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Resumen

La nefropatia diabética (ND) constituye una de las principales complicaciones
microvasculares de la diabetes. La union estrecha (UE) regula la permeabilidad paracelular
de los epitelios y se compone entre otras proteinas, por la claudinas, las cuales se expresan
de manera diferencial a lo largo de la nefrona y funcionan como canales o barreras
catidnicas y anidnicas, lo que determina la permeabilidad paracelular del epitelio renal. En
la ND existen alteraciones en el manejo renal de iones como Na" y CI". Sin embargo, se
desconoce el papel de las claudinas en estas alteraciones en la diabetes. Por esta razon, se
evalud la expresion de las proteinas de la UE en un modelo murino de diabetes tipo 1
inducido con estreptozotocina. La evaluacion de la funcion renal y el analisis molecular se
realizd 3 semanas después de la induccion de diabetes. Se encontrd que la hiperglucemia
inducida por la diabetes disminuy6 en los glomérulos y tibulos proximales la expresion de
las claudinas-2 y -5 y de la ocludina de una manera dependiente del estrés oxidante
inducido por el desacoplamiento de la sintasa de 6xido nitrico endotelial (eNOS) y la
activacion de la NADPH oxidasa. La disminucion de la claudina-2, la cual forma un canal
paracelular de Na', se debié a un aumento en su nitracién en residuos de tirosina y en su
fosforilacion en residuos de serina inducida por la cinasa de proteinas PKCP2. Estas
alteraciones se atenuaron con el antioxidante 4cido retinoico a//-trans, lo que demostré que
el estrés oxidante disminuye la expresion de la proteinas de la UE en los glomérulos y
tubulos proximales. Por lo contrario, en los tubulos distales se encontrd que la diabetes
aument6 el ARNm, la proteina y la fosforilacion en residuos de treonina de las claudinas-4
y -8, las cuales forman un canal paracelular de CI' y una barrera de Na', y cuya
fosforilacion es mediada por las cinasas SGK1 y WNK4. Estas alteraciones disminuyeron
con espironolactona, un inhibidor de las acciones de la aldosterona, lo que demostrd que
esta hormona regula a las claudinas-4 y -8 en la ND. Estos hallazgos demuestran que las
alteraciones en la expresion de las proteinas de la UE juega un papel importante en las
alteraciones en el manejo renal de iones, lo que sugiere que la UE puede ser un blanco

terapéutico atractivo en la ND.



Abstract

Diabetic nephropathy (DN) constitutes one of the main microvascular complications in
diabetes. Tight junctions (TJ) regulate the paracellular permeability of epithelia and are
composed of several proteins, including claudins, which are differentially expressed along
the nephron segments where they function as barrier or pores for anions or cations, thus
determining paracellular permeability of renal epithelia. Alterations in the renal handling of
ions such as Na" and CI', in DN have been described. However, the role of claudins in these
mechanisms under diabetic conditions is unknown. For this reason, the expression of TJ
proteins was evaluated in a murine model of type-1 diabetes induced by the administration
of streptozotocin. Assessment of renal function and molecular mechanisms were evaluated
3 weeks after diabetes induction. It was found that diabetes decreased the expression of
claudins-2 and -5 and occludin in an oxidative stress dependent way induced by endothelial
nitric oxide synthase (eNOS) uncoupling and NADPH oxidase activation in glomeruli and
proximal tubules. Decrement of claudin-2, which forms a paracellular Na' pore, was
associated with its increased tyrosine nitration and serine phosphorylation induced by
PKCp2 under diabetic conditions. These alterations were ameliorated by the antioxidant
all-trans retinoic acid, thus showing that oxidative stress decreases the expression of TJ
proteins in glomeruli and proximal tubules. In contrast, in the distal tubules, diabetes
increased mRNA, protein expression and threonine phosphorylation of claudins-4 and -8,
which form a paracellular C1" pore and a Na" barrier, whose phosphorylation is mediated by
SGK1 and WNK4 kinases. The alterations described above were ameliorated by
spironolactone, an inhibitor of aldosterone actions, therefore showing that aldosterone
regulates claudins-4 and -8 in distal tubules under diabetic conditions. The findings
described above demostrate a pivotal role of alterations of TJ proteins in renal handling of
ions in diabetes, which suggest that TJ proteins might be a potential therapeutic target in

DN.
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I. Introduccion

1. Anatomia y fisiologia renal

El 6rgano que se encarga del balance global de NaCl y agua en el organismo, es el rifion.
En el cuerpo humano existen dos rifiones localizados en el espacio retroperitoneal entre las
vértebras tordcicas, 8 y 12. Los rifiones son 6rganos densos recubiertos por una fascia de
tejido conectivo. Los rifiones estan conectados con el resto del organismo por el hilio renal,
el cual constituye el sitio de entrada y salida de la arteria renal, la vena renal, el uretero y

las terminales nerviosas que acompanan a los vasos sanguineos (Esquema 1).

Calices renales

Pelvis renal
Arteria renal

Uréter

Médula

Corteza

Esquema 1. El rifion. El punto de entrada y salida de la arteria y la vena renal, se conoce
como el hilio renal. La pelvis renal es el sitio de donde nace el uretero. Histologicamente el
rifién se divide en corteza y médula con base en diferencias de estirpes celulares, circulatorias

y metabolicas.

Las principales funciones del rifion son:
a) La excrecion de productos de desecho y de sustancias exdgenas.
b) Laregulacion del balance de agua y electrolitos.
c) El mantenimiento del equilibrio dcido-base.
d) Laregulacion de la presion arterial.
e) La gluconeogénesis.

f) La produccion de hormonas.



La unidad funcional del rifién es la nefrona (Esquema 2). Esta consta de una combinacion
de elementos vasculares y epiteliales que forman el glomérulo que filtra al plasma, asi
como de los tibulos renales que mediante procesos de reabsorcion y secrecion convierten al
ultrafiltrado del plasma en orina. En humanos, cada rifién contiene alrededor de 1 millon de
nefronas que se encargan de filtrar alrededor de 180 L de plasma por dia y producen
aproximadamente 1 L de orina diariamente. Esto equivale a una tasa de reabsorcion del

99.4% de lo que se filtra al nivel del glomérulo.

Arteriola
Tubulo proximal aferente

\
L \//

Tubulo
distal

Arteriola
eferente

Cépsula de Bowman

S

Conducto colector

Asa de Henle <
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Esquema 2. La nefrona esta formada por el glomérulo, la capsula de Bowman, las arteriolas

aferente y eferente, el tibulo proximal, el asa de Henle, el tibulo distal y el conducto colector.

Los diferentes segmentos de la nefrona dispuestos de proximal a distal son: el glomérulo, el
tubulo contorneado proximal, el asa descendente de Henle, el asa ascendente delgada y
ascendente gruesa de Henle, el tibulo contorneado distal, el tubulo conector y el ducto
colector. Cada segmento tiene funciones especificas necesarias para poder llevar a cabo un
filtrado adecuado del plasma y una regulacion minuto a minuto de las concentraciones de
los diferentes componentes del liquido extracelular. Se puede dividir a la nefrona en dos

segmentos distintos desde el punto de vista de regulacion:
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a) Nefrona proximal. Compuesta por el glomérulo, el tabulo contorneado proximal, las
asas de Henle y la macula densa.

b) Nefrona distal. Compuesta por el tibulo contorneado distal, el tibulo conector y el ducto
colector.

La organizacion histoldgica de las diferentes porciones de la nefrona son esenciales para las
tres funciones basicas del rifdn: filtracion, reabsorcidon y secrecion. La filtracion es el
proceso a través del cual los componentes plasmaticos se filtran a través del glomérulo. A
este liquido se le conoce como ultrafiltrado glomerular. La formacion del ultrafiltrado
glomerular se da gracias a la disposicion anatomica de los diferentes componentes
glomerulares. El glomérulo estd formado por la arteriola aferente, los capilares
glomerulares, la arteriola eferente y la capsula de Bowman. La filtracion ocurre a través de
los capilares glomerulares gracias a la alta diferencia de presion hidrostatica que existe
entre las arteriolas aferente y eferente, y a las fenestraciones de los capilares glomerulares.
Eso permite que los componentes plasmaticos como H,O, Na’, CI, K, Mg*", Ca*" y
glucosa se encuentren a la misma concentracion en el ultrafiltrado glomerular que en el
plasma. Las proteinas sin embargo, no se filtran por su tamafio y por la concentracion de
cargas negativas que se encuantran tanto en la membrana basal del capilar glomerular como
en los podocitos, los cuales son unas células especializadas que recubren a los capilares
glomerulares dentro de la cépsula de Bowman. El filtrado a su vez es colectado en la

capsula de Bowman la cual conduce el liquido hacia los tabulos.

Funcion de los tiubulos renales
La mayor parte del filtrado glomerular se reabsorbe por los tibulos renales, que son

selectivos a la sustancia o al i6n que se reabsorbe.

Tibulo proximal. La concentracion de diversos iones y moléculas cambia a lo largo de
este tibulo en relacion con la reabsorcion de agua, esto depende de su reabsorcién o su
.7 .7 + e 4 (%
secrecion: La concentracion de Na™ no varia a lo largo del tibulo porque su reabsorcion se
lleva a la par con la de agua; la concentracion de Cl" aumenta un poco y la de urea y
creatinina se incrementa de manera considerable debido a que estas moléculas no se

reabsorben en el tibulo proximal; la concentracion de HCO;™ disminuye hasta un 50%; la
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glucosa y los aminoéacidos desaparecen por completo, por que son reabsorbidos

completamente en este segmento de la nefrona.

Asa de Henle. Esta porcion tubular reabsorbe del 15 al 20% del filtrado glomerular. Esta es
una estructura fundamental para la concentracion/dilucion de la orina. En el asa delgada se
expresan abundantemente los canales de acuaporina-1, lo que permite la intensa absorcion
de agua. El asa ascendente gruesa es impermeable al agua y es fundamental para la

reabsorcion de NaCl a través del co-transportador Na K 2CI".

Tiabulo distal. Esta porcion se encarga de la reabsorcion del 5 al 10% del filtrado
glomerular. Este tibulo es la parte de la nefrona con mayor actividad de la ATPasa de

Na'/K". Se continta reabsorbiendo NaCl a través del transportador de Na'CI".

Tibulo colector. Es la ultima region de la nefrona en la que se pueden reabsorber iones,
moléculas o agua, antes de drenar la orina final a las vias urinarias. A diferencia de otras
regiones de la nefrona, este tibulo recibe la afluencia de los tubulos distales de varias
nefronas. En la médula renal, el tibulo colector también se encarga de la reabsorcion de

agua mediante la acuaporina-2 y la reabsorcion de urea.

Manejo renal de Na*

La mayor parte de la reabsorcion de los componentes del ultrafiltrado glomerular ocurre en
el tabulo proximal (90-95%). Con respecto al Na', este se rabsorbe en un 99.5% a lo largo
de los tubulos renales, siendo su eliminacién urinaria del 0.5%. En el tdbulo contorneado
proximal se reabsorbe del 65-70% del Na" que se filtra a través del glomérulo, de los cuales
dos terceras partes se da por la ruta transcelular mediada por los co-transportadores de
Na'/glucosa, Na'/fosfato y el transportador de Na'/H'. Mientras que la una tercera parte
restante se reabsorbe a través de la ruta paracelular mediada por claudina-2 [1]. Por otro
lado, el 25% del Na' filtrado se reabsorbe en la rama ascendente gruesa de Henle y
solamente un 5% en la nefrona distal que en Ultima instancia dicta el contenido urinario de

NaCl (Esquema 3).
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/ Na*

Reabsorcion de Na* en tibulo
proximal =65-70%
2/3 por via transcelular
1/3 via paracelular, claudina-2 \

_-”\Filtracién glomerular

3 Reabsorcion de Na*
tubulo distal 5%

Reabsorcion de Na*
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gruesa de Henle
25%

Reabsorcién tubular
99.5%

Eliminacion urinaria Na*
0.5%

Esquema 3. Manejo renal de Na' en el tibulo contorneado proximal, la rama

ascendente gruesa de Henle y el tibulo distal.

Papel del rifion en el balance de la glucosa

El rifidén modula el nivel de glucosa circulante a través de la reabsorcion tubular de la
glucosa filtrada por el glomérulo. La reabsorcion tubular de glucosa es un proceso
constitutivo que depende de las concentraciones de glucosa y no es regulado por insulina.
Se sabe que casi toda la glucosa que entra al glomérulo se filtra y posteriormente se
reabsorbe a través de los tiibulos proximales. Un individuo sano filtra aproximadamente
160-180 g de glucosa diariamente y el 100% se reabsorbe en el sistema tubular renal, de
esta forma, la glucosa esta ausente en la orina en condiciones normales. Las caracteristicas
del manejo renal de glucosa dependen principalmente de los cotransportadores de
Na'/glucosa (SGLTs) presentes en la membrana apical de las células epiteliales del tabulo
proximal y de los transportadores de glucosa (GLUTSs) localizados en la membrana

basolateral de dichas células [2].

Cotransportadores de Na'/glucosa (SGLTs)
Las proteinas SGLTs se codifican por la subfamilia de genes acarreadores de solutos 5
(SLCS) simportadores de Na'/sustrato. Los genes SCLS5 codifican para varias proteinas

(=75 kDa) entre las cuales SGLT1 y SGLT2 son las que mejor se han caracterizado.
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SGLT]1 se expresa en los segmentos mas distales del tubulo contorneado proximal (S2/S3)
donde regula la absorcion de la glucosa remanente del segmento S1 (~10%). Se ha
reportado que SGLT2 se expresa mayoritariamente en el primer segmento del tibulo
proximal (S1) en la corteza renal, donde se regula la reabsorcion de ~90% de la glucosa

filtrada (Esquema 4).

+~€—— Glucosa

\_ SGLT2, GLUT2 I

Segmento S1 / ) s A
del tabulo proximal ~ =N

Hasta el 90% |\ SGLT1, || I

reabsorcion de glucosa/ “ '\
210%

Segmento S2y S3
del tabulo proximal ; \

Cantidad insignificante
de glucosa en la orina

Esquema 4. Reabsorcion de glucosa en el tubulo proximal. En el segmento S1 del tabulo
proximal, SGLT2 transporta glucosa desde la luz tubular hacia el interior de las células en
contra de un gradiente de concentracién en un mecanismo de cotransporte con Na'. Un

mecanismo similar opera con el cotransportador SGLT1 en el segmento S2/S3.

Los transportadores SGLT2 y SGLT1 poseen diferentes caracteristicas de transporte.
SGLT2 transporta glucosa y Na' con una estequiometria 1:1, mientras que SGLT1
transporta una molécula de glucosa con dos iones de Na' (estequiometria 1:2) (Esquema 5).
SGLT2 es un transportador que posee baja afinidad y alta capacidad de transporte de
glucosa. Posee un valor de Kos de ~2 mM para glucosa y 100 uM para Na'. Mientras que
SGLTI1 transporta glucosa con alta afinidad y baja capacidad. Los valores de K5 para
glucosa son de ~0.4 mM y 3 mM para Na'. Por lo tanto, SGLT2 en el segmento SI es
adecuado para la reabsorcion de altas concentraciones de glucosa, mientras que SGLT1 es

adecuado para la reabsorcion de las concentraciones remanentes de glucosa no reabsorbida
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por SGLT2 (Esquema 5). Una vez que la glucosa se encuentra dentro de la célula tubular,
¢sta se transporta hacia el espacio intersticial por los transportadores de glucosa GLUT1 y

GLUT?2 localizados en la membrana basolateral de la célula tubular.

Segmento S1 Segmento S3
Membrana basolateral Membrana basolateral—
L 1 J) L 1= J)
SGLT2 ,[ P<E = GLUT2 SGLT1 . P b GLUT1
o | o O O
Glucosa / Glucosa Glucosa\ /Glucosa
Na+ ~ ~
Na* )
@) o0 | O
Glucosa A Glucosa
Na‘OO OO
e— o0 O . OOO O
Na* <>K'Q : Na* OK.O
KOO Unién estrecha
Unién estrecha ) L ATPasa de Na*/K* _1—):]«! / ATPasa de Na*/K*
i o) r N

Espacio intercelular lateral - Espacio intercelular IateralJ

Esquema 5. Reabsorcion de glucosa en el tabulo proximal por los cotransportadores SGLT1
y SGLT2. Cerca del 90% de la glucosa filtrada se reabsorbe en el segmento S1 del tibulo
proximal por SGLT2 localizado en la membrana apical de las células tubulares. La glucosa
remanente se reabsorbe en las porciones distales del tibulo proximal, en los segmentos S2/S3
por el cotransportador SGLT1. Una vez que la glucosa se encuentra dentro de la célula
proximal, se transporta hacia el compartimento intersticial por los transportadores de glucosa
GLUT2 y GLUTI presentes en la membrana basolateral en los segmentos S1 y S2/S3

respectivamente.

2. La union estrecha en el rifon

Transporte a través del epitelio tubular renal

La reabsorcion y secrecion de solutos a través del epitelio tubular renal constituye un
aspecto fundamental de la fisiologia celular del rifién. El transporte neto de solutos y H,O a
través de este epitelio ocurre por medio de dos vias: la via transcelular y la via paracelular
(Esquema 6). El transporte transcelular es el movimiento regulado de solutos y agua desde
la membrana apical a través del citoplasma y cruzando la membrana basolateral. Este
proceso ocurre por transportadores y canales que se encuentran tanto en la membrana apical
como en la basolateral, mientras que el transporte a través de la via paracelular se regula

por las proteinas de la unién estrecha (UE) (Esquema 6).
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Las caracteristicas de permeabilidad de las UEs varian en los diferentes tejidos del
organismo. Esta variacion se basa en la expresion diferencial de las claudinas, que son

proteinas de la UE, las que forman barreras o poros paracelulares anidnicos y catidonicos

[1].

Dominio apical —» e Dominio

basolateral
Transporte paracelular
(pasivo)
Transporte transcelular é %

- Unién estrecha

Lumen

Esquema 6. Representacion esquematica del epitelio tubular renal y de las vias de transporte

transcelular y paracelular.

Estructura y funcion de la union estrecha.

Las uniones estrechas son estructuras que se encuentran en el limite entre las membranas
apical y basolateral de las células epiteliales [3]. Las uniones estrechas estan constituidas
por un conjunto complejo de proteinas. Las proteinas integrales comprenden a las
claudinas, las proteinas JAMs, TAMP y LSR, las cuales establecen los contactos célula-
célula en el espacio intercelular. Las proteinas periféricas zonula occludens (ZO-1, ZO-2 y

Z0-3), actian como un puente entre las proteinas integrales y el citoesqueleto de actina
(Esquema 7) [3].
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Selectividad paracelular a iones
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Claudinas

Citoplasma

Dominio N-terminal
QDO Dominio C-terminal

Dominio de interaccion PDZ

Esquema 7. a) Estructura de las uniones estrechas b) Representacion esquematica de las
claudinas. Las claudinas poseen cuatro dominios transmembranales (TM1, TM2, TM3 y
TM4), dos asas extracelulares (EL1 y EL2) y los dominios citosélicos N- y C-terminal. El

primer dominio extracelular determina la selectividad ionica del epitelio.

3. Las claudinas en la nefrona

La permeabilidad de la via paracelular depende de la UE presente en los diferentes
segmentos de la nefrona. Se ha observado que la conductancia del epitelio renal disminuye
a lo largo de la nefrona desde el tibulo proximal, que es el segmento mas permeable, hasta
los conductos colectores papilares, que son los segmentos mas herméticos. Existe
transporte bidireccional de aniones y cationes en todos los segmentos de la nefrona a través
de la via paracelular. La mayoria de los segmentos de la nefrona son mas permeables a
cationes que a aniones, aunque la via paracelular del asa ascendente delgada de Henle y del
conducto colector presentan selectividad por aniones como el Cl. La expresion de
diferentes claudinas en la nefrona determina las propiedades del transporte paracelular de la
UE en los diferentes segmentos del rifion. Por ejemplo, en el glomérulo se expresan las
claudinas-1 y -5, en el tibulo proximal y en el asa descendente delgada de Henle se
expresan las claudinas-2 y -10, en el asa ascendente de Henle se expresan las claudinas-3, -
16 y -19, en el tubulo contorneado distal se expresan las claudinas-7, -8 y -19 y en el
conducto colector se expresan las claudinas-4, -7 y -8. La expresion de las proteinas

ocludina, ZO-1 y ZO-2 aumenta desde el tibulo proximal hasta la nefrona distal (Esquema

8) [4].
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Esquema 8. Expresion de las proteinas de la unién estrecha ocludina, claudinas, ZO-1y
Z.0-2 a lo largo de la nefrona. Las claudinas forman poros o canales paracelulares cationicos
o anidnicos a lo largo de la nefrona. G, glomérulo; TP, tibulo proximal, DH, rama
descendente delgada de Henle; ADH, rama ascendente delgada de Henle; AGH, rama

ascendente gruesa de Henle; TD, tubulo distal y TC, tabulo colector.

En diversos estudios se ha demostrado que las claudinas son responsables de las
propiedades de conductancia por tamafo y carga de la via paracelular. La expresion de las
claudinas en las células epiteliales en cultivo cambia la resistencia eléctrica transepitelial
(TER) de estas células, de esta forma, las claudinas se clasifican como poros o barreras con
base en si su expresion aumenta o disminuye la TER. Por ejemplo, la sobreexpresion de la
claudina-4 en células MDCK II de baja resistencia triplica la TER, de esta forma la
claudina-4 se clasifica como una barrera [5]. Por otro lado, la expresion de una claudina de
tipo poro, como la claudina-2, en las células MDCK I de alta resistencia, disminuye la TER
20 veces [6]. Con base en varios estudios de sobreexpresion se han clasificado a las
claudinas-1, -4, -5, -6, -8, -9, -11, -15 y -19 como claudinas barrera [5,7-11]. Por lo

contrario, las claudinas-2, -10 y -16 se han clasificado como claudinas poro [12-14].
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Ademas, en la nefrona, las claudinas poro se expresan en los segmentos tubulares que
poseen alta permeabilidad como el tabulo proximal, mientras que las claudinas barrera se
expresan en los segmentos mas herméticos como el tubulo distal. Por ejemplo, la claudina-
2, una claudina poro, se expresa de manera abundante en el tibulo proximal [15], por otro
lado, la claudina-8, una claudina barrera, se expresa en el tibulo distal [16].

Las claudinas pueden aumentar selectivamente la permeabilidad paracelular de cationes
sobre aniones o viceversa. Por ejemplo, la expresion de la claudina-4 en las células MDCK
II, disminuye la permeabilidad a sodio (Pna) preferentemente sobre Cl (Pcj). De manera
inversa, la sobreexpresion de la claudina-2 en células MDCK I, aumenta la Pna
preferentemente sobre Pc; [13,17,18]. En la tabla 1, se muestra un resumen del
conocimiento actual sobre las propiedades de poro o barrera de las claudinas.

Las bases moleculares de la selectividad por carga de las claudinas estd codificada en el
primer dominio extracelular de las claudinas (EL1, Esquema 7b). Las claudinas con un EL1
cargado negativamente (claudinas-2, -15 y 10a), son selectivas para cationes, mientras que
las claudinas con una carga neta positiva (claudinas-10b y 17) son selectivas para aniones

[19].

Localizacion, funcion y regulacion de las claudinas en el rifion
Una gran variedad de claudinas se expresan a lo largo del rifion (Esquema 8). A
continuacion se explicara de manera resumida la funcién y regulacion de las claudinas en

los diferentes segmentos de la nefrona.

Glomérulo

El epitelio parietal que reviste a la capsula de Bowman actua como una barrera para las
macromoléculas [20]. Se ha descrito que la claudina-1 se expresa solamente en la UE de las
células del epitelio parietal [21,22]. In vitro, la claudina-1 funciona como una barrera que
disminuye la conductancia idnica [23], lo que sugiere que esta claudina podria ser la
responsable de la funcidon de barrera de la capsula de Bowman. En el glomérulo adulto, las
células del epitelio visceral (podocitos) forman una unién intercelular especializada llamada

diafragma en hendidura. La claudina-5 se expresa a lo largo de la membrana plasmatica de

19



los podocitos [24], mientras que la claudina-6 se expresa en la membrana basal y en la base

del diafragma en hendidura [25].

Tubulo proximal

El tibulo proximal es un epitelio con alta permeabilidad idénica y reabsorbe hasta dos
terceras partes de la carga de CI filtrado, asi como dos terceras partes del volumen del
ultrafiltrado glomerular. Casi la mitad del NaCl se reabsorbe a través de la via paracelular.
La claudina-2, que actia como un poro paracelular catiéonico [17], se expresa de manera
abundante en este segmento de la nefrona, asi como en el segmento inicial de la rama
descendente delgada del asa de Henle donde transporta Na“, K', Ca*" y agua [18]. En el
tubulo proximal también se expresan las claudinas-10a, -12 y -17, las cuales funcionan
como poros con selectividad anionica que pueden reabsorber Cl” en este segmento de la

nefrona.

Rama ascendente gruesa de Henle

Este segmento de la nefrona transporta de manera activa NaCl por la ruta transcelular, lo
que provee la reabsorcion selectiva de Ca®" y Mg*" por la via paracelular [26]. Las bases
moleculares de la importancia de la reabsorcion de iones divalentes por la via paracelular se
descrubrieron en pacientes con hipomagnesemia e hipercalciuria familiar con
nefrocalcinosis (FHHNC), un desorden renal autosémico recesivo, en los cuales se
encuentran mutados los genes de las claudinas-16 y -19. La FHHNC se caracteriza por

excesiva pérdida urinaria de Ca®" y Mg®" debida a un defecto de las claudinas-16 y -19.

Nefrona distal sensible a aldosterona

La nefrona distal sentible a aldosterona (ASDN) comprende al tubulo contorneado distal,
tubulo conector y ducto colector. En este segmento de la nefrona, se absorbe
aproximadamente el 10% del NaCl filtrado, lo que juega un papel importante en la
regulacion del volumen del fluido extracelular y el control de la presion arterial [27,28]. El
papel funcional de las claudinas en el tubulo contorneado distal se desconoce. Varias
claudinas, como las claudinas-3, -4, -7 y -8 se expresan en el tibulo conector y en el ducto

colector. La primera claudina que se investigé de manera funcional en el ducto colector fue
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la claudina-4, la cual se transfect6 en células MDCK 11 y disminuy6 la Px, [5]. En estudios
en los cuales se silencid la expresion de la claudina-4, se encontrd una disminucién en la
permeabilidad paracelular anidnica, incluyendo la Pcj, en células del conducto colector,
ademas, la aldosterona fosforil6 a la claudina-4 y aument6 la conductancia paracelular del
CI en células del conducto colector cortical de ratas [29]. Por otro lado, la claudina-8 juega
un papel importante en la Pc en ducto colector. En células M-1 y mIMCD3, el
silenciamiento de la claudina-8 disminuye la P¢ [30]. Se encontrd que el efecto de la
claudina-8 depende de su interaccion en cis con la claudina-4. Se ha reportado que la
claudina-8 interacciona con la claudina-4 de acuerdo con diversos criterios: (a) un ensayo
de doble hibrido positivo entre ambas proteinas, (b) la co-inmunoprecipitacion de ambas
proteinas en células epiteliales, (c) el co-trafico y la co-localizacién de ambas proteinas en
células epiteliales y (d) el reclutamiento de la claudina-4 por la claudina-8 hacia la unién
estrecha [30]. En ausencia de la claudina-8, la claudina-4 se retiene en el reticulo
endoplasmico y en el complejo de Golgi, lo que sugiere que su asociacion con la claudina-8
es necesaria para que la claudina-4 pase el punto de control de calidad en el reticulo

endoplasmico.
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Tabla 1. Selectividad y permeabilidad i6nica de las claudinas.

CLAUDINA REFERENCIA

Claudinas con selectividad cationica

Forman de manera predominante poros cationicos

Claudina-2 [13,17,18]
Claudina-10b [31]
Claudina-16 [12,14]
Forman de manera predominante barreras anionicas

Claudina-7 [32]
Claudina-19 [33]

Potencial para formar un poro cationico o una barrera anionica

Claudina-15 [34]

Claudinas con selectividad anidénica

Forman de manera predominante poros anionicos

Claudina-7* [33]
Claudina-10* [31]
Claudina-17 [36]
Forman de manera predominte barreras cationicas

Claudina-1 [7,23]
Claudina-3 [37]
Claudina-5 (8]
Claudina-6 [38]
Claudina-9 [38]
Claudina-14 [39]
Claudina-18 [40]
Claudina-19 [11]
Potencial para formar un poro anionico o una barrera cationica

Claudina-4 [5,30,35]
Claudina-8 [11,16]
Claudina-11 [39]

Tabla modificada de [1]. En esta tabla se asume que la permeabilidad y la selectividad son propiedades
intrinsecas de cada una de las claudinas de manera individual. Las claudinas que forman poro disminuyen la
TER o aumentan la permeabilidad de los solutos, mientras que las claudinas que forman barreras aumentan la
TER o disminuyen la permeabilidad de los solutos. “Las propiedades de la claudina-7 son controvesiales
debido a que varios estudios estan en desacuerdo con respecto a sus propiedades de permeabilidad y

selectividad.
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4. Diabetes y nefropatia diabética

La diabetes es una enfermedad metabdlica crénica asociada a factores genéticos y
ambientales, que se ha incrementado considerablemente en los tltimos afios y actualmente
se considera una epidemia mundial. La OMS clasifica la diabetes en tres tipos
principalmente: 1) la diabetes mellitus tipo 1 (DMT1), una enfermadad autoinmune que se
caracteriza por la pérdida de las células [ pancredticas y en consecuencia la disminucion en
la produccion de insulina, 2) la diabetes mellitus tipo 2 (DMT?2) asociada con la resistencia
progesiva a la insulina debido al sobrepeso y obesidad y a la disfuncion de las células  y 3)
la diabetes gestacional que se presenta como consecuencia de la resistencia a la insulina
durante el embarazo y que aumenta el riesgo de la madre y el hijo de padecer DMT2 en
afios posteriores. Tanto la DMT1 y la DMT2 estan asociadas con un aumento en la tasa de
complicaciones microvasculares como la nefropatia, neuropatia y retinopatia y con
complicaciones macrovasculares como la ateroesclerosis, la hipertension y el infarto

cardiaco (Esquema 9).

—> | Retinopatia

—>| Microvasculares

v

Neuropatia

—>| Nefropatia

COMPLICACIONES —
DE LA DIABETES

—>| Ateroesclerosis

@ >| Macrovasculares > Cardiopatia
o

Accidente

@ cerebrovascular

Esquema 9. Principales complicaciones en la diabetes. Las complicaciones de la diabetes

se agrupan en dos tipos principalmente: microvasculares y macrovasculares.
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La nefropatia diabética es una de las principales complicaciones asociadas a la DMT1 y
DMT?2, que eventualmente progresa a un estado de enfermedad renal en fase terminal
(ERT). En diversos estudios epidemioldgicos, se ha encontrado que aproximadamente el
30% de los pacientes diabéticos manifiestan nefropatia y que a nivel mundial la nefropatia
diabética es la principal causa de enfermedad renal cronica y de fase terminal, y constituye
uno de los factores de prediccion de la mortalidad mas fuertes en pacientes con diabetes.

La descripcion clasica de la historia natural de la diabetes indica que en pacientes con
DMT]1, la enfermedad renal comienza aproximadamente 10 afios después de la aparicion de
la enfermedad. Dentro de las manifiestaciones clinicas iniciales se encuentran la
microalbuminuria (mayor a 30 mg/dia), que eventualmente progresa a macroalbuminuria
(mayor a 300 mg/dia) y disminucion de la tasa de filtraciéon glomerular (VFG). A nivel
funcional, los pacientes con DMT1 desarrollan hiperfiltracion glomerular seguida de un
periodo prolongado de disminucién en la funciéon glomerular que culmina en ERT.

Durante el curso de la nefropatia diabética, se han descrito diversos procesos patologicos en
varias células renales, incluyendo las células mesangiales, el podocito y las células
tubulares renales. Dentro de las principales alteraciones morfoldgicas y funcionales que
suceden en etapas iniciales de la nefropatia diabética se encuentran: la proteinuria, la
disfuncion glomerular, el engrosamiento de la membrana basal glomerular, la expansion
mesangial, la hipertrofia glomerular y tubular y la acumulacién de la matriz extracelular

(MEC) que origina fibrosis renal.

5. Mecanismos moleculares de dafio en la nefropatia diabética
Dentro de los principales procesos intracelulares que se activan en las células renales en
respuesta a la hiperglucemia destacan (Esquema 10):
1. Alteracion en la produccion de la energia celular
2. Activacion de diferentes enzimas como la aldosa reductasa y la PKCs
3. Aumento en el flujo de polioles y la via de las hexosaminas
4. Generacion de productos finales de glicosilacion avanzada (AGEs)
5. Produccion de especies reactivas de oxigeno y estrés oxidante
El aumento en la expresion de los transportadores de glucosa en las células epiteliales

renales se ha asociado al desarrollo de las complicaciones en la nefropatia diabética
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[41,42]. Ademads, la expresion de la enzima hexocinasa, que estd involucrada en el
transporte de glucosa en las células, se regula por la enzima glucosa 6-fosfato
deshidrogenasa, la cual presenta cambios significativos en los sitios en los cuales existen
complicaciones diabéticas. Por lo tanto, el proceso de produccion de energia en las células
se encuentra descontrolado en la diabetes como resultado del exceso de sustrato energético,
en particular de la glucosa.

Una vez que la glucosa ingresa a la célula se metaboliza via glucdlisis hasta llegar a la
produccion de glucosa 3-fosfato, un precursor del diacilglicerol (DAG) que es una
molécula responsable del reclutamiento y activacion de las cinasas PKC. Diversas
isoformas de las PKC se expresan en el rifion y se activan en condiciones diabéticas,
especialmente la PKCP2, la cual se activa por multiples estimulos incluyendo, DAG, la via
de los polioles y los AGEs. La activacion de las PKCs tiene influencia en un gran nimero
de vias de senalizacion como la activacion de la sintasa de 6xido nitrico endotelial (eNOS),
la endotelina-1 (ET-1), el factor de crecimiento del endotelio vascular (VEGF), el factor de
crecimiento transformante beta (TGFp1), la NADPH oxidasa y el factor nuclear kB (NF-
kB), lo que resulta en modificaciones patoldgicas que alteran el flujo sanguineo renal, la
permeabilidad capilar epitelial y la produccion de proteinas de matriz extracelular [43].

Por otro lado, uno de los mecanismos patoldgicos que participan de manera importante en
el desarrollo de las complicaciones en la nefropatia diabética es el estrés oxidante. Las
anormalidades metabolicas que surgen como consecuencia del aumento en la reabsorcion
de glucosa por las células renales causan una sobreproduccion del radical anidon superdxido
(O77) por la mitocondria y por la formacion del complejo activo de la NADPH oxidasa. El
aumento en la produccion de O," activa las 5 principales vias involucradas en la
patogénesis de la nefropatia diabética: el aumento en la via de los polioles, el aumento en la
formacion de los AGEs, el aumento en la expresion del receptor de los AGEs (RAGEs), la
activacion de diversas isoformas de las PKCs y la sobreactivacion de la via de las

hexosaminas (Esquema 10). [43].
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Esquema 10. Mecanismos moleculares de dafio en la nefropatia diabética. Dentro de las
caracteristicas iniciales del dafio renal se encuentran la induccion de proteinuria, natriuresis y

glucosuria.

6. Modelo experimental de diabetes tipo 1 con estreptozotocina

En esta tesis se utilizo la estreptozotocina (STZ) para inducir diabetes expreimental. La
STZ es un compuesto natural producido por la bacteria Streptomyces achromogenes, que
exhibe un espectro amplio de actividad antibacteriana [44] y ademds es un andlogo de
glucosa que produce citotoxicidad. Rakieten y cols, reportaron por primera vez las
propiedades diabetogénicas de la STZ en 1963 [45], y desde entonces se ha utilizado como
un agente quimico que induce diabetes, esto debido a que induce la muerte celular
especifica de las células [ pancredticas. La selectividad del dafio a las células f
pancredticas se debe al motivo de union al transportador de glucosa GLUT2 que se
encuentra dentro de la estructura de la STZ. GLUT2 se expresa de manera abundante en las
células P pancredticas y de esta forma la STZ mata principalmente a estas células. Ademas,

dado que las células [ pancredticas poseen una alta dependencia de glucosa como fuente de
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energia, esto las hace mas suceptibles al dafio por la STZ. Se han descrito tres mecanismos
principales a través de los cuales la STZ induce dafio en las células §§ pancreaticas:

1. La metilacion del ADN, que resulta en la activacion de la enzima nuclear poli ADP-
ribosa sintasa como parte de los mecanismos de reparacion celular que como
consecuencia disminuye el contenido celular de NAD".

2. La produccién de 6xido nitrico.

3. La generacidn de especies reactivas de oxigeno como el peroxido de hidrogeno.

Se ha postulado que el modelo de diabetes que induce la administracion de STZ en modelos
murinos corresponde a la diabetes tipo I, ya que esta enfermedad se caracteriza por la
destruccion autoinmune de las células f pancreaticas productoras de insulina, bajo esta
condicion, la ausencia de insulina favorece el aumento en la concentracion sanguinea de

glucosa o hiperglucemia.

7. Papel fisiologico del acido retinoico all trans (ARat) y su efecto nefroprotector
Importancia fisiolégica del dacido retinoico

Han pasado mas de tres décadas desde que se describio por primera vez la importancia de
los retinoides, derivados sintéticos de la vitamina A (retinol), en la fisiologia del ser
humano [46]. La vitamina A es esencial para diversos procesos celulares, incluyendo el
desarrollo del rifién, la diferenciacion de las células epiteliales y la inhibicién de los
procesos inflamatorios y de proliferacion celular [46-50]. El amplio uso de la vitamina A en
la clinica se ha limitado debido a su toxicidad, ya que las dosis terapéuticas usadas
frecuentemente, inducen complicaciones como el sindrome de hipervitaminosis [46]. Sin
embargo, la sintesis de la primera generacion de derivados del acido retinoico, como el
acido retinoico all-trans (ARat), mostr6 una mejoria en la eficacia terapéutica con menor
toxicidad [46]. En la via canonica de la sintesis del acido retinoico, el retinol se une a la
proteina de unién al retinol (RBP) en sangre, lo que permite su transporte y su migracion
intracelular, donde se metaboliza a retinal por las enzimas deshidrogenasas de retinol
(RDHs). Posteriormente se oxida a retinaldehido por las enzimas deshidrogenasas de
retinaldehido (RALDHs), con su eventual oxidacion a acido retinoico (Esquema 11) [51].
Posteriormente, el acido retinoico ejerce sus efectos cuando se une a los receptores

citoplasmaticos de acido retinoico (RARs), los cuales heterodimerizan con los receptores a
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retinoides X (RXRs), permitiendo la activacion de los elementos de respuesta a acido
retinoico (RARESs) en los genes blanco (Esquema 11). En los ultimos 20 afos, las acciones
diversas y criticas del acido retinoico se han esclarecido en varios procesos patologicos,
desde la biologia del cancer hasta el tratamiento de enfermedades de la piel y el rifion [48-
50].
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Esquema 11. Mecanismo de accion del acido retinoico en la célula. El retinol entra en la célula y
después se oxida a retinal y a acido retinoico all trans (ARat). El ARat se une al receptor de acido
retinoico (RAR), y posteriormente a los elementos de respuesta a acido retinoico promoviendo la

transcripcion de genes blanco. RBP, proteina de union al retinol; ROH, retinol; RCHO, retinaldehido.

Papel del acido retinoico en el desarrollo renal

Durante la etapa fetal, el numero final de nefronas se determina por la ramificacion de la
yema uretérica, a partir de la cual se desarrolla el sistema colector renal completo. En
diversos estudios se ha demostrado que la sefalizacion inducida por el 4cido retinoico es
critica para esta ramificacion en la nefrogénesis y el establecimiento del numero final de
nefronas durante el desarrollo renal [52-54]. Batourina et al., demostraron que el acido

retinoico regula la expresion del receptor de cinasas de tirosina, ret, en la yema uretérica
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durante el desarrollo renal [54]. La alteracion de la sefializacion del acido retinoico limita la
ramificacion de la yema uretérica obstaculizando de esta forma el desarrollo de los tubulos
colectores [54]. Ademas, en los ratones la carencia de la enzima Raldh2, la cual se requiere
para la oxidacion irreversible del retinaldehido a &cido retinoico, es letal debido al bajo
nivel de 4cido retinoico y a fallas en la organogénesis [55,56]. La evidencia descrita

anteriormente, revela el papel esencial del acido retinoico en el desarrollo renal.

Acido retinoico all trans (ARat) en la diabetes

El ARat es un compuesto derivado de la vitamina A bioldgicamente activo y se ha
demostrado que es esencial en diversos procesos fisiologicos, por que participa en la
regulacion de la expresion de cerca de 530 genes [57,58]. EI ARat se produce a partir del
retinol mediante dos pasos de oxidacion: en el primero, el retinol se oxida a retinaldehido y
posteriormente el retinaldehido se oxida a ARat. En diversos estudios se ha demostrado que
el ARat actGia como una molécula senalizadora importante en las interacciones
epitelio/mesénquima durante el desarrollo del rifiidn, pulmoén, sistema nervioso central e
intestino [54,59-61]. Ademas, se han considerado a los retinoides como factores
insulinotrdpicos [62,63] y su deficiencia se relaciona con la diabetes tipo 1 [64,65]. Existe
informacion escasa acerca del metabolismo del ARat en la diabetes, incluyendo la
nefropatia diabética. Starkey et al., (2010) describieron que existen alteraciones en el
metabolismo del ARat en condiciones diabéticas, que conllevan a una disminucién en la
concentracion renal de ARat y sugirieron que esto sucede de manera frecuente en pacientes
con diabetes tipo 2 que manifiestan dafio renal [66]. Ademas, se ha encontrado que existe
una disminucion en la concentraciones plasmatica y renal de la proteina RBP en las ratas
tratadas con estreptozotocina, lo que disminuye la biodisponibilidad de ARat circulante
[67]. Estos hallazgos sugieren que la administracion exdgena de ARat podria ejercer un
efecto terapéutico en el dafio renal inducido por la diabetes, lo que concuerda con los
hallazgos de Han et al.,, (2004), quienes describieron que el tratamiento con ARat
disminuye la expresion renal y la excrecion del péptido quimioatrayente de monocitos
(MCP)-1 y la proteinuria en el modelo experimental de diabetes inducida con STZ.
Ademas, en los podocitos cultivados a altas concentraciones de glucosa, el ARat disminuye

la expresion del ARNm y de la proteina de MCP-1. Estos hallazgos sugieren que el ARat
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ejerce efecto antiinflamatorio en la etapas iniciales de la nefropatia diabética. Ademas se ha
descrito que el ARat ejerce efecto antioxidante ya que disminuye la lipoperoxidacion en la
diabetes inducida por STZ [68]. Por otro lado se cree que el ARat es un componente
obligatorio en la diferenciacion de las células epiteliales que lleva al establecimiento de la
integridad epitelial, ya que se ha descrito que el ARat aumenta la expresion de ZO-1 y
ocludina en las células del epitelio pigmentario de la retina humana [69]. Con base en los
hallazgos previamente descritos, se utiliz6 el ARat para evaluar su efecto sobre el dafio
renal y el estrés oxidante inducido por la diabetes, asi como sobre la expresion de las

proteinas de la UE.

8. Papel fisiologico de la aldosterona
Dado que se ha sugerido que la aldosterona ademés de regular la ruta de transporte
transcelular de iones, también puede regular la via paracelular a través de la regulacion de
la expresion y fosforilacion de las claudinas en la nefrona distal, a continuaciéon se
describen los mecanismos fisioldgicos clasicos de la aldosterona y finalmente se menciona
la evidencia in vitro que se tiene sobre la regulacion de las claudinas por esta hormona.
La aldosterona es una hormona mineralocorticoide involucrada en la regulacion y
homeostasis del agua y de los electrolitos al estimular el transporte de iones en la nefrona
distal [70]. La aldosterona se sintetiza en la zona glomerulosa de las glandulas
suprarrenales y su sintesis parte del colesterol. Dentro de las principales enzimas que
participan en la sintesis de aldosterona se encuentran la colesterol desmolasa (enzima
limitante) y la sintasa de aldosterona. Una vez que la aldosterona se secreta, cerca del 37%
permanece en circulacion y el resto se une a proteinas (principalmente la albimina). Para
que la aldosterona no sea blanco de la enzima deshidrogenasa de 11p-hidroxiesteroides
(11BHSD?2), el grupo aldehido se cicla con el grupo hidroxilo en el carbono 11 para formar
la estructura hemiacetal. La secrecion de la aldosterona por las células de la zona
glomerulosa de la glandula suprarrenal es independiente de la regulacion del cortisol y los
andrégenos y existen al menos tres mecanismos que la controlan:

1. El sistema renina-angiotensina. La angiotensina II es el principal secretagogo de la

sintesis de aldosterona. Esta hormona se une a sus receptores de angiotensina tipo 1

(AT,) expresados en la membrana de las células de la zona glomerulosa. Este
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receptor se encuentra acoplado a las proteinas Gq lo que ocasiona un aumento en el
nivel de inositol 1, 4, 5-trifosfato (IP3) y diacilglicerol (DAG) lo que genera un
aumento en el nivel de calcio citosolico y finalmente a la vasoconstriccion. El
aumento en el nivel de calcio en la zona glomerulosa de la glandula suprarrenal
inducen la secrecion de aldosterona.

2. La concentracion de potasio serico. El 16n potasio estimula directamente la
secrecion de aldosterona. Ademas activa localmente al sistema renina-angiotensina
en la capa glomerulosa de la corteza suprarrenal. Un aumento muy pequeilo en la
concentracion de potasio sérico de 0.1 mEq/L estimula el aumento en el nivel de
aldosterona plasmatica.

3. La concentracion de la hormona adenocorticotropica (ACTH). Cantidades

fisiologicas de la ACTH estimulan la secrecion de aldosterona.

El nivel sérico normal de la aldosterona en humanos es alrededor de 50-100 ng/mL. Este
hormona se metaboliza principalmente en el higado, se elimina por bilis y orina, y a nivel
hepatico se produce una conjugacion de grupos sulfato y glucorénicos lo que aumenta su

solubilidad.

Acciones genomicas de la aldosterona

Debido a su liposolubilidad, la aldosterona difunde facilmente al interior de las células
donde interactua con el receptor de mineralocorticoides, accion que se conoce como efecto
genoémico de la aldosterona (Esquema 12). La mayoria de las acciones conocidas de esta
hormona ocurren a través de la activacion de los receptores de mineralocorticoides (RM),
que regulan la transcripcion de diversos genes. Una vez que se forma el complejo
aldosterona-receptor en las células de la nefrona distal (que comprende el tabulo
contorneado distal, el tibulo conector y el ducto colector), este se traslada al nicleo donde
se une a regiones promotoras de diversos genes que contienen elementos de respuesta a
mineralocorticoides. Los genes mas conocidos son los que codifican para el transportador
de NaCl, para la subunidad alfa del canal epitelial de sodio (ENaC), el canal epitelial de
potasio (ROMK) y la ATPasa de Na'/K" localizados en el tibulo distal y en el tibulo

colector [71-73]. (Esquema 12). El aumento en la expresion de estas proteinas produce la
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accion clasica conocida de esta hormona que es aumentar la reabsorcion de sodio y la

secrecion de potasio.

Espironolactona: antagonista de los receptores de mineralocorticoides

La espironolactona es un diurético que se une al receptor de mineralocorticoides y se utiliza
en el tratamiento de la hipertension esencial, la insuficiencia cardiaca, la cirrosis hepatica,
el sindrome nefrético y la diabetes. La espironolactona se absorbe por el tracto digestivo en
un 70 al 90% después de su administracién via oral y se metaboliza principalmente en el
higado. Su via de eliminacidn es principalmente urinaria y solo un pequeio pocentaje se
elimina por la via biliar. La espironolactona inhibe de modo competitivo la unién de la
aldosterona a su receptor de mineralocorticoides presente principalmente en el tiibulo distal
y colector de la nefrona. Actiia como un diurético que causa un aumento en la excrecion de

sodio y agua, pero preserva al potasio y el magnesio.

En la diabetes existe un aumento en la activacion del sistema renina-angiotensina y en la
produccion de aldosterona, esta ultima se ha descrito que contribuye de manera importante
en el desarrollo y progresion de la nefropatia diabética [74,75]. Ademas de su papel
fisiologico en la regulacion del transporte ionico en la nefrona distal, se ha descrito que en
circunstancias de hiperaldosteronismo, la aldosterona promueve la inflamacion, el
remodelaje y la fibrosis en diversos tejidos [76,77], mientras que la inhibicion en la
produccion de aldosterona inducida por los agentes antihipertensivos amilodiptina y
aliskeren, disminuye el estrés oxidante en ratas diabéticas [78]. Existe también evidencia de
que el bloqueo de las acciones de la aldosterona mediante el uso de la espironolactona tiene
un efecto protector en la nefropatia diabética al disminuir el estrés oxidante, la inflamacion,
la apoptosis y la fibrosis de las células renales

[79-84].
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Esquema 12. Mecanismo de accion de la aldosterona en la nefrona distal. La aldosterona entra por
difusioén en las células de la nefrona distal (que comprende el tubulo contorneado distal, el tibulo
conector y el conducto colector), donde se una al receptor de mineralocorticoides (RM) y promueve la

transcripcion de genes blanco como el canal de potasio ROMK, el canal epitelial de sodio EnaC y la

ATPasa de Na'/K .

En la ruta de transporte paracelular de iones, se ha sugerido que la aldosterona promueve la
fosforilacion in vitro de la claudina-4 y en consecuencia la estabilizacion de la proteina en
la UE y el aumento en la conductancia paracelular de Cl" en las células del conducto
colector cortical de rata [29]. Las cinasas WNKI1 y WNK4, codificadas por dos genes
asociados a un desorden hipertensivo heredado llamado pseudohipoaldosteronismo tipo II
(PHAII), fosforilan a las claudinas 1-4 y -7 e inducen un aumento en la permeabilidad
paracelular de CI' en los cultivos de células epiteliales [85,86]. Como la aldosterona
aumenta la transcripcion de la claudina-8 en el colon distal [87], se sugiere que se regula de

manera similar en la nefrona distal.
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I1. Justificacion

La incidencia mundial de la diabetes se ha incrementado de manera alarmante en los
ultimos afios. Esta enfermedad cronico-degenerativa afecta a cerca del 7.3% de la poblacion
mundial. Con el fin de disefiar estrategias terapéuticas para su control se han desarrollado
diversos estudios de la fisiopatologia de la diabetes. Una de las caracteristicas importantes
en esta patologia es la hiperglucemia, que ocasiona complicaciones severas en diversos
organos del cuerpo. La nefropatia diabética es la principal causa de la enfermedad renal
terminal y seglin reportes de la Asociacion Americana de Diabetes (ADA) cerca del 20-
40% de los pacientes diabéticos desarrollan insuficiencia renal terminal. Las repercusiones
de la insuficiencia renal en el organismo son diversas ya que bajo esta circunstancia el
rifidn es incapaz de eliminar a los compuestos toxicos, de regular la presion arterial y de
controlar el balance de agua y electrolitos en el cuerpo. Se han descrito diversos
mecanismos fisiopatologicos para explicar el origen y la progresion de la insuficiencia
renal en la nefropatia diabética. Sin embargo, hasta ahora no se han realizado estudios que
describan alteraciones en las proteinas de la union estrecha claudinas, ocludina y ZOs a lo
largo de la nefrona. Estas proteinas estan involucradas en el transporte paracelular de agua
y solutos como Na" y Cl en el rifiéon, lo que constituye un aspecto importante en el
mantenimiento renal de la homeostasis corporal. Es por esta razéon que la busqueda de
alteraciones tempranas en estos procesos constituye un aspecto importante para la deteccion
y tratamiento oportuno de la enfermedad renal antes del establecimiento de la nefropatia
diabética irreversible. Por otro lado, se ha descrito que el estrés oxidante es una condicién
celular comun en la diabetes y se ha establecido una relacion directa entre este proceso y la
progresion del dano celular y tisular sistémico. Por esta razon en este estudio se explora el
estado oxidante del rifidon con la finalidad de establecer una relacion entre el estrés oxidante

y las alteraciones en las proteinas de la union estrecha en el epitelio tubular renal.
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I11. Hipatesis

Como en la diabetes existe una disminucion en la reabsorcién renal de Na™ y un aumento en

la reabsorcion de CI, y las claudinas funcionan como poros paracelulares idnicos, se espera

que en condiciones diabéticas disminuya la expresion de la claudina-2 en el tabulo

proximal y aumente la expresion de las claudinas-4 y -8 en el tubulo distal.

IV. Objetivo general

Estudiar las alteraciones en la expresion y localizacion de las proteinas de la union estrecha,

de los transportadores de glucosa y el estrés oxidante en las etapas iniciales de la nefropatia

diabética.

V. Objetivos particulares

1.
2.

Evaluar la funcién renal en ratas con 3 semanas de diabetes.

Evaluar la expresion de los transportadores de glucosa: SGLTs 1 y2 y GLUTs 1y 2
en el tabulo proximal.

Evaluar el impacto de la hiperglucemia inducida por la diabetes sobre la expresion
de las proteinas de la unién estrecha (UE): claudinas-1, 2, -4, -5 y -8, ocludina y
ZO-1.

Evaluar el estrés oxidante mediante el ensayo de produccion de anion superoxido en
glomérulos y tibulos proximales y distales.

Evaluar el efecto del acido retinoico all trans (ARat) sobre la expresion de las
proteinas de la UE y la disfuncion renal inducida por la diabetes.

Evaluar el papel de la aldosterona mediante el tratamiento con su inhibidor, la
espironolactona, sobre la regulacion de las proteinas de la UE en el tabulo distal y

en la disfuncién renal inducida por la diabetes.

35



VI. Materiales y métodos

1. Disefio experimental y reactivos

Los experimentos se llevaron a cabo de acuerdo con la Norma Oficial Mexicana NOM-
062-Z00-1999 y se aprobaron por la Unidad Institucional de Produccion vy
Experimentacion con Animales de Laboratorio (UPEAL, protocolo # 491). Se emplearon
ratas hembra de la cepa Wistar con un peso corporal entre 200-250 g. Las ratas se
mantuvieron en ciclos de luz/oscuridad (12h/12h) a 22+1 °C de temperatura ambiente y
50+5% de humedad ambiental. Los animales se mantuvieron con acceso libre a agua y
alimento. La diabetes se indujo mediante la administracion intravenosa de una dosis Unica
de STZ (60 mg/kg de peso corporal) diluida en amortiguador de citratos, pH 6.0. Las ratas
controles (no diabéticas) se inyectaron via intravenosa con amortiguador de citratos, pH
6.0. Tres dias después de la administracion de STZ, se midio el nivel de glucemia con un
glucometro de la marca OneTouch Ultra® (Milpitas, CA, USA), las ratas se consideraron
diabéticas cuando los niveles de glucemia superaron 300 mg/dL. El ARat y la SPL se
administraron diariamente a las dosis de 1 mg/kg y 20 mg/kg de peso corporal,
respectivamente a partir del dia 3 hasta el dia 21 después de la administracion de STZ
(Esquema 13). El ARat se disolvi6 en aceite de cacahuate, mientras que la SPL se disolvid
en carboximetilcelulosa al 0.2%, ambos compuestos se administraron via intragastrica en
un volumen de 250 uL. En ambos casos se generaron 4 grupos experimentales: grupo
control, se administré el vehiculo de la STZ y del ARat o SPL; grupo DBT (diabetes), se
adiministr6 STZ y el vehiculo del ARat o SPL; grupo DBT+ARat o SPL, se administro
STZ y ARat o SPL diariamente y grupo ARat o SPL, se administr6 el vehiculo de la STZ y
ARat o SPL. Las ratas se sacrificaron 21 dias después de la administracion de STZ
(Esquema 13). Los reactivos empleados se adquirieron en su mayoria de Sigma-Aldrich
Co., a menos que se especifique la compaiiia. Se muestra la lista de anticuerpos, asi como
la dilucion que se usdé en los ensayos de Western blot, inmunofluorescencia e

inmunoprecipitacion y la casa comercial de donde se adquirieron (Tabla 2).
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Tabla 2. Anticuerpos utilizados para Western blot (WB), inmunofluorescencia (IF) e
inmunoprecipitacion (IP).

Anticuerpo (especie) Dilucioén Casa comercial No. Catalogo
Alexa-fluor 488 (conejo) 1:300 (IF) Invitrogen A21206
Alexa-fluor 488 (cabra) 1:300 (IF) Invitrogen A11055
Alexa-fluor 594 (raton) 1:300 (IF) Invitrogen A21203
a-ATPasa (conejo) 1:1000 (WB) Santa Cruz Biotech. sc-48345
Claudina-1 (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 37-4900
Claudina-2 (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 32-5600
Claudina-2 (raton) 1:1000 (WB); 10ug (IP) Invitrogen 51-6100
Claudina-4 (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 36-4800
Claudina-4 (raton) 1:1000 (WB); 10ug (IP) Invitrogen 32-9400
Claudina-5 (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 34-1600
Claudina-8 (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 40-2600
Claudina-8 (cabra) 1:1000 (WB); 10ug (IP) Santa Cruz Biotech. sc-33065
B-distroglicano (raton) 10ug (IP) Santa Cruz Biotech. sc-33702
CD4 (cabra) 10ug (IP) Santa Cruz Biotech. sc-1140
CUL3 (conejo) 1:1000 (WB) Sigma-Aldrich C0871
DMPK (ratén) 1:100 (IF) MP Biomedicals 1C695421
DppD (raton) 1:300 (IF) AbD Serotec MCA924
eNOS (conejo) 1:1000 (WB) Santa Cruz Biotech. sc-654
GAPDH (ratén) 1:1000 (WB) Santa Cruz Biotech. sc-47724
GLUT!1 (conejo) 1:1000 (WB); 1:100 (IF) Millipore Corp PM408AA
GLUT2 (conejo) 1:1000 (WB); 1:100 (IF) Millipore Corp 07-1402
gp91P"* (cabra) 1:1000 (WB) Santa Cruz Biotech. sc-5827
HO-1 (conejo) 1:1000 (WB) Sigma-Aldrich H4535
iNOS (conejo) 1:1000 (WB) Santa Cruz Biotech. sc-651
KIM-1 (cabra) 1:1000 (WB); 1:100 (IF) R&D Systems AF3689
nNOS (conejo) 1:1000 (WB) BD Trans-Lab 610310
Nrf2 (conejo) 1:1000 (WB) Sigma-Aldrich SAB45011984
3-NT (ratén) 1:1000 (WB) Millipore Corp. 06-284
Ocludina (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 71-1500
Ocludina (raton) 10ug (IP) Invitrogen 33-1500
Peroxidasa-conjugado (conejo)  1:10000 (WB) Invitrogen 65-6120
Peroxidasa-conjugado (raton) 1:10000 (WB) Invitrogen 62-6520
Peroxidasa-conjugado (cabra) 1:10000 (WB) Santa Cruz Biotech. sc-2020
PKCB2 (conejo) 1:1000 (WB) Sigma-Aldrich SAB1306182
Poliubiquitina (raton) 1:1000 (WB) Santa Cruz Biotech. sc-16655
pSer (conejo) 1:1000 (WB) Sigma-Aldrich SAB5200086
pSer (raton) 1:1000 (WB) Millipore Corp. 05-1050
pThr (raton) 1:1000 (WB) Millipore Corp. 525286
p47"" (cabra) 1:1000 (WB) Santa Cruz Biotech. sc-7660
SGLTI1 (conejo) 1:1000 (WB); 1:100 (IF) Millipore Corp 07-1417
SGLT2 (cabra) 1:1000 (WB); 1:100 (IF) Santa Cruz Biotech. sc-20583
SGK1 (conejo) 1:1000 (WB) Millipore Corp. 36-002
SUMO-1 (conejo) 1:1000 (WB) Santa Cruz Biotech. sc-9060
a-tubulina (raton) 1:1000 (WB) Abcam Ab7291
VE-cadherina (raton) 1:100 (IF) Santa Cruz Biotech. sc-6458
WNK4 (cabra) 1:1000 (WB); 1:100 (IF) Santa Cruz Biotech. sc-20475
Z0O-1 (conejo) 1:1000 (WB); 1:100 (IF) Invitrogen 61-7300

0-ATPasa (subunidad alfa de la ATPasa de Na" y K'); CUL3 (culina3); GLUT (transportador de glucosa);
DMPK (desmoplaquina); DppD (dipeptidilpeptidasa); GAPDH (deshidrogenasa del gliceraldehido-3-fosfato);
HO-1 (Hemo Oxigenasa-1); KIM-1 (Kidney Injury Molecule-1); NOS (sintasa de oxido nitrico); Nrf2
(Nuclear factor (erythroid-derived 2)-like 2); 3-NT (3-nitrotirosina); PKCf2 (proteina cinasa C beta 2); SGLT
(cotransportador de sodio-glucosa); SGK1 (Serum and Glucocorticoid-induced Kinase-1); SUMO-1 (Small
Ubiquitin-related MOdifier-1); WNK4 (With No-Lysine Kinase-4) y ZO-1 (Zonula Ocludens-1).
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Esquema 13. Esquema de la administraciéon de estreptozotocina, acido retinoico all-trans (ARat) y

espironolactona (SPL) y de la obtencion de las muestras bioldgicas.

2. Evaluacion de los parametros fisiologicos y bioquimicos

Se monitored la glucemia, el consumo de agua y de alimento en condiciones previas a la
administracién de STZ y cada 7 dias después de la induccion de la diabetes. Para medir el
consumo de agua y alimento, se adicionaron a la caja metabolica 500 mL de agua
purificada y 100 g de alimento (PMI, 5008, Purina, Alief City, TX, USA) y se pesaron las
cantidades remanentes 24 h después para determinar la cantidad consumida por dia. Para
recolectar las muestras urinarias de 24 h, las ratas se metieron en jaulas metabodlicas 24 h
previas al sacrificio y se midi6 el volumen urinario (Esquema 13). Las ratas se anestesiaron
con pentobarbital de sodio (30 mg/kg via intraperitoneal) y se recolect6 la sangre antes del
sacrificio por puncion cardiaca (Esquema 13). La sangre se centrifugd (800 x g durante 10
min) para obtener el suero. Para evaluar la funcion renal se midi6 la proteinuria, la
natriuresis, la FeNa y la FeK. La proteinuria se midi6 mediante el método de Lowry (Bio-
Rad Protein Assay Kit; Bio-Rad Laboratories, Hercules, CA, USA). La creatinina urinaria
y sérica se midi6 mediante el método de Jaffé como se describi6é previamente [88]. Debido
a que las ratas diabéticas presentan poliuria, la proteinuria se corrigié por la cantidad

urinaria de creatinina ya que esto podria sobreestimar la proteinuria en el grupo diabético.
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Por esta razén, se calculd el cociente proteinuria/creatinina y ambos pardmetros se
expresaron en unidades de mg/dL. Para evaluar la funcién tubular se midié la natriuresis, el
nivel sérico de potasio, la excrecion fraccional de sodio (FeNa) y de potasio (FeK), estas
dos ultimas se calcularon de acuerdo a la siguiente ecuacion:

Excrecion fraccional (%) = (depuracién de Na™ o K'/ depuracion de creatinina) x 100.
Depuracion = ([Na', K' o creatinina]orina / [Na+, K+ o creatinina]suero)*flujo urinario en
24 h (mL/min)

Las concentraciones séricas y urinarias de Na” y K se midieron por espectrofotometria de
absorcion atomica (PerkinElmer 3100 con una flama de aire-acetileno, Norwalk, CT,
USA). La glucosa urinaria se midié con un estuche comercial que se basa en el método de
la hexocinasa (Randox Laboratories, San Diego, CA, USA). La excrecién urinaria de
nitratos (NO;") y nitritos (NO3-) se midié con un estuche colorimétrico (BioVision, Inc.,
Milpitas, CA, USA). La aldosterona se midi6 con un estuche de Elisa (BioVendor,
Asheville, NC, USA).

3. Obtencion de tejido renal

Los rifiones obtenidos de los diferentes grupos experimentales se perfundieron con solucion
salina isotonica (SSI, 0.9% NaCl), se descapsularon, se pesaron, se aislo la corteza y se
mantuvieron en SSI a 4°C. Posteriormente se criopreservaron, para ello se sumergieron en
2-metilbutano a 4°C y finalmente se conservaron en nitrogeno liquido hasta el dia de los

experimentos.

4. Aislamiento de glomérulos, tibulos proximales y distales mediante gradientes de
Percoll

Los glomérulos se aislaron de la manera descrita previamente [89]. En resumen, la corteza
renal se homogeneiz6 manualmente y se paso a través de una malla de acero inoxidable con
un tamafio de poro de 117 wm (Cat. No. 8321A44; Thomas Scientific, Swedesboro, NJ,
USA.) aplicando presion con el fonde de un matraz. El tejido obtenido se lavo varias veces
con solucion amortiguadora de fosfatos (PBS) y se transfirid a una segunda malla con un
tamafio de poro de 74 um (Cat. No. 8321A58; Thomas Scientific). Después de varios

lavados con PBS frio, se recuperd el tejido de la parte superior de la malla, el cual contenia
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los glomérulos aislados, y se centrifugé en PBS frio durante 10 min a 20 000 x g. Se
elimind el sobrenadante y se obtuvo el boton final.

Los tabulos proximales y distales se aislaron mediante gradientes de Percoll de la manera
descrita previamente [4]. En resumen, se aisl6 la corteza renal de una mezcla de 3 ratas por
grupo experimental, esto debido a que el rendimiento del aislamiento es escaso. Las
cortezas se lavaron en solucion de Ringer-Krebs-Bicarbonato (RKB) que contenia, en mM:
110 NaCl, 25 NaHCOs, 3 KCI, 1.2 CaCly, 0.7 MgS0Os, 2 KH,POy4, 10 acetato de sodio, 5.5
glucosa, 5 alanina, y 0.5 g/L de albumina sérica bovina (ASB), pH 7.4 y osmolaridad de
290 mOsm/kg de H,O. Las cortezas se lavaron 3 veces y se resuspendieron en 3 mL de
RKB con 15 mg de colagenasa tipo Il (de Clostridium histolyticum, Sigma-Aldrich Co.) y
0.5 mL de ASB al 10%. Las muestras se gasificaron durante 20 min con 95% de CO./5%
de aire atmosférico en un bafio de agua con agitacion vigorosa a 37°C. Después de la
agitacion, se adicionaron 20 mL de RKB frio que contenia cocktail de inhibidores de
proteasas (Complete 1x; Boehring Mannheim, Alemania) y fluoruro de fenilmetilsulfonilo
(PMSF, 20 g/mL), la mezcla se agitd6 vigorosamente para dispersar los fragmentos de
tejido. La suspension se filtrd para remover las fibras de colageno y se centrifugd (18 x
g/10 min). El boton se resuspendié en 10 mL de RKB frio que contenia un cocktail de
inhibidores de proteasas y se centrifugd nuevamente (18 x g/10 min). Este procedimiento
de lavado se repitié una vez mas. Finalmente, el boton se resuspendié en 5 mL de ASB al
5% con un cocktail de inhibidores de protesas y se incubd durante 5 min a 4 °C,
posteriormente se centrifug6 (18 x g/10 min) y el botdn se resuspendi6 en una mezcla de 30
mL de solucion de Percoll fria y RKB (1:1, v/v). Finalmente, la suspension se centrifugd
(1071 x g/35 min) y después se obtuvieron 4 bandas. La primera banda enriquecida en
glomérulos, la segunda banda contenia tibulos distales, la tercera banda contenia una
mezcla de tibulos distales y proximales y la cuarta banda contenia tubulos proximales
(Esquema 14). El contenido de cada banda se confirm6 mediante observacion en un
microscopio de luz. Es importante mencionar que aunque mediante los gradientes de
Percoll se obtienen glomérulos en la primera banda, estos se aislan en una cantidad escasa,
por esta razon el aislamiento de glomérulos se realizdo mediante mallas de acero inoxidable

de diferente poro como se describid previamente.
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Esquema 14. Aislamiento de glomérulos, tibulos proximales y distales mediante gradientes de Percoll.

5. Extraccion de proteinas totales y de las fracciones soluble e insoluble

Para realizar la extraccion de las proteinas totales, la corteza renal de 3 ratas por cada grupo
experimental, se lavd tres veces con RKB frio y se resuspendié en 10 mL de RKB con 15
mg de colagenasa tipo II. Las muestras se gasificaron durante 20 min con 95% de CO,/5%
de aire atmosférico en un bafio de agua a 37°C con agitacion vigorosa. Después de la
agitacion, se adicionaron 20 mL de RKB frio que contenia al cocktail de inhibidores de
proteasas (Complete 1x; Boehring Mannheim, Alemania) y fluoruro de fenilmetilsulfonilo
(PMSF, 20 g/mL) para inactivar la colagenasa. La suspension se filtr6 para remover las
fibras de colageno y se centrifugd (18 x g/10 min). El botén se resuspendié en 10 mL de
RKB frio que contenia un cocktail de inhibidores de proteasas y se centrigugd nuevamente
(18 x g/10 min). Este procedimiento de lavado se repitid una vez mas. El boton final se
resuspendid en 300 uL de amortiguador de extraccion RIPA, que contenia, en mM: 40 Tris-
HCI, 150 NaCl, 2 EDTA, 10% glicerol, 1% Triton X-100, 0.5% de desoxicolato de sodio y
0.2% de dodecil sulfato de sodio (SDS) a pH 7.6 y se incubd durante 30 min a 4°C.
Posteriormente, las muestras se sonicaron 3 veces durante 30 s cada vez en un sonicador
ultrasonico de alta intensidad (Vibra Cell; Sonic & Materials, Inc., Danbury, CT, USA) y se
centrifugaron a 20 000 x g a 4°C durante 40 min. Finalmente, se recolectaron los
sobrenadantes los cuales contenian las proteinas totales de corteza renal.

Las fracciones de proteinas solubles (citoplasmatica) e insolubles (membranal) se
obtuvieron de la manera descrita previamente [90]. En resumen, el método fue similar al de
extraccion de las proteinas totales descrito previamente, hasta el paso de lavado de la

colagenasa tipo II. Posteriormente, el boton se resuspendidé en amortiguador MBL, que
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contenia, en mM: 50 Tris-HCI, 100 NaCl, 5 MgCl,, 5 CaCl,, 1% de Triton X-100 y 1% de
Nonidet P-40 con un cocktail de inhibidores de proteasas y PMSF (20 ug/mL) a pH 7.4.
Las muestras se centrifugaron a 20 000 x g a 4 °C durante 10 min y finalmente se recolecto
el sobrenadante (fraccion soluble). El botén (fraccion insoluble) se lisé con amortiguador
de RIPA durante 30 min a 4 °C y se sonico 3 veces durante 30 s cada vez en un sonicador
ultrasonico de intensidad alta (Vibra Cell; Sonic & Materials, Inc., Danbury, CT, USA).
Finalmente, se centrifugd a 20 000 x g a 4°C durante 40 min y se recolect6 el sobrenadante
el cual contenia las proteinas de la fraccion insoluble (membranal). La cuantificacion de las

proteinas totales y de las fracciones soluble e insoluble se realizé mediante el estuche Micro

BCA-protein Assay (Pierce, Rockford, IL, USA).

6. Western blot

El analisis de la expresion de las proteinas mediante Western blot se realizé de la manera
descrita previemente [90]. En resumen, las muestras se diluyeron (1:5) en amortiguador de
Laemmli con urea (5 M) y se desnaturalizaron por calentamiento durante 12 min. Las
proteinas se cargaron en geles SDS-PAGE al 12%. En paralelo con los muestras se
cargaron marcadores de peso molecular (Amersham Pharmacia Biotech, Piscataway, NJ,
USA) para la identificaciéon correcta de las proteinas a analizar. Las proteinas se
transfirieron a membranas de PVDF (Amersham Bioscience, Uppsala, Suecia). Las uniones
no especificas se bloquearon con una disolucion de leche baja en grasa al 5% disuelta en
PBS con 0.05 % de Tween 20. Las membranas se incubaron durante toda la noche a 4 °C
con los anticuerpos primarios mostrados en la tabla 2. Posteriormente, las membranas se
lavaron tres veces con PBS con 0.05 % de Tween 20 durante 10 min a temperatura
ambiente y se incubaron durante 1 h con los anticuerpos secundarios mencionados en la
tabla 2. Después de tres lavados (con PBS con 0.05 % de Tween 20 durante 10 min), las
membranas se revelaron con el reactivo de deteccion ECL Prime Western blotting
(Amersham, GE Healthcare, Buckinghamshire, UK). La quimioluminiscencia se detectd
mediante el sistema EC3 imaging system (UVP Biolmaging Systems, Cambridge, UK). La
densitometria de las bandas se cuantific6 mediante transmitancia (UVP Biolmaging

Systems software).
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7. Analisis de los dimeros y monomeros de la eNOS

El anélisis mediante Western blot de los mondémeros y dimeros de la eNOS se realizo en
condiciones no desnaturalizantes a baja temperatura como se describié previamente. En
resumen, las proteinas totales de homogenados de corteza renal sin hervir se mezclaron con
el amortiguador de carga Laemmli 5X y se cargaron en geles de poliacrilamida al 12 %.
Las proteinas se separaron mediante SDS-PAGE bajo condiciones reductoras (con (-
mercaptoetanol). Los geles y los amortiguadores se mantuvieron a 4 °C durante todo el

proceso. Los anticuerpos primario y secundario se mencionan en la tabla 2.

8. Inmunoprecipitacion

La inmunoprecipitacion de la claudina-2 y la ocludina se realizdo a partir de tabulos
proximales aislados y la de las claudinas-4 y -8 y WNK4 se realizé a partir de tibulos
distales aislados. Los anticuerpos y la cantidad empleada para inmunoprecipitar a las
proteinas se mencionan en la tabla 2. La inmunoprecipitacion se llevé a cabo de la siguiente
manera: 1| mg de proteinas totales se pre-clarifico con 20 uL de proteina G-agarosa
recombinante (Invitrogen, Carlsbad, CA, USA) durante 16 h a 4 °C. Las perlas de proteina
G-agarosa se removieron mediante centrifugacion (16 000 x g a 4 °C durante 10 min) y los
extractos pre-clarificados se incubaron durante 16 h a 4 °C con las cantidades mencionadas
de anticuerpos precipitantes mencionados en la tabla 2, los cuales se unieron previamente
con la proteina G-agarosa recombinante (durante 16 h a 4 °C). Como control negativo se
realizaron en paralelo inmunoprecipitaciones inespecificas con los anticuerpos no
relacionados: anti-fB-distroglicano (para las claudinas-2, -4 y -8), anti-VE-cadherina (para la
ocludina) y anti-CD4 (para la WNK4). Finalmente, los complejos inmunes se recolectaron
mediante centrifugacion (16 000 x g a 4 °C durante 10 min) y se lavaron tres veces con
amortiguador de RIPA (16 000 x g a 4 °C durante 10 min) y después se sometieron a SDS-

PAGE en geles al 12% como se describi6 anteriormente.

9. Inmunofluorescencia
Las muestras de rifion se prepararon para inmunofluorescencia como se describio
previamente [90]. En resumen, se cortaron rebanadas transversales de rifion de

aproximadamente 0.5 cm de espesor y se sumergieron durante 5 min en 2-metilbutano a 4
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°C para congelarlas posteriormente en nitrogeno liquido. Se cortaron rebanadas de 8 um de
espesor en un cridstato (Leica CM 1510 Cryostat, Wetzlar, Alemania) y se montaron en
portaobjetos recubiertos con gelatina que se conservaron a -70 °C hasta el dia de los
experimentos. Para los experimentos de inmunofluorescencia, los cortes se fijaron en
metanol (10 min a 4 °C) y después se re-hidrataron con PBS con Ca>* 1 mM (5 min a
temperatura ambiente) y se permeabilizaron con PBS con 1% Triton X-100 (durante 5 min
a temperatura ambiente) y se lavaron tres veces (PBS con Ca** 1 mM). Las muestras se
bloquearon (1 h a temperatura ambiente) con 1% (v/v) de ASB libre de IgGs (1331-A,
Research Oraganics, Cleveland, OH, USA) y se incubaron con los anticuerpos primarios
mencionados en la tabla 2 (16 h a 4 °C). Los glomérulos se marcaron con VE-cadherina y
los tibulos proximales y distales con DppD y DMPK, respectivamente. Se utilizo DAPI
para marcar los nucleos. Los anticuerpos secundarios (mencionados en la tabla 2), se
incubaron durante 2 h a temperatura ambiente, se lavaron tres veces con PBS con Ca" 1
mM (durante 10 min a temperatura ambiente) y finalmente se montaron las preparaciones
con Vectashield (Vector Laboratories, Inc. Burlingame, CA, USA). Las
inmunofluorescencias se analizaron con un microscopio confocal invertido (TCS-SP8,
Leica, Heidelberg, Alemania). Los experimentos se realizaron de manera independiente al
menos tres veces en tres animales diferentes por grupo. Como control negativo, las

laminillas se marcaron de manera especifica en ausencia de los anticuerpos primarios.

10. Extraccion del ARN, sintesis del ADNcy qRT-PCR

La extraccion de ARN total se realiz6 a partir de corteza renal empleando el reactivo de
Trizol (Invitrogen, Carlsbad, CA, USA) de acuerdo a las instrucciones del fabricante. La
concentracion y calidad del ARN se midi6 con el espectrofotometro Genesis 10 uv
(Thermo Scientific, Hudson, NH, USA) y Ila integridad se determin6 mediante
electroforesis en gel. La sintesis de ADNc se llevo a cabo bajo las siguientes condiciones: 5
ug de ARN total se mezclaron con 1X de amortiguador First-Strand (que contiene, en mM:
250 Tris-HCI, 375 KCI, 15 MgCl,, pH 8.3), 10 mM DTT y 0.5 mM de cada
desoxinucleotido trifosfatado, 150 ng de cebadores y 200 U de M-MLV RT (Invitogen,
Carlsbad, CA, USA) y se incubaron durante 50 min a 37 °C. Posteriormente se inactivaron

a 70 °C durante 15 min. La RT-PCR se realizé empleando el sistema SDS 7500 (Applied

44



Biosystems, Foster City, CA, USA) con el sistema de deteccion SYBR Green. La reaccion
se llevd a cabo en un volumen de reaccion final de 12.5 uL. que contenia 7.5 uL. de Maxima
SYBR Green 2X/ROX ¢gRT-PCR Master Mix, 0.5 uM de cada cebador (sentido y
antisentido) y 5 uL de soluciones de ADNCc. El perfil térmico para la RT-PCR fue: 95 °C
durante 10 min, seguido de 40 ciclos a 95 °C durante 15 s y a 60 °C durante 60 s. La
expresion de los genes individuales se normalizé con la expresion del gen de la GAPDH y
el nivel de ARNm se midi6 por el método Ct comparativo. En la tabla 3, se menciona la

secuencia sentido y antisentido de los cebadores empleados y la longitud de los segmentos

amplificados.
Tabla 3. Cebadores empleados en el ensayo de qRT-PCR
Gen Secuencia 5' —3' Longitud del
producto ampliado

Claudina-4  Sentido: GCCAGCAACTATGTGTAAG 75
Antisentido: GCCGTTATGAGTTCAATCC

Claudina-8  Sentido: CCGAGCATATACTCCAAA 154
Antisentido: GTACGAGGCAGTTAAGAA

GAPDH Sentido: CTTGGGCTACACTGAGGACC 100
Antisentido: CTGTTGCTGTAGCCGTATTC

WNK4 Sentido: TAGACTGGCACCCATATC 76

Antisentido: TGGTTCCTTGGATGAAGT
GAPDH (deshidrogensas del gliceraldehido 3-fosfato) yWNK4 (With No-Lysine Kinase 4).

11. Evaluacion del estrés oxidante

La produccion de ERO, la lipoperoxidacion (marcador de dafio a lipidos), la oxidacion de
proteinas (marcador de dafio a proteinas) y el contenido celular de GSH se midieron en
homogenados de corteza renal de los diferentes grupos experimentales como se describid
previamente [91]. Para ello, la corteza renal se homogeneiz6 en un politrén (Modelo PT
2000; Brinkmann, Westbury, NY, USA) durante 10 s en PBS (50 mM) que contenia 0.1%
de Triton X-100, BHT (0.5 M), leupeptina (5 ug/mL), pepstatina (7 ug/mL) y aprotinina (5
ug/mL) a pH 7.0. Los homogenados se centrifugaron a 19 000 x g a 4 °C durante 30 min y
el sobrenadante se separd para cuantificar las proteinas totales mediante el método de

Lowry y los marcadores de estrés oxidante.
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La producciéon de ERO se midi6 de acuerdo con lo reportado previamente [91]. En
resumen, se incubaron alicuotas de 1.5 mL de homogenados de corteza renal (50 mg) con
0.5 mL de DCFH-DA (5 uM) a 37 °C durante 1 h. Se midi6 la fluorescencia al final de la
incubacion a una longitud de onda de excitacion de 488 nm y de emision de 525 nm en un
lector de fluorescencia Synergy HT multimode microplate reader (Biotek Instruments,
Winooski, VT, USA). Se emple6 una curva estandar con concentraciones crecientes de
DCEF, la cual se incubd en paralelo con las muestras. Los resultados se expresaron como
unidades arbitrarias de fluorescencia (UAF)/mg de proteinas totales.

La lipoperoxidacion se midi6 mediante la cuantificacion de MDA y 4-HNE usando una
curva estandar de tetrametoxipropano como se describié previamente [91]. Para ello, se
mezcld una solucion de 1-metil-2-fenilindol en una mezcla de acetonitrilo:metanol (3:1)
con las muestras, y se inicio la reaccion adicionando 37% de HCI. La densidad optica se
midié a 586 nm después de 1 h de incubacion a 45 °C. Los datos se expresaron como nmol
de MDA+4-HNE /mg de proteinas totales.

La oxidacion de proteinas se midié mediante la cuantificacion de los grupos carbonilo en
las muestras de corteza renal. Las muestras se incubaron durante 16 h con sulfato de
estreptomicina para remover los 4cidos nucleicos. Posteriormente, los homogenados se
trataron con dinitrofenilhidrazina (DNPH) y HCI y finalmente con hidrocloruro de
guanidina. El fundamento de la cuantificacion se basa en la reaccion de los complejos
proteina-hidrazona debido a la reaccion de los grupos carbonilo con la DNPH. La
absorbancia se midid a 370 nm. El contenido de grupos carbonilo se expres6 como
nmol/mg de proteina.

El contenido celular de GSH se midié empleando monoclorobimano, de la manera descrita
previamente [91]. La fluorescencia se midi6 a una longitud de onda de excitacion de 385
nm y de emision de 478 nm en un lector de placas Synergy HT multimode microplate
(Biotek Instruments). El nivel intracelular de GSH se expres6 como umol/mg de proteina.
La produccion de anidon superoxido (Oz-) se evalud en glomérulos y tibulos proximales y
distales aislados como se describié previamente por el método de quimioluminiscencia con
lucigenina [92]. El fundamento se basa en que la lucigenina reacciona con el Oy~ y emite
luz, la cual se detecta mediante luminiscencia. En resumen, las secciones de la nefrona se

homogeneizaron en amortiguador PBS empleando un homogeneizador de tipo Dounce (100
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golpes en hielo). Los homogenados se centrifugaron a baja velocidad (800 x g, a 4 °C
durante 10 min) para remover los restos celulares. Los sobrenadantes se utilizaron
inmediatamente. Para iniciar el ensayo, se mezclaron 100 uL. de homogenados con 900 uL
de PBS 50 mM pH 7.0 que contenia 1 mM de EGTA, 150 mM de sacarosa, 5 uM de
lucigenina y los sustratos o inhibidores correspondientes, en mM: 0.1 NADH, 1 L-arginina,
0.1 xantina, 5 succinato, 0.1 DPI o 1 L-NAME. La emision de los fotones en términos de
unidades de luz relativa se midi6 cada 5 min durante 30 min a una longitud de onda de
excitacion de 368 nm y de emision de 505 nm usando un lector de placas Synergy HT
multimode microplate (Biotek Instruments). El contenido de proteinas se cuantificd por el
método de Lowry mediante el estuche colorimétrico de Bio-Rad. La produccion de Oy se
normalizé a 1 en los grupos controles y los grupos experimentales se expresaron con

respecto al numero de veces de aumento con respecto al grupo control.

12. Analisis estadistico de datos

Los resultados se expresan como promedio * error estdndar de la media (EEM). Las
diferencias entre los promedios se analizaron mediante ¢ de student (para comparar entre
dos grupos) o andlisis de varianza (ANOVA) de una via (para comparar 3 grupos
experimentales o mas). Se realizo la prueba pos hoc de Bonferroni para comparar entre

grupos y se consider6 estadisticamente significativa a partir de un valor de p<0.05.
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VII. Resultados

1. La administracion de streptozotocina induce un modelo experimental de diabetes y
dafio renal. El primer objetivo fue establecer el modelo experimental de diabetes inducida
por la administracion de estreptozotocina (STZ). Tres semanas después de la induccion de
la diabetes con STZ se encontré un aumento del nivel sérico de glucosa (el cual se mantuvo
alrededor de 400 mg/dL durante las tres semanas), del consumo de agua y de alimento y del
volumen urinario, glucosuria y disminucién del peso corporal (Figura 1). Con estos
hallazgos se confirm6 que se establecid la diabetes experimental, ya que las ratas
presentaron hiperglucemia, polidipsia, polifagia, poliuria y pérdida de peso, las cuales son
caracteristicas clinicas y metabdlicas similares a las que presenta un paciente diabético.
Posteriormente se evalud la funcion renal y se encontrd que la diabetes indujo proteinuria,
aumento en la excrecion urinaria (natriuresis) y fraccional de sodio (FeNa) sin cambios en
la excrecion fraccional de potasio (FeK, Figura 2). Con base en estos hallazgos se confirmé
que la diabetes indujo disfuncién glomerular debido al aumento de la proteinura y
disfunciéon tubular, asociada con el aumento de la natriuresis, ya que en condiciones
normales el 70% del sodio que se filtra a través del glomérulo se reabsorbe en el tibulo
proximal y cuando existe dafio tubular disminuye la reabsorcion de sodio, acumulandose en
la orina. Para corroborar el dafio tubular se evalu6 la expresion de la molécula de dafio
renal KIM-1 en el tibulo proximal, esta molécula aumenta en condiciones de dafio
nefrotéxico como la isquemia renal [93]. El tibulo proximal se marcdé con
dipeptidilpeptidasa (DppD, marca roja), ya que esta proteina se expresa en el borde en
cepillo de las células epiteliales. Se encontr6é que la diabetes indujo la expresion de KIM-1
(Figura 3, marca verde) en el borde en cepillo de las células del tibulo proximal (Figura 3,
marca roja), estos hallazgos se corroboraron por Western blot (Figura 3), con lo cual se

confirmo que la diabetes indujo dafio tubular.
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Figura 1. La administracion de estreptozotocina (STZ) induce las caracteristicas clinicas y metabdlicas

de la diabetes. La induccion de la diabetes se confirmé por: a) pérdida de peso, b) hiperglucemia, c)

polifagia, d) polidipsia, €) poliuria y f) glucosuria. Se muestra el promedio+EEM. n = 6-8. *p<0.05, **p<0.01

y ***p<0.001.
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Figura 2. La diabetes induce disfuncion renal. La disfuncion renal se caracteriz6 por aumento en: a) el
cociente proteinuria/creatinina, b) la natriuresis y c¢) la excrecion fraccional de sodio (FeNa). Sin cambios en

d) la excrecion fraccional de potasio (FeK). Se muestra el promedio=EEM. n = 6-8. *p<0.05 y **p<0.01.

2. La diabetes induce la expresion de los transportadores de glucosa SGLT1, SGLT2 y
GLUT?2 y disminuye la expresion de GLUT1. EI 100% de la glucosa que se filtra a través
del glomérulo, se reabsorbe en los segmentos S1-S3 del tibulo proximal, este proceso se
lleva a cabo por los cotransportadores de sodio-glucosa (SGLTs)1 y 2 que se localizan en la
membrana apical y por los transportadores de glucosa (GLUTs)1 y 2, que se localizan en la

membrana basolateral de las células epiteliales del tubulo proximal, de esta forma, en
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condiciones normales la glucosa esta ausente de la orina [2]. Debido a que la hiperglucemia
aumenta la expresion de los transportadores de glucosa en el tibulo proximal, se analizo la
expresion de los transportadores SGLTs y GLUTSs, ya que estos aumentan la reabsorcion
tubular de glucosa induciendo su acumulacion intracelular. Las altas concentraciones
intracelulares de glucosa activan diversos mecanismos que inducen dafio celular, entre los
que destacan el estrés oxidante [2]. Se encontré que la diabetes induce la expresion de
SGLT!1 y 2 y de GLUT2 (Figura 4a, c y e, marca verde) y que por lo contrario, disminuye
la expresion de GLUT1 (Figura 4g, marca verde). De esta forma, el aumento de SGLT2 y
GLUT?2 en el segmento S1 favorece la reabsorcion de glucosa en este segmento del tibulo
proximal. Por otro lado, en el segmento S3 el aumento en SGLT1 paraddjicamente no se
acompaii6 del aumento en GLUT1, lo que probablemente favorece una mayor acumulacién
intracelular de glucosa en este segmento del tibulo proximal. Sin embargo, se ha descrito
que en condiciones patoldgicas como la diabetes, se puede expresar el GLUT2 en el
segmento S3, lo que podria compensar la disminucion de GLUTI1. Estos hallazgos se
confirmaron mediante Western blot de las fracciones soluble (citoplasmatica) e insoluble
(membranal) (Figura 4b, d, f y h) . Con esto se demuestra que la diabetes aumenta la

absorcion tubular de glucosa induciendo citotoxicidad y disfuncion tubular.
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Figura 3. La diabetes induce dafio tubular proximal evaluado mediante el analisis de la expresion de la
molécula de dafio renal KIM-1 por inmunofluorescencia (a, marca verde) y Western blot (b). El analisis
densitométrico se muestra en el panel c. La dipeptidilpeptidasa (DppD, marca roja) se utilizé como marcador
del borde en cepillo de las células del tibulo proximal. La a-tubulina se utilizd como control de carga. UA,

unidades arbitrarias. Escala = 50 um. Se muestra el promedio+EEM. n = 4. ***p<0.001
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Figura 4. La diabetes aumenta la expresion y localizacién membranal de los co-transportadores de
sodio-glucosa (SGLTs)1 y 2 y del transportador de glucosa (GLUT)2 y disminuye la expresion de
GLUT]1 en el tabulo proximal. Se evalud la localizacion (mediante microscopia confocal) y la expresion
(mediante Western blot) de las fracciones soluble e insoluble de homogenados de corteza renal de SGLT1 y 2
y GLUT1 y 2. La diabetes aument6 la localizacion en la membrana apical (marca verde) y la expresion en la
fraccion insoluble de SGLT2 (a y b) y de SGLT1 (c y d). La diabetes también aument6 la localizacion en la
membrana basolateral (marca verde) y la expresion en las fracciones soluble e insoluble de GLUT2 (e y f).
Por el contrario, la diabetes disminuy6 la localizacion en la membrana basolateral (marca verde) y la
expresion en la fraccion soluble e insoluble de GLUTI (g y h). La dipeptidilpeptidasa (DppD, marca roja) se
utilizé6 como marcador del borde en cepillo de las células de tibulo proximal. El analisis densitométrico se
muestra en la parte inferior de los paneles b, d, f y h. Los datos de se muestran como densidad relativa en
unidades arbitrarias (UA) normalizadas con a-tubulina como control de carga. Escala = 50 um. Se muestra el

promedio=EEM. n = 4. *p<0.05.

3. La diabetes induce estrés oxidante por el aumento de la produccion de anion
superoxido (O;-) en los glomérulos y tubulos proximales y en menor magnitud en los
tubulos distales a través de un mecanismo dependiente de la actividad de la NADPH
oxidasa y del desacoplamiento de la sintasa de 6xido nitrico endotelial (eNOS).

Para evaluar el mecanismo de dafio celular inducido por la hiperglucemia, se evalu6 el
estrés oxidante en los glomérulos y tubulos renales. Para ello, se aislaron glomérulos,
tubulos proximales y distales por gradientes de Percoll (Esquema 14). Se analizé la
produccion de anidon superdxido (O,-), una especie reactiva que induce la oxidaciéon y el
dafo a diversas macromoléculas celulares como lipidos, proteinas, acidos nucleicos y
carbohidratos [94]. La produccion de O,- se evalu6 mediante un ensayo
quimioluminiscente con lucigenina en homogenados glomerulares y tubulares aislado a
partir de ratas control y diabéticas. Se analiz6 la produccion de O, en ausencia y presencia
de diferentes sustratos enzimaticos que producen O,-. Para ello se adicionaron de manera
exogena a la mezcla de reaccion, los siguientes compuestos: NADH como sustrato para
evaluar la actividad de la NADPH oxidasa, L-arginina para evaluar la actividad de la NOS,
xantina para evaluar a la xantina oxidasa y el succinato para evaluar la participacion del
complejo II mitocondrial. Se encontr6 que la diabetes indujo de manera significativa la
produccion de O, en los glomérulos y los tubulos proximales en ausencia de sustratos

exogenos. Sin embargo, en los tubulos distales la diabetes no aument6 la produccion de
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O, (Figura 5a, d y g). En los glomérulos y los tibulos proximales se encontrdé un aumento
significativo en la produccion de O, cuando se adiciond6 NADH y L-arginina comparado
con el grupo diabético en ausencia de sustratos. En presencia de xantina y succinato no se
encontrd un aumento significativo en la produccion de O,, lo que sugiere que la xantina
oxidasa y la mitocondria no participan de manera importante en la produccion de O, al
menos en esta etapa de la diabetes. Estos hallazgos sugieren que la diabetes aumenta la
produccion de O, por un mecanismo dependiente de la NADPH oxidasa y la NOS. Para
confirmar la especificidad enzimatica de la produccion de O, se utilizo el inhibidor
especifico de la NADPH oxidasa, DPI y de la NOS, L-NAME. Se encontr6 que el aumento
de la produccion de O~ inducido por la diabetes en glomérulos y tibulos proximales
disminuy6 en presencia de los inhibidores DPI (Figura 5b, e y h) y L-NAME (Figura 5c, fe
1), lo que confirma que la NADPH oxidasa y la NOS son fuentes especificas de produccion
de O, en la diabetes. Es importante destacar que en los grupos control de cada ensayo no
se indujo la produccion de O, ni en presencia de sustratos, ni disminucioén en presencia de
inhibidores, sugiriendo que esto solo sucede en condiciones diabéticas.

Las tres isoformas de la NOS (eNOS, nNOS e iNOS) se expresan en la nefrona [95]. El
aumento en la producion de O, en presencia de L-arginina, nos sugiri6 la participacion de
la NOS en la induccion del estrés oxidante. Sin embargo, para investigar la isoforma de la
NOS involucrada se analizé la expresion la eNOS, nNOS e iNOS y se encontrdé que la
diabetes aumentd de manera significativa la expresion de la eNOS sin inducir cambios en la
expresion de la nNOS y la iNOS (Figura 6a). En condiciones patoldgicas, en las cuales hay
un aumento del estrés oxidante, la eNOS se desacopla, ya que pasa de un estado dimérico,
que es la forma en la cual sintetiza NO a un estado monomérico que es la forma en la cual
sintetiza O, en lugar de NO [96] (Esquema 15). Para evaluar la sintesis de NO se analizd
la excrecion urinaria de nitratos (NO,-) y nitritos (NOs-) y se encontrd que la diabetes
disminuy6 la excrecion de ambos compuestos (Figura 6b) y el cociente
dimeros/mondémeros (analizado mediante Western blot en condiciones no desnaturalizantes,
Figura 6¢ y d). Estos hallazgos confirman que la diabetes induce el desacoplamiento de la
eNOS y de esta forma aumenta el estrés oxidante mediante la produccion de O,

La hiperglucemia induce la acumulacion intracelular de altas concentraciones de glucosa, lo

que activa diferentes isoformas de las PKCs induciendo la produccién de EROs a través del
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ensamble en la membrana del complejo activo de la NADPH oxidasa debido a que la
PKCP2 fosforila a las subunidades de la NADPH oxidasa p22P", p47°"* y gp91°™* o que
promueve el ensamble de la NADPH oxidasa en la membrana, induciendo la produccion de
Oy~ [97] (Esquema 16). Se observd que la adicion de NADH en condiciones diabéticas
aument6 la produccion de O, sugiriendo la participacion de la NADPH oxidasa en la
induccion de estrés oxidante. Para confirmar la participacion de la NADPH oxidasa se
analiz6 la expresion de PKCPB2 en glomérulos y tibulos proximales y distales. Se encontr6
que la diabetes aument6 la expresion de PKCP2 en los glomérulos y tubulos proximales,
sin modificar le expresion de PKCP2 en los tubulos distales (Figura 6e). Estos hallazgos
nos confirman que la diabetes promueve el ensamble de la NADPH oxidasa en los
glomérulos y tibulos proximales.

Los hallazgos anteriormente descritos nos sugieren que la diabetes aumenta el estrés
oxidante en los glomérulos y en tibulos proximales a través de dos mecanismos

principales: el desacoplamiento de la eNOS y la activacion de la NADPH oxidasa.
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Figura 5. La diabetes aumenta la producciéon del anién superéxido (O,-) en glomérulos, tibulos
proximales y en menor magnitud en tibulos distales a través de un mecanismo dependiente de la
actividad de la NADPH oxidasa y el desacoplamiento de la sintasa de éxido nitrico endotelial (eNOS).
La produccion de O, se midiéo mediante el método quimioluminiscente con lucigenina en homogenados de
glomérulos (a-c), tubulos proximales (d-f) y tiibulos distales (g-i) de ratas controles y diabéticas en presencia
o0 ausencia de sustratos de diversas enzimas que son fuente de O,-, se urilizaron como sustratos: NADH, para
evaluar la actividad de la NADPH oxidasa, L-arginina (L-arg) para evaluar la actividad de la NOS, xantina
para evaluar la actividad de la xantina oxidasa y succinato (suc) para evaluar la contribucion del complejo 11
mitocondrial (a, d y g). Se evaluo el efecto del inhibidor de la NADPH oxidasa difeniliodonio (DPI, paneles
b, e y h) y del inhibidor de la NOS éster metilico de N nitro- L-arginina (L-NAME, paneles c, f, i), sobre la
produccion de O,- en condiciones control (barras blancas) y diabéticas (barras rojas). La
quimioluminiscencia se normali6 con respecto al grupo control (/control). Se muestra el promedio+EEM. n =

6-8. *p<0.05 y **p<0.01.
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Esquema 15. Mecanismo de producciéon del anién superoxido (O,-) en condiciones de desacoplamiento
de la sintasa de éxido nitrico (NOS). En condicioones fisioldogicas normales la NOS existe en forma
dimérica, en cuyo estado sintetiza NO, mientras que en condiciones de estrés oxidante se rompen los dimeros
y se generan los mondmeros de la NOS, bajo esta situacion la NOS sintetiza O,- en lugar de NO, lo que lleva
a la produccion de ONOO-. BH4, tetrahidrobiopterina; BH2, dihidrobiopterina; DHFR, dihidrofolato

reductasa y ONOO-, peroxinitrito.

Glucosa
NADPH oxidasa NADPH oxidasa
inactiva

Esquema 16. Mecanismo de produccion del anion superéxido (O,-) por la NADPH oxidasa activada
por PKCB2. El aumento en la concentracion intracelular de glucosa induce estrés oxidante al inducir la
expresion de la cinasa PKCP2, la cual fosforila a las subunidades p47 y p67 de la NADPH oxidasa,
promoviendo el ensamble del complejo activo de la enzima y en consecuencia la produccion de O,-, lo que

induce estrés oxidante. SGLT, co-transportador de Na'/glucosa.
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Figura 6. La diabetes induce el desacople de la sintasa de 6xido nitrico endotelial (eNOS) y aumenta la

expresion de PKCB2 en los glomérulos y tibulos proximales. La diabetes aumenta la expresion de la
eNOS (a) y no cambia la expresion de las isoformas neuronal (nNOS) e inducible (iNOS). La diabetes
disminuye la produccion de NO (b), medida por la excrecion urinaria de nitratos (NO;-) y nitritos (NOj3-).
Para confirmar el desacoplamiento de la eNOS inducida por la diabetes, se evalud la expresion de los
monomeros y dimeros de la eNOS (c) en condiciones no desnaturalizantes a baja temperatura, se encontrd
que la diabetes disminuye el cociente dimeros/mondémeros (d) lo cual indica el desacoplamiento de la enzima.
La diabetes aumento la expresion de PKC2 en los glomérulos y tibulos proximales, y no modificé cambios
en los tubulos distales (e), lo que indica la activacion de la NADPH oxidasa en los glomérulos y tibulos
proximales. Los datos de las densitometrias se expresan como unidades arbitrarias (UA) de densidad relativa

normalizadas con a-tubulina como control de carga. Se muestra el promedio+EEM. n = 4. *p<0.05.
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4. La diabetes altera de manera diferencial la expresion de las proteinas de la union
estrecha: claudina-5 en los glomérulos, claudina-2 y ocludina en los tubulos
proximales y ZO-1 y claudinas-1, 4 y -8 en los tubulos distales.

El estrés oxidante induce el desensamble de la UE [90,98-101]. Por ello, se analizé la
expresion de las proteinas de la UE. Se encontr6 que la diabetes disminuyo la expresion de
las claudinas-5 (Figura 7a y b) y -2 (Figura 7c y d) y de la ocludina (Figura 7e y f), las
cuales se analizaron por inmunofluorescencia y Western blot. Se observa que en la
condicion control la claudina-2 y la ocludina presentan el patron de expresion
caracteristico de malla de gallinero (marca verde) en el tibulo proximal (marcado con
DppD, marca roja), y que en condiciones diabéticas este patron desaparece. Estos
resultados se confirmaron mediante Western blot, en donde se encontré que la diabetes
disminuyd la expresion de ambas proteinas en la fraccion soluble e insoluble. De manera
similar, se observd que en la condicion control se expresa la claudina-5 en el endotelio
glomerular (marca verde) ya que co-localiza con la VE-cadherina (marca roja) en una
estructura esferoide que corresponde al glomérulo. Ademas, esto es importante ya que la
claudina-5 es la principal claudina endotelial [8]. Se observd que la diabetes disminuy6 la
expresion de la claudina-5 en el endotelio glomerular (Figura 7b).

En el tubulo distal se encontrd que la diabetes deslocalizé a ZO-1 de la UE, ya que se
observd una expresion difusa y fuera de la membrana (Figura 8a, marca verde), ademas
mediante Western blot se encontrd que ZO-1 aumento en el citoplasma y disminuy6 en la
membrana (Figura 8b), lo que confirma la deslocalizacon de ZO-1 de la UE. Por otro lado,
no se encontraron cambios en la expresion de la claudina-1, ya que en ambas condiciones
control y diabética, se expresa en forma caracteristica de malla de gallinero (Figura 8c,
marca verde), este hallazgo se confirmé mediante el analisis por Western blot en las
fracciones soluble e insoluble (Figura 8d). Con respecto a las claudinas-4 y -8 se encontro
que la diabetes aument6 la expresion de ambas proteinas en la UE de los tibulos distales
(marcados con DMPK, marca roja), ya que se observa una marca continua e intensa en la
membrana (marca verde, Figura 8e y g). Estos hallazgos se corroboraron mediante Western
blot, en donde se confirmé que la diabetes aument6 la expresion de las claudinas-4 y -8 en

la membrana y la disminuyd en el citoplasma (Figura 8f'y h).
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Con base en los resultados anteriormente descritos, se concluye que la diabetes altera de
manera diferencial la expresion de las proteinas de la UE en los diferentes segmentos de la
nefrona ya que disminuye la expresion de la claudina-5 en glomérulos y de la claudina-2 y
ocludina en los tubulos proximales, segmentos donde se encontrd estrés oxidante. Mientras
que en los tibulos distales donde no se encontrd estrés oxidante, la diabetes deslocaliz6 a

Z0O-1 y aument¢ las claudinas-4 y -8 en la UE, sin cambiar la expresion de la claudina-1.
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Figura 7. La diabetes disminuye la expresion y la localizacion membranal de la claudina-5 en los

glomérulos y de la claudina-2 y la ocludina en los tiibulos proximales. La diabetes disminuyé la

localizacion membranal (a, marca verde) y la expresion en las fracciones soluble e insoluble (b) de la

claudina-5 en los glomérulos. La cadherina vascular-endotelial (VE-cad, marca roja) se utilizd como

marcador de los vasos capilares intraglomerulares. La diabetes disminuy¢ la localizaciéon membranal (c y e,

marca verde) y la expresion en las fracciones soluble e insoluble (d y f) de la claudina-2 y la ocludina en los

tubulos proximales, respectivamente. La dipeptidilpeptidasa (marca roja) se utiliz6 como marcador del borde

en cepillo de las células del tabulo proximal. El analisis densitométrico de los Western blots se muestra en lo

paneles inferiores de b, d y f. Los datos se expresan como densidad relativa en unidades arbitrarias (UA)

normalizadas con a-tubulina como control de carga. Escala = 50 um. Se muestra el promedio+EEM. n = 4.

%p<0.05.
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Figura 8. La diabetes deslocaliza a zonula occludens (ZO)-1 y aumenta la expresion de las claudinas-4
y -8 en la unién estrecha (UE) de los taubulos distales. Se evalu6 la localizacion, mediante
inmunofluorescencia, y la expresion mediante Western blot de las fracciones soluble e insoluble, de la ZO-1
y de las claudinas-1, -4 y -8 en los tubulos distales. La diabetes deslocaliz6é a ZO-1 de la UE (a, marca verde)
y aumenté su expresion en la fraccion soluble, mientras que, la disminuy6 en la fraccion insoluble (b). No se
observaron cambios en la localizacion (c) y expresion (d) de la claudina-1. Por el contrario, la diabetes
aumento la localizacion en la UE (e y g, marca verde) y la expresion en la fraccion insoluble (f y h) de las
claudinas-4 y -8. La desmoplaquina (DMPK, marca roja) se utilizd6 como marcador del tibulo distal. El
analisis densitométrico de los Western blots se muestra en los paneles inferiores de b, d, f y h. Los datos se
expresan como densidad relativa en unidades arbitrarias (UA) normalizadas con a-tubulina como control de

carga. Escala = 50 um. Se muestra el promedio=EEM. n = 4. *p<0.05.

5. La disminucion de la expresion de la claudina-2 se debe al aumento en su nitracion
en residuos de tirosina.

El anién peroxinitrito (ONOO-) es una ERO que resulta de la reaccion del NO con O,
esto induce estrés oxidante y el desacoplamiento de la eNOS (esquema 15) [102]. El
ONOO- nitra a diferentes proteinas blanco en residuos de tirosina y de esta manera altera
su estructura y funcion promoviendo su degradacion (Esquema 17). Se evalu6 la nitracion
de proteinas en residuos de tirosina mediante un anticuerpo que reconoce a los aductos
proteinas-3-nitrotirosina (3-NT), que resultan del impacto directo del ONOO- sobre las
proteinas. Se encontrd que la diabetes aumentd de manera significativa la expresion de 3-
NT (Figura 9a y b). Se inmunoprecipitaron la claudina-2 y la ocludina a partir de los
tubulos proximales para evaluar el impacto del estrés oxidante sobre ambas proteinas. Se
encontr6 que la diabetes aumentd la nitracion de la claudina-2, a pesar de que se
inmunoprecipité menor cantidad de la proteina (Figura 9c). Por lo contrario, la diabetes no
indujo la nitracion de la ocludina (Figura 9d), lo que sugiere que la disminucion de la
expresion de la ocludina se debe a modificaciones post-traduccionales inducidas por el
estrés oxidante como puede ser la oxidacion o generacion de grupos carbonilo.

Los hallazgos anteriores nos demuestran que el mecanismo a través del cual la diabetes
disminuye la expresion de la claudina-2 es por la induccion de su nitracion en residuos de

tirosina lo que aumenta su degradacion.
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de la proteina

Esquema 17. Nitracién de proteinas en residuos de tirosina mediada por peroxinitrito (ONOO-). El
ONOO- es una especie reactiva de oxigeno que modifica covalentemente a las proteinas induciendo su

nitracion en residuos de tirosina y su degradacion posterior.
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Figura 9. La diabetes aumenta la nitracion de la claudina-2 en residuos de tirosina. La diabetes aumento
la (a) nitracién de proteinas totales en residuos de tirosina, (3-NT), evaluada mediante Wstern blot. El
analisis densitométrico del Western blot se muestra en el panel b. Los datos se expresan como densidad
relativa en unidades arbitrarias (UA) normalizdas con o-tubulina como control de carga. Se muestra el
promedio=EEM. n = 4. *p<0.05. Se realizd la inmunoprecipitacion de la claudina-2 (c) y de la ocludina (d)
de tabulos proximales aislados y se encontrd que la diabetes aumentd la nitracion de la claudina-2 (c) en
residuos de tirosina sin cambios en la ocludina (d). Se realizé la inmunorecipitacion con un anticuerpo no
relacionado de la misma especie como control negativo. Las imdgenes son representativas de 3 experimentos

independientes.
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6. El acido retinoico all-trans (ARat) ejerce un efecto nefroprotector en el dafio renal
inducido por la diabetes.

Debido a que el estrés oxidante es el mecanismo a través del cual la diabetes induce
disfuncion renal y dafio sobre las proteinas de la UE, es de esperarse que el tratamiento con
un agente antioxidante como el ARat, ejerza efecto nefroprotector en la disfuncion renal y
en la pérdida de las proteinas de la UE inducida por la diabetes. Como primer objetivo se
analizo el efecto del ARat sobre la pérdida de peso corporal. Se encontré6 que el ARat
atenu6 la pérdida de peso corporal (Figura 10a) sin tener efecto sobre la hiperglucemia
inducida por la diabetes (Figura 10b). EI ARat disminuy6 la proteinuria (Figura 10c) y el
aumento en la natriuresis (Figura 10d) inducida por la diabetes. Dado que el ARat
disminuyo la natriuresis, es posible que este compuesto tenga efecto sobre la expresion de
la claudina-2. Estos experimentos se describen mas adelante. Para confirmar el efecto del
ARat sobre el dano en el tabulo proximal, se analizé la expresion de KIM-1, mediante
inmunofluorescencia y Western blot, y se encontrd que el ARat disminuy6 la expresion de
KIM-1 en el tabulo proximal (marcado con DppD, marca roja) en condiciones diabéticas
(Figura 11a-c) lo que confirma el efecto protector del ARat en el tubulo proximal. Ademas,
se analizo la expresion de los transportadores de glucosa y se encontrd que el ARat no tuvo
efecto sobre el aumento en la expresion de SGLT1 y 2 y GLUT2, ni sobre la disminucion
en la expresion de GLUT]1 inducida por la diabetes (Figura 12a-e). Esto sugiere, que el
mecanismo de nefroproteccion del ARat es independiente de la reabsorcion tubular de
glucosa, lo que concuerda con el hecho de que el ARat no tiene efecto sobre la
hiperglucemia, debido a que la hiperglucemia es el principal factor que induce la expresion
de los transportadores de glucosa en el tibulo proximal [103]. Estos hallazgos comprueban
que el ARat ejerce un efecto nefroprotector en el dafio renal inducido por la diabetes

mediante un mecanismo independiente de la hiperglucemia.
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Figura 10. El acido retinoico all-trans (ARat) atenué la pérdida de peso y el aumento en la proteinuria

y la natriuresis inducidos por la diabetes. Se monitored el peso corporal (a) y la glucemia (b) los dias 0, 3,

7, 14 y 21 después de la induccion de la diabetes. El ARat diminuy¢ la pérdida de peso (a) y no tuvo efecto

sobre la hiperglucemia (b) inducida por la diabetes. *p<0.05 vs DBT y **p<0.01 y ***p<0.001 vs control. El

ARat disminuy6 de manera significativa el aumento en el cociente proteinuria/creatinina (c) y la natriuresis

(d) inducida por la diabetes. No se encontraron diferencias entre los grupos control y ARat. Se muestra el

promedio=EEM. n = 6-8. *p<0.05, **p<0.01 y ***p<0.001.
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Figura 11. El acido retinoico all-trans (ARat) previno el aumento en la expresion de la molécula de
dafio renal KIM-1 inducida por la diabetes. Se encontr6 que el ARat disminuy¢ la localizacion en el borde
en cepillo, evaluada mediante inmunofluorescencia, de KIM-1 (marca verde) inducida por la diabetes en el
tubulo proximal. La dipeptidilpeptidasa (marca roja) se utiliz6 como marcador del borde en cepillo de las
céluas del tubulo proximal. Las hallazgos anteriores se confirmaron mediante Western blot de tubulos
aislados (b). Se muestra el analsis densitométrico (c). No se encontraron diferencias entre los grupos control
y ARat. La deshidrogenasa del gliceraldehido-3 fosfato (GAPDH) se utiliz6 como control de carga. Escala =
50 um. Se muestra el promedio+EEM. n = 4.*#**p<(.001.
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Figura 12. El 4cido retinoico all-trans (ARat) no tuvo efecto sobre la expresion de los
cotransportadores de sodio-glucosa (SGLTs)1 y 2 ni de los transportadores de glucosa (GLUTs)1 y 2.
Se realizé el analisis de la expresion de las proteinas mediante Western blot (a) y se encontrd que el ARat no
tuvo efecto sobre el aumento en la expresion de SGLT1 (b), SGLT2 (c), GLUT2 (e) y la disminucién en la
expresion de GLUTI1 (d) inducida por la diabetes. La deshidrogenasa del gliceraldehido-3 fosfato (GAPDH)

se utilizd como control de carga. Se muestra el promedio=EEM. n = 3.¥*p<0.01 y ***p<0.001.

7. El efecto nefroprotector del acido retinoico all-trans (ARat) se asocia con su
capacidad antioxidante.

Para evaluar si el efecto nefroprotector del ARat se asocia a su capacidad antioxidante, se
midi6 la produccion de ERO, la lipoperoxidacion como marcador de dafio lipidico, la
oxidacién y nitracion como marcadores de dafo a proteinas y el contenido de GSH que es
el principal antioxidante intracelular [104]. Se encontré6 que el ARat disminuyd la
produccion de ERO (Figura 13a), la lipoperoxidacion (Figura 13b), la oxidacion (Figura
13c) y la nitracién de proteinas, evaluado mediante un Western blot de 3-NT, (Figura 13e)
y aumento el contenido intracelular de GSH (Figura 13d). Los compuestos con capacidad
antioxidante modulan la expresion del gen maestro del estado redox celular, el factor
transcripcional Nrf2 [105]. EI ARat atenu¢ la pérdida de la expresion de Nrf2 (Figura 13fy
g) inducida por la diabetes, estos hallazgos fueron consistentes con el hecho de que el ARat
también atenu6 la pérdida de la HO-1 (Figura 13f y h) una enzima antioxidante cuya
expresion se regula por Nrf2. Se ha reportado que PKCP2 activa las subunidades gp91°™™,
phox

p4 y p22P"* al promover su fosforilacion en residuos de serina favoreciendo su

70



translocacion membranal y el ensamble del complejo activo de la NADPH oxidasa [106].
Se encontr6é que el ARat disminuyd el aumento de la expresion de PKCP2 (Figura 14a y
b), p47°™™* (Figura 14 a y ¢) y gp917"* (Figura 14a y d) inducidas por la diabetes. De esta
forma se concluye que el ARat disminuye la activacion de la NADPH oxidasa. Ademas, el
ARat atenu6 el desacoplamiento de la eNOS inducido por la diabetes ya que disminuyo¢ la
expresion total de la eNOS (Figura 14g y h) y previno la disminucion de los dimeros
(Figura 14e y f). Estos hallazgos sugieren que el efecto antioxidante del ARat se debe a
que disminuyo la activacion de la NADPH oxidasa y el desacoplamiento de la eNOS en las

condiciones diabéticas.

71



*

2804

*%
2104
- ] i —I—

Control DBT DBT+ARat ARat

~
o
1

o
T

Produccién de ERO (UAF/mg)

*%k%

[2]
(=]
]

*k%

IS
o
1

N
<

Oxidacién de proteinas (nmol/mg)
o

Control DBT DBT+ARat ARat

O
& X L8
F P ¥

75 KDa —p

3-NT

25 KDa —p

GAPDH >
(387 KDa)

*%

251 *%k%
20 —L | -

Nrf2/GAPDH

) i
0-

Control DBT DBT+ARat ARat

& X

(

Lipoperoxidacién
(nmol MDA + 4-HNE / mg)
N

*kk
4- *%k%*
34 ‘
——
1

Control DBT DBT+ARat ARat

*%*

Contenido de GSH (umol/mg)
N

0-
Control DBT DBT+ARat ARat
>

~é°\ A «"vq. >
Q

Nrf2 PR —

68 KDa) > : 4

HO-1

(32 kDa) >

GAPDH :

37 KDa) 7 [ s
*%*

1T
20
151
10
5..
0..
Control

25- *%* I | -

DBT DBT+ARat ARat

72



<_

Figura 13. El acido retinoico all-trans (ARat) disminuyo el estrés oxidante inducido por la diabetes. El
ARat disminuy¢ el aumento en la produccion de especies reacivas de oxigeno (ERO) (a), la lipoperoxidacion
(b), la oxidacion de proteinas (c) y la disminucion en el contenido de glutation reducido (GSH) inducido por
la diabetes. Se evalud la nitracion de proteinas en residuos de tirosina (3-NT) mediante Western blot y se
encontr6 que el ARat disminuy6 el aumento en la expresion de 3-NT inducida por la diabetes (e). Ademas se
evaluo la expresion del factor de transcripcion nuclear eritroide 2 (Nrf2) y de la enzima antioxidante
hemooxigenasa (HO)-1 (f) cuya expresion se regula por Nrf2, y se encontré que el ARat atenta la
disminucion en la expresion de ambas proteinas inducida por la diabetes (g y h). La deshidrogenasa del
gliceraldehido-3 fosfato (GAPDH) se utiliz6 como control de carga. No se encontraron diferencias entre los
grupos control y ARat. Se muestra el promedioxEEM. n = 4-6.*p<0.05, **p<0.01 y ***p<0.001. UAF,

unidades arbitrarias de fluorescencia; MDA, malondialdehido; 4-HNE, 4-hidroxi-2-nonenal.
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Figura 14. El acido retinoico all-trans (ARat) atenué el aumento en la expresion de PKCP2, las
subunidades de la NADPH oxidasa (p47°" y gp91°") y el desacoplamiento de la sintasa de éxido
nitrico endotelial (eNOS) inducida por la diabetes. Se realizé el analisis de la expresion de PKCf2, las
subunidades de la NADPH oxidasa (p47"" y gp91”™) y los dimeros y monémeros de la eNOS mediante
Western blot (a, e y g) y se encontrd que el ARat disminuy6é de manera significativa el aumento en la
expresion de PKCP2 (b), p47™ (b) y gp91°™* (¢) inducida por la diabetes. Ademas, se encontré que el ARat
disminuy¢ el desacoplamiento de la eNOS (e), evidenciado por la disminuciéon en los mondémeros (f) y la
expresion total de la eNOS (g y h) inducida por la diabetes. La deshidrogenasa del gliceraldehido-3 fosfato
(GAPDH) se utilizd como control de carga. No se encontraron diferencias entre los grupos control y ARat.

Se muestra el promedio+EEM. n = 3.#p<0.05, **p<0.01 y ***p<0.001.

8. El acido retinoico all-trans (ARat) previene la pérdida de las proteinas de la UE en
glomérulos y tubulos proximales.

Como se describid anteriormente, el estrés oxidante inducido por la hiperglucemia
promueve la pérdida de las proteinas de la UE en los glomérulos y tubulos proximales. El
ARat disminuy¢ el estrés oxidante a través de la atenuacion de la actividad de la NADPH
oxidasa y el desacoplamiento de la eNOS, por lo tanto, es de esperarse que el ARat
disminuya la pérdida de la claudina-5 en los glomérulos y de la claudina-2 y la ocludina en
los tibulos proximales. Se observo que en condiciones control y tratadas con ARat la
claudina-2 y la ocludina presentan el patron caracteristico de malla de gallinero en la UE,
mientras que en condiciones diabéticas se atentia y en algunos casos desaparece. Se
encontro que el ARat previno la pérdida de la expresion de las claudinas-2 y la ocludina
(Figura 15a-b, marca verde) inducidas por la diabetes. En el glomérulo, el ARat atenu6 la
pérdida de la claudina-5 (Figura 15c¢). Los hallazgos anteriores se corroboraron mediante
Western blot (Figura 16a-d), en donde se encontr6 que el ARat atenu6 significativamente
la pérdida de la expresion de la claudina-5 en los glomérulos (Figura 16a y d) y de la
claudina-2 y la ocludina en los tibulos proximales (Figura 16a-c). Sin embargo, no se
encontrd efecto del ARat sobre el aumento en la expresion de las claudinas-4 y 8 inducidas
por la diabetes en los tubulos distales (Figura 16e-g). Estos hallazgos demuestran que el
efecto antioxidante del ARat atenta la pérdida de la expresion de las proteinas de la UE en
los glomérulos y tiibulos proximales, sitios en donde la diabetes indujo estrés oxidante y no

tiene efecto en las proteinas de la UE de los tubulos distales. Ademas los resultados
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demuestran que la disminucién en la proteinuria y la natriuresis inducida por el ARat se

asocian con la preservacion de la expresion de las claudinas-2 y -5, respectivamente.

a Control DBT DBT+ARat ARat
|

Figura 15. El acido retinoico all-trans (ARat) atenu6 la pérdida de la claudina-2 y la ocludina en los
tiubulos proximales y de la claudina-5 en los glomérulos. Se encontrd que el ARat atenu6 la pérdida de la
claudina-2 (a, marca verde) y la ocludina (b, marca verde) en la union estrecha inducida por la diabetes,
evaluada mediante inmunofluorescencia. También, el ARat atenud la pérdida de la claudina-5 (c) en los
glomérulos inducida por la diabetes. No se encontraron diferencias entre los grupos control y ARat. La
dipeptidilpeptidasa (DppD, marca roja) se empled como marcador del borde en cepillo de las células del
tubulo proximal y la cadherina endotelial-vascular (VE-cad, marca roja) se empleé como marcador del
endotelio capilar glomerular. Escala = 50 um. Se muestran imagenes representativas del analisis de 3 ratas

diferentes por cada grupo experimental.
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Figura 16. El acido retinoico all-trans (ARat) atenud la pérdida de la expresién de la claudina-2 y la
ocludina en los tubulos proximales y de la claudina-5 en los glomérulos inducida por la diabetes. Se
encontrd que el ARat disminuy¢ la pérdida de la expresion de la claudina-2 (a y b) y de la ocludina (a 'y ¢) en
los tabulos proximales y de la claudina-5 (a y d) en los glomérulos inducidas por la diabetes. Sin embargo, el
ARat no tuvo efecto sobre el aumento en la expresion de las claudinas-4 (e y f) y -8 (e y g) inducida por la
diabetes. Los analisis densitométricos se muestran en los paneles b, d, f y g. La deshidrogenasa del
gliceraldehido-3 fosfato (GAPDH) se utilizd como control de carga. No se encontraron diferencias entre los

grupos control y ARat. Se muestra el promedio=EEM. n = 3. ¥*p<0.01 y ***p<0.001.

9. El acido retinoico all-trans (ARat) mantiene la expresion de la claudina-2 al
disminuir su nitracion en los residuos de tirosina, su fosforilacion en los residuos de
serina mediada por PKCP2 y su SUMOQilacion.

Con el objetivo de investigar el mecanismo a través del cual el ARat atentia la pérdida de
la claudina-2 inducida por la diabetes, se exploré el efecto del ARat sobre la nitracion, la
fosforilacion y la SUMOilacién de la claudina-2. Como se describid anteriormente, el
estrés oxidante inducido por la diabetes induce la nitracion de la claudina-2 en los residuos
de tirosina, lo que disminuye la expresion de la proteina. Para evaluar las modificaciones
post-traducccionales que disminuyen la expresion de la claudina-2, ésta se inmunoprecipitd
a partir de tibulos proximales aislados. Se encontré que el ARat disminuyd la nitracion de
la claudina-2 en condiciones diabéticas (Figura 17a y b). En términos generales, la
fosforilacion de los componentes de la UE por PKCs convencionales desensamblan la UE
[3]. Se encontr6 que al ARat disminuy6 la fosforilacion en residuos de serina de la
claudina-2 (Figura 17c y d) y su co-inmunoprecipitacion con PKCB2 (Figura 17¢ y f),
sugiriendo que PKCP2 y la claudina-2 interaccionan entre si y que PKCfB2 induce la
fosforilacion de la claudina-2, esto constituye un mecanismo adicional a través del cual el
ARat atentia la pérdida de la claudina-2 en condiciones diabéticas. Se ha descrito en
estudios in vitro que el dominio citoplasmatico C-terminal de la claudina-2 humana es
sustrato de SUMOilacion y que esta modificacion disminuye la expresion de la claudina-2
[107]. Por esta razon se analizd la SUMOilacion de la claudina-2 y se encontrd que el
ARat atenud el aumento en la SUMOIlilacion de la claudina-2, medida mediante la co-

inmunoprecipitacion de la claudina-2 con SUMO-1, inducida por la diabetes (Figura 17g y
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h). Los resultados anteriormente descritos revelan que el ARat atenua la pérdida de la
claudina-2 al disminuir su nitracion en residuos de tirosina, su forforilacion en residuos de

serina y su SUMOilacion.

79



>
&O\ L X
\ & x 'b *kk
000 0@ oé vg. 35+ *kk |
284
oN
IB: Cldn-2 | wesss e |+ 25KDa §21-
IP: Cldn-2 = E Wl = _
o Control DBT DBT+ARat ARat
c & d "
N & 25-
oéo « &xv' Ib\' k%
P X d N 201 ‘ !
N
5 151
IB: Cldn-2 W«zs Kba §
104
IP: Cldn-2 - 20
IB: pSer W |e25KDa °
= 0~

Control DBT DBT+ARat ARat

S
%,
%
4

Q.%\' 304 *kk ok
IB: Cldn-2 M«- 25KDa 8 2 ‘ \
IP: Cldn-2 =

X
€ < «"‘gprs\
O
¢ & ¥

IB: Cldn-2 _& b W - 25 kDa
IP: Cldn-2

IB: SUMO-1 | <= 37 KDa

PKCp2/Cldn-2

Control DBT DBT+ARat ARat

SUMO-1/Cldn-2
>

Control  DBT DBT+ARat ARat

Figura 17. El acido retinoico all-trans (ARat) atenu6 el aumento en la nitracion en los residuos de

.l ol 1
tirosina (3-NT), la fosforilacion en los residuos de serina (pSer) y la SUMOQilaciéon de la claudina-2
inducida por la diabetes. Se realizo la inmunoprecipitacion de la claudina-2 a partir de tibulos proximales
aislados y se encontré que el ARat disminuyo el aumento en la nitracion (a y b), la fosforilacion en residuos
de serina (¢ y d), la co-inmunoprecipitacion con PKCB2 (e y f) y la SUMOilacion (g y h) de la claudina-2
inducida por la diabetes. El analisis densitométrico de los Western blot se muestra en los paneles b, d, fy h.
Se realizo la inmunoprecipitacion con un anticuerpo no relacionado de la misma especie como control
negativo. No se encontraron diferencias entre los grupos control y ARat. Se muestra el promedio+EEM. n =

3. *¥*¥p<0.01 y ***p<0.001. SUMO-1, small ubiquitin modifier-1 (por sus siglas en inglés).
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10. La espironolactona ejerce un efecto nefroprotector en el dafio renal inducido por
la diabetes.

Se ha descrito que las claudinas-4 y-8 interaccionan entre si en el tibulo distal renal donde
forman un canal paracelular de cloruro y una barrera catidnica de sodio [5,16,30,35]. Por
otro lado, se ha sugerido que la aldosterona regula la via paracelular a través de la
induccién de la expresion de la claudina 8 en el colon distal [87] y la fosforilacion de la
claudina-4 mediada por WNK4 en las células del conducto colector renal [29]. Por esta
razén y debido a la falta de efecto del ARat sobre el aumento de la expresion de las
claudinas-4 y -8 inducida por la diabetes, se analizd el papel de la aldosterona en la
regulacion de las proteinas de la UE en los tibulos distales en condiciones diabéticas. Para
inhibir las acciones de la aldosterona se administrd espironolactona, que evita la uniéon de
la aldosterona con el receptor de mineralocorticoides. Debido a que se ha descrito que la
espironolactona ejerce un efecto nefroprotector en diferentes modelos de dafio renal,
incluida la nefropatia diabética [79-84], se evalu6 el efecto de la espironolactona sobre la
pérdida de peso corporal, la hiperglucemia y la proteinuria inducida por la diabetes. Se
encontrd que la espironolactona atenud la pérdida de peso (Figura 18a) y la proteinuria
(Figura 18c) inducida por la diabetes, estos efectos fueron independientes de la
hiperglucemia, ya que las ratas tratadas con espironolactona tuvieron valores de
hiperglucemia similares a las ratas diabéticas (Figura 18b). Ademas, se encontrd6 un
aumento en el nivel sérico de aldosterona en la condicion diabética (Figura 18d) y que la
administraciéon de espironolactona no afecta el nivel sérico de esta hormona ya que se
mantiene en niveles elevados similares al grupo diabético (Figura 18d). Estos hallazgos
demuestran que la espironolactona ejerce un efecto nefroprotector en el dafio renal
inducido por la diabetes de manera independiente de la hiperglucemia y el nivel sérico de
aldosterona.

Para confirmar que el tratamiento con espironolactona inhibe la activacion del receptor de
mineralocorticoides, se evaluo la expresion de la subunidad o de la ATPasa de Na" y K,
ya que esta se regula por la aldosterona. Como era de esperarse, en condiciones diabéticas
se encontr6 un aumento de la expresion de la o ATPasa y el tratamiento con
espironolactona disminuy¢ la expresion de esta proteina (Figura 19a y b). Sin embargo,

una de las principales restricciones del uso de espironolactona se debe a que eleva el nivel
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sérico de postasio (hipercalemia), [108]. En este estudio no se encontraron cambios
significativos ni en el nivel sérico de potasio ni en la excrecion fraccional de potasio (FeK)
entre los 4 grupos experimentales (Figura 19¢ y d). Con estos resultados se concluye que el
esquema de tratamiento con espironolactona inhibi6 las acciones de la aldosterona sin
inducir hipercalemia. Ademas se encontr6 que la espironolactona atenud el aumento en la
natriuresis (Figura 19¢) y en la excrecion fraccional de sodio (Figura 19f) inducida por la
diabetes. Estos hallazgos confirman que la espironolactona ejerce efecto nefroprotector en

la disfuncion renal inducida por la diabetes.
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Figura 18. La espironolactona (SPL) atenué la pérdida de peso y el aumento en la proteinuria inducida
por la diabetes. Se monitored el peso corporal (a) y la glucemia (b) los dias 0, 3, 7, 14 y 21 después de la
induccion de la diabetes. La SPL diminuy¢ la pérdida de peso (a) y no tuvo efecto sobre la hiperglucemia (b)
inducida por la diabetes. *p<0.05 vs DBT y **p<0.01 vs control. La SPL disminuy6 de manera significativa
el aumento en el cociente proteinuria/creatinina (c) y no tuvo efecto sobre el aumento en el nivel sérico de
aldosterona (d) inducido por la diabetes. No se encontraron diferencias entre los grupos control y SPL. Se

muestra el promedio+EEM. n = 6-8. *p<0.05 y ***p<0.001.
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Figura 19. La espironolactona (SPL) disminuyé la activaciéon del receptor de mineralocorticoides
(MCR) evaluado mediante la expresion de la subunidad o de la ATPasa de Na'/K', y disminuyé la
natriuresis inducida por la diabetes sin tener efecto sobre el nivel sérico de potasio. La SPL disminuy6 el
aumento en la expresion de la a-ATPasa (a). El andlisis densitométrico se muestra en el panel b. Se encontrd
que la SPL no tuvo efecto sobre el nivel sérico de potasio (c) ni sobre su excrecion fraccional renal (FeK) (d).
La SPL disminuy6 el aumento en la natriuresis (e) y la excrecion fraccional de sodio (FeNa) (f) inducido por
la diabetes. La deshidrogenasa del gliceraldehido-3 fosfato (GAPDH) se utiliz6 como control de carga. No se
encontraron diferencias entre los grupos control y SPL. Se muestra el promedio=EEM. n = 3 para el Western

blot y n = 4-6 para el analisis sérico y urinario de sodio y potasio. *p<0.05.
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11. La aldosterona aumenta la expresion y co-localizacion de las claudinas-4 y -8 en la
UE de los tubulos distales en condiciones diabéticas.

Para evaluar si la aldosterona aumenta la expresion de las claudinas-4 y -8 en la condicion
diabética, se evalud la expresion de ambas proteinas en las ratas diabéticas tratadas con
espironolactona. Se encontrd6 que la espironolactona disminuyd la expresion de las
claudinas-4 y -8 en la UE (Figura 20a y e, marca verde) en los tubulos distales (marcados
con DMPK, marca roja). Los datos anteriores se confirmaron mediante Western blot y se
encontrd que la espironolactona atenué de manera significativa el aumento de la expresion
de las claudinas-4 (Figura 20b y c¢) y -8 (Figura 20f y 20g) inducidas por la diabetes.
Ademas se evaluo la expresion de ARNm mediante qRT-PCR y se encontréd que la
diabetes induce significativamente la expresion del ARNm de las claudinas-4 (Figura 20d)
y -8 (Figura 20h) y que la espironolactona disminuye este efecto (Figura 20d y h). Estos
hallazgos confirman que el aumento en la proteina se debe al aumento en la expresion de
su ARNm.

Para evaluar si las claudinas-4 y -8 interaccionan entre si, se realizd6 la co-
inmunoprecipitacion de ambas proteinas a partir de tibulos distales aislados. Para ello se
inmunoprecipitd a la claudina-4 y se analiz6 su interaccion con la claudina-8 (Figura 21a),
de manera similar, se inmunoprecipité a la claudina-8 y se analiz6 su interaccion con la
claudina-4 (Figura 21c¢). Se encontrd que la diabetes aument6 la co-inmunoprecipitacion de
las claudinas-4 y -8 (Figura 21a y b), esto se debe a que aumenta la expresion de ambas
proteinas. Ademas, la espironolactona disminuy6 de manera significativa la interaccion de
ambas proteinas (Figura 21b y d). Como control negativo, se realiz6 Ia
inmunoprecipitacion de ambas proteinas con un anticuerpo inespecifico no relacionado,
donde no se observd marca especifica. Ademas, se presenta el Western blot de la GAPDH
en la carga total (INPUT) en donde se observa que se partio de la misma cantidad de
proteina para realizar las inmunoprecipitaciones de los 4 grupos experimentales.

Estos hallazgos confirman que la aldosterona aumenta la expresion e interaccion entre si de
las claudinas-4 y -8 en los tubulos distales en condiciones diabéticas ya que estos cambios

disminuyeron con espironolactona.
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Figura 20. La espironolactona (SPL) disminuyé el aumento del ARNm y de la expresion de las
claudinas-4 y -8 inducida por la diabetes. La expresion de las claudinas-4 y -8 se evalud, mediante
inmunofluorescencia (a y €), Western blot (b y f) y qRT-PCR (c y g). Se encontrd que la SPL disminuy6 la
localizacion de las claudinas-4 y -8 (marca verde) en la UE de los tubulos distales. Se utilizo
desmoplaquina (DMPK, marca verde) como marcador del tibulo distal. La SPL disminuyé la expresion y
el ARNm de las claudinas-4 (b, c y d) y -8 (f, g y h) en el tibulo distal. El analsis densitométrico de las
claudinas-4 y -8 se muestra en los paneles ¢ y g, respectivamente. La deshidrogenasa del gliceraldehido-3
fosfato (GAPDH) se utilizdo como control de carga. Se utilizo DAPI (marca azul) para marcar los ntcleos.
No se encontraron diferencias entre los grupos control y SPL. Escala = 20 um. Se muestra el

promedio=EEM. n = 3. *p<0.05, **p<0.01 y ***p<0.001.
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Figura 21. La espironolactona (SPL) disminuyé la co-inmunoprecipitacion de las claudinas-4 y -8
inducida por la diabetes. Se inmunoprecipitaron las claudinas-4 y -8 a partir de tubulos distales aislados y
se encontré que la SPL disminuyo la co-inmunoprecipitacion de ambas claudinas (a y c) inducida por la
diabetes. El analisis densitométrico de la co-inmunoprecipitacién se muestra en los paneles b y d. Se realizd
la inmunoprecipitacion inespecifica con un anticuerpo no relacionado de la misma especie como control
negativo. La deshidrogenasa del gliceraldehido-3 fosfato (GAPDH) se utilizé como control de la carga total
(INPUT). No se encontraron diferencias entre los grupos control y SPL. Se muestra el promedio+EEM. n =

3. #p<0.05.
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12. La aldosterona induce la expresion de WNK4 y su interaccion con las claudinas-4
y -8 lo que induce la localizacion de las claudinas-4 y -8 en la UE y aumenta su
fosforilacion en los residuos de treonina.

Para evaluar el mecanismo a través del cual la aldosterona promueve la interaccion de las
claudinas-4 y-8 y la formacion del canal paracelular anidnico, se evalu6 la co-localizacion
de las claudinas-4 y -8 con la cinasa WNK4, esto debido a que se ha informado que WNK4
se localiza en la UE [109] donde fosforila a la claudina-4 [85], y que ademas la
fosforilacion de las claudinas es esencial para la funcion de estas proteinas como canales
paracelulares anionicos y cationicos [1]. Se encontrdé que en condiciones diabéticas existe
un aumento en la colocalizacion de las claudinas-4 y -8 (Figura 22a y b, marca roja) con
WNK4 (Figura 22a y b, marca verde y flechas blancas) y que esta co-localizacion
disminuye en las ratas tratadas con espironolatona (Figura 22a y b). Se analiz6 mediante
Western blot la expresion de WNK4 y se encontrd que la diabetes aumenta la expresion de
esta proteina (Figura 23a y b) la cual disminuyd con espironolactona, también se evaluo la
expresion del ARNm de WNK4 y se encontré que la espironolactona disminuy6 el
aumento en la expresion del ARNm de WNK4 inducido por la diabetes (Figura 23c¢). Estos
hallazgos explican que el mecanismo a través del cual la diabetes aumenta la interacion de
WNK4 con las claudinas-4 y -8 y su co-localizacion en la UE es a través del aumento en la
expresion de estas tres proteinas.

Para confirmar la interaccion de WNK4 con las claudinas-4 y -8, se analizé la co-
inmunoprecipotacion de WNK4 con la claudina-4 (Figura 23d) y con la claudina-8 (Figura
23f). Se encontrd que en condiciones diabéticas existe un aumento en la interaccion de
WNK4 con las claudinas-4 y -8 (Figura 23d y f) y que esta interaccion disminuyd con
espironolactona. La co-inmunoprecipitacion inversa de las claudinas-4 (Figura 23e) y -8
(Figura 23g) con WNK4 confirm¢é los hallazgos anteriormente descritos. No se observo
sefial en las inmunoprecipitaciones inespecificas.

La WNK4 es una cinasa de serinas y treoninas que se localiza en la UE y en el citoplasma
[109]. Se evalu6 si la interaccion entre WNK4 con las claudinas-4 y -8 favorece la
fosforilacion en residuos de serina y/o treonina de ambas proteinas. Como era de esperarse,
se encontrd que la diabetes aumentod la fosforilacion de las claudinas-4 (Figura 24a) y -8

(Figura 24b) en residuos de treonina, y que la espironolactona disminuyd esta
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fosforilacion. Por lo contrario, la diabetes no indujo la fosforliacion en residuos de serina
de las claudinas-4 y -8 (Figura 24a y b). Estos hallazgos sugieren que en condiciones
diabéticas, el aumento en la expresion del ARNm y de la proteina de WNK4 promueve su
localizacion en la UE y su interaccion con las claudinas-4 y -8 induciendo la fosforilacion

en residuos de treonina de éstas Gltimas.
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Figura 22. La espironolactona (SPL) disminuyé la co-localizacion de las claudinas-4 y -8 y de la cinasa

WNK4 en la unién estrecha (UE) inducida por la diabetes. Se analizo, mediante inmunofluorescencia, la

localizacion de las claudinas-4 y -8 y WNK4 en la UE (a y b) y se encontrd que la SPL disminuyd la co-

localizacion de las claudinas-4 y -8 ( marca roja) con WNK4 (marca verde) en la UE inducida por la diabetes.

Se muestra un acercamiento de la co-localizacion de las claudinas-4 y -8 con WNK4 (flechas blancas) en la

UE. Se utiliz6 DAPI (azul) para marcar a los ntcleos. No se encontraron diferencias entre los grupos control

y SPL. Escala = 20 um. Se muestra una imagen representativa de 3 experimentos independientes de 3

animales diferentes en cada grupo.
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Figura 23. La espironolactona (SPL) disminuyé la expresiéon y el ARNm de la cinasa WNK4 y su co-

inmunopreciptacion con las claudinas-4 y -8 inducida por la diabetes. Se analiz6 la expresion y la co-

inmunoprecipitacion de WNK4 con las claudinas-4 y -8 en los tiibulos distales aislados y se encontré que la

SPL disminuy6 significativamente el aumento en la expresion (a y b) y el ARNm (c) de WNK4, evaluado

mediante Western blot y qRT-PCR, respectivamente, inducida por la diabetes. Se muestra el analisis

densitométrico en el panel c. Ademas se encontré que la SPL disminuy¢ la co-inmunoprecipitacion de WNK4

con la claudina-4 (d) y con la claudina-8 (f) inducida por la diabetes. Estos hallazgos se corroboraron mediante

la inmunoprecipitacion inversa de las claudinas-4 y -8 con WNK4 (e y g). Se realizé la inmunoprecipitacion

inespecifica con un anticuerpo no relacionado de la misma especie como control negativo. La deshidrogenasa

del gliceraldehido-3 fosfato (GAPDH) se utiliz6 como control de la carga total (INPUT). No se encontraron

diferencias entre los grupos control y SPL. Se muestra el promedio=EEM. n = 3. ***p<0.001.
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Figura 24. La espironolactona (SPL) disminuyé el aumento en la fosforilacién en residuos de treonina

(p-Thr) de las claudinas-4 y -8, inducida por la diabetes. Se analiz6 la fosforilacion en residuos de

treonina (p-Thr) y de serina (p-Ser) de las claudinas-4 y -8 y se encontrd que la SPL disminuy6 el aumento en

la p-Thr de las claudinas-4 (a) y -8 (b) inducida por la diabetes. No se encontraron cambios en p-Ser de las

claudinas-4 y -8. Se realizo la inmunoprecipitacion inespecifica con un anticuerpo no relacionado de la

misma especie como control negativo. La deshidrogenasa del gliceraldehido-3 fosfato (GAPDH) se utilizd

como control de la carga total (INPUT). No se encontraron diferencias entre los grupos control y SPL. Se

muestra una imagen representativa de 3 experimentos independientes.
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13. La aldosterona aumenta la expresion de WNK4 al disminuir su ubiquitinacion
mediada por CUL3 y aumenta su fosforilacion en residuos de serina mediada por
SGKI1.

La expresion de WNK4 se regula por su interaccion con el complejo KLHL3/CUL3, el cual
secuestra a WNK4 en el citoplasma, la poliubiquitina en al menos 15 residuos de lisina
promoviendo su degradacion [110,111]. Se evalu6 a CUL3 y se encontré que la diabetes
disminuy6 su expresion de CUL3, la cual se restaura con espironolactona (Figura 25a y b).
Se analiz6 la co-inmunoprecipitacion de WNK4 con CUL3 y se encontrd una disminucion
en la interaccidn entre ambas proteinas en condiciones diabéticas (Figura 25¢), lo cual se
debe a la disminucion en la expresion de CUL3 inducida por la diabetes, como se menciono
anteriormente. La CUL3 promueve la ubiquitinacion de WNK4, y como era de esperarse,
en condiciones diabéticas en las cuales existe una menor expresion y co-
inmunoprecipitacion de CUL3 con WNK4, se encontr6 una menor ubiquitinacion de
WNK4 (Figura 25¢) lo cual explica el aumento de la expresion de WNK4. Estos hallazgos
explican el mecanismo a través del cual la diabetes aumenta la expresion y localizacion de
WNK4 en la UE.

Por otro lado, la SGKI1 es una cinasa de serinas y treoninas y es uno de los principales
blancos transcripcionales que median los efectos de la aldosterona [112]. Ademas, la SGK1
fosforila a WNK4 en la serina 1169 [113], promoviendo un estado de WNK4 en el cual
aumenta la secrecion de potasio [113]. Como era de esperarse, en la diabetes (en la cual
existe un aumento en el nivel sérico de aldosterona) se encontré un aumento en la expresion
de SGKI, la cual disminuy6 con espironolactona (Figura 25¢ y d). Ademas, se encontr6
que en condiciones diabéticas existe un aumento en la co-inmunoprecipitacion de WNK4
con SGK1 y en consecuencia un aumento en la fosforilacion en residuos de serina de
WNK4 (Figura 25f), estos efectos disminuyeron con espironolactona (Figura 25f). No se
encontraron cambios en la fosforilaciéon en residuos de treonina de WNK4 (Figura 25f).
Estos hallazgos describen que en condiciones diabéticas SGK1 fosforila en residuos de
serina a WNK4 aumentando su actividad, su localizacion en la UE y su capacidad de

fosforilar a las claudinas-4 y -8 (Esquema 18).
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Figura 25. La espironolactona (SPL) atenud la disminucion en la expresion de culina 3 (CUL3) y el
aumento en la expresion y forforilacion en residuos de serina (p-Ser) de SGKI1 inducida por la
diabetes. Se analizd la expresion de CUL3 (a y b) y de SGK1 (c y d) y se encontr6 que la SPL atenud la
disminuciéon de la expresion de CUL3 y el aumento de SGKI inducida por la diabetes. El analsis
densitométrico de CUL3 y SGK1 se muestra en los paneles b y d, respectivamente. Ademas, se analiz6 la co-
inmunoprecipitacion de WNK4 con CUL3 y su ubiquitinacion (e) y se encontrd que la SPL aumento la co-
inmunoprecipitacion de WNK4 con CUL3 (e) y la ubiquitinacion de WNK4 inducida inducida por la
diabetes. También se analizo la co-inmunoprecipitacion de WNK4 con SGK1 y la fosforilacion de WNK4 en
residuos de serina (p-Ser) y de treonina (p-Thr) y se encontré que la SPL disminuy6é la co-
inmunoprecipitacion de WNK4 con SGK1 y la fosforilacion en residuos de serina de SGK1 (f) inducida por
la diabetes. No se encontraron cambios en p-Thr de WNK4. Se realizé la inmunoprecipitacion inespecifica
con un anticuerpo no relacionado de la misma especie como control negativo. La deshidrogenasa del
gliceraldehido-3 fosfato (GAPDH) se utilizo como control de la carga total (INPUT). No se encontraron
diferencias entre los grupos control y SPL. Se muestra una imagen representativa de 3 experimentos
independientes. En el caso de los Western blot totales de CUL3 y de SGK1 se muestra el promedio+EEM. n
=3. ¥*p<0.01 y ***p<0.001.
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Esquema 18. Mecanismo propuesto a través del cual la aldosterona regula la expresién y fosforilacion

de las claudinas-4 y -8 en el tubulo distal. En condiciones diabéticas la aldosterona se une al receptor de
mineralocorticoides (RM) y promueve la transcripsion de la cinasa de glucocorticoides séricos (SGKI).
SGK1 fosforila a la cinasa sin lisina (WNK4) en residuos de serina, lo que promueve su localizacion en la
unioén estrecha (UE) donde fosforila a las claudinas-4 y -8 en residuos de treonina y estabiliza la formacion
del canal paracelular de CI- que a su vez funciona como una barrera catidnica que evita la salida en reversa
del Na" que se absorbe por la via transcelular. Todos estos efectos se inhibieron al bloquear la unién de la
aldosterona al RM con la espironolactona. Cldn, claudina; p-Ser, fosforilacion en residuos de serina; p-Thr,

fosforilacion en residuos de treonina; ENaC, canal epitelial de sodio; ROMK, canal epitelial de potasio.
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VIII. Discusion

En la diabetes las complicaciones renales son severas y a largo plazo inducen la
insuficiencia renal. En etapas tempranas de la ND existe un desbalance en el manejo renal
de NaCl [114,115]. En esta tesis demostramos que las claudinas, los componentes
membranales de la UE, juegan un papel importante en el manejo renal de Na"y Cl-en los
tubulos contorneados proximales y distales. Encontramos que el estrés oxidante inducido la
activacion de la NADPH oxidasa y el desacoplamiento de la eNOS disminuye la expresion
de la claudina-5 en los glomérulos y de la claudina-2 en los tubulos proximales. Mientras
que en los tubulos distales, aumento la expresion y fosforilacion de las claudinas-4 y -8 por
un mecanismo mediado por la aldosterona a través de las cinasas SGK1 y WNK4. La
disminucién de la claudina-5 explica en parte el aumento en la proteinuria ya que la
integridad del endotelio capilar glomerular regula la filtracion de las proteinas del plasma.
Por otro lado, la disminucidon de la claudina-2 en el tibulo proximal explica el mecanismo a
través del cual la diabetes disminuye la reabsorcion de Na' en este segmento de la nefrona y
en consecuencia el aumento en la eliminacion urinaria de este i6n o natriuresis. El aumento
en la expresion de las claudinas-4 y -8, ambas proteinas formadoras del canal paracelular de
CI en el tabulo distal, sugiere una mayor absorcion de CI” por la via paracelular. Con base
en estos hallazgos, proponemos que las claudinas pueden ser un blanco terapéutico
atractivo para tratar el desbalance de NaCl en las etapas iniciales de la ND.

Diversos mecanismos estan implicados en la desregulacion del transporte transcelular de
iones en el rifion diabético. Por ejemplo, se ha encontrado que la hiperglucemia inducida
por la administracion de STZ aumenta el ARNm y la expresion de la proteina del
transportador de K" 2CI" (KCC3) en la membrana basolateral de las células epiteliales del
tubulo contorneado proximal, en este contexto, el aumento en la reabsorcion de glucosa
promueve la reabsorcion de ClI" mediado por KCC3 en el tubulo contorneado proximal
[116]. En la diabetes, se ha reportado el aumento de la concentracion sérica de Cl y de la
concentracion urinaria de Na~ en ratas en ratas con hiperglucemia [117]. Estos hallazgos
concuerdan con lo reportado en el este estudio.

El estrés oxidante juega un papel importante en el inicio y progresion de la insuficiencia
renal en la diabetes. En términos generales, el estrés oxidante disminuye la expresion de las

proteinas blanco ya que afecta a diversas macromoléculas modificando su estructura y

97



funcion y promoviendo su degradacion posterior. Debido a esto, se analiz6 el estado de
estrés oxidante en los diferentes segmentos de la nefrona mediante la produccion del anion
superoxido. Se encontrd que la diabetes indujo estrés oxidante en los glomérulos y en los
tubulos proximales a través de un mecanismo dependiente de la activacion de la NADPH
oxidasa y el desacoplamiento de la eNOS. Sin embargo, en los tabulos distales no se indujo
la produccién del anion superdxido, desmostrandose de esta forma que el glomérulo y el
tubulo proximal son mas suceptibles al dafio por la hiperglucemia ya que es en estos
segmentos de la nefrona donde se reabsorbe la mayor cantidad de glucosa filtrada [2]. El
aumento de la expresion de los transportadores de glucosa GLUTs y SGLTs favorece un
aumento en la reabsorcion de glucosa en el tibulo proximal, lo que promueve el estrés
oxidante via la activacion de PKCP2 (Esquema 16). De manera interesante se encontrd que
los segmentos de la nefrona en los cuales la diabetes disminuy6 la expresion de las
proteinas de la UE coincide con los mismos segmentos en los cuales la diabetes indujo
extrés oxidante. Estos hallazgos nos llevaron a explorar el impacto directo del estrés
oxidante sobre las proteinas de la UE, para demostrar esto se inmunoprecipito a la claudina-
2 de los tibulos proximales y se encontrd que la diabetes indujo la nitracion en residuos de
tirosina de la de esta proteina. Estos hallazgos confirman que la UE es sensible al estado
redox intracelular y que el estrés oxidante desensambla los componentes de la UE como se
ha descrito previamente [90,98-100]. Sin embargo, el estrés oxidante afecta directa o
indirectamente a las proteinas, esto utimo debido a la activacion de rutas de sefializacion
que impactan en las proteinas blanco. Por ejemplo, se ha descrito que la acumulacion
intracelular de glucosa induce estrés oxidante a través de la activacion de la NADPH
oxidasa dependiente de la PKCP2. Asimismo, las PKCs convencionales, en términos
generales, fosforilan a los componentes de la UE y la desensamblan. En este estudio se
demostrd que la diabetes aumentd la expresion de PKCP2 en los glomérulos y los tubulos
proximales y fosforilé a la claudina-2 en residuos de serina al promover la interaccion
directa de la claudina-2 con PKCf2.

Los hallazgos de que el estrés oxidante estd implicados en la disminucion de las proteinas
de la UE en los glomérulos y tibulos proximales se confirmaron cuando se dio el
tratamiento con ARat, el cual como se demostrd, ejerce efecto antioxidante en el rifion

diabético a través de la disminucion de la expresion de las subunidades de la NADPH
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oxidasa, la disminucion de la expresion de PKC2 y la prevencion del desacoplamiento de
la eNOS. Cuando se analizd la nitraciéon de la claudina-2, se encontré que el ARat
disminuyd la nitracion de la claudina-2 en residuos de tirosina, la fosforilacion en residuos
de serina y su interaccion con PKCP2. Ademas se explord la SUMOilacion de la claudina-2
ya que su asociacion con SUMO-1 en el dominio C-terminal favorece su degradacion. En
esta tesis describimos que la SUMOilacion de la claudina-2 ocurre in vivo en la diabetes. El
ARat también disminuy6 la SUMOilaccion de la claudina-2 favoreciendo de esta forma la
expresion de la proteina. Ademas el ARat preservd la expresion de la claudina-5, sin
embargo no se exploraron las modificaciones post-traduccionales que explican la
regulacion de esta proteina en la diabetes. Por otro lado, el ARat no tuvo efecto sobre las
proteinas de UE en los tubulos distales, esto se puede explicar por dos mecanismos: 1) Se
desconoce la expresion del receptor del ARat en las porciones distales de la nefrona,
aunque se ha encontrado la expresion del ARNm, la presencia de la proteina no se ha
evidenciado [118,119] y 2) como en los tubulos distales aumentd la expresion de las
claudinas-4 y -8 es de esperarse que el tratamiento con el ARat no tenga efecto, ya que solo
preserva la expresion de las claudinas que sufren dafio por estrés oxidante. Debido a estos
resultados, decidimos explorar el mecanismo de sobre-expresion de las claudinas-4 y -8 en
los tiibulos distales, dado que en estudios in vitro se ha sugerido que la aldosterona podria
regular las claudinas, decidimos evaluar esta posibilidad. Para ello, primero se confirmo
que en la diabetes existe un aumento en el nivel sérico de aldosterona y después se evalud
este aspecto al inhibir las acciones de la hormona con la espironolactona que es el inhibidor
competitivo del receptor de mineralocorticoides.

Se han descrito ampliamente los efectos clasicos de la aldosterona sobre el manejo
transcelular de Na", K" y CI". Existen estudios que han sugerido que la aldosterona podria
regular la ruta paracelular a través del aumento de la expresion y la fosforilacion de las
claudinas-8 y -4, respectivamente. Se ha descrito la participacion importante de la
activacion del sistema renina-angiotensina-aldosterona en el inicio y la progresion de la
nefropatia diabética, por esta razon se explord el efecto de la aldosterona en la regulacion
de las claudinas-4 y -8 en los tabulos distales. Para ello, las ratas diabéticas se trataron con
espironolactona, que es un antagonista del receptor de mineralocorticoides que inhibe las

acciones de la aldosterona. Como se describié anteriormente, se encontré que la diabetes

99



aument6 el nivel sérico de la aldosterona, que la espironolactona inhibid la accion de la
aldosterona, evaluada mediante la expresion de la subunidad o de la ATPasa de Na" y K,
sin inducir una elevacion del nivel sérico de K, hipercalemia. Esto es importante ya que la
hipercalemia constituye uno de los principales efectos adversos del uso de espironolactona.
En esta tesis encontramos que la espironolactona disminuy¢ la expresion de las claudinas-4
y -8, lo que demostr6 que en la diabetes, el aumento en la expresion de ambas claudinas se
regula por la aldosterona. Sin embargo, en el analisis de los ARNm de las claudinas-4 y -8,
se encontré que la expironolactona disminuyd la expresion del ARNm en condiciones
fisioldgicas, lo que nos sugiere que la aldosterona regula la expresion de las claudinas en
condiciones normales. Ademaés se encontr6 que la diabetes aument6d la expresion, la
localizacion en la UE y la fosforilaciéon de la cinasa WNK4 mediada por SGKI1. Se
encontro que la diabetes indujo la interaccion entre las claudinas-4 y -8 con WNK4 en la
UE, esto indujo la fosforilacion de ambas claudinas en residuos de treonina, lo que
concuerda con lo encontrado previamente en donde la aldosterona promovid la
fosforilacion de la claudina-4 en residuos de treonina en células del tibulo distal [29].
También se explord el mecanismo a través del cual la diabetes aument6 la expresion de
WNK4 y se encontrd que la diabetes aumenta el ARNm y la expresion de la proteina de
WNK4, lo que se asocid con la disminucion en su poliubiquitinacion y su degradacion
posterior. Esto debido a que la diabetes disminuy¢ la expresion de la culina 3, la cual forma
un complejo que junto con KLHL3 poliubiquitinan a WNK4 induciendo su degradacion y
de esta forma regulan la expresion de WNK4. En resumen, en la diabetes, la aldosterona
promueve la formacién del poro paracelular de CI” formado por las claudinas-4 y -8 en la
nefrona distal. Lo que favorece la reabsorcion paracelular de CI™ y evita el flujo reverso de
Na' a través de esta via. Estos hallazgos en conjunto indican que las claudinas participan de
manera importante en el manejo renal de iones en condiciones no solo fisiologicas sino

también patoldgicas como la diabetes.
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IX. Conclusion

La diabetes altera de manera diferencial la expresion de las proteinas de la union estrecha a
través de dos mecanismos principales: 1) el estrés oxidante inducido por la activacion de la
NADPH oxidasa y el desacoplamiento de la eNOS en el glomérulo y el tibulo proximal y
2) la aldosterona a través de la via SGK1/WNK4 en el tabulo distal. Se muestra un resumen

de los mecanismos en el Esquema 19.

Glomérulo: disminucién de cldn-5 por estrés oxidante
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Esquema 19. Resumen de los mecanismos a través de los cuales la diabetes altera de manera diferencial
las proteinas de la union estrecha a lo largo de la nefrona. En los glomérulos, la diabetes disminuye la
expresion de la claudina-5 lo que asocia con la presencia de proteinuria, en los tubulos proximales disminuye
la expresion de la claudina-2 que se asocia con el aumento en la natriuresis y en los tibulos distales aumenta
la expresion de las claudinas-4 y -8 lo que favorece el aumento de la reabsorcion de Cl” por la via paracelular.
El ARat preserva las claudinas-5 y -2 ya que disminuye el estrés oxidante y la espironolactona bloquea las

acciones de la aldosterona sobre el aumento en la expresion de las claudinas-4 y -8.
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ABSTRACT

Renal complications in diabetes are severe and may lead to renal insufficiency. Early alterations in tight
junction (TJ) proteins in diabetic nephropathy (DN) have not been explored and the role of oxidative
stress in their disassembly has been poorly characterized. We investigated the expression and
distribution of TJ proteins: claudin-5 in glomeruli (GL), occludin and claudin-2 in proximal tubules
(PTs), and ZO-1 and claudin-1, -4, and -8 in distal tubules (DTs) of rats 21 days after streptozotocin
injection. Redox status along the nephron segments was evaluated. Diabetes increased kidney injury
molecule-1 expression. Expression of sodium glucose cotransporters (SGLT1 and SGLT2) and facilitative
glucose transporter (GLUT2) was induced. Increased oxidative stress was present in GL and PTs and
to a lesser extent in DTs (measured by superoxide production and PKCP2 expression), owing to
NADPH oxidase activation and uncoupling of the endothelial nitric oxide synthase-dependent pathway.
Claudin-5, occludin, and claudin-2 expression was decreased, whereas claudin-4 and -8 expression
increased. ZO-1 was redistributed from membrane to cytosol. Increased nitration of tyrosine residues in
claudin-2 was found, which might contribute to decrement of this protein in proximal tubule. In
contrast, occludin was not nitrated. We suggest that loss of claudin-2 is associated with increased
natriuresis and that loss of glomerular claudin-5 might explain early presence of proteinuria. These
findings suggest that oxidative stress is related to alterations in T] proteins in the kidney that are relevant

to the pathogenesis and progression of DN and for altered sodium regulation in diabetes.

© 2014 Elsevier Inc. All rights reserved.

Diabetes courses with hyperglycemia and oxidative stress,
which play a primary role in renal damage [1]. Diabetic nephro-
pathy (DN) is the most common complication of this pathology
and is considered the overall leading cause of end-stage renal
disease (ESRD) [2,3]. DN presents major morphological and func-
tional alterations, including hyperfiltration [4], proteinuria [5], and
natriuresis [6]. Several factors are involved in the pathogenesis of
DN, such as decreased nitric oxide (NO) production [7] and
increased activity of protein kinase C (PKC) isoforms, leading to
reactive oxygen species (ROS) overproduction [8,9].

Glomerular and tubular epithelial cells play critical roles in
renal handling of organic and inorganic solutes and hence on
extracellular fluid homeostasis [10]. Paracellular transport of
solutes and water is regulated by the tight junctions (TJs). Several
integral membrane proteins have been identified as components
of T] strands, among them occludin and claudins [11,12]. In kidney,

* Corresponding author. Fax: +55 5747 3754.
E-mail address: jreyes@fisio.cinvestav.mx (J.L. Reyes).

http://dx.doi.org/10.1016/j.freeradbiomed.2014.03.040
0891-5849/© 2014 Elsevier Inc. All rights reserved.

occludin is expressed along the nephron tubular segments [13,14].
Claudins are the major components in T] strands and are
expressed in all epithelia in a tissue-specific manner, modulating
their permeability [15,16]. Claudins are responsible for the size-
and charge-selective conductance properties of the paracellular
pathway [10]. They have been classified as barrier or pore proteins
depending on whether their expression increases or decreases
epithelial ionic permeability measured as transepithelial electrical
resistance. Zonula occludens (ZO-1 and Z0-2) proteins function to
bind TJ fibrils to the cytoskeleton [17,18]. ZO-1 is essential for
claudin polymerization into T] strands [19].

The mammalian nephron displays a wide spectrum of claudins,
whose distribution varies in each tubular segment; pore claudins
are associated with leakier tubule segments, whereas barrier
claudins are expressed in tighter distal segments. For example,
claudin-2 is a pore claudin localized at the leaky proximal tubule
(PT) [20]; it functions as a cation-selective paracellular pore [21]
and mediates sodium and water transport in the PT [22]. Barrier
claudins, such as claudin-1, -4, and -8, are expressed in the
connecting tubule and collecting duct [21,23]. Claudin-5, the


www.sciencedirect.com/science/journal/08915849
www.elsevier.com/locate/freeradbiomed
http://dx.doi.org/10.1016/j.freeradbiomed.2014.03.040
http://dx.doi.org/10.1016/j.freeradbiomed.2014.03.040
http://dx.doi.org/10.1016/j.freeradbiomed.2014.03.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2014.03.040&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2014.03.040&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2014.03.040&domain=pdf
mailto:jreyes@fisio.cinvestav.mx
http://dx.doi.org/10.1016/j.freeradbiomed.2014.03.040

E. Molina-Jijon et al. / Free Radical Biology and Medicine 72 (2014) 162-175 163

predominant isoform in endothelial cells, is a cation barrier-
forming protein [24] and its expression in podocytes has also been
described [25].

T] structure and function are sensitive to oxidative stress
damage induced by factors such as heavy metals [26-29] and
hydrogen peroxide (H,0,) [30]. The impact of diabetes on TJs has
been partially explored in both diabetic animals and epithelial
cells cultured in the presence of high glucose concentrations.
Under these conditions, altered localization and decreased content
and phosphorylation of ZO-1 were observed in glomerular epithe-
lial cells [31]. However, it is unknown whether early renal altera-
tions occurring in diabetes might damage TJ structure in glomeruli
(GL), PT, and distal tubules (DTs) or what its relationship with
oxidative stress is. Therefore, in this study we explored the
expression and distribution of renal TJ proteins: claudin-5 in GL,
occludin and claudin-2 in PTs, and ZO-1 and claudin-1, -4, and -8
in DTs in diabetic rats and their association with the redox status
along the nephron.

Materials and methods
Reagents and experimental design

The rabbit anti-claudins-1, -2, -4, -5, and -8; rabbit anti-ZO-1;
rabbit anti-occludin; rabbit anti-peroxidase-conjugated, mouse
anti-peroxidase-conjugated, rabbit anti-Alexa Fluor 488, goat
anti-Alexa Fluor 488, mouse anti-Alexa Fluor 594 antibodies and
recombinant protein G-agarose were purchased from Invitrogen
(Carlsbad, CA, USA). The rabbit anti-sodium glucose cotransporter
(SGLT1), rabbit anti-facilitative glucose transporter (GLUT1), rabbit
anti-GLUT2, and mouse anti-3-nitrotyrosine (3-NT) antibodies
were purchased from Millipore Corp. (Billerica, MA, USA). The
goat anti-SGLT2, rabbit anti-endothelial nitric oxide synthase
(eNOS), rabbit anti-inducible NOS (iNOS), mouse anti-vascular
endothelial-cadherin  (VE-cadherin), mouse anti-aquaporin
(AQP)-2, mouse anti-B-dystroglycan, and peroxidase-conjugated
anti-goat antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). The rabbit anti-neuronal NOS (nNOS)
antibody was purchased from BD Trans-Lab (San Jose, CA, USA).
The mouse anti-dipeptidylpeptidase IV (DppD) antibody was
purchased from AbD Serotec (Raleigh, NC, USA). The mouse anti-
desmoplakin (DMPK 1/2) antibody was purchased from MP
Biomedicals (Solon, OH, USA). The goat anti-kidney injury mole-
cule (KIM-1) antibody was purchased from R&D Systems (McKin-
ley Place, MN, USA). The mouse anti-a-tubulin and goat anti-
malondialdehyde (MDA) antibodies were purchased from Abcam
(Boston, MA, USA). The rabbit anti-PKCB2 antibody, Percoll, strep-
tozotocin (STZ), 2',7'-dichlorofluorescein (DCF), glutathione
reduced form (GSH), glutathione oxidized form, tetramethoxypro-
pane, streptomycin sulfate, 1-methyl-2-phenylindole, butylated
hydroxytoluene (BHT), lucigenin, nicotinamide adenine dinucleo-
tide (NADH) reduced form, r-arginine, xanthine, succinate, diphe-
nyleneiodonium chloride (DPI), and NS-nitro-L-arginine methyl
ester (L-NAME) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Monochlorobimane was obtained from Fluka (Schnell-
dorf, Germany). Dichlorodihydrofluorescein diacetate (DCFH-DA)
was from Molecular Probes (Eugene, OR, USA). All other reagents
were obtained from Sigma-Aldrich.

Animal experiments were performed in accordance with the
Mexican Official Norm NOM-062-Z00-1999, and Institutional
Animal Care Committee (UPEAL) guidelines (approved protocol
for this study No. 491). Female Wistar rats weighing 200 to 250 g
were housed with 12/12-h light/dark cycles at 22 +1°C and
50 4+ 5% humidity. Animals received water and food ad libitum.
Type 1 diabetes was induced by a single tail vein injection of STZ

(60 mg/kg body wt) diluted in citrate buffer, pH 6.0. Nondiabetic
control rats were injected with an equal volume of citrate buffer.
After 3 days, the induction of diabetes was confirmed by measur-
ing blood glucose concentration with a OneTouch Ultra blood
glucose meter (Milpitas, CA, USA).

Biochemical and physiological parameters

Blood glucose and water and food intake were monitored every
7 days throughout the study. To measure water and food intake,
rats were allocated in individual metabolic cages and had free
access to 500 ml of purified water and 100 g of standard rat
chow (PMI, 5008, Purina, Alief City, TX, USA), and 24 h after, the
remaining water and food were measured to determine the amount
ingested.

Mean arterial blood pressure was measured by tail-cuff
plethysmography (at day 20 after STZ injection). Rats were
individually housed in metabolic cages 24 h before sacrifice. Urine
samples were collected and volumes were measured. Blood was
collected by cardiac puncture under anesthesia with sodium
pentobarbital (30 mg/kg, ip) and serum was separated. Urinary
protein-to-creatinine ratios were assessed as an index of kidney
injury. Total protein was measured by the Lowry method (Bio-Rad
Protein Assay Kit; Bio-Rad Laboratories, Hercules, CA, USA). Urine
and plasma creatinine was measured by the modified Jaffé
reaction as previously described [32]. The urinary protein-
to-creatinine ratio was obtained by dividing the urine protein
concentration by the wurine creatinine concentration, both
expressed in mg/dl. Glomerular filtration rate (GFR) was estimated
by creatinine clearance by using the standard equation [32].
Proximal tubular function was estimated by measurement of
fractional excretions of glucose (FEg,), of sodium (FEn, . ), and of
potassium (FEx, ). Urinary and serum sodium and potassium
concentrations were measured by atomic absorption spectropho-
tometry (PerkinElmer 3100 with an air-acetylene flame; Norwalk,
CT, USA) as previously described [32]. Sodium, potassium, and
glucose fractional excretions were calculated according to the
following equation [32]:

fractional excretion(compound z) (%)
= (compound z clearance/creatinine clearance) x 100,

where compound z is sodium, potassium, or glucose. Urinary
glucose was estimated with a commercial kit by the hexokinase
method (Randox Laboratories, San Diego, CA, USA). Urinary nitrate
and nitrite excretion was measured by the nitric oxide colorimetric
assay kit (BioVision, Inc., Milpitas, CA, USA).

Renal tissues

Kidneys from control and diabetic groups were perfused with
isotonic saline solution (NaCl 0.9%), excised, weighed, and placed on
ice-cold saline solution. Renal mass of both kidneys was recorded.
Kidneys were decapsulated, and the cortex was removed.

Isolation of GL, PT, and DT

GL were isolated as previously described [33]. Briefly, capsules
were removed by macroscopic dissection and the kidney cortex
was separated from the medulla and minced on a glass dish. The
homogenized tissue was pushed through a stainless sieve with a
pore size of 117 um (Cat. No. 8321A44; Thomas Scientific, Swe-
desboro, NJ, USA) applying gentle pressure with the bottom of a
glass flask. The sieve was rinsed several times with potassium
phosphate-buffered solution (PBS). The sieved tissue containing a
preparation enriched in glomeruli was transferred to a second
sieve with a pore opening of 74 um (Cat. No. 8321A58; Thomas



164 E. Molina-Jijon et al. / Free Radical Biology and Medicine 72 (2014) 162-175

Scientific). After several washes with cold PBS, the material that
remained on top of the sieve, which contained the glomeruli, was
collected in ice-cold PBS and centrifuged for 10 min at 20,000 g.
The supernatant was decanted and the pellet containing the
glomeruli was resuspended in PBS.

Renal tubules were isolated by Percoll gradients as previously
described [14]. Briefly, renal cortex from three rats was placed in
15 ml of ice-cold Krebs-bicarbonate solution (KB; mM): 110 NaCl,
25 NaHCOs, 3 KCl, 1.2 CaCl,, 0.7 MgS0,4, 2 KH,PO,4, 10 sodium
acetate, 5.5 glucose, 5 alanine, and 0.5 g/L bovine albumin, pH 7.4,
osmolarity 290 mOsm/kg H,0. The cortex was washed three times
and resuspended in 10 ml of KB containing 15 mg of collagenase
(from Clostridium histolyticum, type II; Sigma-Aldrich) and 0.5 ml
of 10% bovine serum albumin. Samples were gassed with 95% O,/
5% CO, in a shaking water bath for 20 min at 37 °C. After digestion,
approximately 20 ml of ice-cold KB with a protease inhibitor
cocktail (Complete 1 x; Boehringer Mannheim, Germany) and
phenylmethylsulfonyl fluoride (PMSF; 20 g/ml) was added, and
the suspension was gently agitated to disperse tissue fragments.
The suspension was filtered to remove collagen fibers, and the tissue
suspension was gently centrifuged (18 g/30s). The pellet was
resuspended in 10 ml of ice-cold KB with the protease inhibitor
cocktail. This washing procedure was repeated three times. The
tissue pellet was then resuspended in bovine serum albumin (5%)
with protease inhibitors for 5 min, at 4 °C, and centrifuged for 1 min,
and the supernatant was discarded. Tissue pellets were suspended
in 30 ml of a freshly prepared mixture of ice-cold Percoll and KB
(1:1, v/v). Thereafter, the suspension was centrifuged (1071 g/
30 min), resulting in separation of four bands. The first was enriched
with distal tubules and the second with glomeruli, and the third
contained a mixture of isolated tubular segments. The fourth
(deepest) was significantly enriched in proximal tubules. Band
content was confirmed by light microscopy observation.

Extraction of total, soluble, and insoluble fractions of proteins

For total protein extraction, renal cortex from three rats was
placed in 15 ml of ice-cold KB, washed three times, and resus-
pended in 10 ml of KB containing 15 mg of type II collagenase.
Samples were gassed with 95% 0,/5% CO, in a shaking water bath
for 20 min at 37 °C. After digestion, approximately 30 ml of ice-
cold KB with the protease inhibitor cocktail Complete 1 x and
PMSF (20 g/ml) was added, and the suspension was gently agitated
to disperse the tissue fragments. The suspension was filtered to
remove collagen fibers, and the tissue suspension was gently
centrifuged (18 g/30s). The pellet was resuspended in 30 ml of
ice-cold KB containing protease inhibitor cocktail. This washing
procedure was repeated three times. Tissue pellets were sus-
pended and incubated for 30 min at 4 °C in 500 ul of lysis buffer
(RIPA; mM): 40 Tris-HCl, pH 7.6, 150 NaCl, 2 EDTA, 10% glycerol, 1%
Triton X-100, 0.5% sodium deoxycholate, and 0.2% sodium dodecyl
sulfate (SDS). Thereafter, samples were sonicated three times for
30s each in a high-intensity ultrasonic processor (Vibra Cell;
Sonics & Materials, Inc., Danbury, CT, USA) and centrifuged at
20,000 g, at 4 °C, for 40 min, and supernatants were collected.

Soluble (cytosolic) and insoluble (membranous) fractions of
proteins were obtained as previously described [14]. Briefly, the
method was as mentioned above until the type II collagenase
washing procedure. Thereafter, the pellet was resuspended in MBL
buffer (mM): 50 Tris-HCl, pH 7.4, 100 NaCl, 5 MgCl,, 5 CaCl,, 1%
Triton X-100, and 1% Nonidet P-40 with complete protease
inhibitor cocktail and PMSF (20 pg/ml). The samples were centri-
fuged at 20,000 g, at 4 °C for 10 min, and the supernatant was
collected (soluble fraction). The pellet (insoluble fraction) was
further lysed with RIPA buffer for 30 min at 4 °C and sonicated
three times for 30 s each in a high-intensity ultrasonic processor,

centrifuged at 20,000 g, at 4 °C for 10 min, and the supernatant
was collected (insoluble fraction). Total protein quantification of
insoluble or soluble fractions was performed using the Micro BCA
Protein Assay Reagent Kit (Pierce, Rockford, IL, USA).

Western blot analysis

Western blot analysis was performed as previously described
[28]. Briefly, samples were denatured by boiling for 12 min and
then diluted 1:5 in 5 x Laemmli buffer with urea (5 M). Proteins
were loaded on 12% SDS-PAGE gels. Molecular weight standards
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) were run in
parallel. Proteins were transferred to polyvinylidene fluoride
membranes (Amersham Bioscience, Uppsala, Sweden). Nonspecific
protein binding was blocked by incubation with 5% nonfat dry
milk in 1x PBS containing 0.4% Tween 20, for 1h, at room
temperature. Membranes were incubated overnight at 4 °C
with the appropriate primary antibodies against claudin-1, -2, -4,
-5, and -8; ZO-1; SGLT1, SGLT2; GLUT1, GLUT2; occludin;
o-tubulin; PKCB2; eNOS, iNOS, nNOS; KIM-1; AQP-2; MDA; and
3-NT (dilution 1:1000). Thereafter, membranes were incubated
with peroxidase-conjugated anti-rabbit, anti-mouse, or anti-goat
(dilution 1:10,000) for 1 h, and after being washed, immunoblots
were developed using the ECL Prime Western blotting detection
reagent (Amersham, GE Healthcare, Buckinghamshire, UK). Che-
miluminescence was detected in an EC3 imaging system (UVP
Biolmaging Systems, Cambridge, UK). Protein band density was
quantified by transmittance densitometry (UVP Biolmaging Sys-
tems software).

Assay of eNOS dimer/monomer

SDS-resistant eNOS dimers and monomers were assayed by
using low-temperature SDS-PAGE as described previously [34].
Briefly, total proteins from renal cortex homogenates were mixed
with loading buffer and loaded on gels without boiling. Proteins
were separated with low-temperature SDS-PAGE under reducing
conditions (with -mercaptoethanol). Gels and buffers were kept
at 4 °C during the whole procedure.

Immunoprecipitation

Immunoprecipitation of claudin-2 and occludin was performed
in the membranous fraction of isolated PTs with anti-claudin-2
(10 pg of mouse anti-claudin-2; Invitrogen) and occludin (10 ug of
rabbit anti-occludin; Invitrogen) as previously described [35].
Briefly, proximal tubule extracts from membranous fractions
(1 mg) were precleared with 20ul of recombinant protein
G-agarose beads overnight at 4 °C. The beads were removed by
centrifugation at 16,000 g for 5 min, and precleared extracts were
incubated overnight at 4 °C with 2.5 mg of the immunoprecipitat-
ing antibody previously bound with the protein G-agarose.

As negative control, parallel incubations with irrelevant anti-
bodies (polyclonal anti-p-dystroglycan for claudin-2 and polyclo-
nal anti-VE-cadherin for occludin nonspecific precipitations) were
performed. The immune complexes were collected by centrifuga-
tion at 16,000 g for 5 min and washed three times for 10 min with
1 ml of RIPA buffer and then eluted by boiling in 300 ul of RIPA
buffer. Immunoprecipitated proteins were then analyzed by
immunoblotting as described above.

Immunofluorescence

Kidney samples were prepared for immunofluorescence as
previously described [28]. Briefly, cubes of 0.5 cm/side were
cut and immediately immersed for 2 min in 2-methylbutane
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(Aldrich M3, 263-1; Milwaukee, WI, USA), which was previously
cooled in liquid nitrogen. The cubes were then transferred for
10 min to liquid nitrogen. Next, 6-um sections were cut in a Leica
CM 1510 cryostat (Wetzlar, Germany) and mounted on gelatin-
coated slides that were then kept frozen at —70°C. For the
immunofluorescence experiments, the sections were fixed for
10 min with methanol and subsequently incubated for 5 min at
room temperature in 1% (vol/vol) Triton X-100. Then, the tissue
sections were washed three times with PBS, blocked for 1h at
room temperature with 1% (wt/vol) IgG-free albumin (1331-A,
Research Organics, Cleveland, OH, USA), and incubated overnight
at 4 °C with one of the following primary polyclonal antibodies:
anti-claudin-1, -2, -4, -5, or -8, ZO-1, SGLT1, SGLT2, GLUT1, GLUT2,
VE-cadherin, KIM-1, AQP-2, MDA, or occludin (dilution 1:100);
DppD (dilution 1:300); or DMPK 1/2 (1:50). GL were double-
labeled for claudin-5 and VE-cadherin (dilution 1:100). To differ-
entiate between PTs and DTs, double labeling was performed using
anti-DppD, to label the brush border of PTs, and anti-DMPK
antibodies to label DTs. Secondary antibodies Alexa Fluor 488
donkey anti-rabbit, Alexa Fluor 488 donkey anti-goat, and Alexa
Fluor 594 donkey anti-mouse (dilution 1:300) were used. Immu-
nofluorescence was evaluated using a confocal inverted micro-
scope (TCS-SP2, Leica, Heidelberg, Germany). Immunofluorescence
experiments were performed at least three times in samples from
three animals per group. Nonspecific labeling was assessed by
exclusion of the primary antibodies.

Oxidative stress markers

ROS production, lipid peroxidation, protein carbonylation, and
GSH content were measured in homogenates from renal cortex, as
previously described [36]. Briefly, renal cortex was dissected out
and homogenized in a Polytron (Model PT 2000; Brinkmann,
Westbury, NY, USA) for 10 s in cold PBS (50 mM) containing 0.1%
Triton X-100, pH 7.0, BHT (0.5 M), leupeptin (5 pg/ml), pepstatin
(7 pg/ml), and aprotinin (5 pg/ml). The homogenates were cen-
trifuged at 19,000 g and 4 °C for 30 min and the supernatant was
separated out to measure total protein by the Lowry method and
oxidative stress markers.

ROS formation was estimated according to previous reports [37].
Briefly, aliquots of 1.5 ml of renal cortex homogenates (50 mg) were
incubated with 0.5 ml of 5 M DCFH-DA at 37 °C for 1 h. Fluores-
cence signals were recorded at the end of the incubation at an
excitation wavelength of 488 nm and an emission wavelength
of 525 nm using a Synergy HT multimode microplate reader
(Biotek Instruments, Winooski, VT, USA). A standard curve was
obtained using increasing concentrations of DCF incubated in
parallel. Results are expressed as fluorescence arbitrary units
(FAU)/mg of protein.

Lipid peroxidation was assessed by MDA and 4-hydroxynonenal
(4-HNE) using a standard curve of tetramethoxypropane as previously
described [36]. A solution of 1-methyl-2-phenylindole in a mixture of
acetonitrile:methanol (3:1) was added to the samples and the reaction
was started by adding 37% HCI. Optical density was measured at
586 nm after 1 h of incubation at 45 °C. Data are expressed as nmol
MDA + 4-HNE/mg protein.

For protein carbonyl content the kidney samples were incu-
bated overnight with streptomycin sulfate to remove nucleic acids.
Later, homogenates were treated with dinitrophenylhydrazine
(DNPH) and HCI and finally with guanidine hydrochloride. Assess-
ment of carbonyl formation was obtained on the basis of formation
of protein hydrazone by reaction with DNPH. The absorbance was
measured at 370 nm. Protein carbonyl content is expressed as
nmol/mg protein [36].

GSH levels were measured using monochlorobimane as pre-
viously described [36]. The fluorescence was measured at

excitation and emission wavelengths 385 and 478 nm, respec-
tively, using a Synergy HT multimode microplate reader. GSH
levels are expressed as umol/mg protein

Superoxide (O3 ™) production was measured in freshly isolated
GL, PTs, and DTs, by the lucigenin-enhanced chemiluminescence
method as described previously [38]. After being excited by the
superoxide anion, lucigenin releases energy in the form of light.
Lucigenin-amplified chemiluminescence is a specific method for
studying the kinetics of the superoxide production of cells. Briefly,
freshly isolated GL, PTs, and DTs, were homogenized in PBS buffer
(500 pl) using a Dounce homogenizer (100 strokes on ice). Homo-
genates were subjected to a low-speed centrifugation at 800 g,
4°C, for 10 min to remove the unbroken cells and debris, and
aliquots were used immediately. To start the assay, 100-ul amounts
of homogenates were added to 900 ul of 50 mM PBS, pH 7.0,
containing 1 mM EGTA, 150 mM sucrose, 5 uM lucigenin, and the
corresponding substrates or inhibitors (mM): 0.1 NADH, 1
L-arginine, 0.1 xanthine, 5 succinate, 0.1 DPI, or 1 L-NAME. Photon
emission in terms of relative light units was measured every 5 min
for 30 min at excitation and emission wavelengths of 368 and
505 nm, respectively, by using a Synergy HT multimode micro-
plate reader (Biotek Instruments). Protein content was measured
using the Bio-Rad protein assay Kit.

Data analysis

Results are expressed as mean + standard error of the mean
(SEM). Differences between means from two groups were eval-
uated by the Student t test. Analysis of variance was used for
multiple comparisons among groups. The Bonferroni post hoc test
was performed. p < 0.05 was considered statistically significant.

Results
Diabetes induced proteinuria and increased natriuresis and FEng.,

Our first aim was to determine the physiological and biochem-
ical characteristics of the rats 21 days after STZ injection. Diabetic
rats exhibited decreased body weight and increased blood glucose,
water intake, food intake, and urinary output. Also, diabetic rats
showed increased urinary glucose, FEgy,, and glucose clearance. No
changes in mean arterial blood pressure in either group were
found (Table 1). In the renal function parameters evaluated
(Table 2), diabetic rats showed increased proteinuria, natriuresis,
and FEy,... It is noteworthy that filtered load of sodium did not
change; this finding strongly suggests tubular alterations in Na*
reabsorption, which would explain the increased natriuresis
observed in the diabetic group. No alterations were found in

Table 1
Physiological and biochemical parameters of control and diabetic rats.

Parameter Control rats Diabetic rats
Body weight (g) 267 +9.4 206 + 5.9*
Water intake (ml/rat/day) 65.8 +8.8 2254 + 11.3*
Food intake (g/rat/day) 242+ 13 442 +2.1%
Urinary output (ml/rat/day) 21+33 46 + 4.2*
Blood glucose (mg/dl) 90 + 3.6 431 + 43.4**
Urinary glucose (mg/day) 0.5+0.1 119.2 + 8.2
Cer (pl/min) 15+0.1 5.0+ 0.3*
FEcuu (%) 0.4+0.1 4.7+03*
Mean arterial pressure (mm Hg) 106 + 2.6 119+ 4.7

Cgu, glucose clearance; FEgy,, fractional excretion of glucose. Values are presented
as means + SEM (n = 8-10).

*p < 0.05 vs control.

**p < 0.001 vs control.
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Table 2
Renal function parameters and Na™ and K™ handling of control and diabetic rats.

Parameter Control rats Diabetic rats
Serum creatinine (mgj/dl) 1.23 +0.06 141 +0.15
Ccr (ml/min) 1.1+0.07 09+0.12
Urinary protein/creatinine 0.53+0.03 112+ 0.11*
Una. V (mEq/day) 11.8 + 1.83 26.5+3.01*
FLna 709 +4.19 78.7 +£9.62
FEna. (%) 0.4 +0.03 0.8 + 0.05*
Uy, V (mEq/day) 43.5+5.02 49.5 +7.11
FLi 2.7+0.12 29+0.28
FEx . (%) 33+25 38+4.1

C.r, creatinine clearance; Uy,, V, urinary sodium excretion; FL, filtered load; FE,
fractional excretion; Uk, V, urinary potassium excretion. Values are presented as
means + SEM (n = 8-10).

*p < 0.05 vs control.

serum creatinine, creatinine clearance, urinary K* excretion,
filtered load of potassium, or FEx,. These findings suggest that
21 days after STZ injection, proteinuria and natriuresis are seen as
early alterations in the diabetic kidney, as has been previously
reported [5,6].

Diabetes induced the expression of KIM-1

KIM-1, a type 1 membrane protein, is expressed at negligible
levels in normal kidney tissue, but it is massively induced in
proximal tubule epithelial cells in proteinuric, toxic, and ischemic
kidney diseases [39,40]. To explore initial tubular injury, the
expression of KIM-1, an early and sensitive marker of renal
damage, was assessed by confocal microscopy (Fig. 1A) and
Western blot (Fig. 1B and C) in kidneys from control and diabetic
rats. As shown, KIM-1 is expressed at negligible levels in normal
kidney tissue in the proximal tubule. In contrast, it is markedly
induced (15-fold increase) under diabetic conditions (Fig. 1A-C).
The KIM-1 label colocalized with DppD (red label), thus indicating
proximal tubular injury.

Diabetes increased SGLT1, SGLT2, and GLUT2 and decreased GLUT1
expression in the PT

Renal glucose reabsorption is carried out in PTs by SGLT1 and
2 and GLUT1 and 2 [41]. Glucose transporters SGLT1 and 2 and
GLUT1 and 2 expression was analyzed because it has been
reported that in diabetic nephropathy, hyperglycemia increases
glucose transporter expression in the proximal tubular cells of the
kidney, leading to high intracellular glucose levels, inducing an
overproduction of ROS [42]. Our aim was to explore the initial
alterations in glucose transporters and to associate these changes
with oxidative stress. DppD-4 was used as a marker of the PT
epithelial cells. Diabetes significantly increased the expression of
SGLT2 (Fig. 2A), SGLT1 (Fig. 2C), and GLUT2 (Fig. 2E), detected by
immunofluorescence. To confirm these results, a Western blot
analysis of soluble (cytosolic) and insoluble (membranous) cell
fractions of renal cortex homogenates was performed. In Fig. 2, an
increased expression of SGLT2 in the insoluble fraction was
observed but not in the soluble fraction (Fig. 2B); SGLT1 (Fig. 2D)
and GLUT2 (Fig. 2F) increased in both soluble and insoluble
fractions in diabetic rats, thus indicating increment of these
transporters in the apical tubular membrane, which suggests an
increment in the glucose absorptive mechanisms. In contrast,
GLUT1 expression was decreased in the diabetic rats (Fig. 2G and
H). Densitometric analyses of the Western blots are shown in
Fig. 2B, D, F, and H, bottom, and are in agreement with the findings
of confocal microscopy.
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Fig. 1. Diabetes increases the expression of kidney injury molecule (KIM)-1 in
proximal tubules. Twenty-one days after streptozotocin injection the expression
(assessed by confocal microscopy and Western blot from renal cortex homoge-
nates) of KIM-1 was studied. Diabetes significantly increased KIM-1 expression in
apical membrane of proximal tubular cells, as shown by (A) immunofluorescence
(green) and (B) Western blot. Dipeptidyl peptidase (DppD)-4 (red) was used as a
marker of the proximal tubular cells. (C) Densitometric analysis of Western blot.
Data for control and diabetic groups are expressed as relative density from four
rats/group normalized to a-tubulin as loading control. Values are means + SEM.
*p < 0.05. Scale bar, 50 um. AU, arbitrary units.

NADPH oxidase and uncoupled eNOS are major sources of oxidative
stress in GL, PTs, and DTs of diabetic rats

The next set of experiments was performed to evaluate the
redox state in diabetic kidneys. Diabetes increased ROS production
(Fig. 3A), MDA and 4-HNE (markers of lipid peroxidation, Fig. 3B),
and protein carbonyl content (Fig. 3C). MDA was also determined
by Western blot (Fig. 3B) and immunofluorescence assay in both
groups. Western blot analysis of MDA showed an increased
amount of MDA-protein adducts under diabetic conditions, which
was evident by increased bands between 25 and 100 kDa.
Increased MDA label was found in the diabetic group (evaluated
by immunofluorescence), which colocalizes with DppD, thus
indicating an increased lipid peroxidation in the apical membrane
of proximal tubular cells (Supplementary Fig. 1). In contrast, the
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Fig. 2. Diabetes increases the expression and membrane localization of sodium glucose cotransporters (SGLT) 1 and 2 and facilitative glucose transporter 2 (GLUT2) and
decreases GLUT1 expression in proximal tubules (PT). Twenty-one days after streptozotocin injection the localization (confocal microscopy) and expression (Western blot of
soluble and insoluble fractions of renal cortex homogenates) of SGLT1, SGLT2, GLUT1, and GLUT2 were assessed. Diabetes increased (A) apical membrane localization (green)
and (B) expression in insoluble membrane fraction of SGLT2. Diabetes also increased (C) apical membrane localization (green) and (D) expression in soluble and insoluble
fractions of SGLT1 and (E) basal membrane localization (green) and (F) expression in soluble and insoluble fractions of GLUT2. In contrast, diabetes decreased (G) basal
membrane localization (green) and (H) expression in soluble and insoluble fractions of GLUT1 compared with control (vehicle-treated) rats. Dipeptidyl peptidase (DppD)-4
(red) was used as a marker of the PT apical membrane. Densitometric analyses of Western blots are shown at the bottom of (B), (D), (F), and (H). Data for control (white bars)

and diabetic (black bars) groups are expressed as relative density from four rats/group normalized to a-tubulin as loading control. Values are means + SEM. *p < 0.05. Scale
bar, 50 pum. AU, arbitrary units.
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Fig. 3. Diabetes increases oxidative stress and O3~ production in GL, PTs, and DTs by a NADPH oxidase- and NOS-dependent mechanism. Oxidative stress was increased in
diabetic rats 21 days after streptozotocin injection as depicted by (A) increased ROS production, (B) increased lipid peroxidation evaluated by colorimetric quantification of

MDA and 4-HNE and by Western blot of MDA-protein adducts, (C) increased carbonyl

content, and (D) diminution of reduced glutathione (GSH) content in renal cortex

homogenates from control (white bars) and diabetic (black bars) rats. a-Tubulin was used as loading control. Superoxide production was assessed by lucigenin-enhanced

chemiluminescence assay in homogenates from isolated (E, F, and G) GL, (H, I, and ]) PTs,

and (K, L, and M) DTs. GL, PTs, and DTs isolated from control and diabetic rats were

incubated in the presence of substrates of several enzymes that are sources of O; ~: NADH for NADPH oxidase; L-Arg, L-arginine for NOS; xanthine for xanthine oxidase; Suc,
succinate for mitochondrial complex II (E, H, and K). The effects of the NADPH oxidase inhibitor diphenyleneiodonium (DPI) (F, I, and L) and NOS inhibitor N®-nitro-L-arginine
methyl ester (L-NAME) (G, J, and M) on O3 ~ production in control (white bars) and diabetic (black bars) rats were assessed. Chemiluminescence of diabetic relative to control

rats without substrates is expressed as superoxide production (/control). Means =+
malondialdehyde; 4-HNE, 4-hydroxynonenal; FAU, fluorescence arbitrary units.

control group showed a negligible mark (Supplementary Fig. 1).
Diabetes diminished GSH content (Fig. 3D), indicating increased
oxidative stress conditions. To explore segment-specific produc-
tion of superoxide, GL, PTs, and DTs were isolated by Percoll
gradients. Enrichment of nephron sections was validated, because
claudin-5 (used as a marker of GL), DppD (used as a marker of PT),
and AQP-2 (used as a marker of DT) expression was found only in
the respective nephron sections and was absent from the other
fractions (Supplementary Fig. 2). To further study the mechanism

SEM from six to eight rats/group are shown. *p <0.05 and **p <0.001. MDA,

involved in oxidative stress increment, we analyzed the O3~ produc-
tion by using the lucigenin-enhanced chemiluminescence assay in
freshly isolated GL, PTs, and DTs by using several substrates. NADH was
used as substrate for NADPH oxidase activity, L-arginine was used as
substrate for NOS activity, xanthine was used as substrate for xanthine
oxidase activity, and succinate was used to evaluate intramitochondrial
0O~ production. As shown in Fig. 3E, H, and K, under basal conditions
without addition of any substrate, O3~ production was increased in
diabetic GL and PTs but not in DTs compared to control, thus
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suggesting that oxidative stress is produced mostly in GL and PTs and
to a lesser extent in DTs. When NADH and 1-arginine were added, an
increased O3~ production was found in GL, PT, and DT sections. No
changes were found when xanthine and succinate were added,
suggesting a minor role of xanthine oxidase and mitochondria at this
stage of diabetes. To evaluate the specificity of O;~ production, DPI
and L-NAME were used as inhibitors of NADPH oxidase and NOS
activities, respectively. A decreased O;~ production was observed
when DPI (Fig. 3F, I, and L) and L-NAME (Fig. 3G, ], and M) were added
to homogenates from GL, PTs, and DTs of diabetic rats. Inhibition of
diabetes-induced O~ generation by adding DPI or L-NAME suggests
that NADPH oxidase and NOS are sources of O;~ at this stage of
diabetes. It is noteworthy that O; ~ production was not induced when
the substrates and the corresponding inhibitors were added to
homogenates isolated from control rats. These data suggest that NADH
and r-arginine induced O, ~ production only under diabetic conditions
and not under normal conditions. In conclusion, diabetes increased
oxidative stress in NADPH oxidase- and NOS-dependent pathways in
GL and PTs and to a lesser extent in DT nephron sections.

Diabetes induced uncoupling of eNOS and increased expression
of PKC2

The three isoforms of NOS (eNOS, nNOS, and iNOS) are expressed
in the kidney [43]. Because O;~ production was increased when
L-arginine was added to GL, PT, and DT homogenates from diabetic
rats, their roles were considered. It was found that eNOS expression
was induced under diabetic conditions (Fig. 4A). In contrast, nNOS
and iNOS were unchanged, indicating that nNOS and iNOS are not
directly implicated in this stage of diabetes. Under pathological
conditions, eNOS dysfunction or uncoupling resulted in decreased
bioavailability of NO and increased generation of superoxide anion
by the enzyme [44]. Urinary nitrate (NOs ) and nitrite (NO3)
excretion was measured to evaluate NO synthesis. As shown in
Fig. 4B, diabetes decreased urinary nitrate NO; and NO3 excretion,
thus confirming that eNOS generates a smaller amount of NO,
resulting in diminished NO bioavailability. Because eNOS dimer
formation and stability are critical for eNOS to functionally produce
NO, a decrease in the dimer-to-monomer ratio reflects eNOS
uncoupling [44]. Therefore, the proportions of eNOS existing as
either dimers or monomers in control and STZ-treated rats were
determined (Fig. 4C). Electrophoresis of renal cortex homogenates
without prior heat denaturation (low-temperature SDS-PAGE)
revealed bands approximately twice the size of the eNOS monomer,
attributable to the eNOS dimer (Fig. 4C). Under diabetic conditions, a
significant reduction in the dimer-to-monomer ratio compared with
the ratio in the control group was found (Fig. 4D), suggesting eNOS
uncoupling. Hyperglycemia is a strong stimulus to activate PKC
isoforms and intracellular high glucose levels produce ROS through
PKC-dependent activation of NADPH oxidase [8]. Because O3~
production was increased when NADH was added as substrate, we
analyzed the expression of PKCP2 in GL, PTs, and DTs isolated from
control and diabetic rats. We found an increased expression of
PKCP2 in GL and PTs of diabetic rats but not in DTs (Fig. 4E), thus
suggesting PKC-dependent activation of NADPH oxidase mainly in
GL and PTs.

Diabetes altered the expression of TJ proteins in GL, PT, and DT

We analyzed whether diabetes affects expression and distribu-
tion of TJ proteins, claudin-5 in GL, claudin-2 and occludin in PTs,
and ZO-1 and claudin-1, -4, and -8 in DTs. We found decreased
expression of claudin-5 in GL from diabetic rats (Fig. 5A and B)
compared to the control group. VE-cadherin (used as a marker of
GL endothelial cells) did not change (Fig. 5A). Diabetes decreased
expression of claudin-2 (Fig. 5C) and occludin in PTs (Fig. 5E) as

shown by immunofluorescence and Western blot from soluble and
insoluble fractions (Fig. 5D and F). DppD, used as a marker of PT,
did not change (Supplementary Fig. 3), indicating that the decre-
ment in claudin-2 and occludin was selective (Fig. 5C and E). Also,
in DTs isolated from diabetic rats, ZO-1 was redistributed from
membrane to cytosol as shown by immunofluorescence (Fig. 6A)
and Western blot from soluble and insoluble fractions (Fig. 6B). In
contrast, no changes were found in the distribution and expression
of claudin-1 (Fig. 6C and D). The membrane localization of claudin-
4 and -8 was increased in DTs from diabetic rats as shown by
immunofluorescence (Fig. 6E and G) and Western blot from the
insoluble fraction (Fig. 6F and H). In contrast, the expression of
claudin-4 and -8 was decreased in soluble fractions (Fig. 6F and H),
indicating relocation of these claudins to the TJ. DMPK 1/2 was
used as a marker of DTs and its expression did not change between
the groups studied.

Diabetes increased tyrosine nitration of claudin-2 but not occludin

Peroxynitrite, the product of NO-superoxide interaction, is
produced under oxidative stress conditions promoting eNOS
uncoupling [34]. Peroxynitrite can evolve into oxidizing and
nitrating species that cause nitration of amino acids, most notably,
tyrosine [45]. The next experiment was designed to evaluate 3-NT
levels, a footprint of peroxynitrite production. As shown in Fig. 7A
and B, diabetes increased 3-NT levels evaluated by Western blot
from renal cortex homogenates. To explore a direct effect of
oxidative stress on T] proteins, claudin-2 and occludin were
immunoprecipitated from membranous fractions of isolated PTs
and tyrosine nitration of both proteins was evaluated. Western
blot of 3-NT was performed on immunoprecipitated extracts
(Fig. 7C and D). Increased nitration of claudin-2 was observed
under diabetic conditions, even when immunoprecipitated to a
lesser extent. In contrast, occludin tyrosine nitration was
unchanged under diabetic conditions. This finding suggests that
claudin-2 can be a direct target of ROS and therefore suggests that
loss of claudin-2 expression in PTs might partially explain
increased natriuresis in diabetic rats, as it has been postulated
that approximately one-third of the filtered sodium is reabsorbed
through the paracellular pathway [46].

Discussion

In this study the effects of early diabetic conditions on TJ
proteins of renal epithelia and the relationship with oxidative
stress were explored. Nephropathy is a frequent and severe
complication of diabetes. However, initial damage has been poorly
characterized. Our major findings at this early stage of diabetes
evolution were: (1) diabetes increased oxidative stress in GL, PTs,
and, to a lesser extent, DTs by a mechanism dependent on NADPH
oxidase and uncoupled eNOS activities; (2) diabetes decreased
notably the expression of T] proteins (claudin-5, occludin, and
claudin-2), especially in the renal segments where oxidative stress
was more pronounced, GL and PTs; in contrast, in DTs, where
oxidative stress was minor, increased expression of claudin-4 and
-8 was found and ZO-1 was redistributed from TJ to cytosol; (3)
claudin-2 is a direct target of ROS as evidenced by its increased
tyrosine nitration under diabetic conditions. To our knowledge we
describe for the first time these alterations in T] proteins and the
functional consequences. Rincon-Choles et al. [31] reported
increased phosphorylation and decreased expression of glomeru-
lar ZO-1, a protein related to TJ in diabetic rats. These authors
suggested a relationship between these changes and the presence
of proteinuria; however, they did not explore this issue. We show
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in this study an increment in proteinuria and damage to glomer-
ular TJ proteins, confirming the suggestion made by those authors.

Physiological and biochemical renal alterations were explored
in rats 21 days after STZ injection. We consider this period an early
diabetic stage, because no changes were found in GFR, mean
arterial pressure, renal potassium handling, or serum creatinine.
It is known that KIM-1 expression is induced in proteinuric, toxic,
and ischemic kidney diseases [39,40]. Herein we found that KIM-1
was significantly increased under diabetic conditions, which
strongly suggests that tubular damage was present 21 days after
STZ injection.

Other major alterations were proteinuria and natriuresis.
Because there were no changes in glomerular filtration or sodium
filtered load, this finding indicates alterations in the tubular
reabsorption of sodium. Claudin-2, a protein of the intercellular
TJ, acts as a sodium and water channel in the renal PT [21,22].
It has been described that almost one-third of the filtered sodium

is absorbed through the paracellular pathway in PTs and that the
loss of claudin-2 decreases sodium reabsorption [10]. In agree-
ment with alterations of sodium regulation, we found a decreased
expression of claudin-2 in proximal tubules of diabetic rats,
suggesting that the loss of claudin-2 might partially explain the
increased natriuresis. Should these findings occur in diabetic
patients, they would explain increased urinary loss of sodium
and would question the usefulness of salt restriction in the diet of
diabetic individuals, because it has been suggested that dietary
sodium restriction might be associated with higher mortality and
incidence of ESRD in patients with diabetes mellitus [47,48].

It is well established that oxidative stress is increased in the
diabetic state, leading to structural and physiological alterations in
the cells. We found that induction of SGLT1, SGLT2, and GLUT2 and
decreased GLUT1 expression occur early in the diabetic kidney
associated with oxidative stress. To explore oxidative stress, we
decided to analyze the redox status of the diabetic kidney along
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*p < 0.05. Scale bar, 50 um. AU, arbitrary units.

the nephron. We found increased ROS production, lipid peroxida-
tion (evaluated by three procedures, colorimetric, Western blot,
and immunofluorescence, with similar results), and protein car-
bonylation and decreased GSH content. Also, several sources of
superoxide production were analyzed separately in the different
segments of the nephron. Superoxide production was measured by
the lucigenin-enhanced chemiluminescence assay. In recent
papers it has been pointed out that most of the known analytical
approaches (chemiluminescence, fluorescence) have some limita-
tions [49]. However, as suggested by Zhao et al. [50], detection of
the specific product 2-hydroxyethidium by HPLC/fluorescence

(red) was used as a marker of PT brush border. Densitometric analyses of Western blots from control (white bars) and diabetic (black bars) rats are
shown at the bottom of (B), (D), and (F). Data are expressed as relative density from four rats/group normalized to a-tubulin as loading control. Values are means +

SEM.

assay using hydroethidine is more suitable for quantifying intra-
cellular superoxide production, and further experiments might be
addressed to confirm the data found herein by using this techni-
que. Oxidative stress induced by hyperglycemia in diabetic GL has
been previously reported [51]. Satoh et al. [51] reported that this
oxidative stress is triggered mainly by increased NADPH oxidase
and NOS activities. We found that both NADPH oxidase and
uncoupled eNOS systems are the main sources of oxidative stress
in GL and PTs and to a lesser extent in DTs, at this early stage of
diabetes. Additionally, PKCP32 expression was increased in GL and
PTs but not in DTs (Fig. 4), thus indicating a major production of
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Representative images of three separate experiments are shown.

ROS in GL and PTs that is probably dependent on PKC(2-
dependent activation of NADPH oxidase. We found increased renal
expression of eNOS together with decreased NO production; also a
decreased eNOS dimer-to-monomer ratio was found in diabetic
rats, suggesting eNOS uncoupling. It has been reported that under
these conditions peroxynitrite synthesis is increased owing to the
reaction between NO and superoxide anion, thus increasing the
severity of oxidative stress [52]. Peroxynitrite is a reactive species
that induces nitration of proteins in tyrosine residues, altering its
structure and function that may lead to its degradation [52]. Next,
we explored the nitration level of claudin-2 under diabetic condi-
tions and we found an increased amount of nitrated claudin-2
(Fig. 7), which may cause structural and functional changes. Herein
we propose claudin-2 nitration as a novel mechanism through
which natriuresis is increased in the diabetic rats. In contrast,
occludin expression was decreased in diabetic rats; however, no
changes were found in its nitration state. This finding suggests that
loss of occludin may occur by a mechanism independent of protein
nitration.

Proteinuria has been used as an early marker of diabetic
nephropathy [5]. In the present study, decreased expression of
glomerular claudin-5 (an endothelial claudin also present in
podocytes) was found under diabetic conditions. The loss of

claudin-5 in podocytes, which are the major constituents of
the glomerular filtration barrier [25], might explain a possible
mechanism that leads to early proteinuria in the diabetic state.
Also, endothelial claudin-5 loss might explain early endothelial
dysfunction reported in diabetic patients [7].

On the other hand, in DTs we found an increased expression of
claudin-4 and -8 in the aldosterone-sensitive distal nephron.
Previous in vitro studies reported an increase in claudin-4 [53]
and claudin-8 phosphorylation mediated via aldosterone [54].
These claudins are barriers for cation absorption and would be
an additional mechanism in the distal nephron to diminish sodium
absorption and augment its urinary loss, contributing to increased
natriuresis through decreased absorption both in proximal and in
distal segments. To our knowledge, this mechanism is described
for the first time in the diabetic kidney. Activation of WNK4 (with
no lysine) kinases has been suggested to participate in claudin-4
phosphorylation [53,55].

Z0-1, a protein that is more abundantly expressed in the distal
nephron, was redistributed from the membrane to the cytosolic
fractions under diabetic conditions. Delocalization of ZO-1 from
the TJ in the GL was also observed to contribute to proteinuria in
diabetic rats [31]. Here we suggest that the delocalization of ZO-1
from the TJ] in the DTs might contribute to the state of claudin
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polymerization [56], leading to the modification of the perme-
ability properties of distal nephron under diabetic conditions.

Claudin-5 and -2 and occludin were decreased, whereas
claudin-4 and -8 were increased. Claudin-1 is constitutively
expressed in epithelia, whereas in the kidney it is mainly
expressed in glomerular parietal epithelium and in the distal
nephron [10]. In this study, no changes were found in the
expression of this claudin. These findings suggest that diabetes
affects differentially the expression of renal claudins along the
distinct sections of the nephron, which might be associated with
the early stage of diabetes establishment. These differential
changes might partially explain the functional alterations that
we observed in regulation of sodium and glucose.

Conclusion

In conclusion, here we report for the first time that diabetes
induces differential changes in T] protein expression in GL, PTs,
and DTs. Those changes in GL and PTs are associated with
increased oxidative stress in these nephron segments, which leads
to alterations in the intercellular T] and, as a consequence, to
altered renal regulation of sodium.
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Abstract

We previously reported that diabetes decreased the expression of renal tight junction (TJ) proteins claudin-5 in glomerulus, and claudin-2 and occludin in
proximal tubule through an oxidative stress dependent way. Now we investigated whether all-trans retinoic acid (atRA), a compound that plays a relevant role in
kidney maintenance and that possesses antioxidant properties, prevents loss of TJ proteins in streptozotocin (STZ)-treated rats. atRA was administered daily by
gavage (1 mg/kg) from Days 3-21 after STZ administration. atRA attenuated loss of body weight, proteinuria and natriuresis but it did not prevent
hyperglucemia. Other metabolic alterations, such as: increased kidney injury molecule (KIM)-1, oxidative stress, protein kinase C (PKC) beta 2, NADPH oxidase
subunits (p47P"°* and gp91P"°%) expressions and endothelial nitric oxide synthase (eNOS) uncoupling, and decreased nitric oxide synthesis, nuclear factor-
erythroid-2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) expressions were also attenuated by atRA. In vitro scavenging capacity assays showed that
atRA scavenged peroxyl radicals (ROO), singlet oxygen (0,) and hypochlorous acid (HOCI) in a concentration-dependent manner. Decreased expressions of
occludin, claudins-2 and -5 induced by diabetes were ameliorated by atRA. We also found that diabetes induced tyrosine nitration (3-NT), SUMOylation and
phosphorylation in serine residues of claudin-2 and atRA prevented these changes. In conclusion, atRA exerted nephroprotective effects by attenuating oxidative

stress and preventing loss of renal TJ proteins.
© 2015 Elsevier Inc. All rights reserved.

Keywords: Diabetes; Renal tight junctions; Oxidative stress; All-trans retinoic acid; Claudins

1. Introduction

Diabetic nephropathy (DN) represents the major cause of end-
stage renal failure in western societies [1]. Clinically, it is characterized
by the development of proteinuria with a subsequent decline in
glomerular filtration rate [2] and altered renal sodium handling [3].
The pathogenesis of DN is complex, high glucose levels induce several
cellular effects, which affects various kidney cells including those of
the tubular and collecting duct systems [4,5]. Under diabetic
conditions, excess of glucose in the glomerular filtrate, leads to
enhanced proximal tubule glucose reabsorption, further augmenting
the effects of hyperglycemia on intracellular glucose flux within the
proximal tubule [4]. Some of the pathophysiological changes that
develop in the setting of diabetes include activation of various
secondary metabolic pathways leading to oxidative stress, protein
kinase C (PKC) activation and increased polyol production [5,6]. It has
been described that NADPH oxidase is a potential pathogenic mediator
of hyperglycemia-induced reactive oxygen species (ROS) production
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such as superoxide anion (O,*7) [6,7]. Also, there is evidence that
uncoupling of endothelial nitric oxide synthase (eNOS) is a major
source of O,*~ at sites of diabetic complications, which is produced in
preference to NO in that context [5,8].

Renal tight junction (TJ]) proteins are responsible for paracellular
transport of solutes and water and hence in extracellular fluid
homeostasis [9]. Claudins are the major components in TJ strands, a
variety of them are expressed in the kidney modulating the variability
in the permeability of renal epithelia (For review see [9]). Several
studies have shown that claudins are responsible for the size- and
charge-selective conductance properties of the paracellular pathways.
Based on whether their expression increases or decreases transe-
pithelial electrical resistance (TER), claudins can be classified as
barrier or pore proteins [9]. Furthermore, in the nephron, pore
claudins are associated with leakier tubule segments such as the
proximal tubule, whereas barrier claudins are expressed in tighter
tubule segments such as the distal nephron. For example, claudin-2 is
considered as a paracellular cation pore, its expression in the proximal
tubule leads to the reabsorption of sodium and water by the
paracellular route [10,11]. In contrast, claudins-4 and -8 are expressed
in the distal nephron and have been considered as cation barrier
claudins [9]. Claudin-5 has been classified as a cation barrier claudin
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expressed throughout the plasma membrane of podocytes [12].
Occludin is a tetraspan protein present in the filaments that constitute
the TJ [13]. It is present in epithelial and endothelial cells, and absent
both at the mRNA and protein level in cells that lack TJs such as
fibroblasts [13]. In tubular renal cells, occludin is present at the cell
borders, and its distribution follows the increase in T] complexity and
function displayed by the nephron. The overall distribution of occludin
along the nephron agrees with the TER reported in renal segments.
Thus, in regions where TER is high, occludin fluorescent signal is
located at cell borders, suggesting an intimate relationship between its
presence and the strength of the T] [14]. The impact of diabetes on
renal T] and its association with the pathogenesis of DN has been
poorly explored. In animal models where diabetes was induced with
streptozotocin (STZ), an altered localization and a decreased content
and phosphorylation of zonula occludens (Z0)-1, a peripheral protein
of the TJ, is observed in kidney glomerular epithelial cells [15]. Our
group recently reported that diabetes decreased protein levels of
claudin-2 and occludin in proximal tubules, and claudin-5 in
glomeruli, while increased levels of claudins-4 and -8 in distal tubules
were found [8]. Diabetes-induced oxidative stress was associated with
decreased levels of claudin-2, since increased tyrosine nitration of
this protein was found.

Dietary vitamin A and its metabolites, known generally as
retinoids, participate in renal development and its deficiency in the
embryologic state influences tubulogenesis and determine the
number of glomeruli per kidney [16,17]. At the cellular levels,
retinoids exert its effects through two families of intracellular
receptors termed retinoic acid receptors (RARs), which binds all-
trans retinoic acid (atRA) and 9-cis-RA, and retinoid X receptors
(RXRs), which bind 9-cis-RA. Upon ligand binding, homo- and
heterodimeric receptors recruit coactivator proteins and initiate
gene transcription by binding to retinoic acid response elements
located within the promoters of several genes [18]. Retinoids have
been proposed as potential renal therapeutic agents because its
administration alleviates renal damage in the anti-Thy 1.1 model of
acute immune-mediated renal disease by reducing the expression of
TGF-31 [19]. Also, retinoids have antioxidant effects by blocking lipid
peroxidation in STZ-induced diabetic rats [20]. It has been described
that atRA suppressed inflammation by decreasing monocyte chemoat-
tractant peptide (MCP)-1 up-regulation in the podocytes in the early
stages of DN [21]. atRA is believed to be an obligatory component in
the differentiation of epithelial cells that leads to the establishment of
the epithelial integrity, since it has been described that atRA up-
regulates ZO-1 and occludin expression in human retinal pigment
epithelial cells, suggesting its role in the barrier function in a process
involving a specific increase in these T] proteins [22].

The aim of this work is to explore whether atRA improves damage to
renal T] proteins by attenuating oxidative stress. Our results demon-
strate that atRA reduced loss of claudin-2 and occludin in proximal
tubules and claudin-5 in glomeruli by decreasing oxidative stress.
Improvements of claudins-2 and -5 levels were associated with
decreased natriuresis and proteinuria, respectively. atRA prevented
loss of claudin-2 by decreasing its nitration, serine phosphorylation
and SUMOylation. However, atRA did not have effect on increased
expressions of claudins-4 and -8 in the distal tubules. These results
suggest that this compound might be a potential nephroprotective
agent against glomerular and tubular dysfunctions in early stages of DN.

2. Materials and methods
2.1. Chemicals

The rabbit anti-claudins-2, -4, -5, and -8, rabbit anti-occludin, peroxidase-
conjugated anti-rabbit, peroxidase-conjugated anti-mouse, Alexa Fluor® 488 donkey
anti-rabbit, Alexa Fluor® 488 donkey anti-goat, Alexa Fluor® 594 donkey anti-mouse
antibodies and recombinant protein G agarose were purchased from Invitrogen

(Carlsbad, CA, USA). The rabbit anti-sodium glucose cotransporter (SGLT1), rabbit
anti-facilitative glucose transporter (GLUT1), rabbit anti-GLUT2, mouse anti-
glyceraldehyde 3 phosphate dehydrogenase (GAPDH) and mouse anti-3-nitrotyrosine
(3-NT) antibodies were purchased from EMD Millipore (Billerica, MA, USA). The goat
anti-SGLT2, rabbit anti-eNOS, mouse anti-vascular endothelial-cadherin (VE-Cad),
rabbit anti-SUMO-1, goat anti-p47P"*, goat anti-gp91°"°%, and peroxidase-conjugated
anti-goat antibodies were purchased from Santa Cruz Biotech, Inc. (Santa Cruz, CA,
USA). atRA, Percoll, STZ, rabbit anti-protein kinase C 32 (PKCB2), rabbit anti-heme
oxygenase-1 (HO-1), rabbit anti-nuclear factor-erythroid-2-related factor 2 (Nrf2) and
rabbit anti-phospho serine (pSer) antibodies, fluorescein, 2,2-azobis (2-amidinopropane)
dihydrochloride, hydrogen peroxide (H,0,), 1,3-diphenylisobenzofurane (DPBF), p-
aminobenzoic acid, KH,PO4, KOH, butilated hydroxytoluene (BHT), xylenol orange,
ammonium ferrous sulfate, methanol, ascorbic acid, FeCls, ethylenediaminetetraacetic
acid disodium salt (Na,-EDTA), therephtalic acid, KNO,, NaOH, MnO,, diethylenediami-
nepentaacetic acid, xanthine, xanthine oxidase, nitroblue tetrazolium (NBT), dinitrophe-
nylhydrazine (DNPH), Na,COs, lipoic acid, Trolox, glutathione reduced form (GSH),
tetramethoxypropane, streptomycin sulfate, vitamin C, pyruvate, dimethyl thiourea
(DMTU), penicillamine, nordihydroguaiaretic acid (NDGA), bovine serum albumin (BSA)
and 1-metil-2-phenylindol were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
2',7’-dichlorofluorescein diacetate (DCDHFDA) was from Molecular Probes (Eugene, OR,
USA). Monochlorobimane was purchased from Fluka (Schnelldorf, Germany). The mouse
anti-dipeptidylpeptidase-IV (DppD) antibody was purchased from AbD serotec (Raleigh,
NC, USA). The goat anti-kidney injury molecule (KIM)-1 was purchased from R&D systems
(McKinley Place, MN, USA). All other reagents were obtained from Sigma-Aldrich Co.
unless otherwise stated.

2.2. Experimental design

Animal experiments were performed in accordance with the Mexican Official Norm
NOM-062-Z00-1999, and institutional animal care committee (UPEAL) guidelines
(approved protocol for this study #491). Female Wistar rats with an initial body weight
0f 200-250 g were housed with 12/12 h light/dark cycles at 2241 °Cand 504-5% humidity.
Animals received water and food ad libitum. Rats were fed with PicoLab® Rodent Diet 20
(St. Louis, MO, USA) which contains 15 [U/g of vitamin A. Type-1 diabetes was induced by a
single tail vein injection of STZ (60 mg/kg body weight) diluted in citrate buffer, pH 6.0.
Non-diabetic control rats were injected with equal volume of citrate buffer. After 3 days,
blood glucose was measured with OneTouch® Ultra blood glucose meter (Milpitas, CA,
USA). atRA was dissolved in peanut oil and given daily by gavage (1 mg/kg body weight) at
avolume 250 pl to STZ-, atRA- and vehicle-treated groups. Rats were sacrificed 21 days after
STZ or vehicle administration. Four groups of rats were studied (n=10/group): (1) control
group, treated daily via oral gavage with peanut oil (atRA-vehicle) from Days 3-21 after a
single injection of citrate buffer (STZ vehicle); (2) Diabetic (DBT) (STZ-treated) group,
treated daily via oral gavage with peanut oil from Days 3-21 after STZ administration;
(3) DBT+atRA group, atRA was given daily via oral gavage from Days 3-21 after STZ
injection; and (4) atRA group, atRA was given daily via oral gavage from Days 3-21 after
injection of citrate buffer. Rats were kept in metabolic cages from days 20-21 to collect 24 h
urine for the measurements of proteinuria, creatinine and sodium.

2.3. Biochemical and physiological parameters

Blood glucose and body weight were monitored at Days 3, 7, 14 and 21 throughout
the study. At Day 21, blood was collected by cardiac puncture under anesthesia with
sodium pentobarbital (30 mg/kg, i.p.) and serum was separated. Total urinary protein
was measured by the Lowry method (Bio-Rad Protein Assay Kit; Bio-Rad Laboratories,
Hercules, CA, USA). Urinary and serum creatinine were measured by the modified Jaffé
reaction as previously described [23]. The urinary protein to creatinine ratio was
obtained by dividing the urine protein concentration by the urine creatinine
concentration, both expressed in mg/dl. Proximal tubular function was estimated by
measuring fractional excretion of sodium (FeNa). Urinary and serum sodium
concentrations were measured by atomic absorption spectrophotometry (Perkin
Elmer 3100 with an air-acetylene flame, Norwalk, CT, USA) as previously described
[23]. Sodium fractional excretion was calculated according to the following equation:
Fractional excretion of sodium (%)=(sodium clearance/creatinine clearance)x100.
Urinary nitrate (NO3) and nitrite (NO3') excretion was measured by the nitric oxide
(NO) colorimetric assay kit (BioVision, Inc., Milpitas, CA, USA).

2.4. Extraction of renal tissues and total proteins of renal cortex

Kidneys from the four experimental groups were perfused with isotonic saline
solution (0.9% NaCl), excised, and placed on ice-cold saline solution. Kidneys were
decapsulated, and the cortex was removed. For total protein extraction, renal cortex was
placed in 15 ml of ice-cold Krebs-Bicarbonate solution (KB, mM): 110 NaCl, 25 NaHCOs,
3 KCl, 1.2 CaCly, 0.7 MgS0y4, 2 KH,PO4, 10 sodium acetate, 5.5 glucose, 5 alanine, and
0.5 g/L BSA, pH 7.4, osmolarity 290 mOsm/kg H,0, washed three times, and
resuspended in 10 ml of ice-cold KB, containing 15 mg of type II collagenase (from
Clostridium histolyticum, type II; Sigma-Aldrich Co.). Samples were gassed with 95%
air/5% CO, in a shaking water bath for 20 min at 37 °C. After digestion, approximately
30 ml of ice-cold KB with the protease inhibitor cocktail Complete 1x and
phenylmethylsulfonyl fluoride (PMSF; 1 mM) were added, and the suspension was
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gently agitated to disperse tissue fragments. Suspension was filtered to remove collagen
fibers, and the tissue suspension was gently centrifuged (18xg for 30 s). Pellet was
resuspended in 30 ml of ice-cold KB containing protease inhibitor cocktail. This washing
procedure was repeated three times. Tissue pellets were suspended and incubated for
30 min at4 °Cin 500 pl of lysis buffer (RIPA, mM): 40 Tris-HCl pH 7.6, 150 NaCl, 2 EDTA,
10% glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.2% sodium dodecyl sulfate
(SDS). Thereafter, samples were sonicated three times for 30 s each in a high-intensity
ultrasonic processor (Vibra cell; Sonics & Materials Inc., Danbury, CT, USA), centrifuged at
20,000xg, at 4 °C, for 40 min and supernatants were collected.

2.5. Isolation of glomeruli (GL), proximal (PT) and distal (DT) tubules

GL were isolated as previously described [8]. Briefly, kidney cortex was separated
from medulla and minced on a glass dish. The homogenized tissue was pushed through
a stainless sieve with a pore size of 117 um (cat. no. 8321A44; Thomas Scientific,
Swedesboro, NJ, USA) applying gentle pressure with the bottom of a glass flask. The
sieve was rinsed several times with phosphate-buffered solution (PBS). The sieved
tissue containing a preparation enriched in glomeruli was transferred to a second sieve
with a pore opening of 74 pm (cat. no. 8321A58; Thomas Scientific). After several
washings with ice-cold PBS the material that remained on top of the sieve, which
contained the glomeruli, was collected in ice-cold PBS and centrifuged at 20,000xg for
10 min. The supernatant was decanted and the pellet containing the glomeruli was
resuspended in PBS.

Renal tubules were isolated by Percoll gradients as previously described [8,24].
Briefly, renal cortex was placed in 15 ml of ice-cold KB solution, washed three times, and
resuspended in 10 ml of KB containing 15 mg of type-II collagenase and 0.5 ml of 10%
BSA. Samples were gassed with 95% air/5% CO, in a shaking water bath for 20 min at
37 °C. After digestion, approximately 20 ml of ice-cold KB solution with a protease
inhibitor cocktail Complete 1x (Boehringer Mannheim, Germany) and PMSF (1 mM)
were added, and the suspension was gently agitated to disperse tissue fragments.
Suspension was filtered to remove collagen fibers, and tissue suspension was gently
centrifuged (18xg for 30 s). Pellet was resuspended in 10 ml of ice-cold KB with the
protease inhibitor cocktail. This washing procedure was repeated three times. The
tissue pellet was then resuspended in 5% BSA with protease inhibitors for 5 min, at 4 °C
and centrifuged for 1 min, and supernatant was discarded. Tissue pellets were
suspended in 30 ml of a freshly prepared mixture of ice-cold Percoll and KB (1:1, v/v).
Thereafter, the suspension was centrifuged (1071xg for 30 min), resulting in separation of
four bands. The first was enriched with distal tubules; the second with glomeruli, and the
third contained a mixture of isolated tubular segments. The fourth (deepest) band was
significantly enriched in proximal tubules. Bands content was confirmed by light
microscopy observation and by Western blot analysis of claudin-5, DppD and
aquaporin-2, as previously described [8].

2.6. Western blot analysis

Western blot was performed as previously described [8]. Briefly, samples were
denatured by boiling for 12 min and then diluted 1:5 in 5x Laemli buffer with 20 mM
urea. Proteins were loaded on SDS-PAGE 12% gels. Molecular weight standards
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) were run in parallel. Proteins
were transferred to polyvinylidene fluoride (PVDF) membranes (Amersham Biosci,
Uppsala, Sweden). Nonspecific protein binding was blocked by incubation with 5% non-
fat dry milk in PBS 1x containing 0.5% Tween 20, for 1 h, at room temperature.
Membranes were incubated overnight at 4 °C with the appropriate primary antibodies
against claudins-2, -4, -5, -8, SGLT1, SGLT2, GLUT1, GLUT2, occludin, PKCP2, eNOS, KIM-
1, 3-NT, Nrf2, HO-1, p47P"*, gp91P"°% pSer, and SUMO-1 (dilution 1:1,000). Thereafter,
membranes were incubated with peroxidase-conjugated anti-rabbit, anti-mouse or
anti-goat (dilution 1:30,000) for 1 h, after washing, immunoblots were developed using
the ECL™ prime Western blotting detection reagent (Amersham™, GE Healthcare,
Buckinghamshire, UK). Chemiluminescence was detected in an EC3 Imaging System
(UVP Biolmaging Systems, Cambridge, UK). Protein band density was quantified by
transmittance densitometry (UVP Biolmaging Systems software, Cambridge, UK).

2.7. Assay of eNOS dimer/monomer

eNOS dimers and monomers were assayed by using low-temperature SDS-PAGE as
described previously [8,25]. Briefly, total proteins from renal cortex were mixed with
loading buffer and loaded on gels without boiling. Proteins were separated with low-
temperature SDS-PAGE under reducing conditions (with B-mercaptoethanol). Gels and
buffers were kept at 4 °C during the whole procedure.

2.8. Immunoprecipitation

Immunoprecipitation of claudin-2 was performed in isolated PT with anti-claudin-
2 (10 pg of mouse anti-claudin-2; Invitrogen, Carlsbad, CA, USA) as previously
described [8]. Briefly, proximal tubule extracts (1 mg) were precleared with 20 pl of
recombinant protein G-agarose beads overnight at 4 °C. The beads were removed by
centrifugation at 16,000xg for 5 min, and precleared extracts were incubated overnight
at 4 °C with 2.5 mg of the immunoprecipitating antibody previously bound to protein
G-agarose. As negative control, parallel incubations with an irrelevant antibody

(polyclonal anti-pB-dystroglycan antibody) were performed. Inmune complexes were
collected by centrifugation at 16,000xg for 5 min and washed three times with 1 ml of
RIPA buffer and then, eluted by boiling in 300 ul of RIPA buffer. Inmunoprecipitated
proteins were then analyzed by Western blot as described above.

2.9. Immunofluorescence

Kidney samples were prepared for immunofluorescence as previously described
[8,26]. Briefly, cubes of 0.5 cm/side were cut and immediately immersed for 5 min in 2-
methylbutane (Aldrich M3, 263-1; Milwaukee, WI, USA), which was immediately cooled
in liquid nitrogen. Next, 6 um sections were cut in a Leica CM 1510 cryostat (Wetzlar,
Germany) and mounted on gelatin-coated slides that were then kept frozen at -70 °C. For
the immunofluorescence experiments, the sections were fixed for 10 min with methanol
and subsequently incubated for 5 min at room temperature in 0.2% (vol/vol) Triton X-100.
Then, the tissue sections were washed thrice with PBS, blocked for 1h at room
temperature with 0.2% (wt/vol) IgG-free albumin (1331-A, Research Organics, Cleveland,
OH, USA), and incubated overnight at 4 °C with one of the following primary polyclonal
antibodies: anti claudins-2, -5, VE-cad, KIM-1, and occludin (dilution 1:100) and DppD
(dilution 1:300). GL were double-labeled for claudin-5 and VE-cad (dilution 1:100). To
label the brush border of PT, DppD antibody was used. Secondary antibodies Alexa Fluor®
488 donkey anti-rabbit, Alexa Fluor® 488 donkey anti-goat and Alexa Fluor® 594 donkey
anti-mouse (dilution 1:500) were used. Immunofluorescence was evaluated using a
confocal inverted microscope (TCS-SP2, Leica, Heidelberg, Germany). Immunofluo-
rescence experiments were performed at least three times in samples from three
different animals per group. Nonspecific labeling was assessed by exclusion of the
primary antibodies.

2.10. Oxidative stress markers

ROS production, lipid peroxidation, protein carbonylation and GSH content were
measured in homogenates from renal cortex, as previously described [27]. Briefly, renal
cortex was dissected out and homogenized in a Polytron (Model PT 2000; Brinkmann,
Westbury, NY, USA) for 10 s in ice-cold PBS (50 mM) containing: 0.1% Triton X-100
pH 7.0, BHT (0.5 M), leupeptin (5 pg/ml), pepstatin (7 pug/ml), and aprotinin (5 pg/ml).
Homogenates were centrifuged at 19,000xg for 30 min at 4 °C and supernatant was
separated to measure total protein by Lowry method and oxidative stress markers.

ROS formation was estimated according to previous reports [28]. Briefly, aliquots of
1.5 mlof renal cortex homogenates (50 mg) were incubated with 0.5 ml of 5 M DCDHFDA
at 37 °C for 1 h. Fluorescence signals were recorded at the end of the incubation at an
excitation wavelength of 488 nm and an emission wavelength of 525 nm using a Synergy
HT multimode microplate reader (Biotek Instruments, Winooski, VT, USA). A standard curve
was obtained using increasing concentrations of dichlorofluorescein (DCF) incubated in
parallel. Results are expressed as fluorescence arbitrary units (FAU)/mg of protein.

Lipid peroxidation was assessed by malondialdehyde (MDA) and 4-hydroxynone-
nal (4-HNE) measurements by using a standard curve of tetramethoxypropane as
previously described [27]. Briefly, a solution of 1-methyl-2-phenylindole in a mixture of
acetonitrile:methanol (3:1) was added to the samples and the reaction was started by
adding 37% of HCl. Optical density was measured at 586 nm after 1 h of incubation at
45 °C. Data are expressed as nmol MDA+4-HNE/mg protein.

Assessment of carbonyl formation was performed on the basis of formation of protein
hydrazone by reaction with DNPH. Briefly, kidney homogenates were incubated overnight
with 10% (wt/vol) streptomycin sulfate to remove nucleic acids. Later, homogenates were
treated with 10 mM DNPH. After addition of 20% (vol/vol) trichloroacetic acid, and
centrifugation at 3000xg for 10 min pellets were washed three times with ethyl acetate/
ethanol (1:1, v/v). After centrifugation at 3000xg for 10 min pellets were resuspended with
6 M guanidine hydrochloride. The absorbance was measured at 370 nm. Protein
carbonylation is expressed as nmol/mg protein as previously described [27].

GSH levels were measured using monochlorobimane as previously described [27].
The fluorescence was measured at excitation and emission wavelengths of 385 and
478 nm, respectively, using a Synergy HT multimode microplate reader. GSH levels are
expressed as pmol/mg protein.

2.11. In vitro antioxidant activity

The experiments were performed on atRA and reference compounds using a
Synergy HT multimode microplate reader. The data are expressed as ICso (mM) for atRA
and reference compounds. The reference compounds used were: Trolox (for ROO¢),
lipoic acid (for '0,), vitamin C (for HOCI), pyruvate (for H,0,), DMTU (for *OH),
penicillamine (for ONOO™) and NDGA (for O,*7).

2.11.1. Peroxyl radicals (ROO¢) scavenging assay

The scavenging activity of atRA was determined by the stability of the fluorescence
of fluorescein by ROO-. Briefly, a solution of 25 pl of atRA (0-3.125 pg/ml of ethanol) or
75 mM phosphate buffer, pH 7.4 [0% scavenging tube (blank)] was added to the
solution composed by 23 nM fluorescein and 19 mM 2,2-azobis (2-amidinopropane)
dihydrochloride. Fluorescence was measured at excitation and emission wavelengths of
485 and 520 nm, respectively for 1.5 h at 37 °C. At the end of the assay the area under
the curve (AUC) was obtained by Gen 5 software (Biotek Instruments). This assay
depends on ROO+ damage to fluorescein that results in a decrement of fluorescence
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intensity (FI). The antioxidant effect of atRA results in the inhibition of ROO* damage to
the fluorescein molecule. The scavenging capacity for ROO+ was calculated from the
values of the AUC given by the trolox standards (0-10 pM). The scavenging capacity was
calculated by using the following equation: [(AUC atRA—AUC blank)/(AUC trolox
10 pM—AUC blank)]x100.

2.11.2. Singlet oxygen ('0,) scavenging assay

10, was generated from HOCI and H,0, as previously described [29]. The reaction
consisted of 25 pl of atRA (0-300 pg/ml of ethanol) or 45 mM phosphate buffer pH 7.0 [0%
scavenging tube (blank)] to 275 pl of the reaction mixture (1 mM H,0,, 30 mM HOCI and
1 mM DPBF). '0, causes a reduction in DPBF fluorescence that was measured at excitation
and emission wavelengths of 410 and 455 nm, respectively. The change in FI of DPBF in
absence of atRA was considered as the 100% of generation of reactive oxygen species and the
scavenging capacity value was calculated as follows: [(Flpjank—Flara)/(Flpiank)]x100.

2.11.3. Hypochlorous acid (HOCI) scavenging assay

The ability of atRA to scavenge HOCI was determined using p-aminobenzoic
acid which reacts with HOCl to produce the fluorescent compound 3-chloro-4-
aminobenzoic acid [30]. Briefly, 30 ul of atRA (0-300 pg/ml of ethanol) or buffer [0%
scavenging tube (blank)] were mixed with 270 pl of the reaction mixture (0.05 mM HOCI,
0.1 mM p-aminobenzoic acid in 50 mM KH,PO,/KOH buffer, pH 7.4) and fluorescence was
measured at excitation and emission wavelengths of 280 and 340 nm, respectively. The
change in fluorescence intensity of p-aminobenzoic acid in absence of atRA was considered
as the 100% of generation of reactive oxygen species and the scavenging capacity value was
calculated as follows: [(Flpjank—Flatra)/(Flpjank)]x 100.

2.11.4. Hydrogen peroxide (H,05) scavenging assay

H,0, was measured by the method reported by Long et al. [31]. Briefly, 9 volumes of
4.4 mM BHT in HPLC-grade methanol were mixed with 1 volume of 1 mM xylenol
orange and 2.56 mM ammonium ferrous sulfate in 0.25 M H,SO4 to give the “working”
FOX reagent. Forty five microliters of dilutions of atRA (0-22.5 pug/ml of ethanol), and
45 pl of 75 pM H»0,, were pipetted in Eppendorf tubes and mixed with 10 pl of HPLC-
grade methanol immediately followed by the addition of 0.9 ml of FOX reagent,
vortexed for 5 s and then incubated at room temperature for 10 min. The tubes were
centrifuged at 15,000xg for 10 min and absorbance at 560 nm was read against
methanol blank.

2.11.5. Hydroxyl (*OH) scavenging assay

*OH was generated by the Fenton reaction [32]. Twenty pl of a solution of atRA
(0-22.5 pg/ml of ethanol) or ethanol (0% scavenging) were added to 180 pl of the
reaction mixture (0.2 mM ascorbic acid, 0.2 mM FeCls;, 0.208 mM Na,EDTA, 1 mM
H,0,, 1.4 mM terephthalic acid, and 20 mM phosphate buffer, pH 7.4). The mixture was
incubated for 30 min at room temperature to obtain a fluorescent product that was
measured at excitation and emission wavelengths of 326 and 432 nm, respectively.

2.11.6. Peroxynitrite (ONOO™) scavenging assay

ONOO was synthesized as previously described [33]. Five ml of an acidic solution
(0.6 M HCl) and of H,0, (0.7 M) was mixed with 5 ml of 0.6 M KNO, on ice bath for 1 sand
the reaction was quenched with 5 ml of ice-cold 1.2 M NaOH. Residual H,0, was removed
using granular MnO, prewashed with 1.2 M NaOH and the reaction mixture was then left
overnight at —20 °C. The resulting yellow liquid layer on the top of the frozen mixture was
collected for the experiment. Concentrations of ONOO were determined before each
experiment at 302 nm using a molar extinction coefficient of 1,670 M—! cm—". ONOO™
scavenging activity was measured by monitoring the oxidation of DCDHFDA to the
fluorescent product DCF at excitation and emission wavelengths of 502 and 523 nm,
respectively. The reaction mixture (in a final volume of 0.2 ml in 0.1 M phosphate buffer
pH 7.4) consisted of 33 uM diethylenetriaminepentaacetic acid, 6 M DCDHFDA, 20 uM
ONOO and different concentrations of atRA (0-22.5 pg/ml of ethanol).

2.11.7. Superoxide (0O»*~) scavenging assay

The scavenging activity of atRA was determined by evaluating its ability to decrease
formazan production from NBT induced by O,*~ generated by the xanthine-xanthine oxidase
system. Briefly, 100 pl of a solution composed of atRA (0-22.5 pg/ml of ethanol) or 50 mM
phosphate buffer pH 7.0 (0% scavenging tube) were added to 800 pl of the reaction mixture
(90 uM xanthine, 16 mM Na,COs, 22.8 uM NBT and 18 mM phosphate buffer, pH 7.0). The
reaction started by adding 100 pl of xanthine oxidase (168 U/L). Finally, the optical densities
at 295 and 560 nm were read to measure uric acid and O,+~, respectively [29].

2.12. Data analysis
Results are expressed as meansstandard error of the mean (SEM). One way

analysis of variance (ANOVA) was used for multiple comparisons among groups.
Bonferroni post hoc test was performed. P<.05 was considered statistically significant.

3. Results
3.1. atRA prevents body weight loss but not hyperglycemia in diabetic rats

Our first aim was to determine the effect of atRA on body weight and
blood glucose in diabetic rats. As shown in Fig. 1A, atRA partially prevents
loss of body weight compared with DBT group. Also, as shown in Fig. 1B,
DBT+atRA group, showed similar blood glucose level compared to DBT
group. atRA group showed similar body weight and blood glucose
concentration compared to control group. These findings indicate that
atRA improved body weight without affecting blood glucose levels.

3.2. atRA treatment improves diabetes-induced renal dysfunction and
KIM-1 expression

Next, we analyzed the effect of atRA on renal and tubular
dysfunction and tubular injury induced by diabetes. As shown in
Fig. 1C, atRA significantly decreased proteinuria/creatinine ratio
compared to DBT group. Increased natriuresis (Fig. 1D) and FeNa
(Fig. 1E) return to control values when diabetic rats were treated with
atRA. atRA group did not show differences compared to control group.
To evaluate tubular injury, KIM-1 (a sensitive marker of tubular damage
that is overexpressed when proximal tubule is injured), expression was
assessed by confocal microscopy (Fig. 2A) and Western blot (Fig. 2B and
C) in kidneys from the four experimental groups. We found that
diabetes increased KIM-1 expression in proximal tubules (label of KIM-
1 co-localized with DppD, a marker of proximal tubular brush border),
and that atRA significantly decreased KIM-1. atRA group had similar
labeling of KIM-1 to that of control group. These findings suggest that
atRA provided nephroprotective effects related to the preservation of
renal morphology and function of diabetic animals.

3.3. atRA treatment does not have effect on glucose transporters expression

Renal glucose reabsorption is carried out in proximal tubules by
SGLT2 and SGLT1 and by GLUT1 and GLUT2 [34]. We previously
reported that expressions of SGLT1, SGLT2 and GLUT2 are increased
while GLUT1 is decreased under diabetic conditions [8]. The next aim
of this study was to explore the effect of atRA on glucose transporters
expressions in proximal tubules. As shown in Fig. 3A-E, diabetes
increased the expression of SGLT1, SGLT2 and GLUT2 and decreased
expression of GLUT1, these changes were not attenuated by atRA. atRA
group showed similar levels of glucose transporters compared to
control group. These findings suggest that atRA does not affect the
reabsorption of glucose in the proximal tubule of diabetic rats; this
correlates with the fact that atRA did not improve hyperglycemia,
which is the main factor that induces glucose transporters expression.

3.4. atRA treatment decreased oxidative stress of the diabetic kidney by
increasing the expression of the transcription factor Nrf2 and the
scavenging of ROS

We previously described increased renal oxidative stress in diabetic
rats 21 days after STZ-injection [8]. We study whether atRA prevents
oxidative stress; ROS production, lipid peroxidation, protein carbonyl-
ation and GSH content in the kidneys of the four experimental groups
were measured. As shown, atRA decreased ROS production (Fig. 4A),
lipid peroxidation (Fig. 4B) and protein carbonylation (Fig. 4C) and also
increased GSH levels (Fig. 4D) in the diabetic rats. Also, protein tyrosine
nitration was evaluated by assessing Western blot of 3-NT, as shown in
Fig. 4E, atRA decreased diabetes-induced 3-NT, suggesting a protective
antioxidant effect of atRA.

It has been described that compounds with antioxidant properties,
can exert its effects by direct or indirect properties [35]. Compounds with
direct antioxidant properties are able to scavenge ROS while its indirect
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Fig. 1. All-trans retinoic acid (atRA) treatment ameliorated body weight loss, proteinuria, urinary sodium excretion and fractional excretion of sodium (FeNa) induced by diabetes. Body
weight and blood glucose levels were monitored at 0, 3, 7, 14 and 21 days after streptozotocin (STZ)-injection. As shown in panel A, atRA prevented loss of body weight induced by
diabetes. In contrast, atRA was unable to modify hyperglycemia induced by STZ administration (B). Diabetes-induced proteinuria was partially attenuated by atRA (C). Urinary sodium
excretion (D) and FeNa (E) were increased 3 weeks after STZ-injection, atRA markedly decreased both, urinary sodium excretion and FeNa. No changes were found in atRA group
compared to control rats. Data are mean-£SEM from five to six rats per group. #P<.05 vs DBT group, and **P<.01 vs control group (Panel A). *P<.05 vs. control group (Panel B). ***P<.001.

effects are mediated by the induction of Nrf2 transcription factor, which is
involved in the transcription of a battery of antioxidant genes [35].
Compounds that possess both direct and indirect properties are named
bifunctionals. Since atRA protects against diabetes-induced oxidative
stress, next set of experiments were performed to evaluate whether atRA
exerts direct, indirect or bifunctional antioxidant properties. As shown in
Fig. 4F, diabetes significantly decreased renal Nrf2 levels (Fig. 4F and G),
and atRA increased Nrf2 expression in diabetic rats. On the other hand,
HO-1 expression (Fig. 4F and H) was evaluated because is a well-known
enzyme whose expression is regulated by Nrf2 [35]. Accordingly, diabetic
rats that showed decreased Nrf2 levels showed decreased HO-1
expression, atRA also improved HO-1 levels. These results suggest that
atRA exerts indirect antioxidant properties. To evaluate direct antioxidant
properties of atRA, in vitro scavenging capacity assays were performed.
atRA was tested against next ROS: ROOe, 10, HOCI, H,0,, OHe, ONOO ™
and 0,*~. As shown in Fig. 5, atRA was able to scavenge ROOs (Fig. 5A), 10,
(Fig. 5B) and HOCI (Fig. 5C) with different ICsq values (Table 1), reference
compounds used in every assay is also shown. Based on these data, atRA
scavenges with higher affinity ROS in the next order: ROO*>'0,>HOCI. In
contrast, atRA did not show scavenging capacity against H,O,, OHe,
ONOO™ and O,*~ (Table 1). To our knowledge this is the first study that
analyzes scavenging capacity of atRA. The results described above,
suggest that atRA exerts bifunctional antioxidant properties.

3.5. atRA treatment decreased PKCR2-induced NADPH oxidase p47Phox
and gp91P"°* subunits and diabetes-induced eNOS uncoupling

Other authors and we have described that under diabetic
conditions increased PKCB2-dependent activation of NADPH oxidase

and eNOS uncoupling, constitutes the major source of ROS in the
diabetic kidney [8,36]. Also, PKCp2 has been characterized as an
activator of NADPH oxidase gp91phox, p47°"°* and p22P"* subunits,
by promoting the phosphorylation on serine residues of subunits
involved in the membrane translocation and assembly of NADPH
oxidase active complex, increasing O,*~ synthesis and oxidative stress
[37]. To assess this point, Western blot analysis of PKCp2, p47°"°* and
gp91Ph°* were performed in isolated proximal tubules. It was found
that atRA significantly decreased PKCR2 (Fig. 6A and B), p47Phox
(Fig. 6A and C) and gp91P"°* (Fig. 6A and D) expressions, suggesting
that atRA decreased NADPH oxidase active complex. Also, diabetes
decreased eNOS dimer-to-monomer ratio, and atRA improved these
changes (Fig. 6E and F). In the same fashion, atRA improved total eNOS
expression (Fig. 6G and H). Although total eNOS is increased, the
dimers of eNOS (the catalytically active form [38]) are decreased
under diabetic conditions, which is consistent with the finding that
diabetes decreased urinary excretion of NO3 and NO3 (used as markers
of NO synthesis) and atRA improved NO levels (Fig. 61). The findings
described above suggest a protective role of atRA against diabetes-
induced eNOS uncoupling.

3.6. atRA treatment improved claudin-2 and occludin expressions in
proximal tubules and claudin-5 in glomeruli but not claudins-4 and -8
expressions in distal tubules

We previously reported the association between increased
oxidative stress and the loss of renal TJ proteins in diabetic rats [8].
As described above, atRA decreased oxidative stress, PKCP2 expres-
sion and eNOS uncoupling. To test whether oxidative stress is involved
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Fig. 2. All-trans retinoic acid (atRA) treatment improved kidney injury molecule (KIM)-1 overexpression in diabetic rats. (A) Immunofluorescence analysis shows that 3 weeks after
diabetes induction, increased KIM-1 expression (green label) was found in proximal tubular cells, atRA decreased KIM-1 label in proximal tubule. Dipeptidylpeptidase (DppD)-IV
(red label) was used as a marker of proximal tubules. (B) Western blots from renal cortex homogenates of KIM-1 in the four experimental groups was studied, DBT+atRA group showed
decreased KIM-1 compared to DBT group, GAPDH was used as loading control. (C) Densitometric analysis of Western blots from the four experimental groups are shown. No changes
were found in atRA group compared to control rats. Data are mean=S.E.M. from five to six rats per group. ***P<.001.

in the loss of T] proteins, we analyzed the effect of atRA on the
expression of TJ proteins. Immunofluorescence and Western blot
assays of claudins-2, -5 and occludin, and Western blot of claudins-4
and -8 were performed. As shown, atRA improved claudin-2 (Fig. 7A),
claudin-5 (Fig. 7B) and occludin (Fig. 7C) expressions evaluated by
immunofluorescence. In a similar fashion, Western blot analysis of
claudin-2 (Fig. 7D and E) and occludin (Fig. 7D and F) from isolated
proximal tubules, and claudin-5 (Fig. 7D and G) from isolated
glomeruli, showed that atRA improved T] proteins. In contrast,
Western blots of claudins-4 and -8 (Fig. 7H-]) from isolated distal
tubules showed that diabetes induced the expression of claudins-4
and -8 and that atRA did not have effect.

3.7. Diabetes-induced nitration, serine phosphorylation and
SUMOylation of claudin-2 were improved by atRA treatment

As described above, atRA improved claudin-2 levels, which may be
associated with decreased oxidative stress. However, until now, direct
evidence about the effect of atRA on claudin-2 is missing. To explore this
point, claudin-2 was immunoprecipitated from isolated proximal tubules

of the four experimental groups. As shown in Fig. 8A and B, atRA improved
claudin-2 nitration and expression induced by diabetes (Fig. 7A, D and E)
suggesting that nitration of this protein is related to its increased
degradation and that atRA maintains claudin-2 expression by inhibiting
its nitration. However, additional mechanisms may be involved in
diabetes-induced loss of claudin-2; it is known that phosphorylation of
TJ components by conventional PKC isoforms participates in junctional
disassembly [39]. In the immunoprecipitation assays of claudin-2, we
found increased phosphorylation of this protein in serine residues
(Fig. 8C), together with increased co-immunoprecipitation with PKC32
(a conventional PKC isoform) (Fig. 8E), suggesting that this kinase
interacts directly with claudin-2 inducing its phosphorylation on serine
residues and in consequence mislocalizes claudin-2 of the TJ strands
under diabetic conditions. In agreement with the findings described
above, atRA decreases PKCP2 expression, and as found, claudin-2 co-
immunoprecipitation and serine phosphorylation were also decreased
with atRA (Fig. 8C-F). Van Itallie et al. analyzed C-terminal cytoplasmic
tail of human claudin-2, and its interaction with proteins that regulates its
function [40]. The results suggest that claudin-2 is a substrate for
SUMOylation, leading to decrease of claudin-2 levels. Based on the
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Fig. 3. All-trans retinoic acid (atRA) treatment did not have effect on glucose transporters expression in the proximal tubule. (A) Western blot analysis from sodium-glucose
cotransporters (SGLT1 and 2) and facilitative glucose transporters (GLUT1 and 2) were performed in the four experimental groups studied. As shown, atRA did not have effect on the
increased expressions of SGLT1 and 2 and GLUT 2 and the decreased expression of GLUT1 induced by diabetes. GAPDH was used as loading control. Densitometric analysis of (B) SGLT1,
(C) SGLT2, (D) GLUT1 and (E) GLUT2 in the four experimental groups are shown. Data are mean+SEM from three to four rats per group. **P<.01 and ***P<.001.

findings described above, we aimed to analyze whether claudin-2 can be
SUMOylated in vivo under diabetic conditions. As shown in Fig. 8G and H,
diabetes induced claudin-2 interaction with small ubiquitin modifier
(SUMO)-1 protein, indicating that increased SUMOylation of claudin-2
occurs. atRA decreased SUMOylation of claudin-2 which may be
associated with the improvement of claudin-2 levels. To our knowledge
this is the first report that describes that SUMOylation of claudin-2 occurs
in vivo in diabetes.

4. Discussion

Our group previously reported that damage to renal T] proteins
occurs in initial DN, those alterations included: decreased expression
of claudin-5 in glomeruli, claudin-2 and occludin in proximal tubules,
and increased expressions of claudins-4 and -8 in distal tubules. Loss of
claudins and occludin occurred in renal sections where oxidative stress
was induced by a PKCB2 and eNOS uncoupling dependent pathways. In
contrast, in the distal tubules where oxidative stress was less severe;
increments in claudins-4 and -8 expressions were found. The purpose of
this study was to explore whether those alterations in T] proteins might
be ameliorated by atRA (a derivative from vitamin A) in an oxidative
stress-dependent way. Since it has been described that oxidative stress
induces an alteration on the redox status of proteins of TJ (for review see
[41]), studies should be designed to correlate oxidative stress to
increased epithelial and endothelial permeability and to decreased
expression levels of occludin, claudins and ZO proteins.

In this study, the role of atRA in DN was analyzed based on the
current knowledge of its role in nephrogenesis, development and
cellular maintenance and differentiation of the kidney [16,17,42].

Vitamin A can be provided from the cleavage of provitamin A
carotenoids (of vegetal origin) in the small intestine or by consump-
tion of preformed vitamin A (retinyl palmitate) in food of animal
origin. In humans, another non-negligible and increasingly frequent
source of vitamin A over the last 20 years has been food supplements
and/or enriched food in industrialized countries [43]. Excess or
defficiency of atRA has adverse effects, such as abnormal fetal

development and disruptions in regulation of energy balance [44].
Importantly, decreased renal levels of atRA in the diabetic mouse
kidney have been described [45]. In this study, authors described that
retinoic acid metabolism is significantly dysregulated in diabetic
kidneys, and suggest that a shift in atRA metabolism is a novel feature
in diabetic renal disease. This finding suggests that if endogenous atRA
levels are decreased, exogenous treatment with this retinoid may
improve diabetic kidney metabolism. In this study, although rats were
fed with a diet that contains 15 IU/mg of vitamin A (a precursor of
atRA), we administered exogenous atRA at a dose of 1 mg/kg of body
weight daily, which did not show adverse effects. So, the results found
herein must be interpreted in light of the dietary supply of vitamin A.

Previous studies describe that atRA improved renal inflammatory
response and proteinuria of diabetic rats treated with STZ by decreasing
MCP-1 up-regulation [21], and its potential and nephroprotective
properties have been assessed [19,46-51]. Herein we started atRA
treatment 3 days after STZ-injection, at this time hyperglycemia was
established (Fig. 1A), atRA treatment continued daily until sacrifice
(21 days after STZ-injection). atRA did not have effect on blood glucose
levels, but significantly improved loss of body weight induced by
diabetes, suggesting that atRA might improve the general state of the
diabetic rats independently of blood glucose levels.

The results of proteinuria, natriuresis and FeNa (Fig. 1), reinforce
the vision of atRA acting as a nephroprotector against diabetes-
induced renal dysfunction. In agreement with these findings, tubular
injury evaluated by KIM-1 expression was reduced by atRA. As shown
in Fig. 3, atRA did not have effect on increased expressions of SGLT1,
SGLT2 and GLUT2 and decreased expression of GLUT1 induced by
diabetes in proximal tubules, which agrees with the fact that
hyperglycemia, is the stimulus that induces glucose transporters
expressions, which was not improved by atRA.

Some studies have suggested that atRA has antioxidant proper-
ties [20]; to assess this point, oxidative stress markers were evaluated. As
shown in Fig. 4, atRA attenuates ROS production, lipid peroxidation,
protein carbonylation and 3-NT of diabetic rats. Consistently, the
decrease in GSH levels was ameliorated in diabetic rats treated with
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Fig. 4. All-trans retinoic acid (atRA) treatment ameliorated oxidative stress in diabetic rats.As shown in panels A-D, atRA decreased renal oxidative stress induced by diabetes, evaluated
by (A) reactive oxygen species (ROS) production; (B) lipid peroxidation by measuring MDA and 4-HNE; (C) protein carbonylation and (D) GSH content. Protein tyrosine nitration was
evaluated by Western blot analysis of 3-nitrotyrosine (NT), as shown in panel E, diabetes-induced 3-NT was ameliorated by atRA, as shown by several bands between 25 and 75 KDa.
Also, Nrf2 and HO-1 expressions were performed by Western blot. As shown in panel F, diabetes-induced decrease in renal Nrf2 and HO-1 expressions were significantly ameliorated by
atRA. Densitometric analysis is shown in panels G and H. atRA alone did not have effect on oxidative stress markers. GAPDH was used as loading control. atRA group did not have effect on
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Fig. 5. In vitro scavenging capacity of all-trans retinoic acid (atRA). In vitro assays were
performed to evaluate atRA scavenging capacity against reactive oxygen species (ROS).
As shown, atRA scavenges in a concentration-dependent manner (A) peroxyl radicals
(ROO"), (B) singlet oxygen ('0,), and (C) hypochlorous acid (HOCI). Data are mean=+
SEM from 4 independent assays. *P<.05, **P<.01 and ***P<.001. NS, non-significant.

atRA. These findings suggest a strong antioxidant effect of atRA in
diabetic kidney. However, antioxidants can be classified as direct,
indirect or bifunctionals based on its ability to induce Nrf2 transcription
factor, to scavenge ROS or both [35]. In this study, Nrf2 and HO-1
expressions were explored to assess indirect antioxidant properties
of atRA. It was found that diabetes decreased Nrf2 and its target protein
HO-1; this latter is regarded as an antioxidant enzyme. In agreement
with the findings described above, atRA improved Nrf2 and HO-1 levels.
However, it is interesting to remark that in the group treated with atRA
alone, no changes in Nrf2 and HO-1 levels were found, compared to

control group, suggesting that atRA induces both proteins under
oxidative stress but not under normal conditions.

To explore a possible role of atRA as a direct antioxidant, in vitro
scavenging capacity assays were performed. atRA scavenges ROO¢, '0,
and HOCI in a concentration-dependent manner, and based on ICsg
values has a higher affinity for ROOe, this is in agreement with a previous
report showing that retinoids scavenges this radical [52]. In contrast, we
were unable to find scavenging ability of atRA against H,0,, *OH, ONOO™
and O,*™. In conclusion, atRA might be considered as a bifunctional
antioxidant. This characteristic augments its beneficial effect on the
initial alterations of DN.

Previously, we reported that diabetes induced PKC32 expression in
glomeruli and proximal tubules but not in distal tubules [8]. Herein
we decided to analyze PKCP2 expression in isolated proximal tubules
and additionally NADPH subunits p47°"°* and gp91P"* were also
studied. atRA decreased PKCR2 expression and consequently p47°PMox
and gp91P"°* which have been described as substrates of PKC
phosphorylation [37]. PKC induces NADPH subunits phosphorylation
promoting the assembly of the active complex in the cell membrane,
increasing O,*~ production and oxidative stress [37].

eNOS uncoupling is an additional factor that promotes oxidative
stress in diabetes. Accordingly, we decided to evaluate the effect of
atRA on eNOS uncoupling. As previously reported, diabetes induces
eNOS uncoupling, under this condition eNOS dimers are dissociated
and monomers are increased, producing O,*~ instead of NO; as a result
decreased bioavailability of NO is found, which might be an additional
mechanism of endothelial dysfunction observed in diabetes [53]. As
shown in Fig. 6, atRA improved diabetes-induced eNOS uncoupling,
showed by decreased eNOS dimers and NO levels and increased eNOS
monomers and total eNOS expression. It is important to note that
although total eNOS expression is induced, eNOS dimers are decreased
in diabetes, which agrees with previous reports [8]. These findings
provide evidence for a beneficial effect of atRA on eNOS enzyme.

The findings above described suggest that atRA inhibits oxidative
stress by: a) inducing Nrf2 transcription factor, b) scavenging ROS,
¢) inhibiting PKCR2 and in consequence the assembling of NADPH
oxidase active complex and d) ameliorating eNOS uncoupling.

Once we described the mechanisms involved in the antioxidant
effect of atRA against diabetes-induced oxidative stress, we aimed to
explore the impact of atRA on TJ proteins expressions. As shown in
Fig. 7, atRA improved claudin-5 in glomeruli and claudin-2 and
occludin in proximal tubules, which might be closely associated with
the prevention of oxidative stress. As previously reported [8],
proteinuria was associated with loss of claudin-5, herein we found
that atRA improved claudin-5 levels and proteinuria, suggesting a
possible association of both phenomena. In a similar way, atRA
improved claudin-2 levels, natriuresis and FeNa. As reported, claudin-
2, acts as a sodium and water channel in the renal proximal tubule
[10,11], and reabsorbs almost one-third of the filtered sodium through
the paracellular pathway; its loss decreases sodium reabsorption and
increases natriuresis [ 10]. The effect of atRA on claudin-2 levels might
be closely related to renal sodium handling because decreased
natriuresis and FeNa compared to diabetic group was found. However,
in the group treated with atRA alone, no effect was observed on

Table 1

In vitro scavenging capacity of all-trans-retinoic acid (atRA) and reference compounds.

ROS ROO- '0, HCIO H,0, fOH ONOO™ 0,%
Scavenging capacity Positive Positive Positive Negative Negative Negative Negative
atRA IC50 (mM) 0.00774+0.0006 0.23+0.004 0.54+0.04 ND ND ND ND

RC Trolox Lipoic acid Vitamin C Pyruvate DMTU Penicillamine NDGA
RCIC50 (mM) 0.0035+0.0004 2.80+0.18 0.64+0.04 2.54+.009 25459 6.77+1.74 0.6+0.06

Data are expressed as mean-=SEM from 4 independent experiments. ROS, reactive oxygen species; ROO:, peroxyl; '0,, singlet oxygen; HCIO, hypoclorous acid; H,0,, hydrogen peroxide;
-OH, hydroxyl; ONOO™, peroxynitrite; O, ", superoxide; ND, not determined; RC, reference compound; DMTU, dimethylthiourea; NDGA, nordihydroguaiaretic acid.
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Fig. 6. All-trans retinoic acid (atRA) decreased diabetes-induced PKCR2, p47°"°* and gp91P"°* expressions and endothelial nitric oxide synthase (eNOS) uncoupling. Western blot
analysis of PKC(32, NADPH oxidase subunits p47P"°* and gp91P"°* and eNOS in the four experimental groups were performed. As shown in panel A, diabetes induced the expression of
PKCPR2, p47°"°* and gp91P"°*, atRA prevented those changes. Densitometric analysis of (B) PKCR2, (C) p47°"** and (D) gp91P"°* shows that atRA significantly ameliorated diabetes-
induced expressions of PKCB2, p47°"°* and gp91°P"°*, Also, eNOS dimer-to-monomer ratio was assessed to explore eNOS uncoupling. As shown by low temperature SDS-PAGE and
Western blot, diabetes decreased eNOS dimer and increased eNOS monomer (panel E). atRA improved eNOS uncoupling by increasing eNOS dimers (panels E and F). Western blot from
total eNOS expression showed that diabetes-induced eNOS expression was ameliorated by atRA (G). Densitometric analysis is shown in panel H. Urinary nitrate (NO3) and nitrite (NO3)
excretion was performed to evaluate nitric oxide (NO) synthesis, decreased NO levels induced by diabetes was improved by atRA (I). atRA group was similar to control group. GAPDH
was used as loading control. Data are mean+SEM from three to four rats per group. *P<.05, **P<.01, and ***P<.001.

claudins expression, suggesting that oxidative stress might regulate
claudins and that under this condition atRA prevents loss of T proteins
by attenuating oxidative stress but not by inducing renal T] proteins
under normal conditions. In contrast, in distal tubules, atRA did not
have effect on claudins-4 and -8 expressions, suggesting that atRA
does not have effect on distal nephron; this might be due to the
absence of RAR and RXR receptors in the distal nephron. Although it
has been reported that increased endogenous retinoic acid activity
exists in principal cells and intercalated cells of the mouse collecting
duct system after birth and persists into adulthood [54] and despite it
has been reported mRNAs levels for RXR receptors in immortalized

distal convoluted tubule cells by RT-PCR [55]. Nevertheless, the
expression of RXR and RAR receptors at the protein levels in distal and
connecting tubules has not been explored yet. These findings suggest
that increased expression of claudins-4 and -8 induced by diabetes in
the distal nephron may be regulated by different mechanisms such as
aldosterone signaling [56-58].

In order to explore the direct effect of atRA on claudin-2
expression, immunoprecipitation assays of claudin-2 from isolated
proximal tubules were performed. As previously reported [8] and
shown herein, diabetes induced claudin-2 nitration and atRA
decreased tyrosine nitration of this protein which is related to the
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Fig. 7. All-trans retinoic acid (atRA) treatment prevented diabetes-induced loss of claudins-2, -5 and occludin but not claudins-4 and -8. Western blot and immunofluorescence analysis were
performed to evaluate the effect of atRA on renal tight junction (T]) proteins. Claudin-2 (CI-2) (green label, panel A), claudin-5 (CI-5) (green label, panel B) and occludin (Occl) (green label,
panel C) in renal sections of control, diabetes (DBT), DBT+atRA, and atRA groups is shown, atRA prevented diabetes-induced loss of Cl-2 and occludin in proximal tubules (A and C) and CI-5
(B) in glomeruli. Dipeptidylpeptidase-IV (DppD, red label) was used as a marker of proximal tubules and vascular endothelial cadherin (VE-Cad, red label) was used as a marker of glomerular
capillaries. Bars=50 um. Western blot analysis of claudins-2, -4, -5, -8 and occludin is shown in panels D and H. As shown, atRA significantly improved diabetes-induced loss of cl-2, cI-5 and
occl (D). Densitometric analysis is shown in panels E-G. In contrast, atRA did not have effect on diabetes-induced overexpression of cI-4 and cl-8 in distal tubules (H). Densitometric analysis is
shown in panels I and J. atRA group was similar to control group. GAPDH was used as loading control. Data are mean-+SEM from three to four rats per group. **P<.01 and ***P<.001.
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Fig. 8. All-trans retinoic acid (atRA) treatment ameliorated diabetes-induced claudin-2 nitration, serine phosphorylation and SUMOylation. In order to explore postranslational
modifications induced by diabetes on claudin-2 (Cl-2) and the effect of atRA, immunoprecipitation of Cl-2 from isolated proximal tubules in the four experimental groups studied was
performed. Nitration (3-NT), serine phosphorylation (pSer) and SUMOylation of claudin-2 were explored. As shown in panel A, diabetes-induced nitration of claudin-2 was improved by
atRA (B). Increased serine phosphorylation of Cl-2 was found under diabetic conditions (C), atRA ameliorated phosphorylation of Cl-2 in serine residues (D). Also, PKC32 co-
immunoprecipitate with Cl-2 under diabetic condition (E), atRA decreased PKCP2 association with Cl-2 (F). SUMOylation of Cl-2 was also explored; diabetes increased Cl-2
SUMOylation by inducing the association of CI-2 with SUMO-1 (G). atRA decreased diabetes-induced CI-2 SUMOylation (H). Densitometric analysis of (B) 3-NT, (D) pSer, (F) PKCB2 and
(H) SUMO-1 is shown. atRA group was similar to control group. Immunoprecipitation with an unrelated antibody was used as negative control. Representative images of three different
experiments are shown. Data are mean+SEM from 3 different experiments per group. **P<.01 and ***P<.001. 3-NT, 3-nitrotyrosine; SUMO-1, small ubiquitin modifier-1.

preservation of protein levels. Since increased O,*~ production
induces ONOO™ synthesis, which is the ROS that nitrates target
proteins [59], here we suggest that atRA reduces ONOO™ levels by
decreasing O,*~ production by attenuating NADPH oxidase activity
and eNOS uncoupling, but not by a direct scavenging of this ROS,
because of its incapacity to scavenge O,*™.

Diabetes induces PKCP2 expression and it is known that conven-
tional PKC isoforms participate in junctional disassembly, while novel

isoforms regulate junction formation [39]. Therefore, we analyze the
phosphorylation state of claudin-2. It was found that diabetes
increased serine phosphorylation of claudin-2 that might be mediated
by PKCP2, because an increased co-immunoprecipitation of both
proteins was found under diabetic conditions. atRA reduced claudin-2
phosphorylation probably by decreasing PKCPR2 expression. This
finding provide an additional mechanism through which atRA
prevents loss of claudin-2 and its disassembly from the T]J strands.
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Claudins function including, barrier properties, assembly, traffick-
ing and half-lives may be regulated by posttranslational modifications
or through binding of other proteins to their C-terminal cytoplasmic
sequences. Van Itallie et al. [40] using a yeast two-hybrid (Y2H)
screening with the C-terminal tail of human claudin-2 demonstrated
that this protein might be modified by SUMO-1 protein, a change like
ubiquitination which decreased claudin-2 levels in vitro. However,
authors were unable to demonstrate SUMOylation in vivo. Herein we
explored in vivo SUMOylation of claudin-2; we found that diabetes
induces claudin-2 SUMOylation that might be related to its decreased
level. atRA improved claudin-2 levels by decreasing SUMOylation and
degradation of this protein. To our knowledge this is the first time that
in vivo SUMOylation of claudin-2 is described and that this occurs
in diabetes.

In conclusion, our results demonstrate that atRA reduced loss of
claudin-2 and occludin in proximal tubules and claudin-5 in glomeruli by
decreasing oxidative stress. Improvements of claudin-2 and -5 levels were
associated with improvement of natriuresis and proteinuria, respectively.
atRA prevented loss of claudin-2 by decreasing its nitration, serine
phosphorylation and SUMOylation. However, atRA did not have effect on
increased expressions of claudins-4 and -8 in distal tubules. These findings
suggest that this compound might be a potential nephroprotective agent
against glomerular and tubular dysfunctions in early stages of DN.
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Abstract

All-trans-retinoic (atRA) acid is a biologically active derivative of vitamin A that regulates numerous physiological
processes through its interaction with nuclear retinoid receptor proteins, termed as retinoid acid receptors (RARs)
and retinoid X receptors (RXR). Retinoid signaling is diverse and its role in embryonic development, adult growth
and development, maintenance of immunity and epithelial barriers, and vision has been elucidated. An increased
body of evidence suggests that altered metabolism of retinoic acid under experimental type-1 diabetes conditions
induced with streptozotocin (STZ) is related to insulin deficiency. In several experimental approaches the role of
atRA treatment in STZ-induced diabetes has been tested. This review summarizes current knowledge on the role of
retinoids and atRA in the improvement of pathological alterations in STZ-induced experimental type-1 diabetes in

kidney, retina, skin and nervous system.
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Introduction

Vitamin A or retinol is a fat-soluble compound derived from [beta]-
carotene found in plants and retinyl esters from animal sources. The
human body obtains vitamin A from two sources: preformed vitamin
A (retinol and retinyl esters) and provitamin A carotenoids (B-
carotene, a-carotene and B-cryptoxanthin) [1,2].

All-trans-retinoic acid (atRA) is a derivative of vitamin A and it is
required for almost all essential physiological processes and functions
because of its involvement in transcriptional regulation of over 530
different genes [3,4]. atRA exerts its actions by serving as an activating
ligand of nuclear atRA receptors [retinoid acid receptor (RAR) o,
RARP, and RARy] and peroxisome proliferator-activated receptor
(PPAR) /8 which form heterodimers with retinoid X receptors (RXR)
[5,6]. atRA plays a relevant role in tissue development and
differentiation [7]. This review focuses on the role of atRA in the
alterations secondary to { cell damage induced by streptozotocin.

Retinoids

Vitamin A and its metabolites (retinoids) are a group of potent
natural or synthetic molecules which exert a number of biological
activities, including embryonic development, adult growth and
development, maintenance of immunity, maintenance of epithelial
barries, and vision [8]. Dietary retinyl esters are hydrolyzed in the
intestine, and retinol taken into the enterocyte is reesterified. Retinyl
ester is further secreted into the circulation and transported as retinol
bound to retinol-binding protein (RBP4) to its target cells [9]. Studies
have shown that retinol enters by diffusion [10]. However, in 2007, a
cell surface receptor for RBP4 termed STRA6 (stimulated by retinoic
acid 6) was identified, STRA6 is a widely expressed multi-
transmembrane domain protein, it binds to RBP with high affinity and

has robust vitamin A uptake activity from the vitamin A-RBP
complex. It is widely expressed in embryonic development and in
adult organ systems [11]. A human genetic study found that mutations
in the human STRAG6 gene are associated with widespread birth defects
in multiple organ systems [12]. This is consistent with the expression
of STRA6 and the diverse functions of vitamin A in embryonic
development.

Most of Vitamin A actions depend on its active metabolites, mainly
atRA and 9-cis-RA [13,14], formed in the target tissues mostly through
the intracellular oxidative metabolism [15]. Intracellularly, retinoic
acid (RA) is subsequently converted to atRA, which can be isomerized
through non-enzymatic process to form 9-cis-RA isomer. atRA is
produced from retinol in two oxidative steps: first, retinol is oxidized
to retinaldehyde, and then retinaldehyde is oxidized to atRA. The first
step, the oxidation of retinol to retinaldehyde is catalyzed by two
enzyme families, the cytosolic alcohol dehydrogenases (ADHs) and
microsomal retinol dehydrogenases (RDHs) and is generally
considered rate-limiting [16]. Retinaldehyde can be converted back to
retinol, but the oxidation of retinaldehyde to atRA is irreversible, this
latter reaction is catalyzed by three retinaldehyde dehydrogenases
(RALDHI1, RALDH2 and RALDH3).

Two forms of retinoic acid, atRA and 9-cis retinoic acid (9-RA),
serve as ligands for two families of nuclear receptors: RAR (RARa, B,
and y) and RXR (RXRa, B, and y). In vitro binding studies have
demonstrated that RARs bind to atRA with high affinity, whereas 9-
RA is a bifunctional ligand, which can bind to and activate both RARs
and RXRs. However, it has not been demonstrated a relationship
between the structure of atRA and 9-cis-RA with the affinity for RARs
and RXRs. Following ligand binding, these compounds interact with
cis acting DNA sequences called retinoic acid responsive elements in
the promoter regions of target genes, thereby regulating gene
expression (Figure 1) [17].
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Figure 1: Action mode of retinoic acid in the cell. Reinol enters the
cell, then it is oxidized to retinal and retinoic acid. Retinoid acid
coupled with the heterodimer of RAR-RXR, binds to the retinoic
acid-responsive element of target genes. RE, retinyl ester; Chy,
chylomicrons; ROH, retinol; RBP, retinol binding protein; RCHO,
retinal; atRA, all-trans-retinoic acid; 9-RA, 9-cis-retinoic acid; RAR,
retinoic acid receptor; RXR, retinoid X receptor.

Experimental diabetes induced by streptozotocin

Streptozotocin  (STZ) (2-deoxy-2-(3-methyl-3-nitrosourea)-1-D-
glucopyranose) is a naturally occurring compound, produced by the
soil bacterium streptomyces achromogenes, that exhibits broad
spectrum of antibacterial properties [18]. STZ is a cytotoxic glucose
analogue. After its discovery, it was used as a chemotherapeutic
alkylating agent in the treatment of metastasizing pancreatic islet cell
tumors and other malignancies such as: small cell lung cancer,
lymphomas, mycosis fungoides, multiple myeloma, glioma and
malignant melanoma [19]. Rakieten and colleagues reported the
diabetogenic properties of STZ in 1963 [20]. From that time of
discovery till date, STZ has been one of the chemical agents for the
induction of diabetes in experimental animals. STZ induces diabetes in
rats, mice, monkeys, hamsters, rabbits and guinea pigs [18]. STZ is
cytotoxic to pancreatic B-cells and its effects are present within seventy
two hours after administration depending on the dose used [21]. STZ
toxic action involves its uptake into cells.

The selective pancreatic beta cell toxicity and the diabetic condition,
resulting from STZ induction, are related to the glucose moiety in its
chemical structure, which enables STZ to enter the beta cell via the low
affinity glucose 2 transporter (GLUT2) in the plasma membrane. In
contrast, in insulin-producing cells not expressing the GLUT2, the
cellular uptake of STZ is very slow. Correspondingly low is the toxicity
[22] because the B-cells of the pancreas are more active than other cells
in taking up glucose and so are more sensitive than other cells to STZ
challenge.

STZ is a structural analogue of glucose (Glu) and N-acetyl
Glucosamine (GlcNAc). STZ causes pP-cell death by DNA
fragmentation due to the nitrosourea moiety. Three major pathways
associated with cell death are: (i) DNA methylation resulting in the
activation of the nuclear enzyme poly ADP-ribose synthetase as part of
the cell repair mechanism and consequently, NAD+ depletion; (ii)
Nitric oxide production, and (iii) Free radical generation such as
hydrogen peroxide [23,24]. The American Diabetes Association

established an etiologic classification of Diabetes mellitus and based on
their classification, four groups were proposed: 1) Type 1 (5-10%); 2)
Type 2 (90-95%); 3) Other specific types and 4) Gestational. Thus,
STZ-induced diabetes belongs to the category of other specific types or
drug (chemical) induced diabetes.

The type of diabetes induced by STZ is controversial since STZ-
hyperglycemia can be similar to either type I or type II diabetes
mellitus [25]. Type I diabetes is an autoimmune disease leading to the
destruction of the insulin producing pancreatic beta cells in the islets
of Langerhans. Type I diabetes is most commonly diagnosed in
children and young adults, and by the time of diagnosis, patients have
very little endogenous insulin production, many researchers conclude
that STZ produces type I diabetes mellitus [26,27].

On the other hand, the dose of STZ required for inducing diabetes
depends on the animal species, age of animal, route of administration,
weight of animal, nutritional status and different responses to
xenobiotics.

Protective effects of all-trans-retinoic acid (atRA) in
STZ-induced type-1 diabetes

Several studies have pointed out that atRA acts as an important
signaling molecule for mesenchymal/epithelial interactions in the
development of kidney, lung, central nervous system and gut [28-31].
Also, retinoids have been considered as insulinotropic factors [32,33]
or its deficiency is related to the cause of type-1 diabetes [34,35]. It has
been shown that at embryonic day (e) 11.5 of mice, atRA is
endogenously and exclusively present in pancreatic mesenchyme,
made evident by mRNA and protein expression of retinaldehyde
dehydrogenase 2 (RALDH2) enzyme. In the presence of exogenous
atRA, pancreatic rudiments differentiate into ducts and endocrine cells
and inhibit acini. Furthermore, atRA upregulates pancreatic
duodenum homeobox (PDX)-1, an important transcription factor in
pancreatic development. These data suggest the important roles of
atRA in determining the cell fate of pancreatic progenitor cells, leading
to the proper formation of endocrine versus exocrine pancreas during
organogenesis [36].

Also, it is possible to induce pancreatic differentiation of mouse
Embryoid Body-Like Sphere (EBS) by simultaneous stimulation with
activin and retinoic acid [37]. In fact, using activin to induce the
differentiation of undifferentiated Embryonic Stem (ES) cells into
endoderm and induction of pancreatic differentiation with retinoic
acid are important elements that are common to almost all of the
methods for obtain pancretic B cells from human ES cells and induced
Pluripotent Stem Cells (iPS) [38].

There is scant information about the metabolism of atRA in
diabetes, including diabetic nephropathy. Starkey and colleagues [39]
recently described altered retinoic acid metabolism under diabetic
conditions and suggested that a shift in atRA metabolism is a novel
feature in type-2 diabetic renal disease. Ingenuity Pathway Analysis
identified altered retinoic acid as a key-signaling axis that was altered
in the diabetic renal cortical proteome. Western blotting and real-time
PCR confirmed diabetes-induced upregulation of RALDHI, which
was localized by immunofluorescence predominantly to the proximal
tubule in the diabetic renal cortex, while PCR confirmed the down
regulation of Alcohol Dehydrogenase (ADH) identified by mass
spectrometry. Despite increased renal cortical tissue levels of retinol
and RALDHI in db/db versus control mice, atRA was significantly
decreased in association with a significant decrease in PPARP/S
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mRNA [39]. Also, plasma, and kidney concentrations of Retinol
Binding Protein (RBP) are significantly lower in STZ-treated rats
compared to controls, suggesting that STZ-induced diabetes is
associated with a depressed plasma concentration of retinol which may
be due, at least in part, to its impaired metabolic transport from the
liver [40]. It has long been established that 66-75% of dietary retinoid
(chylomicron and chylomicron remnant retinoid) is taken up by the
liver where it is stored in Hepatic Stellate Cells (HSCs) [41]. Evidence
to date suggests that reduced metabolic availability of vitamin A
occurs predominantly as a result of insulin deficiency.

The role of atRA treatment on STZ-induced experimental diabetic
nephropathy has been tested by Han et al., who described that atRA
treatment decreased diabetes-induced renal expression and urinary
excretion of monocyte chemoattractant peptide (MCP)-1 and
Albumin: Creatinine Ratio (ACR). Also, in cultured podocytes, high
glucose stimuli rapidly increased MCP-1 mRNA and protein
expression, which was attenuated by atRA, suggesting an anti-
inflammatory and renoprotective role of atRA in the early stages of
diabetic nephropathy [42].

A protective role of atRA has been shown in diabetic and
nondiabetic proteinuric diseases [42] and a link between a cytochrome
P450 enzyme known to metabolize atRA and increased mitochondrial
oxidative stress in type 1 diabetic rat kidneys has been established,
since P450 enzyme increases the elimination of atRA from the body
[43]. Recently, atRA has been shown to bind PPARB/S and act as a
ligand to activate transcription, suggesting that altered retinoic
metabolism could provide a potential link to insulin resistance and
fatty acid [43].

Glucose-induced Endothelial Nitric Oxide Synthase (eNOS)
expression and NO production in mesangial cells may contribute to
hyperfiltration in diabetes and RA may exert beneficial effects by
downregulation of Stromal Interaction Molecule 1 (STIM1) and store-
operated Ca2+ influx (SOC) [44].

On the other hand, it has been reported that skin disorders in STZ-
induced type 1 diabetes might be partially due to the reduced levels of
vitamin A, which might exert protective effects against skin changes
induced by diabetes. Treatment with vitamin A or RA influences
various physiological processes in skin tissues, including enhancement
of cell communication, and inhibition of metabolic activation. RA
treatment reduced the activity of metalloproteinase and hyaluronidase
in the skin tissues of diabetic rats. Also, blood retinol levels in STZ-
treated rats were lower than controls, suggesting that type-1 diabetic
rats could be vitamin A-deficient [45]. Also, superficial skin wounds in
diabetic rats heal more rapidly in animals that have been pretreated
with a regimen of topical atRA. At the histological level, recently
healed skin from vehicle-treated diabetic rats contains a thin, wispy
provisional matrix in which many of the embedded cells were round
and some of them were pycnotic. In contrast, a much denser
provisional matrix with large numbers of embedded spindle-shaped
cells was observed in healed wounds from diabetic skin that had been
pretreated with atRA. The atRA-treated diabetic skin was
histologically similar to vehicle-treated skin from nondiabetic animals.
In light of these findings, prophylactic use of retinoid-containing
preparations might be useful in preventing the development of non-
healing skin ulcers resultant from minor traumas in at-risk skin [46].

In a model of diabetic mice neuropathy induced by STZ
administration, atRA treatment reverted the ultrastructural
morphologic changes, as observed by the improvement in sensibility

and the reduction in neuropathy by increasing the Neural Growth
Factor (NGF) concentrations in nerve terminals [47,48]. Also, in a
mouse model of STZ-induced dementia of Alzheimer's type, atRA
attenuated memory deficits by virtue of its neuroprotective, anti-
cholinesterase, anti-oxidative, anti-inflammatory and probably
amyloid lowering potential [49]. Retinol treatment decreased lipid
peroxidation in the retina of STZ-treated animals, and improved the
loss of fat-soluble antioxidants determined by the ferric chloride-
bipyridyl reaction. It seems permissible to assume that retinoids may
be involved in physiological protective mechanisms against lipid
peroxidation in the retina in addition to their photo-receptive
functions as visual pigment [50]. Also, atRA treatment decreased the
number of apoptotic cells in the retina of STZ-treated mice evaluated
by TdT-dUTP terminal nick-end labeling assay [51]. It was found that
atRA exerts immunomodulatory actions in a number of inflammatory
and autoimmune conditions, atRA reduced emergence of primed
(autoreactive) CD4+ CD25+ T cells and reduced Th1/Th17 response
and nitric oxide production in peripheral lymphoid tissues thus
shifting the balance towards the anti-inflammatory cytokines [52].

Several doses have been used to test the protective effect of atRA on
STZ-induced alterations, which are in the range of 1-20 mg/kg/day at
times between 1-8 weeks [42,46-52] in animal models. However, the
results of several classical clinical studies showed that chronic
administration of vitamin A in slight excess of 5,000 IU/d is associated
with a reduction in bone density and increased risk for osteoporotic
fractures in the older individuals [53]. Also, castrated mice injected
intraperitoneally with 10 mg/kg daily during 3 weeks with atRA
showed significant bone loss, this effect was more pronounced in
testosterone-deficient animals. Testosterone deficiency as occurs
following castration may sensitize the bone to resorption mediated by
atRA. Therefore, chronic vitamin A administration may be a risk
factor for osteoporosis in rodents [54].

Conclusion

Retinoids have many important and diverse functions throughout
the body, including roles in vision, regulation of cell proliferation and
differentiation. The experiments described above provide evidence
that atRA supplementation under diabetic conditions exerts protective
effects and ameliorates pathological alterations in diabetes by
modulating several signaling pathways including anti-inflammatory,
antioxidant, immunomodulatory and antiapoptotic properties, thus
suggesting a promising role of atRA as a potential chemo-therapeutic
or chemo-preventive agent against diverse complications in diabetes.
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