 

células deficientes en Sirt7 que expresaban K37R-Ran (mutante que imita la 

desacetilación). Estos datos sugieren que Sirt7 es una lisina desacetilasa que se 

dirige al residuo K37 de Ran al modular la exportación nuclear de p65(86). Por otro 

lado, este mecanismo puede estar relacionado con la acetilación de la subunidad 

RelA en la Lys310, que promueve la activación de NFkB y la posterior respuesta 

pro-apoptótica dependiente de NFkB (89). Aunque este mecanismo solo se ha visto 

como una marca reconocida por Sirt1 y Sirt2 (90), hay evidencia que sugiere que 

pueden existir mecanismos en paralelo que pueden modular la activación de NFkB 

mediado por Sirt7.  

La protección en la elevación de citocinas pro-inflamatorias en los animales KO+IRB 

se asoció con una menor infiltración de células CD45, en particular de los 

macrófagos M1 y M2. Aunado a esto, este grupo presentó menor estrés oxidante y 

una menor reducción de la enzima antioxidante catalasa. Además, los animales 
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deficientes de Sirt7 presentaron una elevación significativa en los niveles de RNAm 

de Nfe2l2. Este factor regula la respuesta antioxidante y estudios previos han 

demostrado que la inducción farmacológica de Nrf2 puede promover protección 

renal en modelos de IR (91, 92). Sin embargo, existen pocos reportes que asocien 

de manera directa a Sirt7 como regulador directo de Nrf2, una de las posibles 

explicaciones podría ser la relación que existe entre la Sirt7 con la respuesta a 

estrés inducida por hipoxia, ya que, se ha demostrado que la Sirt7 puede interactuar 

con la proteína HIF-1α y HIF-2α y enviar ambas proteínas a degradación (79). Por 

lo que, sería interesante analizar los niveles de HIF-1α y HIF-2α, ya que estas 

proteínas a su vez son reguladas por factores antioxidantes como Nrf2 al unirse a 

los elementos de respuesta en dichos genes (93).  

 Debido a que NFκB está involucrado con enfermedades inflamatorias y 

metabólicas, existe un interés considerable en si la inhibición de Sirt7 podría ser útil 

para tratar estas enfermedades, así como el cáncer. Sin embargo, se requieren más 

estudios para lograr entender el papel en la regulación de esta sirtuina, ya que, la 

deficiencia de Sirt7 también se ha relacionado con la generación de fibrosis en el 

corazón de animales envejecidos, lo que se acompañó de inflamación y apoptosis 

de los cardiomiocitos al inducir la producción TGF−β 1(82-83). Por ello, es 

importante entender el papel de esta proteína en diversos tejidos y en edades 

diferentes que pudieran arrojar resultados mas sólidos y menos contradictorios.  

 Finalmente, uno de los posibles mecanismos de renoprotección en los 

ratones deficientes de Sirt7 era que se diera una sobreexpresión compensatoria de 

otras sirtuinas como, Sirt1 y Sirt3, previamente descritas como reguladores del 

proceso inflamatorio frente a episodios de LRA (74, 76). De manera interesante no 
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encontramos diferencias en los niveles de estas dos sirtuinas, lo que sugiere que el 

efecto es mediado por la deficiencia de Sirt7 y las vías que regula . 

 En conclusión, este estudio nos permitió analizar el papel de SIRT7 en la 

LRA, en donde encontramos que la deficiencia de Sirt7 previno el daño tubular, la 

inflamación y el estrés oxidante posterior a la IRB. En este punto no podemos 

descartar su participación en la viabilidad celular, proceso que podría modularse al 

regular otras vías como p53 y AKT, que deben ser analizadas. Por otro lado, queda 

pendiente evaluar su posible participación en la transición a ERC, así como la 

respuesta en animales envejecidos frente al episodio de LRA.   
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8. CONCLUSIÓN 
 

En conjunto estos resultados permitieron conocer los puntos temporales de 

las alteraciones renales y posibles blancos terapéuticos para el tratamiento del daño 

renal. Estos datos se pueden trasladar a la práctica clínica, en pacientes que puedan 

desarrollar ERC por episodios de LRA o por obesidad, permitiendo prevenir o 

disminuir la progresión a ERC. Además, permitió el descubrimiento de la serpinA3K 

como biomarcador temprano, no solo del desarrollo de ERC, sino también para la 

detección de LRA y sus diferentes niveles de gravedad, que actualmente están en 

vías de validación en pacientes.  

Por otro lado encontramos, que las modificaciones epigenéticas como la 

metilación del promotor de Vegfa y la inhibición de la Sirtuna7, pueden ser posibles 

blancos terapéuticos que deben ser evaluados para la prevención del desarrollo de 

ERC.  

En conjunto, todos estos datos contribuyen de manera importante al conocimiento 

de la fisiopatología renal, abren vías de estudio y posibilidades de diagnóstico 

oportuno.  
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9. PERSPECTIVAS 
 
 

1. Analizar el papel de Hif1a y Vegfa como posibles blancos terapéuticos en la 

transición de LRA a ERC. 

2. Evaluar mecanismos de desmetilación activa en la transición a ERC. 

3. Usando a los ratones transgénicos deficientes de serpinaA3K, analizar su función 

en la fisiopatología renal.  

4. Analizar a la serpinA3K como biomarcador en la respuesta al tratamiento de los 

pacientes con NL, así como en los pacientes con nefropatía diabética.  

5. En los ratones transgénicos deficientes de Sirt7, evaluar los niveles de la proteína 

HIF-1a y Vegfa como gen blanco y evaluar si la respuesta a la LRA es diferente en 

animales viejos respecto a los jóvenes, así como su participación en la transición a 

ERC.  

6. Por otro lado, se sabe que existen diferencias importantes en la respuesta al daño 

renal dependientes del sexo de los animales, por ello seria interesante analizar el 

efecto de la deficiencia de sirt7 en hembras.  
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Gender Differences in the Acute 
Kidney Injury to Chronic Kidney 
Disease Transition
Ixchel Lima-Posada1,2, Cinthya Portas-Cortés1,2, Rosalba Pérez-Villalva1,2, Francesco Fontana   1,2, 
Roxana Rodríguez-Romo1,2, Rodrigo Prieto1,2, Andrea Sánchez-Navarro1,2, Guadalupe L. 
Rodríguez-González3, Gerardo Gamba1,2, Elena Zambrano3 & Norma A. Bobadilla   1,2

This study evaluated if there is a sexual dimorphism in the acute kidney injury (AKI) to chronic kidney 
disease (CKD) transition and the time-course of the potential mechanisms involved in the dimorphic 
response. Female and male rats were divided into sham-operated or underwent 45-min renal ischemia 
(F + IR, and M + IR). All groups were studied at 24-h and 1, 2, 3, or 4-months post-ischemia. Additionally, 
oophorectomized rats were divided into sham or IR groups. After 24-h, AKI extent was simllar in 
females and males, but female rats exhibited less oxidative stress and increased renal GSH content. 
After 4-months and despite similar AKI, the M + IR group developed CKD characterized by proteinuria, 
tubulointerstitial fibrosis, glomerular hypertrophy, increased oxidative stress and a reduction in HIF1α 
and VEGF from the 1st-month and persisting throughout the time-course studied. Interestingly, the 
F + IR group did not develop CKD due to lesser oxidative stress and increased eNOS, TGFβ and HIF1α 
mRNA levels from the 1st-month after IR. Whereas, oophorectomized rats did develop CKD. We found 
a sexual dimorphic response in the AKI to CKD transition. Early antioxidant defense and higher TGFβ, 
HIF1α and eNOS were among the renoprotective mechanisms that the F + IR group demonstrated.

Renal ischemia/reperfusion injury (IRI) is a major cause of acute kidney injury (AKI) in patients hospitalized 
with native or transplanted kidneys1,2. It affects 15% of hospitalized patients, and the highest incidence is found in 
patients in the intensive care unit, with up to 60% of patients affected2–4. Ischemic AKI is provoked by a reduction 
in renal blood flow (RBF)3,5, producing endothelial and tubular epithelial injury6–8. Consequently, peritubular 
capillary perfusion is also reduced, which favors the harm of S2 and S3 segments of the proximal tubule due to 
the large number of mitochondria in these sections. Therefore, this segment is highly susceptible to oxygen ten-
sion changes, with the Na+/K+ ATPase as one of most affected enzymes. Likewise, a reduction in ATP produces 
uncoupling of the respiratory chain and the subsequent formation of free radicals that favor the detachment of 
epithelial cells and death by apoptosis or necrosis9,10.

Although the tubular epithelium can recover from lethal or sublethal cell damage, cellular processes in 
endothelial and tubular cells may not fully recover, thereby conditioning the development of progressive renal 
dysfunction11.

In the last two decades, the incidence of CKD has increased more than three times, and according to the 
World Health Organization (WHO), it will be one of the three leading causes of death and disability worldwide 
by 202012. This will certainly impact health systems around the world. CKD is characterized by progressive loss 
of nephrons and renal function, in which tubule-interstitial fibrosis plays an important role13,14. Accumulated 
evidence during the last decade from epidemiological and experimental observations have revealed that AKI 
is an important risk factor for the development of CKD and may also promote the CKD transition to end stage 
renal disease (ESRD)8,14–17. However, few studies have addressed the mechanisms of AKI transition to CKD. 
Several theories have tried to explain how an episode of AKI leads to renal function and structure injury over 
time. These theories include repeated cycles of damage and repair18, rarefaction of peritubular capillaries with the 
subsequent development of chronic hypoxia7,19,20, and activation of signaling pathways such as hypoxia inducible 
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factor (HIF1), pro-fibrotic and pro-inflammatory cytokines21,22. In addition, although it is essential that the tubu-
lar cells proliferate to restore normal tubular structure, studies suggest that epithelial cells of the renal tubules also 
play a critical role in the development of tubulointerstitial fibrosis by inducing an arrest in the cell cycle, causing 
disproportionate tubular proliferation, TGFβ generation, and epigenetic modifications23–26.

Moreover, there is a growing evidence that the pathogenesis, clinical features and prognosis of cardiovascular 
and renal diseases is completely different between men and women, which makes sense since the physiology of 
women is different from men. In this sense, one of the largest meta-analysis to assess gender differences in the 
progression of renal diseases included 11,000 patients referred from 60 different studies and showed that women 
demonstrate lower progression compared to men in different renal diseases, such as polycystic kidney disease, 
IgA nephropathy, membranous glomerulonephritis and CKD27. In support of this meta-analysis, two recent stud-
ies showed that the progression to CKD is worse in men than in women28,29. Likewise, the PREVEND cohort 
revealed that age, albuminuria, body mass index and blood glucose levels in men are risk factors that exacerbate 
the progression to ESRD at a greater magnitude than in women30.

In this study, we evaluated whether there is a sexual dimorphism in the AKI to CKD transition, the time-course  
of functional and structural alterations in both genders, the effect of oophorectomy on this transition, and the 
mechanisms responsible for gender differences.

Results
Our first target was focused on assessing the severity IRI in male and female rats. The AKI was induced by 45 min 
of ischemia and compared with the control groups. These groups were studied 24-h after IR. The M + IR and 
F + IR groups developed AKI, characterized by a significant reduction in creatinine clearance (Fig. 1A), and 
renal blood flow (Fig. 1B), together with a significant increase in proteinuria (Fig. 1C). The urinary excretion of 
hydrogen peroxide (UH2O2V) increased 4-fold in the M + IR group compared to its control group, interestingly, 
in the F + IR group, the UH2O2V remained unaltered (Fig. 1D). Previously our group showed that the urinary 
heat shock protein 72 kDa levels (UHsp72) is a sensitive and early biomarker of AKI, capable of stratifying the 
intensity of epithelial tubular damage31. As shown in Fig. 1E and F, the female control group showed almost no 
UHsp72. In contrast, the F + IR group showed a significant increase in UHsp72 (upper WB). Similar levels of 
Hsp72 were found in the M + IR and F + IR groups (lower WB and densitometric analysis). This similar degree 
of IRI was confirmed by the histopathologic analysis as is shown in the representative PAS-stained kidney slices 
and in the quantification of injured tubules (Fig. 1G–H). These results indicate that IRI caused structural and 
functional alterations of the same magnitude in male and female rats, except in UH2O2V. The dimorphic response 
observed in the UH2O2V was further analyzed by measuring glutathione levels (GSH) into the kidney (Fig. 2). In 
renal cortex, GSH content was similar in control and the F + IR groups. In contrast, the M + IR group displayed 
a significant reduction by 60% in the GSH levels compared to both control groups. (Fig. 2A). In renal medulla, 
GSH content was similar in both control groups, whereas the F + IR group exhibited greater GSH content by 
t-test (p = 0.01) but it not reach statistical difference by ANOVA. In contrast, the M + IR group exhibited lesser 
GSH levels compared to F + IR group (Fig. 2B). The GSSG levels in the renal cortex, a subrogate metabolite of 
GSH oxidation, we only observed a trend to increase in the M + IR group (Fig. 2C). Whereas in the renal medulla, 
GSSG levels were greater in the F + IR group (Fig. 2D). These findings indicate that despite similar IRI female rats 
had a greater ability to generate GSH.

Our second target was focused on assessing the time-course of AKI to CKD transition in female and male rats. 
As we previously reported23,26,32, an ischemic episode in male rats induced a progressive increase in proteinuria 
from 17.2 ± 1.4 (1st-month) to 169.2 ± 26.2 mg/dL (4th-month) and it was evident since the 2nd-month (Fig. 3A). 
The temporal course of renal function corrected by body weight was similar among the groups and did not 
alter by IRI (Fig. 3B). In contrast, an early increase in UH2O2V was observed in the M + IR group (1st-month) 
that remained elevated during the time-course of the study when it was compared to its control group by t-test 
(Fig. 3C), but only significant by ANOVA at the 1st and 4th-month compared with F + IR group. Despite the same 
initial IRI, the F + IR group did not develop neither proteinuria nor elevation of UH2O2V (Fig. 3A,C).

At the end of the experimental period (4-months), both female groups exhibited a lesser body weight than 
male, due to the well-known biological sex difference in size and body weight. In the M + IR group there was 
a slight reduction that was associated with the AKI to CKD transition that exhibited the male rats, but not the 
females (Fig. 3D). No differences in the mean arterial pressure among the studied groups were observed (Fig. 3E). 
The M + IR and F + IR groups did not exhibit changes in RBF, although it was significantly higher in male than 
in female groups (Fig. 3F), this difference was not observed when RBF was corrected by the body weight (data 
not shown).

In accord with our findings at functional level, after the 4th-month, the F + IR group showed almost no renal 
structural alterations compared to the M + IR group. The representative microphotomicrograph from a F + IR 
rat (Fig. 4A) contrast with a M + IR rat microphotomicrograph (Fig. 4B), wherein the presence of a large per-
centage of tubulointerstitial fibrosis-affected area is clearly visible. The morphometric analysis of the time-course 
of tubulointerstitial fibrosis showed that 4-months post-ischemia, the F + IR (Fig. 4C) and the M + IR groups 
(Fig. 4D) showed a significant increase in fibrosis, however the degree of damage was much greater in males than 
in females, 38% vs. 12%, respectively (p < 0.05). Tubular dilataion and glomerular hypertrophy was not observed 
in the F + IR (Fig. 4E and G, respectively). Alterations that were do present in the M + IR group (Fig. 4F and H). 
Supplemental Fig. 1 shows the time-course of glomerular diameter distribution in male control group (top panel) 
compared with the M + IR (middle panel) and F + IR groups (lower panel). After one month, the control group 
exhibited a normal distribution, in which about 50% of glomeruli was found in the size range of 101–125 μm 
(Supplemental Fig. 1A). After 2, 3 or 4-months, in the control male group, the glomerular size increased that was 
in accord with the rats grow-up, so the largest percentage of glomeruli diameter was found between 126 to 150 
μm and the distribution looks like a bell-shaped (Supplemental Figure 1B, C and D, respectively). In contrast, in 
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the M + IR group there was a significant increase in the proportion of glomeruli in higher ranks to 176 μ (12%, 
Supplemental Figure 1H). This is in clear contrast to rats belonging to the control group, which had less than 2% 
in this range and none glomerulus in the range between 201–225 μm. The F + IR group had a distribution pattern 
like the control group (Supplemental Figures 1I–1L).

The results presented in Figs 3 and 4 and Supplemental Fig. 1 clearly show that the M + IR group developed 
progressive CKD, this complication was not observed in the F + IR group, despite the same AKI degree induced 
at the beginning of the study.

To dissect the renoprotective role of female sexual hormones in the long-term renoprotection observed, 
female rats were oophorectomized. Figure 5A shows that in oophorectomized rats one month after, estradiol 
levels were reduced by 55% compared with the control group, and this group of rats won more body weight than 
the female control rats. Although the creatinine clearance was greater in Oop group than S group the difference 
by ANOVA was not significant (Fig. 5C) and when the creatinine clearance was corrected by body weight, similar 

Figure 1.  Renal injury induced by ischemia/reperfusion after 24-h in both female and male rats. (A) Creatinine 
clearance, (B) renal blood flow, (C) proteinuria, (D) Urinary H2O2 excretion, (E) Urinary Hsp72 levels by 
Western blot (n = 4–5 per group). (F) Densitometric analysis of Hsp72 levels, (G) a representative image of 
a periodic acid–Schiff (PAS) stained kidney slides from a female rat underwent IR (left), and an IR male rat 
(right), (H) percentage of injured tubules. Female groups are in a gray background in which sham female is 
represented by white bars and IR female group in black bars. Following by sham male in white bars and IR 
male group in gray bars. Control groups were formed at least n = 5, and IR Female or Male = at least 6. Data are 
shown as mean ± SE. *p < 0.05 vs, Sham female group, +p < 0.05 vs. sham male group, and çp < 0.05 vs. F + IR 
group.

http://1H
http://1I
http://1L


www.nature.com/scientificreports/

4Scientific Reports | 7: 12270  | DOI:10.1038/s41598-017-09630-2

results were observed (0.53 ± 0.07 vs. 0.66 ± 0.08 ml/min/100 g BW, p = NS). One month after, one half of these 
rats underwent IR and the other half, sham surgery. After 24-h, proteinuria was much greater in Oop + IR than in 
the F + IR group, (Fig. 5B). The IRI was also evidenced by the reduction in creatinine clearance and renal blood 
flow in both groups (Fig. 5C and D, respectively). Then, the time-course of AKI to CKD was analyzed. Urinary 
protein excretion progressively increased in the Oop + IR group since the 3rd-month post-ischemia (Fig. 5E), 
being a pretty like the M + IR group comportment. Similarly, oxidative stress in the Oop + IR group was higher 
than F + IR group since the 2nd- month (p = 0.05), reaching a statistically significant difference in the 3rd and 
4th-months (Fig. 5F). These results suggest that female sexual hormones play a crucial role in avoiding the AKI 
to CKD transition.

In order to know the mechanisms responsible in the renoprotection observed in female rats, we evaluated the 
mRNA levels of several signal pathways involved in the pathophysiology of CKD. The endothelial nitric oxide 
synthase (eNOS) mRNA levels were significantly increased in the F + IR group at 1st and 3rd-months after IRI 
compared to sham group. In contrast, mRNA levels of eNOS remained unaltered in the M + IR groups, but were 
significantly different than those observed in F + IR groups (Fig. 6A). There were not changes in catalase mRNA 
levels among the groups, except for the 1st-month in M + IR, in which a significant reduction was observed com-
pared to F + IR group (Fig. 6B). We also found a significant increase in hypoxia-inducible factor (HIF1α) mRNA 
levels in the F + IR group at the 2nd and 3rd-month post-ischemia, contrasting with the behavior in the M + IR 
group that was significantly smaller than the corresponding F + IR groups and different from S male group at 
4th-month (Fig. 6C). Although, the VEGF mRNA levels were similar during the time-course of the study in the 
F + IR and M + IR groups (Fig. 6D), the VEGF protein levels towards to be lower in M + IR group during the 
follow-up, but a significant difference was only found at the fourth month (Fig. 6E-F), Finally, the mRNA levels of 
anti- inflammatory cytokines and vasoactive receptors were evaluated. There was a significant increase in TGF-β 
mRNA levels in the F + IR group, since the 1st-month post-ischemia and this effect was not seen in the M + IR 
groups (Fig. 7A). Similarly, there was a trend to increase of interleukin-10 mRNA levels in the F + IR groups 
(Fig. 7B). No differences were found in the mRNA levels of vasoactive factors (Fig. 7C,E and F), except in ETB 
receptor in which the values tended to be lesser in male groups (Fig. 7D).
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Figure 2.  The IR renal injury induced a dimorphic GSH and GSSG kidney content response. (A) Cortex GSH 
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background in which Sham female is represented by white bars and IR female group in black bars. Following 
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Data are shown as mean ± SE. *p < 0.05 vs, Sham female group, +p < 0.05 vs. sham male group, and çp < 0.05 vs. 
F + IR group.
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Discussion
In this study, we show that after 24-h that of inducing renal injury by 45 min of renal bilateral ischemia, female 
and male rats exhibited a similar extent of IRI, but after 4 months of the initial IRI, the M + IR group, but not the 
F + IR group, exhibited clear signs of CKD, characterized by proteinuria, increased oxidative stress and structural 
changes such as: glomerular hypertrophy and tubulointerstitial fibrosis. These findings provide evidence to sup-
port that the F + IR group were protected from the development of CKD, even though they had a similar degree 
of initial AKI (Fig. 1). Moreover, when the female rats were oophorectomized, this group exhibited proteinuria 
and oxidative stress as the M + IR group. These results indicate that sexual dimorphism observed can be attrib-
uted to sex hormones, since, the oophorectomy generated a similar behavior of the AKI to CKD transition in 
female rats to that observed in male rats.

Several studies have shown that renal response to different pathological processes is different between males 
and females animals and it has also been observed in humans. Specifically, it has been reported that renal disease 
in males is associated with faster progression independently of differences in blood pressure29,33–42. When it comes 
from ischemia/reperfusion the observations are not consistent. Studies conducted in Wistar rats have found that 
functional and structural injuries induced by ischemia/reperfusion are worsen in the male than female43–46, sim-
ilar between female and male47,48, or even worsen in female than male rats49,50, and these results differ to that 
occurs in mice in which the females are more resistant to IR injury39. Using renal function (creatinine clear-
ance and renal blood flow), and tubular injury markers (proteinuria, injured tubules %, and urinary excretion of 
Hsp72), we found, that after 24-h of renal bilateral ischemia, female and male rats displayed the same magnitude 
of IRI. Therefore, sexual dimorphism in IRI after 24-h was not observed, except in the oxidative stress, because the 
F + IR did not exhibit elevation of UH2O2V, as was observed in the M + IR group (Fig. 1D). This finding on oxida-
tive stress was further explored in the renal tissue by measuring renal GSH content. The M + IR indeed exhibited 
a significant reduction in renal GSH, an effect that was not observed in the F + IR group (Fig. 2A), despite the 
extensive tubular proximal injury (Fig. 1). These results indicate that female hormones seems to maintain the 
GSH content in extreme conditions and they also are able to protect for their powerful antioxidant activity, as 
has been previously demonstrated51. Although female exhibited a lesser oxidative stress than male rats, it was not 
enough to reduce IR injury, because several players take place into AKI pathophysiology, mainly: 1) enhanced 
vasoconstriction, due to an imbalance in the release of vasoconstrictor and vasodilator factors; 2) endothelial 
cell injury, that promotes activation and transmigration of leucocytes which are able to produce cytokines and a 
pro-inflammatory state; 3) and epithelial cell injury by also contributing to the inflammation through releasing 
chemotactic cytokines, and by the loss of the tubular integrity that provokes a reduction in the survival pathways8.

The CKD progression after IRI was observed in the M + IR group accordingly with our previous studies23,26,32,  
but interestingly, female rats did not develop CKD.
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Figure 3.  The AKI to CKD transition is prevented in female rats. Every 30-days (A) Urinary protein excretion, 
(B) creatinine clearance and (C) Urinary H2O2 excretion were measured. White triangles represent Sham female 
(n = at least 7), black triangles represent IR female (n = at least 10), white circles represent Sham male (n = at 
least 4) and gray circles represent IR male group (n = at least 4). After 4 months, (D) body weight, (E) mean 
arterial pressure, and (F) renal blood flow were recorded. Sham Female or Male (n = at least 4) and IR Female or 
Male groups (n = at least 7). Female groups are in a gray background in which sham is represented by white bars 
and F + IR group in black bars, following by Sham male in white bars and M + IR group in gray bars. Data are 
shown as mean ± SE. *p < 0.05 vs, Sham female group, +p < 0.05 vs. Sham male group, and çp < 0.05 vs. F + IR 
group.
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Among the potential mechanisms regulated by sex hormones are: changes in renal hemodynamics, and altered 
vasoactive factors release, transcription factors, pro-fibrotic and pro-inflammatory cytokines52. Moreover, female 
hormones may influence the defense in response to pathophysiological events by its antioxidant property49,53. The 
antioxidant effect of estrogen is mediated by the hydroxyl group at the C3 position of the A ring of the steroid 
molecule and has been reported that ouabain, an inhibitor of Na+/K+ ATPase blocks these protective effects, 
suggesting that the antioxidant effect helps to maintain the function of this pump reducing the accumulation of 
intracellular sodium54. In fact, our study of the time-course of UH2O2V in the AKI to CKD transition, showed 
that oxidative stress was higher in the M + IR than in the F + IR group, an effect that was seen in a very early 
phase post-ischemia and remained along the study (Figs 1D, 2A, and 3C). The lower oxidative stress in female rats 
exposed to IRI, was not seen when the rats were oophorectomized (Fig. 5F). However, a limitation of the present 
study is that it cannot exclude that the present observations are characteristic of Wistar rats only. A broader study 
would be beneficial.

Endothelial dysfunction is caused by reduced levels of nitric oxide (NO) derived from the endothelium. It 
has been reported that renal diseases are associated with reduced NO synthesis provoked by the reduced eNOS 
expression or activity55. We found that during the AKI to CKD transition, the M + IR group have similar eNOS 
mRNA levels throughout the study. In contrast, them were significantly increased in the F + IR group very early 
after IRI. These results indicate that female rats besides having better antioxidant response, also may generate 
more NO, which was associated with the disease prevention.

Under conditions of low oxygen tension, HIF1α plays an essential role in regulating several of its target genes 
to mediate actions on: cell proliferation, angiogenesis, apoptosis, etc.56. HIF1α regulates angiogenesis by increas-
ing the expression of VEGF. During the AKI to CKD transition there is a chronic hypoxia and a reduction in the 
peritubular capillaries19,57. These findings suggest that HIF1α signaling may be affected during this transition. 
In fact, we observed that the greatest damage in the M + IR group was associated with a significant reduction 
in HIF1α and VEGF protein levels. Whereas a dimorphic response was observed in the F + IR group, because 
HIF1α mRNA levels was enhanced after IRI since the 1st-month, reaching statistical difference by ANOVA after 
the 2nd-month. These results suggest that another mechanism by which female rats did not progress to CKD is 

Figure 4.  CKD induced by an AKI episode was associated with glomerular and tubulointerstitial injury in 
males but prevented in females. Representative light microphotographs of kidney slides stained with Sirius red 
from (A) female IR rat an (B) male IR rat after 4-months of IR injury (Magnification ×100). Temporal course 
of tubulointerstitial fibrosis in (C) female (white bar represents sham and black bars IR groups) and in (D) 
male groups (white bar represents sham and gray bars IR groups). Temporal course of tubular dilation (μm) 
in (E) female and in (F) male groups. Temporal course of Glomerular area (μm2) in (G) female and in (H) 
male groups. All parameters were determined at 1, 2, 3 and 4-months in both F + IR and M + IR groups and at 
4-months in female and male sham groups in at least 4 rats per group. Data are shown as mean ± SE. *p < 0.05 
vs, Sham female group, +p < 0.05 vs. sham male group, and çp < 0.05 vs. F + IR group.
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mediated by its ability to increase HIF1α since early stages after IRI, which in turn could help to prevent vascular 
rarefaction, chronic hypoxia and renal fibrosis.

In addition to this, it has been observed that estrogens have anti-fibrotic and anti-apoptotic properties in the 
cardiomyocytes58. Also, it has been reported that administration of 17-beta estradiol to hypertensive oophorec-
tomized rats attenuates glomerulosclerosis and tubulointerstitial fibrosis59 while, in rats with type II diabetes, 
this hormone protects podocytes by increasing estrogen receptor beta35. This effect on podocytes, apparently 
is mediated by stabilizing the cytoskeleton of these cells60. On contrary, it has been postulated that testosterone 
has fibrotic and apoptotic properties through increasing TNFα signaling37. Accordingly, with this evidence, the 
M + IR group developed glomerular hypertrophy and tubule-interstitial fibrosis after IRI and the female rats do 
not. Surprisingly, the time-course of TGF-β mRNA levels after the ischemic insult showed a clearly dimorphic 
response. In the F + IR, TGF-β mRNA levels were significantly increased, since the 1st- month and remained 
elevated along the study, whereas in the M + IR group this anti-inflammatory response did not occur. Similarly, 
interleukin-10 only trend to increase in the F + IR groups. Although several studies have revealed the fundamen-
tal role of TGF-β in renal fibrosis61, has also been observed that the use of antibodies against TGF-β in models of 
diabetic nephropathy62, or in puromycin aminonucleoside induced nephropathy63 worsen proteinuria. In fact, 
Wang W et al. showed that TGF-β can relieve the inflammation through Smad764. Given the significant tubuloin-
terstitial fibrosis in male rats compared with females, we believe that the early elevation of this cytokine in female 
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Figure 5.  The depletion of estrogens is associated with AKI to CKD transition in female rats. (A) Estradiol 
levels before oophorectomy (Pre-Op) is represented in white bars (n = 24) and 1-month after oophorectomy 
(Post-Op) in black bars (n = 24). Then, oophrorectomized rats (Oop) were underwent to sham surgery or 
bilateral renal ischemia of 45 min (Oop + IR) and studied 24-h or 1 to 4-months. In (B) proteinuria, (C) 
creatinine clearance, and (D) renal blood flow evaluated 24-h post-ischemia. Both female groups without 
oophorectomy are in a gray background in which sham (S) is represented by white bars and IR female group 
(IR) in black bars, following by the sham oophorectomized group (Op) in white bars and the ophrorectomized 
underwent IR group (Oop + IR) in pattern bars. For the long-time experiment, (E) urinary protein excretion, 
and (F) Urinary H2O2 excretion were measured every 30 days during the follow-up. Black triangles represent IR 
female (n = at least 8), black squares represent IR + Oop (n = at least 4). Data are shown as mean ± SE. *p < 0.05 
vs. sham female group, + p < 0.05 vs. Op, çp < 0.05 vs. F + IR group.
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rats, could be exerting a renoprotector effect. In support of this, Klempt et al. reported that TGF-β is induced after 
cerebral ischemia and this rise was associated with post-axial repair65. Furthermore, it has been reported that 
TGF-β anti-inflammatory properties are mediated by promoting polarization of anti-inflammatory Th2 mac-
rophages in cerebral malaria66. Therefore, the increment in TGF-β mRNA levels in early stages after ischemia 
observed in the F + IR group is another beneficial mechanism that females install after the IRI.

In summary, there is a sexual dimorphism in the AKI to CKD transition and the renoprotection observed in 
the F + IR group was lost with the oophorectomy: These results strongly suggest that female sex hormones are 
responsible of the renoprotection observed. Within the renoprotective mechanisms that installed females after 
IRI are: best antioxidant and anti-inflammatory defense, as well as higher HIF1α and eNOS mRNA levels.

Methods
All experiments involving animals were conducted in accordance with NIH Guide for the Care and Use of 
Laboratory Animals and with the Mexican Federal Regulation for animal reproduction, care, and experimen-
tation (NOM-062-ZOO-2001). The study was approved by the Animal Care and Use Committees: Comité para 
el cuidado y uso de animales de laboratorio, Instituto de Investigaciones Biomédicas and for Comité de investi-
gación en animales, Instituto Nacional de Ciencias Médicas y Nutrición.
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male group, and çp < 0.05 vs. F + IR group.
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Experimental Protocol 1.  Thirty-nine female (250–280 g) and thirty-nine (290–310 g) male Wistar rats 
were included and divided into seven groups: Two groups of control animals underwent sham surgery that were 
studied and sacrificed at 24-h (5 females and 5 males) and at 4-months (4 females and 4 males); and 5-groups who 
underwent bilateral renal ischemia for 45 min and were studied at 24-h (6 females and 6 males) and at 1 (5 females 
and 5 males), 2 (6 females and 6 males), 3 (5 females and 5 males), or 4-months post-ischemia (8 females and 8 
males), F + IR and M + IR, respectively. The bilateral renal ischemia in the female rats was performed during the 
estrogenic phase. This phase was evaluated by vaginal smear, briefly cyclicity was recorded following examination 
of vaginal smears for the proportions of leucocytes, epithelial cells and cornified cells in the smear. The smears 
were assessed and cycles identified as described previously67.

Experimental Protocol 2.  Fifty-five female Wistar rats were oophorectomized at 70 days of age and allowed 
to evolve 1-month until estrogen levels decreased and were divided into 7-groups: two groups of control animals 
underwent sham surgery that were studied and sacrificed at 24-h (n = 8) and at 4-months (n = 9); and five groups 
who underwent bilateral renal ischemia for 45 min and were studied at 24-h (n = 8), and at 1 (n = 8), 2 (n = 6), 3 
(n = 8), or 4-months post-ischemia (n = 8).

Ischemia/reperfusion model.  Rats were anesthetized with an intra-peritoneal injection of sodium pento-
barbital (30 mg/kg) and placed on a heating pad to maintain core body temperature at 37 °C. Renal pedicles were 
isolated, and bilateral renal ischemia was induced using a non-traumatic clamp on each renal artery for 45 min. 
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Figure 7.  Anti-inflammatory and vasoactive pathways mRNA levels in the dimorphism found in the progression 
of CKD induced by AKI. (A) TGF-β mRNA levels, (B) Interleukin 10 mRNA levels, (C) ETA receptor mRNA levels, 
(D) ETB receptor mRNA levels, (E) AT1 receptor mRNA levels, (F) AT2 receptor mRNA levels. Female groups are 
in a gray background, in which sham is represented by white bars and F + IR group in black bars, following by 
sham male in white bars and M + IR group in gray bars. Groups included at least 4 rats per group. Data are shown 
as mean ± SE. *p < 0.05 vs, Sham female group, +p < 0.05 vs. sham male group, and çp < 0.05 vs. F + IR group.
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Reperfusion was achieved by release of the clips and confirmed by return of oxygenated blood to the kidney. The 
muscle and the skin were closed with 3-0 vicryl and silk sutures, respectively. For sham surgery, laparotomy and 
renal pedicle dissection, without clamping, was performed in anesthetized rats.

Bilateral Oophorectomy.  The animals were anesthetized by intraperitoneal injection of sodium pentobar-
bital at a dose of 30 mg/Kg and were placed in a heating bed. Double dorsolateral incision was performed and the 
oviducts were ligated and removed; then, the abdominal wall and skin were sutured. After surgery, the animals 
remained in the heating bed until their anesthesia recovery. One month after, rats underwent to bilateral renal 
ischemia (45 min) and studied either, 24-h or 4-months after.

Functional Studies.  At the end of the experimental period, rats were anesthetized with sodium pentobar-
bital (30 mg/kg) and placed on a homoeothermic table. The femoral arteries were catheterized with polyethylene 
tubing (PE-50). The mean arterial pressure (MAP) was monitored with a pressure transducer (model p23 db, 
Gould) and recorded on a polygraph (Grass Instruments, Quincy, MA). An ultrasound transit-time flow probe 
(transonic flowprobe, New York, NY) was placed around the left artery and filled with ultrasonic coupling gel (HR 
Lubricating Jelly, Carter-Wallace, New York, NY) to record the renal blood flow (Transonic flowmeter, New York, 
NY). Blood samples were taken at the end of the study.

Biochemical Studies.  Proteinuria was determined monthly from 24-h urine collections using the turbidi-
metric method with trichloroacetic acid (TCA) throughout the monthly follow-up in all studied groups.

Urine and serum creatinine concentrations were measured with Quantichrom creatinine assay kit (DICT-
500), and renal creatinine clearance was calculated.

Serum estradiol concentrations were determined by radioimmune analysis using a commercial rat kit, (DPC 
Coat-a-count, TKE21, Diagnostic Products, CA, USA).

Light microscopy analysis.  For the light microscopy, the left kidney was perfused through the femoral 
catheter with PBS and then 4% neutral buffered formalin, and perfusion was continued until fixation was com-
pleted, maintaining the MAP that each rat had during the experiment. Renal tissue was paraffin embedded, 3 µm 
sections were stained with periodic acid Schiff (PAS) or Sirius red. For the acute study, ten subcortical fields 
(magnification ×100) were recorded from each kidney slide using a digital camera incorporated in a Nikon Light 
microscope. The injured tubules were analyzed blindly. Tubular damage was characterized by a loss of brush bor-
der, lumen dilation, and detachment from basement membrane. In each microphotograph, injured tubules were 
counted, and the results were expressed as the average of fields observed. For the chronic study, the glomerular 
diameter and area was measured in at least 50 glomeruli per rat, as we previously reported23. For this purpose, 
ten to fifteen images of different renal cortex fields were recorded (magnification ×100). In another ten images 
(magnification ×400), tubular width was measured in at least 100 tubules. Tubulointerstitial fibrosis consisted 
in extra cellular matrix expansion with collagen deposition together with distortion and collapse of the tubules; 
fibrosis was evidenced by red coloration in Sirus red stained slides. The degree of tubulo-interstitial fibrosis was 
measured by morphometry in five to eight subcortical fields (magnification ×400). The affected area was delim-
ited and the percentage of tubulo-interstitial fibrosis was calculated by dividing the fibrotic area by the total field 
area, excluding the glomerular area. All the analyses were performed blinded.

Urinary hydrogen peroxide assay.  The amount of hydrogen peroxide (H2O2) in urine was determined 
with an Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, Eugene, OR) according to the man-
ufacturer’s instructions.

Glutathione (GSH) and glutathione disulfide (GSSG) levels.  Tissue Preparation.  The right kid-
ney was excised and separated into renal cortex and medulla. The sections were maintained in ice-cold saline 
solution (0.9% NaCl). A 10% whole homogenate was prepared in ice-cold homogenization buffer [154 mM 
KCl, 5 mM diethylenetriaminepentaacetic acid (DTPA), and 0.1 M potassium phosphate (KPi) buffer, pH 6.8]. 
Immediately after, one volume of cold acid buffer consisting of 40 mM HCl, 10 mM DTPA, 20 mM ascorbic acid, 
and 10% trichloroacetic acid (TCA) was added to one volume of homogenate. The suspension was centrifuged at 
14,000 rpm and the resulting supernatant solution was maintained at −70 °C for at least 4 weeks.

O-phthalaldehyde assay (OPA) Assay Procedure.  The following solutions were required to perform the OPA 
assay: redox quenching buffer (RQB) (20 mM HCl, 5 mM DTPA, 10 mM ascorbic acid); 5% TCA in RQB (TCA–
RQB); 7.5 mM N-ethylmaleimide (NEM) in RQB; 1.0 M KPi buffer (pH 7.0); 0.1 M KPi buffer (pH 6.9); 100 mM 
dithionite (DT; sodium hydrosulfite) in RQB; 5.0 mg/ml OPA in methanol. DT and OPA solutions were prepared 
immediately before use. Standards were prepared as follows: 0.1 mM GSSG in TCA–RQB; 0.1 mM GSH in TCA–
RQB. The trace levels of GSSG were removed by treating 1.0 ml of a 1.0 mM solution of GSH in TCA–RQB with 
25 mg of zinc dust. The assays consisted of paired samples labeled A and B. Sample A was the background consist-
ing of non-glutathione-dependent fluorescence that was subtracted from the paired sample B. From GSSG 1 mM 
stock, 20 μl was taken and 980 μl of TCA-RQB was added to make the standard curve. OPA-derived fluorescence 
was measured at 365-nm excitation (slit width 5 nm) and 430-nm emission (slit width 20 nm)68.

eNOS, catalase, HIF1α, VEGF, ETA, ETB, AT1, AT2, TGF-β, and IL-10 mRNA levels.  The right 
kidney was removed and quickly frozen. The total renal cortex RNA was isolated from the kidneys using the 
TRIzol method (Invitrogen, Carlsbad, CA) and checked for integrity using 1% agarose gel electrophoresis. To 
avoid DNA contamination, total RNA samples were treated with DNAase (DNAase I; Invitrogen). Reverse tran-
scription (RT) was carried out with 1 μg of total RNA and 200 U of Moloney murine leukemia virus reverse 
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transcriptase (Invitrogen). The mRNA levels eNOS, catalase, HIF1α, VEGF, ETA, ETB, AT1, AT2, TGF- β and 
IL-10 were quantified by real-time PCR on an ABI Prism 7300 Sequence Detection System (TaqMan, ABI, Foster 
City, CA). Primers and probes were ordered as follows: eNOS (Rn02132634_s1), catalase (Rn00560930_m1), 
HIF1α, (Rn0057756_m1), VEGF (Rn01511602_m1), ETA (Rn00561137_m1), ETB (Rn00569139_m1), AT1 
(Rn00561409_s1), AT2 (Rn00560677_s1), TGF-β (Rn00572010_m1), and IL-10 (Rn99999012_m1). As an endog-
enous control, eukaryotic 18S rRNA (predesigned assay reagent Applied by ABI, external run, Rn03928990_g1) 
was used. The relative quantification of each gene expression was performed with the comparative threshold cycle 
(Ct) method.

Renal VEGF protein levels.  VEGF protein levels were detected by Western blot, using 30 μg of protein in 
8.5% SDS-PAGE electrophoresis gel and electroblotted. The membranes were incubated with mouse anti-VEGF 
antibody (1:1000, ThermoScientific) overnight. Next, the membranes were incubated with a secondary antibody 
and HRP-conjugated anti-mouse IgG (1:5000, Santa Cruz Biotechnology). The proteins were detected with an 
enhanced chemiluminescence kit (Millipore) and by radiography. All Western blot analyses were performed 
within the linear range of protein loads and antibody use. The bands were scanned for densitometric analysis 
using the UVP EC3 Imaging System and the UVP VisionWorks LS Image acquisition and Analysis Software.

Urinary Hsp72 levels.  Urinary Hsp72 levels were detected by Western blot, each urine was diluted 1:10 in 
0.9% saline solution, and 10 μL of each dilution was loaded and resolved by 8.5% SDS-PAGE electrophoresis and 
electroblotted. The membranes were incubated with mouse anti-Hsp72 antibody (ENZO Life Sciences, 1:5000 
dilution) for 2-h and then incubated with a secondary antibody, HRP-conjugated goat anti-mouse IgG (1:5000, 
Santa Cruz Biotechnology). The proteins were detected using a commercial chemiluminiscence kit (Millipore).

Statistical analysis.  The results are presented as the mean ± SE. The differences among the four studied 
groups at 24-h and 4-months were assessed by ANOVA using the Bonferroni correction for multiple compari-
sons. All comparisons passed the normality test. The differences in the ranks of glomerular diameters among the 
groups were evaluated by contingency analysis, and the differences were assessed using the chi-squared test with 
the Yates correction. Statistical significance was defined when the p value was <0.05.

The data generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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2019.—Protein restriction (PR) during pregnancy induces morpho-
functional alterations related to deficient nephrogenesis. We studied
the renal functional and morphological significance of PR during
pregnancy and/or lactation in adult male rat offspring and the reper-
cussions on acute kidney injury (AKI) severity. Female rats were
randomly assigned to the following groups: control diet during preg-
nancy and lactation (CC), control diet during pregnancy and PR diet
during lactation (CR), PR during pregnancy and control diet during
lactation (RC), and PR during pregnancy and lactation (RR). Three
months after birth, at least 12 male offspring of each group randomly
underwent either bilateral renal ischemia for 45 min [ischemia-
reperfusion (IR)] or sham surgery. Thus, eight groups were studied 24
h after reperfusion: CC, CC � IR, CR, CR � IR, RC, RC � IR, RR,
and RR � IR. Under basal conditions, the CR, RC, and RR groups
exhibited a significant reduction in nephron number that was associ-
ated with a reduction in renal blood flow. Glomerular hyperfiltration
was present as a compensatory mechanism to maintain normal renal
function. mRNA levels of several vasoactive, antioxidant, and anti-
inflammatory molecules were decreased. After IR, renal function was
similarly reduced in all of the studied groups. Although all of the
offspring from maternal PR exhibited renal injury, the magnitude was
lower in the RC and RR groups, which were associated with faster
renal blood flow recovery, differential vasoactive factors, and hypox-
ia-inducible factor-1� signaling. Our results show that the offspring
from maternal PR are resilient to AKI induced by IR that was
associated with reduced tubular injury and a differential hemody-
namic response.

hypoxia-inducible factor-1�; nephron number; renal blood flow; va-
soactive factors

INTRODUCTION

Evidence in animals and in humans has shown that altera-
tions in the uterine environment during pregnancy have an

impact on the development of vertebrate organisms (55, 62). In
particular, it has been shown that protein restriction (PR)
during pregnancy in rats produces renal morphofunctional
alterations, characterized mainly by a decrease in nephron
number and number of well-differentiated glomeruli in the
offspring (9, 26, 35, 36, 60, 63, 68). In addition, there are
ultrastructural changes, such as thickening of the glomerular
basement membrane, disorganization of the fenestrated endo-
thelium, and degeneration of podocyte pedicels (58). Although
the influence of maternal PR (MPR) during gestation and/or
lactation in offspring has been extensively studied in patholo-
gies that include metabolic syndrome (37), glucose metabolism
(14), and reproductive physiology (67), among others, little is
known about its impact on renal function and against a renal
injury hit during adulthood. Moreover, in the rat, nephrogen-
esis continues up to 10 days after birth, and the impact of the
lactation period on renal physiology has not been explored.

The physiological consequences of a reduced number of
nephrons in humans were first proposed by Brenner et al. (11)
in 1988. After that, it was demonstrated that the reduction of
nephrons, whether acquired or congenital, is associated with
hypertrophy, hyperfiltration, and glomerular hypertension (32,
45). All of these alterations are observed in the early phase of
life as compensatory mechanisms to fight against nephron
number reduction and to maintain normal renal function. In the
long term, however, they can favor an accelerated, progressive
loss of nephrons that leads to chronic kidney disease and
cardiovascular injury (31). Nonetheless, the impact of low birth
nephron number on how the kidney deals with sudden renal
pathological situations that may occur during adulthood re-
mains largely unexplored.

Acute kidney injury (AKI) is a public health concern, and its
clinical importance is due to its high morbidity and mortality
rates (47). AKI affects 13.3 million people and contributes to
~1.7 million deaths per year (28). The pathophysiological
mechanisms by which AKI occurs are complex and involve
several factors, such as hypoxia (56), the establishment of an
inflammatory process, and the production of reactive oxygen
species (39, 46), which are the main mediators that injure the
renal epithelium and endothelium (7, 21, 27, 33, 34, 52, 57).

Although the mechanisms by which MPR induces altera-
tions in nephrogenesis and the long-term consequences of low
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nephron numbers at birth have been established, to our knowl-
edge, it has not yet been explored how this could impact the
renal response to an AKI episode induced by ischemia-reper-
fusion (IR). With the consideration of the high worldwide
prevalence of both malnutrition and AKI, in the present study,
we decided to evaluate the effect of MPR during pregnancy
and/or lactation on the severity of ischemic AKI in male
offspring.

METHODS

All experiments involving animals were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and with the Mexican Federal Regulation for
animal reproduction, care, and experimentation (NOM-062-ZOO-
2001). The study was approved by the Animal Care and Use Com-
mittee of the Instituto Nacional de Ciencias Médicas y Nutrición
Salvador Zubirán (Mexico City, Mexico).

MPR model. Twelve female Wistar rats (age: 10–12 wk) were
obtained from our animal facility. Rats were kept under controlled
12:12-h light-dark cycles at 21–22°C. Before being bred, female rats
were maintained on a standard diet. Female rats were mated with male
breeders (16 wk of age) until the day on which spermatozoa were
present in the vaginal smear and was designated day 0 of conception.
Only female rats that were pregnant within 5 days of introduction of
male rats were retained in the study. Pregnant rats were transferred to
individual cages and randomly allocated to be fed either a 20% casein
(control diet) or a 10% casein isocaloric diet (restricted diet) during
the gestation. In the lactation period, the control diet-fed mother group
was divided again into two subgroups: one-half continued to be fed
with the control diet (CC group; n � 3) and the other half was fed with
a restricted diet (CR group; n � 3). The restricted diet-fed mother
group was also divided into two subgroups: one-half was fed a control
diet (RC group; n � 3) and the other half was fed a restricted diet (RR
group; n � 3). All litters studied were adjusted to 10 pups. Control
and restricted diets were prepared in our laboratory following the
American Institute of Nutrition’s recommendation to supplement
low-protein diets with L-cystine (Sigma). The components are shown
in Table 1, and each diet was provided in the form of flat biscuits, as
we have previously reported (66). Food and water were available ad
libitum. The offspring were weaned at postnatal day 21, and only
male offspring were studied and fed a commercial diet during all of
their life. Male offspring were allocated to the following groups: CC
(n � 12), CR (n � 12), RC (n � 12), and RR (n � 12). In turn, each
offspring group was subdivided into two groups: one-half underwent
IR injury (CC � IR, CR � IR, RC � IR, and RR � IR groups) and
the other half underwent sham surgery (CC, CR, RC, and RR groups).
Surgeries were induced at 12–14 wk of age.

Renal injury induced by IR in offspring. Rats were anesthetized
with an intraperitoneal injection of pentobarbital sodium (30 mg/kg)
and placed on a heating pad to maintain body temperature at 37°C. A

laparotomy was performed to access the retroperitoneum and to
dissect the renal vascular hilum to interrupt blood flow to the kidney
by placing a nontraumatic vascular clamp in each renal hilum for 45
min. Ischemia was verified visually by changes in kidney color.
Reperfusion was achieved by release of the clamps. Animals were
sutured from the abdominal wall with 3-0 Vicryl (muscle) and 3-0 silk
(skin). The same procedure was performed in the sham-operated
groups with the exception of the placement of the vascular clamp in
the renal hilum. After recovery, rats were placed in metabolic cages
with free access to water for 16–18 h for urine collection. Urinary
protein excretion was determined from the urine collections after the
surgery using the turbidimetric method with trichloroacetic acid.

Renal functional measurements. Twenty-four hours after surgery,
rats were anesthetized again with pentobarbital sodium (30 mg/kg)
and placed on a homeothermic table. The femoral arteries were
catheterized with polyethylene tubing (PE-50). Mean arterial pressure
(MAP) was monitored with a pressure transducer (model P23DB,
Gould) and recorded on a polygraph (Grass Instrument, Quincy, MA).
To record renal blood flow (RBF), the left kidney artery was dis-
sected, and an ultrasound transit-time flow probe filled with ultrasonic
coupling gel (Transonic Flow Probe, Transonic, New York, NY) was
placed around the artery (HR Lubricating Jelly, Carter-Wallace, New
York, NY). At the end of the experiment, a blood sample was taken
from the femoral artery. Urine and serum creatinine concentrations
were measured with the QuantiChrom creatinine assay kit (DICT-500,
BioAssay Systems) following the manufacturer’s instructions. Renal
creatinine clearance (CrCl) was calculated according to the following
formula: CrCl � (U � V)/P, where U is the creatinine concentration
in the urine, V is the urine flow rate, and P is the plasma creatinine
concentration. The filtration fraction was estimated as the ratio of
CrCL and renal plasma flow.

Urinary biomarkers of ischemic renal injury. Urinary heat shock
protein 72 (HSP72) and urinary kidney injury molecule-1 (KIM-1)
levels were detected by Western blot analysis. Briefly, each urine
sample was diluted 1:10 in 0.9% saline solution, and 10 �L of each
dilution was loaded and resolved by 8.5% SDS-PAGE and electro-
blotted onto PVDF membranes. Membranes were incubated overnight
at 4°C with mouse HSP72 antibody (1:5,000 dilution, Enzo Life
Sciences) or KIM-1 antibody (1:1,000 dilution, Biorbyt) and then
incubated with secondary antibody, namely, horseradish peroxidase-
conjugated goat anti-mouse IgG for HSP72 (1:5,000, Santa Cruz
Biotechnology) and horseradish peroxidase-conjugated goat anti-rab-
bit IgG for KIM-1 (1:15,000, Biorbyt), at room temperature for 90
min. Proteins were detected using a commercial chemiluminescence
kit (Millipore).

Light microscopy analysis. Once the physiological parameters were
recorded, the left kidney was perfused through the femoral catheter
with 0.9% NaCl and then with 4% neutral-buffered formalin, and
perfusion was continued until fixation was completed. Renal tissue
was embedded in paraffin, and 3-�m sections were stained with
periodic acid-Schiff. Twelve cortical fields (magnification: �100)
were recorded from each kidney slide using a digital camera incor-
porated in a Nikon light microscope. Nephron number was estimated
by glomerular counting in 10,000-�m2 field. The glomerular area was
measured in at least 10 glomeruli/rat from the microphotographs with
the help of Eclipse Net software, as we have previously reported (41,
48). In each microphotograph, injured tubules were counted. Tubular
damage was characterized by loss of the brush border, lumen dilation,
and detachment of epithelial tubular cells from the basement mem-
brane. All analyses were blinded.

Gene expression analysis. The right kidney was removed and
quickly frozen. Total renal cortex RNA was isolated from the kidneys
using the TRIzol method (Invitrogen, Carlsbad, CA), and RNA
integrity was checked by 1% agarose gel electrophoresis. Reverse
transcription was carried out with 1 �g total RNA and 200 units
Moloney murine leukemia virus reverse transcriptase (Invitrogen).
mRNA levels of the angiotensin II type 1 (AT1) receptor, endothelin,

Table 1. Composition of the two isocaloric diets

Components Control Diet, % Restricted Diet, %

Casein 20 10
Cystine 0.3 0.15
Choline 0.165 0.165
Vitamin mix 1 1
Mineral mix 5 5
Cellulose 5 5
Corn oil 5 5
Carbohydrates

Corn starch 31.76 37.34
Dextrose 31.76 37.34

kcal/g Diet 4 4
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endothelin type A (ETA) receptor, endothelin type B (ETB) receptor,
endothelial nitric oxide synthase (eNOS), catalase, glutathione, per-
oxidase, SOD1, hypoxia-inducible factor (HIF)-1�, IL-6, TNF-�, and
VEGF were quantified by real-time PCR on an ABI Prism 7300
Sequence Detection System (TaqMan, Applied Biosystems, Foster
City, CA). Probes were ordered as the following kits: AT1 receptor,
Rn00561409_S1; prepro-endothelin-1, Rn00561129_m1; ETA re-
ceptor, Rn00561129_m1; ETB receptor, Rn00569139_m1; eNOS,
Rn02132634_s1; catalase, Rn00560930_m1; glutathione peroxidase
(Gpx), Rn00577994_g1; SOD1, Rn00566938_m1; HIF-1�, Rn00577560_
m1; IL-6, Rn01410330_m1; TNF-�, Rn99999017_m1; and VEGF,
Rn01511601_m1. 18S mRNA levels were used to normalize the data.

Statistics. Results are presented as means � SE. Data were ana-
lyzed by one-way ANOVA, and differences among the groups were
determined by the Bonferroni post hoc test for multiple comparisons.
Basal parameters in all of the groups, tubular injury, and percent
differences between each experimental group and the control group
were determined by Dunnett’s multiple-comparisons post hoc test.
Differences in the distribution of the glomerular areas were evaluated
by contingency analysis, and differences were assessed using a �2-test
with the Yates correction. Differences were considered statistically
significant at P 	 0.05.

RESULTS

Effect of MPR on kidney physiology and glomerular number
of offspring. First, we studied whether MPR modifies basal
renal function parameters in rat male offspring at 12–16 wk of
age. A similar body weight was observed among the groups
[CC group: 295 � 13.8 g, CR group: 302 � 9.1 g, RC group:
307 � 16.6 g, and RR group: 299 � 13.9 g, P � not significant
(NS)] as well as in kidney weight (CC group: 1.32 � 0.09 g,
CR group: 1.30 � 0.05 g, RC group: 1.39 � 0.05 g, and RR
group: 1.31 � 0.04 g, P � NS). No significant differences in
MAP (Fig. 1A) or proteinuria (Fig. 1B) in the offspring of any
of the studied groups were recorded. Interestingly, the CR, RC,
and RR groups exhibited a significant decrease in the number
of nephrons compared with the control group of 11.2%, 15.7%,
and 16.2%, respectively (Fig. 1C). In addition, there was a
significant reduction of RBF in all of the offspring from

protein-restricted mothers compared with the control group
(Fig. 1D). Nevertheless, CrCl remained within normal values
in all of the studied groups (Fig. 1E). It is interesting to note
that the reduction of nephrons in the MPR groups induced a
state of glomerular hyperfiltration that was revealed by an
increased renal filtration fraction (Fig. 1F), which might ex-
plain the normal renal function.

Vasoactive, antioxidant, and inflammatory factors in mRNA
levels. mRNA levels of the AT1 receptor, prepro-endothelin-1,
ETA receptor, and ETB receptor are shown in Fig. 2. A
significant decrease in AT1 receptor, prepro-endothelin-1, and
their receptors was detected in all of the offspring from
protein-restricted mothers compared with the control group,
except for ETB receptor mRNA levels in the CR group.

mRNA levels of eNOS, HIF-1�, antioxidant enzymes, and
proinflammatory cytokines are shown in Fig. 3. eNOS mRNA
levels were similar among the studied groups (Fig. 3A). A
significant reduction in mRNA levels of GPx, catalase, and
HIF-1� was found in all offspring from protein-restricted
mothers (Fig. 3, B–D, respectively). Although IL-6 mRNA
levels remained unchanged among the studied groups (Fig.
3E), we observed a statistically significant reduction in TNF-�
mRNA levels in male rat offspring from protein-restricted
mothers compared with the control group (Fig. 3F).

Influence of MPR on AKI severity in offspring. Once the
effect of MPR on the basal renal function of the offspring was
characterized, we evaluated the impact of the lower nephron
number induced by MPR on the severity of an AKI episode.
The renal injury induced by renal bilateral ischemia in the
studied groups is represented as the percent change relative to
the basal value of their respective control groups.

After 24 h of reperfusion, offspring from maternal unre-
stricted rats showed characteristic renal injury, as we have
previously reported (6, 30, 48, 49), that is, a significant in-
crease in proteinuria and a decrease in RBF and CrCl, together
with renal inflammation, denoted by a significant increase in
kidney weight (Fig. 4, A–D). Although all offspring from
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protein-restricted mothers exhibited proteinuria, renal dysfunc-
tion, and renal inflammation, the magnitude of the changes in
proteinuria and kidney weight was significantly lower in the
RC � IR and RR � IR groups compared with the control
group (Fig. 4, A, B, and D). Proteinuria increased significantly
in all groups compared against their respective control groups,
except for the RR � IR group (Fig. 4A). CrCl decreased in a
similar way in all of the studied groups (Fig. 4B); in other
words, the strength of renal dysfunction induced by IR was
similar in all of the studied groups. Interestingly, the renal
hypoperfusion induced by IR was not observed in all MPR

groups when compared against their respective control groups
(Fig. 4C). The increase in renal weight was lower in the RR �
IR group (Fig. 4D). In addition, the filtration fraction was
calculated as a ratio of glomerular filtration rate to RBF after
the ischemic insult, and no statistical differences among the
groups were observed: 0.020 � 0.010 for the CC � IR group,
0.012 � 0.003 for the CR � IR group, 0.014 � 0.0036 for the
RC � IR group, and 0.022 � 0.012 for the RR � IR group
(P � NS). The improvement in RBF, recorded just 24 h after
renal ischemia in MPR offspring, was not evidenced in the
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filtration fraction; perhaps CrCl reflects the renal function
along 24 h after ischemia.

Tubular epithelial injury induced by IR in offspring with
MPR. The tubular epithelium injury induced by IR was eval-
uated by histopathological analysis and quantification of sen-

sitive urinary biomarkers (HSP72 and KIM-1). To determine
the percentage of tubular damage, periodic acid-Schiff-stained
sections of the kidney were analyzed. Figure 5 shows repre-
sentative microphotographs of renal tissue from the control
group (Fig. 5A), CC � IR group (Fig. 5B), and MPR groups
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that underwent ischemia (CR � IR, RC � IR, and RR � IR
group; Fig. 5, C–E, respectively). Tubular injury was charac-
terized by cell death, epithelial cell detachment toward the
lumen of the tubule, and the presence of tubular casts. Con-
sistent with our observations at the physiological level, the
RC � IR and RR � IR groups showed a significantly lower
percentage of tubular injury compared with the CC � IR group
(Fig. 5F). Urinary HSP72 and KIM-1 was undetectable in all of
the sham-operated groups. Urinary HSP72 levels increased
significantly in all groups after IR-induced injury; however, the
increase in the RC � IR and RR � IR groups was significantly
lower than that observed in the CC � IR group (Fig. 5G). A
similar behavior was observed for urinary levels of KIM-1,
except for the RR � IR group, which despite its increase, was
not significantly different compared with its respective sham-
operated group. In all of the rats from protein-restricted moth-
ers, the increase in urinary KIM-1 was significantly lower
compared with the CC � IR group (Fig. 5H).

Influence of IR in the area of glomerular tufts in offspring
with MPR. In previous studies from our laboratory using the
model of cyclosporine nephrotoxicity, in which renal vasocon-
striction is the main player, glomerular constriction was dem-
onstrated by the reduction in glomerular diameter (41),
whereas glomerular hypertrophy was evidenced by the incre-
ment in glomerular diameter (48). In the present study, we
evaluated glomerular contraction by measuring the area of
glomerular tufts in offspring with MPR. Figure 6A shows a
histogram of glomerular tuft areas for the CC group, in which
a Gaussian distribution was observed. In contrast, in the CC �
IR group, there was a decrease in the proportion of glomeruli
of normal and greater areas corresponding to the intervals of
5,001–7,000 and 7,001–9,000 �m2, which showed values of
15.9% and 3.9%, respectively, unlike the CC group, which
presented percentages of 41.8% and 23.5%, respectively (Fig.
6, A and B). Consequently, there was a significant increase in
the percentage of glomeruli with smaller areas of 3,001–5,000
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Fig. 6. Influence of acute kidney injury induced
by ischemia-reperfusion (IR) in the glomerular
tuft area of offspring from control diet-fed
mothers (CC group) or mothers with protein
restriction during lactation (CR group), gesta-
tion (RC group), or both (RR group). A, C, E,
and G: CC, CR, RC, and RR groups, respec-
tively, before IR. B, D, F, and H: CC � IR,
CR � IR, RC � IR, and RR � IR groups,
respectively, after IR. Data are shown as
means � SE; n � at least 6 rats/group. *P 	
0.05 vs. rats without ischemia for each group
and interval.
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�m2 (37.6%) with respect to the control group (23.3%). These
results suggest that after IR, the control group exhibited glo-
merular hypoperfusion. Interestingly, the offspring of protein-
restricted mothers (Fig. 6, D, F, and H) showed no relevant
alterations in glomerular distribution with respect to their own
sham-operated group (Fig. 6, C, E, and G), indicating that these
animals have a better adaptation to damage by IR and in accord
with the early RBF recovery observed in these groups.

mRNA levels of vasoactive, antioxidant, and inflammatory
factors after AKI in male rat offspring from protein-restricted
mothers. The renal injury induced by IR was associated with a
significant reduction in the AT1 receptor in the CC � IR group
(
80%) that was expressed as the percent change relative to its
respective sham-operated group (CC group), whereas in the
offspring of protein-restricted mothers, the reduction was sig-
nificantly less than in the CC � IR group at ~40% (Fig. 7A).
The percent change in mRNA levels of prepro-endothelin-1
(Fig. 7B) was not different among the studied groups. In
contrast, ETA receptor mRNA levels increased significantly in
the offspring of MPR groups with respect to their respective
sham-operated groups, except for the RR � IR group. This
effect was not observed in the CC � IR group (Fig. 7C). ETB

receptor mRNA levels decreased significantly in the CC � IR
group. In the rest of the groups, this reduction was not signif-
icant (Fig. 7D).

eNOS mRNA levels were not altered in any studied group
(Fig. 8A). In the CC � IR group, GPx mRNA levels decreased
by 68.7% with respect to its sham-operated group (CC group);
this marked decrease was not observed in the rest of the rats
from MPR groups (Fig. 8B). Similarly, SOD1 mRNA levels
were significantly reduced in the CC � IR and CR � IR groups
and to a lesser extent in the RR � IR group (Fig. 8C). Catalase
mRNA levels were significantly reduced in all studied groups
by the same magnitude (Fig. 8D). IL-6 mRNA levels increased
significantly in all groups compared with their respective
sham-operated groups (Fig. 8E). TNF-� mRNA levels in-

creased significantly in all MPR groups but not in the CC � IR
group (Fig. 8F).

mRNA levels of HIF-1� and its target gene VEGF were
analyzed, as is shown in Fig. 9. In the CC � IR group, a
significant decrease in HIF-1� mRNA levels was observed.
Whereas the experimental groups exhibited the opposite be-
havior, HIF-1� mRNA levels increased significantly in all
offspring from MPR groups (Fig. 9A). The impact of this
difference was evidenced in VEGF mRNA levels, which
were significantly reduced in the CC � IR group, an effect
that was not seen in the CR � IR, RC � IR, and RR � IR
groups (Fig. 9B).

DISCUSSION

The present study was designed to assess the impact of an
AKI episode in male rat offspring derived from protein-re-
stricted mothers during gestation and/or lactation. Before the
induction of renal injury, it was essential to understand the
basal renal physiology of all of the studied offspring groups.
First, we confirmed a significant reduction in nephron number
in all of the male rat offspring from protein-restricted mothers
during gestation, as has been previously reported (8, 16, 19, 24,
25, 32, 42). In all these studies, however, the influence of PR
during lactation was not evaluated. Our study is the first to
address this issue, finding that the RC and RR groups exhibited
a greater reduction in nephron number compared with the CR
group, suggesting that MPR, during gestation, affects more
nephrogenesis than lactation. The importance of nephron num-
ber at birth is based on growing evidence in humans and
animals, which emphasizes that the lower the nephron number,
the higher the risk of kidney and cardiovascular diseases in
adult life (8, 16, 19, 25, 32, 42, 45, 61).

A particularly interesting finding was the significant reduc-
tion in RBF in the offspring from protein-restricted mothers,
which could result from the reduced nephron number. This
finding has also been recently reported in a murine model with
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Fig. 7. mRNA levels of vasoactive molecules in
kidney tissue of offspring from control diet-fed
mothers (CC group) or mothers with protein
restriction during lactation (CR group), gestation
(RC group), or both (RR group) after acute renal
injury induced by ischemia-reperfusion (IR).
A
D: angiotensin II type 1 (AT1) receptor (A),
prepro-endothelin (End; B), endothelin type A
(ETA) receptor (C), and endothelin type B (ETB)
receptor (D). Data are shown as means � SE of
the percentage of change based on the control
group (without ischemia); n � at least 5 rats/
group. *P 	 0.05 vs. control of each group; εP 	
0.05 vs. the CC � IR group.

F1643AKI IN MATERNAL PROTEIN-RESTRICTED OFFSPRING

AJP-Renal Physiol • doi:10.1152/ajprenal.00356.2019 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (189.135.230.151) on August 2, 2021.



caloric restriction and PR and was associated with endothelial
dysfunction and reduced vascular density (1, 5). Despite the
lack of alterations in MAP, proteinuria, or CrCl, the greater
filtration fraction in the experimental groups suggested a hy-
perfiltration state that allowed for the maintenance of renal
function within normal parameters. This glomerular hyperfil-
tration has been reported as a deleterious hemodynamic mech-
anism that leads to progressive loss of nephrons in adult life
(20, 22, 31, 32, 45).

RBF regulation is complex, and it is determined by the
vascular tone of pre- and postglomerular arterioles, which are
finely controlled by several vasoactive factors (12). In the
present study, we explored main vasoactive factor mRNA
levels (eNOS, prepro-endothelin-1 and its receptors, and AT1

receptor), antioxidant enzymes (catalase, SOD1, and GPx), and
proinflammatory molecules (TNF-� and IL-6). In support of
our results, Woods et al. (63) have shown that maternal
restriction induces a significant reduction in renal renin con-
centration and renal tissue angiotensin II levels in newborn
pups. Thus, a consistent result in this study was that all

offspring from MPR groups exhibited a significant decrease in
mRNA levels of most of the studied molecules. This could be
explained by the theory of the “thrifty phenotype,” proposed by
Hales and Barker (17), which has been demonstrated in human
fetuses under malnutrition during pregnancy, where metabolic
adaptations occur as a strategy to survive and save energy
expenditure (43, 44). It is increasingly evident that the response
to fetal malnutrition drives not only the selective preservation
of essential organs for life but also induces advantageous
metabolic adaptations for postnatal survival. Therefore, the
thrifty phenotype is not only thrifty with respect to prenatal life
but also in the efficient conservation of all nutritional and
metabolic resources after birth. The poorly fed mother provides
the fetus with a nutritional environment in which it will be born
and will have to adapt to survive in the best way. This is a
process that leads to postnatal metabolism adapted to survival
in conditions where poor nutrition is in place. Similar obser-
vations have been made regarding exposure to cold. The
offspring of sheep exposed to cold during pregnancy are,
during delivery, better adapted to respond to adverse cold
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conditions after birth (4, 15). However, we cannot exclude the
possibility that lesser mRNA levels of the molecules studied
could result from the lesser number of nephrons observed in
offspring from protein-restricted mothers.

Originally, we hypothesized that due to the known reduction
in nephron number of offspring from protein-restricted moth-
ers, there would be more susceptibility to a second challenge,
such as kidney damage induced by IR. However, we observed
the opposite; although the offspring of MPR groups presented
renal dysfunction similar to the control group, the structural
damage induced by IR was minor, particularly in the RC � IR
and RR � IR groups compared with the CC � IR group. These
results were also confirmed by lower proteinuria, lower levels
of kidney injury biomarkers (urinary HSP72 and urinary KIM-
1), and less inflammation (renal weight). These data suggest
that PR during gestation has a deeper impact on kidney
development and adaptation than those observed with PR
during lactation.

Here, we propose that offspring from protein-restricted
mothers during pregnancy or pregnancy and lactation are
resilient compared with the control group. Resilience can be
considered as the ability of an organism to adapt adequately
after exposure to some adverse or stressful circumstances (2,
10). According to our results, a first explanation of the lower
severity of AKI is that these animals had a better ability to
recover RBF, which was not only evident in the direct mea-
surement of RBF but also structurally. Therefore, after renal
IR, there was a reduction in the glomerular tuft diameter in the
CC � IR group, indicating glomerular vasoconstriction and
renal hypoperfusion, an effect that was not observed in the
experimental groups after 24 h of renal ischemia (Fig. 6). This
faster recovery of RBF in the offspring of MPR groups makes
an important difference, because renal perfusion and oxygen-
ation play a central role in the installation and extent of AKI (7,
34, 40, 57, 69).

We explored some mechanisms that may influence the lower
severity of AKI observed in the progeny of protein-restricted
mothers. The ischemic injury in the control group (CC � IR
group) was associated with a significant reduction in AT1

receptor and ETB receptor mRNA levels compared with the
control sham-operated group. In contrast, these effects were
not observed in the offspring of MPR groups; instead, there
was a significant increase in ETA receptor mRNA levels. This
differential pattern, found in vasoactive molecule mRNA lev-
els, promoted faster RBF recovery, which was different from
the control group. However, studies of renal hemodynamics by
micropuncture would be helpful for evaluating the afferent and
efferent resistances and their contribution to RBF under these
MPR conditions.

Acute renal injury induced by IR is characterized by a
persistent state of hypoxia that contributes to the pathophysi-
ological mechanisms of tubular and endothelial damage (3).
The kidneys, and particularly the renal tubules, are highly
demanding of oxygen, which makes them vulnerable to hyp-
oxia (53). One of the cellular responses to hypoxia corresponds
to the induction of HIF-1�, which is a master transcription
factor that, when activated by hypoxia, induces a variety of
adaptive responses, including the expression of genes that
control the release of oxygen, vascularization, and glucose
metabolism (erythropoietin, VEGF, and glucose transporter 1,
among others). These genes are in charge of restoring homeo-

stasis and stimulating erythropoiesis, angiogenesis, anaerobic
glycolysis, and other reparative processes (3, 38, 50, 51, 56).
Therefore, HIF-1� induction has a key role during the repair
process and has a protective effect in AKI (38, 56). In the
present study, we explored HIF-1� as one of the potential
mechanisms responsible for the reduced AKI severity observed
in the RC � IR and RR � IR groups. We found that HIF-1�
has a clear differential response to renal ischemia in the
offspring of MPR groups compared with the control group
(CC � IR group). In fact, there was a significant decrease in
HIF-1� mRNA levels in the CC � IR group, which was not
observed in the RC � IR, CR � IR, and RR � IR groups. To
confirm HIF-1� signaling activation, we measured VEGF
mRNA as one of its target genes and by its implication in AKI.
The VEGF response matches with our results in HIF-1�, since
there was a significant decrease in VEGF in the CC � IR group
that was not observed in the offspring of MPR groups. These
results suggest that the enhanced HIF-1� signaling after renal
injury in the offspring of MPR groups might be another
mechanism by which these groups were protected from isch-
emic injury. In support of this hypothesis, different studies
have demonstrated that the increase in HIF-1� levels confers
renoprotection against ischemic AKI. HIF-1� stabilization
through inhibition of prolyl hydroxylases has shown an atten-
uation of renal damage induced by IR, associated with lower
apoptosis, less infiltration of macrophages and vascular adhe-
sion molecules, as well as an increase in the regulation of HIF
target genes (23, 59, 64). Similar results were found in a model
of renal damage induced by cisplatin (65). Conversely, when
siRNA was used against HIF-1� (13) or when HIF-1 and
HIF-2 knockout mice were studied, the renal damage was
exacerbated (18). In addition to this, it is also known that the
activation of HIF during the reperfusion phase is a key factor
in the regeneration of the proximal tubular epithelium, promot-
ing the expression of tissue repair genes (13). Moreover, it was
recently demonstrated that under hypoxia conditions, the acti-
vation of HIF-1 and inhibition of prolyl hydroxylase proteins
can activate the forkhead box O3 transcription factor, confer-
ring renal protection by modulating the oxidative stress re-
sponse, autophagy, cell metabolism, apoptosis, and cell differ-
entiation (29).

Reactive oxygen species play an important role in mediating
renal IR injury (46, 54). SOD1 and GPx mRNA levels that
protect against oxidative damage were decreased after renal IR,
but the decrement in both enzymes was minor in the MPR
groups. Thus, the antioxidant defense could be an additional
factor to explain the lower renal damage in these groups.

Regarding IL-6 mRNA levels, there was a significant increase
that occurred in all of the groups and without differences among
them; however, for TNF-� mRNA levels, the increase was only
significant in the RC and RR groups. This is an unexpected result,
since these groups exhibited less renal damage; however, other
inflammatory mediators might participate.

In summary, under basal conditions, MPR negatively im-
pacts nephrogenesis, inducing a smaller number of nephrons
at birth. The remaining nephrons compensatively respond
through glomerular hyperfiltration that maintains kidney func-
tion. Another important finding of this study was the decrease
in most of the mRNA levels studied, which suggests that MPR
during pregnancy, lactation, or both induces a thrifty pheno-
type in the offspring.
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After renal injury induced by IR, rats from the MPR groups,
and particularly the RC � IR and RR � IR groups, had lower
renal damage, which could be attributed to the early recovery
of RBF. The cause of this response could not be elucidated, but
the changes in the pattern of vasoactive mRNA compared with
the control group could contribute to faster RBF recovery.
These results open a new line of research for studying the
multifactorial mechanisms that are involved in the differential
response exhibited by offspring of protein-restricted mothers.

This study highlights the alterations that an adverse intra-
uterine environment can induce in the renal physiology of the
offspring. Specifically, we show that MPR, during pregnancy
and/or lactation, resulted in a reduction in nephron number in
the offspring, which exhibited renal resilience, allowing an
efficient response to an ischemic insult during adulthood.
However, this response could be different in the long term,
which merits further investigation.
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Abstract

The physiological role of the shorter isoform of with no lysine kinase (WNK)1 that is exclusively expressed in the kidney (KS-WNK1),
with particular abundance in the distal convoluted tubule, remains elusive. KS-WNK1, despite lacking the kinase domain, is neverthe-
less capable of stimulating the NaCl cotransporter, apparently through activation of WNK4. It has recently been shown that a less
severe form of familial hyperkalemic hypertension featuring only hyperkalemia is caused by missense mutations in the WNK1 acidic
domain that preferentially affect cullin 3 (CUL3)-Kelch-like protein 3 (KLHL3) E3-induced degradation of KS-WNK1 rather than that of
full-length WNK1. Here, we show that full-length WNK1 is indeed less impacted by the CUL3-KLHL3 E3 ligase complex compared with
KS-WNK1. We demonstrated that the unique 30-amino acid NH2-terminal fragment of KS-WNK1 is essential for its activating effect on
the NaCl cotransporter and recognition by KLHL3. We identified specific amino acid residues in this region critical for the functional
effect of KS-WNK1 and KLHL3 sensitivity. To further explore this, we generated KLHL3-R528H knockin mice that mimic human muta-
tions causing familial hyperkalemic hypertension. These mice revealed that the KLHL3 mutation specifically increased expression of
KS-WNK1 in the kidney. We also observed that in wild-type mice, the expression of KS-WNK1 was only detectable after exposure to a
low-Kþ diet. These findings provide new insights into the regulation and function of KS-WNK1 by the CUL3-KLHL3 complex in the dis-
tal convoluted tubule and indicate that this pathway is regulated by dietary Kþ levels.

NEW & NOTEWORTHY In this work, we demonstrated that the kidney-specific isoform of with no lysine kinase 1 (KS-WNK1) in
the kidney is modulated by dietary Kþ and activity of the ubiquitin ligase protein Kelch-like protein 3. We analyzed the role of
different amino acid residues of KS-WNK1 in its activity against the NaCl cotransporter and sensitivity to Kelch-like protein 3.

distal convoluted tubule; hypertension; salt transport; STE20/SPS1-related proline-alanine-rich protein kinase; with no lysine kinase 4

INTRODUCTION

Familial hyperkalemic hypertension (FHHt) encompasses a
spectrum of diseases that aremainly the consequence of over-
activity of the renal thiazide-sensitive NaCl cotransporter
(NCC) of the distal convoluted tubule (DCT) (1). NCC activity
is modulated by with no lysine kinase (WNK)1 and WNK4,
whose half-life is, in turn, regulated by the cullin–RING E3

ligase complex containing Kelch-like protein 3 (KLHL3) and
cullin 3 (CUL3) proteins. The severity of FHHt depends on
which one of these genes is affected and is defined by age of
diagnosis, Kþ levels, blood pressure levels, and percentage of
affected individuals with hypertension before the age of 18 yr
old. The more severe disease presentation is due to exon 9 de-
letion of CUL3, followed by dominant or recessive mutations
in KLHL3 (2, 3). These mutations impair the ubiquitylation
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and degradation of WNK kinases in the DCT. Less severe is
FHHt due to missense mutations in the acidic motif of
WNK4, which constitutes the recognition site for KLHL3 (4, 5)
and thus abrogate only WNK4 ubiquitylation (6). Finally, the
mildest form of FHHt is due to intronic deletions in theWNK1
gene that apparently result in ectopic expression of the full-
length catalytic isoform of this kinase (known as L-WNK1) in
the DCT (7). Louis-Dit-Picard et al. (8) have recently described,
however, an even milder form of FHHt. In this work, humans
and mice with heterozygous mutations in the acidic domain
of WNK1 display an inherited phenotype with hyperkalemia,
hyperchloremia, and metabolic acidosis, but without arterial
hypertension, that is nevertheless accompanied by low renin
expression levels, suggesting a mild volume expansion that is,
however, not enough to produce hypertension.

The major product of the WNK1 gene in the kidney is a
shorter isoform known as kidney-specific WNK1 (KS-WNK1)
(9–11). This isoform is transcribed from an alternative promoter
located between exons 4 and 4a that lacks the kinase domain
and contains a unique 30-amino acid residues sequence
encoded by exon 4a. Despite lacking a kinase domain, recent
evidence suggests that KS-WNK1 may function as an activator
of NCC. First, in Xenopus laevis oocytes, we have shown that
KS-WNK1 is able to induce phosphorylation and activation of
NCC by interacting with other WNKs and reducing its sensitiv-
ity to Cl�. For instance, in the presence of KS-WNK1, WNK4 is
active at higher levels of intracellular Cl� concentration,
increasing the activity of the intermediate kinase, STE20/SPS1-
related proline-alanine-rich protein kinase (SPAK), toward
NCC (12). Second, it has been observed that under conditions
in which NCC activity is expected to be increased, like in
response to low dietary Kþ , conglomerations of WNKs, known
as WNK bodies, are formed in DCT cells, and their formation
requires the presence of KS-WNK1 (13, 14), also supporting that
KS-WNK1 is associated with activation of NCC. Third, Louis-
Dit-Picard et al. (8) suggested that the FHHt phenotype
observed in patients with mutations in the acidic domain
of WNK1 is likely due to increased protein expression of
KS-WNK1 in DCT cells because it was observed that the
sensitivity of KS-WNK1 to the CUL3-KLHL3 E3 ligase com-
plex is several times higher than that of L-WNK1 and, thus,
mutations of the acidic motif in WNK1 seem to preferen-
tially protect KS-WNK1 from ubiquitylation by the CUL3-
KLHL3 E3 ligase complex.

Given that both KS-WNK1 and L-WNK1 contain the acidic
motif involved in KLHL3 binding, the different sensitivity to
CUL3-KLHL3 E3 ligase complex-mediated degradation is
surprising. Our goal in the present study was to analyze and
characterize the effect of the CUL3-KLHL3 E3 ligase complex
on KS-WNK1 and to define the protein domains responsible
for the difference in sensitivity. In addition, we began to
explore the physiological stimuli that regulate KS-WNK1 pro-
tein expression levels bymodulating its targeting to degrada-
tion by the CUL3-KLHL3 E3 complex.

METHODS

Generation of KLHL3þ /R528H Mice

KLHL3þ /R528H knockin mice were generated through ho-
mologous recombination strategies by TaconicArtemis

(https://www.taconic.com/). For vector construction, mouse
genomic fragments (obtained from the C57BL/6J RPCIB-731
BAC library) and selected features (such as desired point
mutation, recombination sites, and selection markers, as pro-
vided in Supplemental Fig. S1; see https:/doi.org/10.6084/m9.
figshare.13721791) were assembled into the targeting vector.

The linearized vector was transfected into the
TaconicArtemis C57BL/N Tac embryonic stem (ES) cell line.
Homologous recombinant clones were isolated using positive
(PuroR) and negative [thymidine kinase (TK)] selection.
Specific ES clones were selected by Southern blot analysis of
genomic DNA. Blastocysts were isolated from the uterus of
pregnant BALB/c females at day postcoitum 3.5 and injected
with 10–15 targeted C57BL/6NTac ES cells. After recovery,
eight injected blastocysts were transferred to each uterine
horn of 2.5 days postcoitum, pseudopregnant Naval Medical
Research Institute (NMRI) females. Chimerism was measured
in chimeras (G0) by coat color contribution of ES cells to the
BALB/c host (black/white). Highly chimeric mice were bred to
C57BL/6-Tg(CAG-Flpe)2 Arte females for elimination of the
puromycin resistance cassette. This produced mice that con-
stitutively express mutated KLHL3 protein. The remaining
FRT recombination site in these mice is located in a noncon-
served region of the genome. Primers 6560_31 (50-CACTG-
TGTTCTGCCTTTCAGG-30) and 6560_32 (50-CAGACCAAGAC-
CAGAGAGAAGG-30) were used to confirm the presence of the
R528H mutation by PCR amplification and product
sequencing.

For genotyping analysis, genomic DNA was extracted from
tail biopsies and analyzed by PCR. Primer 1 (50-GATA-
CCCACTGGCATTTGG-30) and primer 2 (50-GGTAAGGGCAG-
CATTACTGG-30) were used to detect wild-type and knockin al-
leles. The wild-type allele generates a 308-bp product, whereas
the knockin allele generates a 383-bp product. The latter prod-
uct is larger due to the presence of the FRT site and flanking
region that remains in an intronic region following Flp-medi-
ated excision of the puromycin selection cassette.

Generation of KLHL3R528H/R528H/KS-WNK1�/� Mice

KS-WNK1�/� mice were a kind gift from Hadchouel (15)
(INSERM Paris), and the generation and genotyping have been
described in the supporting information of the cited article.

Mice were crossed with of KLHL3þ /R528H to produce the
desired genotypes: wild type, KLHL3R528H/R528H, KS-WNK1�/�,
and KLHL3R528H/R528H/KS-WNK1�/�. Male mice were used for
experimental purposes.

Low-Kþ Diet Experiments

Wild-type and KLHL3þ /R528H mice were placed on normal
(1% Kþ ) or Kþ -deficient diets (0.0% Kþ ) for 4 days. The
OpenStandard diet with no added Kþ (D16120202) was pur-
chased from Research Diets and used as the Kþ -deficient
diet. The normal-Kþ diet was prepared by adding KCl. By the
end of the 4-day period, mice were euthanized under isoflur-
ane anesthesia, and kidney samples were collected.

Western Blot Analysis of Mouse Kidney Proteins

Kidney lysates were prepared with lysis buffer containing
50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 1 mM
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sodium orthovanadate, 1% (w/v) Nonidet P-40, 0.27 M su-
crose, 0.1% (v/v) 2-mercaptoethanol, and protease inhibitors
(1 tablet per 50 mL). Lysates (20 mg) in SDS sample buffer
were subjected to electrophoresis on polyacrylamide gels
and transferred to nitrocellulose membranes. Membranes
were incubated for 30 min with Tris-buffered saline-Tween
20 (TBS-T) containing 5% (w/v) skim milk. Membranes were
then immunoblotted in 5% (w/v) skim milk in TBS-T with
the indicated primary antibodies overnight at 4�C. Sheep
antibodies were used at a concentration of 1–2 mg/mL. The
incubation with phospho-specific sheep antibodies was per-
formed with the addition of 10 mg/mL of the dephospho-pep-
tide antigen used to raise the antibody. Blots were thenwashed
six times with TBS-T and incubated for 1 h at room tempera-
ture with secondary horseradish peroxidase (HRP)-conjugated
antibodies diluted 5,000-fold in 5% (w/v) skim milk in TBS-T.
After the washing steps were repeated, the signal was detected
with an enhanced chemiluminescence reagent. Immunoblots
were developed using a film automatic processor (SRX-101,
KonicaMinolta Medical), and films were scanned with 600-dpi
resolution on a scanner (PowerLook 1000, UMAX).

For the detection of KS-WNK1, kidney tissue was homoge-
nized in lysis buffer containing 250 mM sucrose, 10 mM tri-
ethanolamine, 1� protease inhibitors (Roche), 50 mM
sodium fluoride, 10 mM sodium pyrophosphate, and 1 mM
sodium orthovanadate.

Protein samples were subjected to polyacrylamide gel
electrophoresis and then transferred to PVDF membranes
for 2 h at 10 mV. Membranes were blocked for 2 h in 10%
nonfat dry milk dissolved in TBS-T solution (2 mM Tris-HCl,
150mMNaCl, and 0.2% Tween 20, pH 7.5).

Membranes were incubated overnight with the indicated
antibodies diluted in 5% nonfat dry milk in TBS-T, followed
by incubation for 1 h at room temperature with HRP-conju-
gated secondary antibodies diluted in 5% nonfat dry milk in
TBS-T. After the incubation, membranes were washed six
times for 10 min with TBS-T. For signal detection by chemi-
luminescence, Luminata Forte Western HRP substrate
(Merck Millipore) was used, and LI-COR equipment was
used to perform the reading.

The following antibodies were used. Rabbit anti-WNK4
(1:4,000) was a gift from David Ellison (Oregon Health &
Science University) (16). For WNK1 detection, we used com-
mercially available rabbit anti-WNK1 antibody from Bethyl
Laboratories (1:1,000, A301-515A, pan-WNK1). The following
antibodies were raised in the sheep and affinity purified on
the appropriate antigen by the Division of Signal Transduction
Therapy Unit of the University of Dundee: WNK4 total anti-
body (S064B, second bleed, raised against residues 1,221�1,243
of human WNK4), NCC phospho-Thr60 antibody (S995B, resi-
dues 54–66 of human NCC phosphorylated at Thr60,
RTFGYNpTIDVVPT), NCC total antibody (S965B, residues
906–925 of human NCC, CHTKRFEDM-IAPFRLNDGFKD),
SPAK NH2-terminal antibody (S668D, raised against residues
2�76 of mouse SPAK), oxidative stress response-1 (OSR1)
mouse antibody (S149C, residues 389–408 of mouse OSR1,
SAHLPQPAGQMPTQPAQVSL), SPAK/OSR1 (S motif) phos-
pho-Ser373/Ser325 antibody [S670B, raised against residues
367–379 of human SPAK, RRVPGS(S)GHLHKT, which is
highly similar to residues 319–331 of human OSR1, in which
the sequence is RRVPGS(S)GRLHKT]. a-Epithelial Naþ

channel (ENaC) antibody was kindly provided by Land (17);
p44/42 MAPK (Erk1/2) antibody (3062) was purchased from
Cell Signaling Technology. Secondary antibodies coupled to
HRP used for immunoblot analysis were obtained from
Pierce. All antibodies used and their corresponding validation
studies are cited in Supplemental Table S1; see https://doi.
org/10.6084/m9.figshare.13721797).

Immunofluorescent Staining of Mouse Kidney Sections

Harvested mouse kidneys were immersion fixed in fresh
4% (w/v) formaldehyde-PBS (pH 6.9) for 16 h at 37�C, washed
three times in PBS, and stored at 4�C until paraffin embed-
ded. Sections (5 mm) were deparaffinized in Histoclear
(National Diagnostics) and rehydrated in graded methanol
steps. An antigen retrieval step was performed with R-
Universal buffer in the 2100 antigen retriever for a single
heat-pressure cycle (Aptum Biologics). Sections were perme-
abilized with 0.05% (v/v) Triton X-100-PBS for 20 min and
blocked for 1 h at 37�C with 2% (v/v) donkey serum in 0.05%
(v/v) Triton X-100-PBS. Primary antibodies were incubated
overnight for 16 h at 4�C at the following concentrations
diluted in 1% (v/v) donkey serum in 0.05% (v/v) Triton X-100-
PBS: 2 mg/mL for total SPAK and phospho-SPAK S373 and
anti-a-ENaC (Novus Biologicals, 1:500). Phospho-specific anti-
bodies included the addition of 10 μg/mL of the nonphospho-
peptide used to raise the antibody per 2 mg/mL of antibody
used. Negative controls omitted the primary antibody and
were processed in parallel. Slides were then washed for 20
min in 0.05% (v/v) Triton X-100-PBS and incubated in sec-
ondary antibody for 1 h at 37�C. Preabsorbed donkey IgG-con-
jugated Alexa Fluor 488, 633, and 647 secondary antibodies
(Life Technologies/Abcam) were used at 1:200 diluted in 1%
(v/v) donkey serum in 0.05% (v/v) Triton X-100-PBS for im-
munofluorescent labeling. Slides were washed as above, coun-
terstained using Sytox orange nucleic acid stain (S11368, Life
Technologies), mounted using Prolong gold antifade (P36930,
Life Technologies), and shielded from light.

Mutagenesis and Constructs

Rat NCC, human WNK4-Flag, human L-WNK1-D11-c-Myc,
and human KS-WNK1-D11-c-Myc have been previously
described (12, 18, 19). KS-WNK1-D4a, KS-WNK1-2CxS (KS-
2CxS), KS-WNK1-6CxS (KS-6CxS), KS-WNK1-5Q (KS-5Q),
KS-WNK1-V11A, KS-WNK1-F12A, KS-WNK1-V13A, KS-WNK1-
I14A, and KS-WNK1-I15A were made from KS-WNK1-D11
using the QuikChange mutagenesis system (Stratagene). All
modifications were confirmed by DNA sequencing. cRNA
was made from linearized cDNA using the T7 RNA polymer-
ase mMESSAGE kit (Ambion). The KLHL3-Flag clone was a
gift from Richard P. Lifton (Rockefeller University). The
open reading frame was subcloned into a pGEMHE vector.

Functional Expression of NCC

Oocytes were extracted in clusters from adult female X.
laevis frogs anesthetized by submerging them in 0.17%
Tricaine. Oocytes were incubated with collagenase type 2 (3
mg/mL) eluted in Ca2þ -free ND-96 (96 mMNaCl, 2 mM KCl,
1.0 mM MgCl2, and 5 mM HEPES, pH 7.4) for 1.5 h, washed
three times with Ca2þ -free ND-96, and incubated again with
collagenase type 2 for 1.5 h. Oocytes were washed with ND-
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96 solution (96.0 mM NaCl, 2.0 mM KCl, 1.8 mM CaCl2, 1.0
mM MgCl2, and 5.0 mM HEPES, pH 7.4) three times and
incubated overnight at 16�C.

Oocytes were injected with 20 ng of each of the indi-
cated cRNAs and then incubated at 16�C for 48 h in ND-
96 before protein extraction for Western blot analysis or
72 h before transport experiments. MG132 (100 mM) was
added to the media 16 h before protein extraction in the
described cases.

Consent for the Performance of Animal Experiments

The use of X. laevis oocytes as well as wild-type and trans-
genic mice were approved by Institutional Animal Care and
Use Committee of the Instituto Nacional de Ciencias
Medicas y Nutricion Salvador Zubiran and in accordance
with regulations set by the Universities of Cambridge and
Dundee and the United Kingdom Home Office. Only male
mice at 12–16 wk old were used.

Western Blot Analysis of X. laevisOocyte Proteins

Twenty oocytes per experimental group were collected,
and samples were extracted using 5 mL/oocyte of lysis buffer
containing 50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM
EDTA, 50 mM sodium fluoride, 10 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, 1% (w/v) Nonidet P-40,
0.27 M sucrose, and protease inhibitors (Complete tablets,
Roche).

Western blots were performed as described above. The
antibody concentrations used were anti-Flag 1:5,000
(Sigma), anti-Myc 1:1,000 (Sigma), and anti-actin 1:2,500
(Santa Cruz Biotechnology). Densitometric analysis was per-
formed using ImageStudioLite software.

Transport Assays

NCC activity was evaluated using the radioactive tracer
22Naþ (Perkin Elmer Life Sciences). Oocytes were injected as
previously described; 72 h later, 15 oocytes per group were
incubated at room temperature for 30 min in Cl�-free ND-96
medium [containing (in mM) 96 sodium isethionate, 2 potas-
sium gluconate, 1.8 calcium gluconate, 1 magnesium gluco-
nate, and 5 HEPES, pH 7.4] containing 1 mM ouabain, 100
mM amiloride, and 100 mMbumetanide in the presence or ab-
sence of 100 mM trichlormethiazide. Oocytes were trans-
ferred to Kþ -free uptake medium [containing (in mM) 40
NaCl, 56 NMDG-Cl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 7.4]
with ouabain, amiloride, and bumetanide with or without
trichlormethiazide and with 0.5 μCi of 22Naþ for 60 min at
32�C. Oocytes were washed five times in an ice-cold radioac-
tive-free medium and placed in individual tubes with 1%

SDS. After lysis scintillation counting, liquid (ecolume, MP
Biomedicals) was added.

Statistical Analysis

In experiments with n � 3, statistical significance was cal-
culated with one-way ANOVA with multiple comparisons
using GraphPad Prism 8.4.3. Significance was defined as P �
0.05. Results are presented asmeans ± SEM.

RESULTS

Generation and Characterization of a New Strain of
KLHL3 Knockin Mice

KLHL3 knockin mice carrying the FHHt mutation R528H
that prevents binding to WNK kinases (20, 21) were gener-
ated by TaconicArtemis (http://www.taconic.com/wmspage.
cfm?parm1=1453).

Phenotypic characterization under basal conditions
showed that the mice displayed the expected FHHt-like phe-
notype with hyperkalemia, metabolic acidosis, and hyper-
chloremia (Table 1). The abundance and phosphorylation of
relevant renal transporters and regulatory proteins were also
studied. As previously reported for a KLHL3þ /R528H strain
generated by Susa and collaborators (22), higher WNK4 and
NCC expression levels as well as higher NCC (Thr60) and
SPAK (Ser373) phosphorylation levels were observed in
KLHL3þ /R528H mice compared with wild-type mice. These
differences were more dramatic in KLHL3R528H/R528H mice
(Fig. 1). In homozygotes, SPAK and OSR1 expression levels
were also higher than in wild-type mice. Additionally, in
contrast to what was reported by Susa et al., a clear decrease
in the abundance of the full-length and cleaved forms
of a-ENaC was observed in both KLHL3þ /R528H and
KLHL3R528H/R528Hmicemade for this study. This finding was
corroborated by immunofluorescent staining of kidney sec-
tions (Fig. 2). Finally, in sections stained with SPAK and
phospho-SPAK (Ser373) antibodies, a punctate signal was
observed in the cytoplasm of some cortical tubular cells of
KLHL3þ /R528H and KLHL3R528H/R528H mice that contrasted
with the apical signal observed in wild-type mice. In the
medullary portion, an apical expression pattern was
observed in some tubules of wild-type and mutant mice, and
this signal intensity was higher inmutant mice.

KS-WNK1 Is Highly Sensitive to CUL3-KLHL3 E3 Ligase
Complex-Mediated Degradation in Vivo

To analyze the effect of the KLHL3-R528Hmutation onWNK1
expression, we used an antibody directed against a COOH-termi-

Table 1. Serum electrolytes of wild-type, KLHL3þ /R528H, and KLHL3R528H/R528H mice

KLHL3þ /þ KLHL3þ /R528H KLHL3R528H/R528H

Naþ , mM 146.6 ± 1.06 (n = 17) 147.3 ± 0.45 (n = 28) 148.5 ± 0.77 (n = 16)
Kþ , mM 4.63 ± 0.09 (n = 18) 5.40 ± 0.1 (n = 28)� 5.56 ± 0.13 (n = 16)�
Cl�, mM 115.3 ± 1.46 (n = 17) 123.8 ± 1.94 (n = 24)� 123.3 ± 2.03 (n = 14)�
Ca2þ , mM 2.21 ± 0.05 (n = 4) 2.28 ± 0.05 (n = 5) 2.36 ± 0.09 (n = 5)
pH 7.32 ± 0.03 (n = 6) ND 7.18 ± 0.03 (n = 3)�
Data are means ± SE; n represents the number of mice included in the analyses. KLHL3, Kelch-like protein 3. �P < 0.05 versus wild-

type mice.
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nal epitope of the protein that can recognize both L-WNK1 and
KS-WNK1 (pan-WNK1 antibody). Given that several bands were
observed in the blots performed with this antibody, in order to
identify the band corresponding to KS-WNK1, we included in
these experiments lysates from KS-WNK1 knockout mice [KS-

WNK1�/�, a kind gift of Hadchouel (15), INSERM Paris] and
KLHL3R528H/R528H;KS-WNK1�/� doublemutants.

Interestingly, we observed no band at the expected size for
KS-WNK1 in wild-type mice, but a robust band of this size was
observed in KLHL3R528H/R528H mice (Fig. 3). Its absence in

Figure 1. Kelch-like protein 3 (KLHL3)þ /R528H

and KLHL3R528H/R528H mice display the
expected changes in the expression and
phosphorylation levels of components of
the with no lysine kinase 4 (WNK4)-
STE20/SPS1-related proline-alanine-rich
protein kinase (SPAK)/oxidative stress
response-1 (OSR1)-NaCl cotransporter
(NCC) pathway. A: total kidney extracts
from wild-type (WT), KLHL3þ /R528H [het-
erozygrous (HET)] and KLHL3R528H/R528H

[homozygous (HOM)] mice were sub-
jected to Western blot analysis with the
indicated antibodies. Each sample was
derived from a separate littermate ani-
mal. B: band intensities were quantified
using ImageJ, and the results are pre-
sented relative to the expression of
GAPDH. Increased expression of NCC
and WNK4 as well as increased phospho-
rylation of SPAK (Ser373) and NCC (Thr60)
were observed in KLHL3þ /R528H mice.
Such differences were more dramatic in
KLHL3R528H/R528H mice, in which an
increase in the expression of SPAK and
OSR1 was also observed. ENaC, epithelial
Naþ channel; ns, not significant.
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Figure 2. Immunofluorescent staining of kidney sections was performed. The primary antibodies used are indicated. Representative images from corti-
cal and medullary regions are shown. Fluorescence intensity was quantified using ImageJ, and the results are presented in the corresponding bar
graphs. ENaC, epithelial Naþ channel; KLHL3, Kelch-like protein 3; pSPAK, phospho-SPAK; SPAK, STE20/SPS1-related proline-alanine-rich protein ki-
nase; WNK1, with no lysine kinase 1.
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double-mutant mice confirmed that indeed this band corre-
sponds to KS-WNK1. These observations suggest that the KS-
WNK1 protein expression level is very low (undetectable by
Western blot) in kidneys fromwild-type mice under basal con-
ditions, which is striking given the high KS-WNK1 mRNA lev-
els that have been reported for renal tissue (11). This
observation supports, as suggested by Luis-Dit-Picard et al. (8),
that KS-WNK1 is highly sensitive to CUL3-KLHL3 E3-mediated
degradation, given the large upregulation observed in
KLHL3R528H/R528H mice in which WNK-KLHL3 binding is
impaired.

Finally, a band of higher molecular weight that may corre-
spond to L-WNK1 was observed with the pan-WNK1 antibody,
whose intensity was similar in all genotypes. We cannot rule
out, however, that this may be a nonspecific band. WNK4
expression in the kidneys from wild-type and KS-WNK1�/�

mice was similar, whereas, as expected, it was increased in
KLHL3R528H/R528Hmice and double-mutantmice.

Knockout of KS-WNK1 Does Not Prevent the FHHt
Phenotype of KLHL3R528H/R528H Mice

Given the striking KS-WNK1 protein upregulation that we
observed in KLHL3R528H/R528H mice, we decided to evaluate
whether this upregulation is implicated in the pathogenesis of
FHHt. Thus, we studied the phenotype of KLHL3R528H/R528H;
KS-WNK1�/� mice and compared it with the phenotype of
KLHL3R528H/R528H mice. We observed that double-knockout
mice have an FHHt phenotype with serum Kþ , Cl�, HCO3

�,
and pH levels similar to those observed in KLHL3R528H/R528H

mice (Table 2). Thus, KS-WNK1 upregulation does not
seem to play a central role in the pathogenesis of FHHt. In
further experiments, administration of diets with altered
content of Kþ and Naþ may help to uncover phenotypic
differences. However, this was out of the scope of this
work.

KS-WNK1 and L-WNK1 Exhibit Different Sensitivity to
CUL3-KLHL3 E3-Mediated Degradation

Our preliminary data, published in Louis-Dit-Picard et
al. (8), showed that KS-WNK1 is heterologously expressed
in X. laevis oocytes and in human embryonic kidney
(HEK)-293 cells is readily degraded when coexpressed with
KLHL3. In contrast, L-WNK1 is resistant to such degrada-
tion. To further explore this phenomenon, we began by
analyzing the effect of KLHL3 coexpression on KS-WNK1
and L-WNK1-mediated activation of NCC. We microin-
jected X. laevis oocytes with NCC cRNA in the absence or
presence of L-WNK1 or KS-WNK1 cRNA with or without
KLHL3 cRNA. Three days later, thiazide-sensitive tracer
Naþ uptake was assessed. As we have previously shown
(12), both KS-WNK1 and L-WNK1 were able to increase the
activity of NCC, despite the fact that KS-WNK1 has no ki-
nase domain (Fig. 4A). Our previous work supported that
the effect of KS-WNK1 on NCC is likely due to an interac-
tion of KS-WNK1 with an endogenous WNK kinase, since
the presence of KS-WNK1 increased the phosphorylation
of SPAK and NCC, and the effect was prevented by the spe-
cific WNK inhibitor WNK463 (12). Consistent with our pre-
liminary observations (8), the effect of KS-WNK1 on NCC
was completely prevented by coinjection with KLHL3 cRNA,
whereas the effect of L-WNK1 on NCCwas not.

We then analyzed the effect of KLHL3 expression on
L-WNK1, KS-WNK1, WNK3, and WNK4 abundances. This
effect has been previously described. However, no study
has compared the effect of KLHL3 on all these WNK iso-
forms in parallel (4, 5, 21). Figure 4B shows a representative
image of such analysis. Oocytes were injected with each
WNK cRNA alone or coinjected with KLHL3 cRNA. L-
WNK1, KS-WNK1, and WNK3 expression was assessed with
anti-c-myc antibodies and WNK4 and KLHL3 with anti-
Flag antibodies. Consistent with the results shown in Fig.
4A, the presence of KLHL3 had little to no effect on the L-
WNK1 expression level, whereas the expression of KS-
WNK1 in the presence of KLHL3 was completely abrogated.
In addition, we observed that WNK3 and WNK4 exhibited
high sensitivity to CUL3-KLHL3 E3-mediated degradation.
Thus, according to the densitometric analysis (Fig. 4C), it
appears that at least in X. laevis oocytes the sensitivity of L-
WNK1 to the effect of the CUL3-KLHL3 E3 complex was sig-
nificantly lower than that observed for the other WNKs. A
similar observation has also been reported in HEK-293 cells
by Louis-Dit-Picard et al. (8).

The Unique KS-WNK1 Segment Encoded by Exon 4a Is
Involved in the Sensitivity to the CUL3-KLHL3 E3 Ligase
Complex

L-WNK1 and KS-WNK1 have different NH2-terminal por-
tions but are identical from the beginning of the segment
encoded by exon 5 until the end of the protein. Thus, they

Figure 3. Kidney-specific with no lysine kinase (WNK)1 (KS-WNK1) protein
levels are undetectable in kidney tissue of wild-type mice but are high in
mice in which cullin 3-Kelch-like protein 3 (KLHL3) E3-mediated degrada-
tion is prevented. Total kidney lysates from KLHL3R528H/R528H mice, KS-
WNK1�/� mice, and double mutants (KLHL3R528H/R528H; KS-WNK1�/� mice)
were analyzed byWestern blot to assess the expression of WNK1 isoforms
(as measured by the pan-WNK1 antibody). The robust band observed in
KLHL3R528H/R528H mice (arrow) that was absent in wild-type mice corre-
sponds to KS-WNK1, as corroborated by its absence in the double
mutants. The WNK4 blot is presented at the bottom. The expected
increase in WNK4 expression was observed in KLHL3R528H/R528H samples
and in KLHL3R528H/R528H; KS-WNK1�/� mice.
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both contain the acidic motif (EPEEPEADQHQ) that medi-
ates interactions with KLHL3 (Supplemental Fig. S2; see
https://doi.org/10.6084/m9.figshare.13721794).

The first 30-amino acid residues of KS-WNK1 are unique
to this isoform because they are encoded by exon 4a,
which is not included in the L-WNK1 transcript. Exon 4a is
highly conserved across evolution since its amino acid
sequence is almost identical from coelacanths to humans
(13), suggesting that it plays a key role in species that have
evolved a renal tubule. This segment has been shown to be
key for the formation of KS-WNK1-dependent WNK bodies
(13). Thus, to evaluate its effect on KS-WNK1 activity and
CUL3-KLHL3 E3-mediated degradation, we generated the
KS-WNK1-D4a clone that lacks this fragment. We assessed
its ability to activate NCC and its sensitivity to degradation
promoted by CUL3-KLHL3 E3. As previously described
(12), the absence of the 4a fragment prevents the positive
effect of KS-WNK1 on NCC activity (Fig. 5A). Interestingly,
this modification prevented KS-WNK1 functionality and
also prevented its degradation, as demonstrated by the
representative blot shown in Fig. 5B and the densitometric
analysis shown in Fig. 5C. We observed a mild protective
effect of the proteasome inhibitor MG132 against CUL3-
KLHL3-RING-induced degradation of KS-WNK1, suggest-
ing that other pathways may also be involved in degrada-
tion (Fig. 5B).

The Cysteines in Region 4a Are Important for KS-WNK1
Function but Not for Its CUL3-KLHL3 E3-Mediated
Degradation

Boyd-Shiwarski et al. (13) have previously analyzed the
degree of conservation of individual residues within the 4a
segment and have identified a cluster of conserved cysteines
and a cluster of conserved hydrophobic residues (Fig. 6A).
Mutagenic analysis led them to conclude that these clusters,
which they termed the “cysteine-rich hydrophobic motif,”
are key for the formation of KS-WNK1-dependent WNK
bodies. Thus, we decided to evaluate their role on KS-WNK1-
dependent NCC activation and sensitivity to CUL3-KLHL3
E3-induced degradation.

We first decided to analyze the role of conserved cysteines.
For this purpose, we generated a clone with the six con-
served cysteines mutated to serine (KS-6CxS mutant) and a
clone in which only the outer two cysteines were mutated to
serine (KS-2CxS mutant; Fig. 6A). According to the data by
Boyd-Shiwarski et al. (13), the KS-6CxS mutation prevents
the formation of WNK bodies, but the KS-2CxS mutation
only partially does so.

We injected oocytes with NCC and wild-type KS-WNK1 or
mutants KS-6CxS or KS-2CxS and treated them with or with-
out MG132 to evaluate their function and degradation. We
observed that the ability of the KS-6CxS mutant to activate
NCC was completely abrogated, whereas that of the KS-2CxS
mutant was only partially impaired (Fig. 6B). Regarding
CUL3-KLHL3 E3-mediated degradation, we observed that
both mutants were degraded in the presence of KLHL3, sug-
gesting that, although the whole exon 4a seems to be impor-
tant in conferring sensitivity to CUL3-KLHL3 E3-mediated
degradation, the cysteine residues are not involved (Fig. 6, C
andD).

The Cluster of Hydrophobic Residues in the 4a Segment
of KS-WNK1 Are Key for NCC Activation and Confers KS-
WNK1 Sensitivity to CUL3-KLHL3 E3-Mediated
Degradation

We next analyzed the role of the cluster of hydrophobic
residues on KS-WNK1 ability to activate NCC and on its sen-
sitivity to CUL3-KLHL3 E3-mediated degradation. This clus-
ter includes the five hydrophobic amino acid residues
between the positions 11 and 15 (valine, phenylalanine, va-
line, isoleucine, and isoleucine; Fig. 6A). We generated a
clone in which these five residues were mutated to gluta-
mine (KS-5Q mutant). We decided to mutate these residues
to glutamine given that Boyd-Shiwarski et al. (13) used this
strategy to substitute the hydrophobic residues for hydro-
philic ones and showed that these mutations prevented
WNK body formation. Thus, we evaluated if the same muta-
tions can also affect kidney-specific function and KLHL3-
induced degradation. We observed that the ability of this
mutant to activate NCC was completely impaired (Fig. 7A).
Interestingly, however, we observed that this mutant was
insensitive to CUL3-KLHL3 E3-induced degradation (Fig. 7,
B and C).

Valine 11 and Valine 13 of KS-WNK1 Are Relevant for Its
CUL3-KLHL3 E3-Mediated Degradation

To evaluate the role of individual residues within the
hydrophobic cluster on KS-WNK1 activity and degradation,
we generated the five single residue mutants and studied
them in the oocyte system as performed for the other
mutants. For the individual mutants, we decided to mutate
each of the hydrophobic amino acid residues to alanine to
explore whether the sole absence of the hydrophobic lateral
chain is sufficient to produce these effects. We observed that
the V11A mutant was unable to activate NCC and that this
function was significantly reduced for the V13A mutant. For

Table 2. Serum electrolytes of wild-type, KLHL3R528H/R528H, KS-WNK1�/�, and double-mutant mice

KLHL3þ /þ ; KS-WNK1þ /þ KLHL3R528H/R528H; KS-WNK1þ /þ KLHL3þ /þ ; KS-WNK1�/� KLHL3R528H/R528H; KS-WNK1�/�

Naþ , mM 151 ± 0.56 (n = 6) 152 ± 0.56 (n = 6) 150 ± 0.61 (n = 6) 153 ± 0.58 (n = 6)
Kþ , mM 4.5 ± 0.16 (n = 6) 5.1 ± 0.10 (n = 6)� 4.7 ± 0.12 (n = 6) 5.0 ± 0.12 (n = 6)�
Cl�, mM 118 ± 0.61 (n = 6) 123 ± 0.22 (n = 6)� 118 ± 0.53 (n = 6) 122 ± 0.40 (n = 6)�
Ca2þ , mM 4.2 ± 0.3 (n = 6) 4.5 ± 0.06 (n = 6) 4.2 ± 0.12 (n = 6) 4.3 ± 0.04 (n = 6)
pH 7.3 ± 0.03 (n = 6) 7.2 ± 0.01 (n = 6) 7.3 ± 0.02 (n = 6) 7.2 ± 0.01 (n = 6)
HCO3

�, mM 20 ± 0.76 (n = 6) 14 ± 0.42 (n = 6)� 17 ± 0.36 (n = 6) 15 ± 0.52 (n = 6)�
Data are means ± SE; n represents the number of mice included in the analyses. KLHL3, Kelch-like protein 3; WNK1, with no lysine ki-

nase 1. �P < 0.05 versus wild-type mice.
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the remaining three mutants, this function was only
slightly reduced (Fig. 8A). CUL3-KLHL3 E3-mediated deg-
radation was impaired for the V11A and V13A mutants (Fig.
8, B and C), suggesting that these residues may participate

in conferring the sensitivity to CUL3-KLHL3E3-mediated
degradation.

KS-WNK1 Protein Expression Is Upregulated in Kidneys
of Mice Maintained on Low-Kþ Diet

Ishizawa et al. (23) recently showed that phosphorylation
of KLHL3 in a residue located within the substrate-binding
domain is upregulated in mice that are maintained on a low-
Kþ diet. This reduces CUL3-KLHL3 E3-targeted degradation

A

B

C

Figure 4. Kidney-specific with no lysine kinase (WNK)1 (KS-WNK1), WNK3,
and WNK4, but not full-length WNK1 (L-WNK1), are degraded when coex-
pressed with Kelch-like protein 3 (KLHL3) in oocytes. A: thiazide-sensitive
22Naþ uptake was assessed in Xenopus laevis oocytes injected with the
indicated cRNAs. Uptake values observed in the control group (NCC only)
were set to 100%, and the other groups were normalized accordingly.
While both L-WNK1 and KS-WNK1 increased Naþ uptake, KLHL3 coex-
pression prevented NaCl cotransporter (NCC) activation by KS-WNK1 but
not by L-WNK1. Dots represent uptake values for individual oocytes. At
least three independent experiments were performed with >10 oocytes
per group (����P< 0.0001 vs. NCC; three points outside graphic limits). B:
representative Western blots showing the effect of KLHL3 coexpression
on L-WNK1, KS-WNK1, WNK3, and WNK4 levels. Oocytes were injected
with cRNAs encoding for c-Myc-tagged L-WNK1, KS-WNK1, or WNK3 or
Flag-tagged WNK4 with or without Flag-tagged KLHL3. All kinases except
L-WNK1 were degraded in the presence of KLHL3. C: densitometric analy-
sis of the Western blots presented in B. Two independent experiments
were performed with similar results. c-Myc-tagged L-WNK1, KS-WNK1, or
WNK3 or Flag-tagged WNK4 were normalized to 100% and compared
with those observed in groups expressing KLHL3.

A

B

C

Figure 5. The segment encoded by exon 4a in kidney-specific with no ly-
sine kinase 1 (KS-WNK1) is needed to activate NaCl cotransporter (NCC)
and to be targeted for degradation by cullin-3 (CUL3)–Kelch-like protein 3
(KLHL3) E3. A: thiazide-sensitive Naþ uptake of NCC cRNA-injected
oocytes was set to 100%, and uptake values of additional groups were
normalized accordingly. KS-WNK1 coexpression increased NCC activity,
but the KS-WNK1-D4a mutant failed to activate (n = 3 transport assays,
����P < 0.0001 vs. NCC; one point outside graphic limits). B: representa-
tive Western blots showing KS-WNK1 and KS-WNK1-D4a expression in the
absence or presence of KLHL3. CUL3-KLHL3 E3-induced degradation of
KS-WNK1 is observed regardless of proteosome inhibition, whereas KS-
WNK1-D4a is expressed but resistant to CUL3-KLHL3 E3-induced degra-
dation. C: densitometric analysis of the Western blots presented in B.
Results from four different experiments were included. Expression of KS-
WNK1 or KS-WNK1-D4a in the absence of KLHL3 were arbitrarily set to
100% and compared with expression levels observed in the presence of
KLHL3 (n = 4 Western blots, ���P> 0.001 vs. control without KLHL3).
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ofWNK4. Thus, to evaluate whether Kþ restriction is a possi-
ble physiological stimuli for induction of KS-WNK1 expres-
sion, wild-type, and KLHL3þ /R528H mice were placed on
low-Kþ diet for 7 days and then euthanized for renal tissue
collection. Kidney lysates were prepared and analyzed by
Western blot analysis with pan-WNK1 and WNK4 antibod-
ies (Fig. 9).

The band corresponding to KS-WNK1 was only barely
observed in samples from KLHL3þ /R528Hmice (Fig. 9), in con-
trast to what we previously observed with KLHL3R528H/R528H

mouse samples (Fig. 3). This suggests that the residual activity
of the CUL3-KLHL3 E3 complex present in heterozygous mice
is sufficient to almost entirely degrade KS-WNK1. A more ro-
bust band was observed in samples from wild-type and
KLHL3þ /R528H mice maintained on the low-Kþ diet, showing
that indeed KS-WNK1 expression is induced under conditions
of dietary Kþ restriction. WNK4 upregulation was also
observed, as previously reported (23).

DISCUSSION

In the present study, we show that KS-WNK1 is more sen-
sitive to CUL3-KLHL3 E3-mediated degradation than L-

WNK1, and we began to explore the elements of their pri-
mary sequence that are responsible for this difference. Given
that the known binding site for KLHL3 inWNK kinases is the
acidic motif, the observation is puzzling as both proteins
present the exact same binding site. Interestingly, we
observed that removal of the unique sequence of KS-WNK1
encoded by exon 4a decreases its sensitivity to CUL3–KLHL3
E3-mediated degradation. This shows that targeting by
KLHL3 of the COOH-terminal segment of WNK1 (comprising
the sequence encoded from exon 5 until the end that
includes the acidic motif) is not efficient unless this 30-
amino acid residue segment is present. We also showed that
this segment is critical for the ability of KS-WNK1 to activate
NCC. Other works also support the key role of exon 4a for
KS-WNK1 function. For instance, Argaiz et al. (12) showed
that the ability of KS-WNK1 to activate NCC by promoting
WNK4 phosphorylation is impaired by the removal of this
segment, although KS-WNK1 binding to WNK4 was not
affected, and Boyd-Shiwarski et al. (13) showed that exon 4a
is necessary for the KS-WNK1-dependent formation of WNK
bodies.

Interestingly, the analysis of the effects of mutation of cer-
tain conserved residues within exon 4a showed that some of

Exon 4a MDIKKKDFCSVFVIINSHCCCCPQKDCINE
KS-WNK1 ∆4a MDIKKKDFCSVFVIINSHCCCCPQKDCINE
KS-WNK1 2CxS MDIKKKDFSSVFVIINSHCCCCPQKDSINE
KS-WNK1 6CxS MDIKKKDFSSVFVIINSHSSSSPQKDSINE
KS-WNK1 5Q MDIKKKDFCSQQQQQNSHCCCCPQKDCINE
KS-WNK1 V11A MDIKKKDFCSAFVIINSHCCCCPQKDCINE
KS-WNK1 F12A MDIKKKDFCSVAVIINSHCCCCPQKDCINE
KS-WNK1 V13A MDIKKKDFCSVFAIINSHCCCCPQKDCINE
KS-WNK1 I14A MDIKKKDFCSVFVAINSHCCCCPQKDCINE
KS-WNK1 I15A MDIKKKDFCSVFVIANSHCCCCPQKDCINE

A B

C D

Figure 6.Mutation of the six conserved cysteines encoded in exon 4a impairs the ability of kidney-specific with no lysine kinase 1 (KS-WNK1) to activate
NaCl cotransporter (NCC) but does not prevent cullin-3 (CUL3)-Kelch-like protein 3 (KLHL3) E3-induced degradation. A: amino acid sequence encoded
by exon 4a. Different KS-WNK1 mutants were generated for this work with variations in the sequence of this region. The modifications introduced in
each mutant are indicated. B: NCC was coexpressed in oocytes with KS-WNK1, KS-6CxS (in which all six cysteines were mutated to serine), or KS-2CxS
(in which the two peripheral cysteines were mutated to serine). Thiazide-sensitive Naþ uptake of NCC-expressing oocytes was set to 100% and com-
pared with all other groups, which were normalized accordingly. KS-WNK1-6CxS did not activate NCC, whereas KS-WNK1-2CxS did activate NCC, albeit
at a lower level than wild-type KS-WNK1 (n = 3 transport assays, ����P< 0.0001 vs. NCC; 3 points outside graphic limits). C: representative Western blots
showing the expression of KS-WNK1-6CxS and KS-WNK1-2CxS. Both mutant proteins are targeted for degradation by CUL3-KLHL3 E3, whereas treat-
ment with MG132 could prevent KS-WNK1-2CxS degradation. D: compiled results of densitometric analysis from at least two different Western blot
experiments like that presented in (B). Expression levels of KS-WNK1, KS-WNK1-6CxS, and KS-WNK1-2CxS in the absence of KLHL3 were normalized to
100% and compared with groups expressing KLHL3 (n = 2�4 Western blots, ��P< 0.01 and ����P< 0.0001 vs. control without KLHL3).
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these modifications alter KS-WNK1 ability to activate NCC,
but not its targeting by KLHL3, whereas those that affect
KLHL3 targeting also affect the ability to activate NCC. Thus,
although the same segment is key to define the sensitivity to
CUL3-KLHL3 E3 and the ability of KS-WNK1 to activate NCC,
these properties can be dissociated, suggesting that they are
not strictly dependent on one another.

B

C

A

Figure 7. Mutation of the five conserved hydrophobic residues encoded
in exon 4a impairs the ability of kidney-specific with no lysine kinase 1 (KS-
WNK1) to activate NaCl cotransporter (NCC) and prevent cullin-3-Kelch-
like protein 3 (KLHL3) E3-induced degradation. A: NCC was coexpressed
in oocytes with KS-WNK1 or KS-5Q (in which all five hydrophobic residues
were mutated to glutamine), and thiazide-sensitive Naþ uptake was
assessed. Uptake levels observed for NCC-expressing oocytes were
normalized to 100% and compared with those observed for groups
expressing KS-WNK1 and KS-5Q. The strong activation of NCC induced
by KS-WNK1 was not observed in the KS-5Q mutant (n = 5 transport assays,
����P < 0.0001 vs. NCC; 2 points outside graphic limits). B: representative
Western blots showing the expression of KS-WNK1 and KS-5Q. KS-WNK1
was degraded in the presence of KLHL3, whereas KS-5Q was not
degraded. Treatment with MG132 increased KS-5Q expression, probably
by impairing degradation even more. C: compiled results of densitometric
analysis from three different experiments like that presented in B.
Expression levels of KS-WNK1 and KS-5Q in the absence of KLHL3 were
normalized to 100% and compared with those observed in groups express-
ing KLHL3 (n = 3Western blots, ��P< 0.01 vs. control without KLHL3).
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Figure 8. Mutation of valine 11 or valine 13 located in the hydrophobic
motif of exon 4a impairs the ability of kidney-specific with no lysine ki-
nase 1 (KS-WNK1) to activate NaCl cotransporter (NCC) and cullin-3-
Kelch-like protein 3 (KLHL3) E3-induced degradation of KS-WNK1. A:
NCC was coexpressed in oocytes with KS-WNK1 or with KS-WNK1
mutants containing one of the following single amino acid substitutions:
V11A, F12A, V13A, I14A, or I15A. Uptake levels observed for NCC-
expressing oocytes were normalized to 100% and compared with those
observed for groups expressing KS-WNK1 mutants. All mutants except KS-
WNK1-V11A were capable of activating NCC (n = 3�5 transport assays, �P<
0.05, ���P< 0.001, and ����P< 0.0001 vs. NCC; 16 points outside graphic
limits). B: representative Western blots showing the expression of KS-WNK1
and of each single-residue mutant in the absence or presence of KLHL3.
Compared with wild-type (WT) KS-WNK1, there was significantly less degra-
dation of the V11A and V13A mutants in the presence of KLHL3. Other
mutants degraded similarly to the WT. C: compiled results of densitometric
analysis from at least five different experiments like that presented in B.
Expression levels of KS-WNK1 and single-residue mutants in the absence of
KLHL3 were normalized to 100%. Degradation of single-residue mutants
were compared with WT KS-WNK1 in the presence of KLHL3 (n = 5�8
Western blots, �P< 0.05 and ���P< 0.001 vs. control with KLHL3).
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Substitution of either one of two specific residues within
the conserved hydrophobic motif in exon 4a was enough to
prevent CUL3-KLHL3 E3-mediated degradation of KS-WNK1.
The mechanisms underlying 4a segment’s role on KS-WNK1
activity and sensitivity to targeting by KLHL3 remain as open
questions for future studies. Possible mechanisms are, for
example, that this segment may be involved in establishing
key interactions or that perhaps it could be a determinant to
achieve a specific conformational state of the protein.

Our data suggest that KS-WNK1 is also highly sensitive to
CUL3-KLHL3 E3-mediated degradation in vivo. Vidal-Petiot
et al. (11) reported that KS-WNK1 mRNA levels are high in
the kidney (higher than L-WNK1 mRNA levels). Despite this,
we were unable to detect KS-WNK1 protein in kidney lysates
from wild-type mice by Western blot analysis. However, ro-
bust KS-WNK1 protein expression was detected in lysates
from KLHL3R528H/R528H mice in which KLHL3-WNK binding
is impaired. Thus, the low protein expression observed in
wild-type mice may result from a high degradation rate of
KS-WNK1. The physiological significance of this observation

remains to be determined. Analogous biological phenomena
have been described. For example, the ubiquitous transcrip-
tion factor hypoxia-inducible factor-1a (HIF-1a) is normally
undetectable at the protein level due to highly active protea-
somal degradation that is dependent on the presence of O2

(24). HIF-1a is marked for degradation by a cullin–RING E3
ligase complex in which the von Hippel-Lindau (VHL) tumor
suppressor protein acts as the substrate recognition element.
VHL can only recognize HIF-1a when it is hydroxylated at
two proline residues, and hydroxylation is dependent on the
activity of prolyl-hydroxylases that are activated in the pres-
ence of O2. Thus, in conditions of hypoxia, hydroxylation is
prevented and HIF-1a expression is rapidly induced, as well
as expression of its target genes.

In the case of KS-WNK1, the physiological stimuli that can
upregulate its expression remain to be elucidated. We show
here, however, that one of these stimuli is dietary Kþ restric-
tion. Ishizawa et al. (23) have shown that KLHL3 phosphoryl-
ation in the substrate recognition domain is induced by
low-Kþ intake in mice. Thus, low-Kþ -induced phospho-
rylation of KLHL3 may underlie the observed upregulation
of KS-WNK1 in mice on a low-Kþ diet. This observation is
in line with the fact that the formation of WNK bodies,
which is induced by low-Kþ intake, requires the presence
of KS-WNK1, suggesting that indeed the DCT response to
low-Kþ intake involves KS-WNK1 upregulation due to KLHL3
inhibition by phosphorylation. This agrees with the observa-
tion that WNK bodies are present in KLHL3R528H/R528H mice
(Fig. 2) but not in mice with FHHt caused by mutations in
WNK4 (14).

The physiological role of KS-WNK1 is currently a very con-
troversial issue. However, knowledge of the conditions in
which KS-WNK1 protein is expressed in the DCT may help
guide experiments to uncover this physiological role. In the
present work, we show that despite the high KS-WNK1 pro-
tein upregulation observed in FHHt mice due to a mutation
in KLHL3, KS-WNK1 is not essential to develop the FHHt
phenotype. That is, WNK4 overexpression appears to be
sufficient to produce the disease, consistent with prior
results (25).

Different lines of evidence obtained from a diversity of
transgenic mouse models suggest that the WNK1 isoform
expressed in the DCT is KS-WNK1 and that L-WNK1 is not
normally present (1). Absence of WNK4 expression com-
pletely impairs the phosphorylation and activity of NCC (26),
demonstrating that WNK4 absence cannot be compensated
by L-WNK1 activity. Additionally, in KLHL3R528H/R528H mice,
expression of both L-WNK1 and WNK4 is increased but the
FHHt phenotype is completely abrogated by elimination of
WNK4, although L-WNK1 remains upregulated, strongly sug-
gesting that L-WNK1 is not present in the DCT (25). Thomson
et al. (14) have shown that, within the large WNK bodies
observed in WNK4 knockout mice, no active WNK1 is pres-
ent, as indicated by the lack of signal obtained with the pT-
loop WNK antibody, supporting that the WNK1 product in
the WNK bodies is KS-WNK1, not L-WNK1. Finally, it has
been demonstrated that intronic WNK1 deletions responsi-
ble for FHHt cause ectopic expression of L-WNK1 in the DCT
(7), and this is the unique situation in which the absence of
WNK4 does not result in NCC downregulation (18). Thus,
given that L-WNK1 activity is less sensitive to inhibition by

Figure 9. Renal kidney-specific with no lysine kinase 1 (KS-WNK1) expres-
sion is induced by a low-Kþ diet (LKD). Total kidney lysates from wild-type
(WT) and Kelch-like protein 3 (KLHL3)þ /R528H mice maintained on a nor-
mal-Kþ diet (NKD) or LKD were analyzed by Western blot to assess the
expression of KS-WNK1. Compared with WT mice, moderately higher
expression was observed in KLHL3þ /R528H mice. In addition, a robust
increase in KS-WNK1 expression was observed in WT mice but also in
KLHL3þ /R528H mice, suggesting that KLHL3-targeted degradation was fur-
ther affected under this condition. Results of quantitation of the band cor-
responding to KS-WNK1 are shown at the bottom. Band intensity values of
mice on a NKD were normalized to 100%. A WNK4 blot is also shown. The
expected increase in WNK4 expression was observed in KLHL3þ /R528H

samples. Expression was further increased when mice were placed on a
LKD, as previously reported (10). n = 9 for WT mice on the LKD and NKD, n =
3 for KLHL3þ /R528H mice on the NKD, and n = 4 for KLHL3þ /R528H mice on
the LKD. �P< 0.05 versus the NKD. WNK1, with no lysine kinase 1.
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Cl� than WNK4 (27, 28) and less sensitive to CUL3-KLHL3
E3-induced degradation, as shown by this work, it is likely
that ectopic expression of L-WNK1 promotes higher levels of
NCC activity at any given value of intracellular Cl� concen-
tration and activity level of the CUL3-KLHL3 E3 complex. In
this regard, it is noteworthy that WNK1 intronic deletions
cause FHHt even in the absence of WNK4 (18), supporting
that if L-WNK1 is expressed in the DCT, the presence of
WNK4 would be irrelevant. In future work, it would be inter-
esting to establish how low-Kþ interferes with CUL3-KLHL3
E3-mediated degradation of KS-WNK1.

Finally, as mentioned in the INTRODUCTION, Louis-Dit-
Picard et al. (8) have shown that humans andmice with heter-
ozygous mutations in the acidic motif of WNK1 display a mild
FHH phenotype that is easily corrected with thiazide treat-
ment in both species. They also showed that the SPAK/OSR1-
NCC pathway is upregulated in WNK1þ /delE631 mice. Thus,
they proposed that NCC upregulation is the primary defect
leading to the phenotypic alterations. Also, based on results
from in vitro experiments, they proposed that the increased
expression of KS-WNK1 in the DCT is largely responsible for
NCC upregulation as KS-WNK1 abundance is preferentially
affected by these mutations. The large WNK bodies observed
in DCT cells of these mice also support this idea, as well as the
in vitro and in vivo data presented in this work, showing that
KS-WNK1 is very sensitive to CUL3-KLHL3 E3-induced degra-
dation. However, as KS-WNK-1 activates NCC via WNK4, the
effect of an increase in KS-WNK1 may be buffered by the
amount of WNK4, causing only amild activation of NCC. This
activation is probably enough to cause slight hyperkalemia
and volume retention but not enough to produce a rise in
blood pressure.

In conclusion, our work shows, both in vivo and in vitro,
that KS-WNK1 is highly sensitive to CUL3-KLHL3 E3-
induced degradation, whereas L-WNK1 is much less sensi-
tive. The high sensitivity of KS-WNK1 seems to be due to the
presence of the unique segment encoded in exon 4a. This
segment is also key for KS-WNK1 function and its ability to
activate NCC. We propose that this exquisite sensibility of
KS-WNK1 to targeting by KLHL3 may be relevant to achieve
rapid induction of KS-WNK1 protein expression under cer-
tain conditions, one of which appears to be extracellular Kþ

depletion. The mechanisms by which exon 4a affects the ac-
tivity and sensitivity to degradation of KS-WNK1 and the role
that KS-WNK1 upregulation plays under conditions of die-
tary Kþ deprivation remain to be explored.
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