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ACE: Enzima convertidora de angiotensina. 

Akt: Oncogén aislado de tumores producidos por el retrovirus murino AKT8. 

Ang II: Angiotensina II. 

APS: Persulfato amónico. 

AT1: Receptor tipo 1 de angiotensina II. 

AT2: Receptor tipo 2 de angiotensina II. 

BAD: Inductor de muerte asociado a Bcl-2; Bcl-2-associated death promoter. 

BMP: Bone morphogenic proteins. 

BSA: Albúmina bovina sérica. 

CBF-A: CArG box-binding factor-A. 

COX: Ciclooxigenasa. 

CRF: Enfermedad Renal Crónica; Chronic Renal Failure. 

CTGF: Factor de crecimiento de tejido conjuntivo; Connective tissue growth factor. 

Cys: Cisteína. 

DAB: 3,3'-diaminobenzidina.  

DAG: Diacilglicerol. 

ECA: Enzima convertidora de angiotensina. 

ECL: Intensificador de quimioluminiscencia; Enhanced Chemiluminescent. 

ECM: Matriz Extracelular; Extracellular Matrix. 

EDTA: Ácido etileno diamino tetracético.  

EEM: Error estándar de la media. 

EGF: Factor de crecimiento epidérmico; Epidermal growth factor. 

Elk-1: Gen similar a Ets; Ets-like gene 1. 

EMT: Ephitelial Mesenchymal Transition. 

eNOS: Sintasa de óxido nítrico endotelial.  

ERK: Proteína kinasa regulada por señales extracelulares; Extracellular signal-regulated 

protein kinase. 

FGF: Fibroblast growth factor. 

FSP-1: Fibroblast specific protein-1 

FST-1: Fibroblast transcription site-1. 

FTI: Inhibidores de farnesil transferasa. 

GAG: Glucosaminoglucanos. 

GAPs: Proteínas activadoras de GTPasas; Guanosine triphosphatase activating proteins. 
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GBM: Glomerular basement membrane. 

GDP: Guanosina 5´difosfato. 

GEFs: Proteínas intercambiadoras de nucleótidos de guanina; Guanine nucleotide 

exchange factors. 

Grb2: Proteína de unión a receptores de factores de crecimiento 2; Growth factor receptor 

binding protein 2. 

GSK-3β: Glycogen synthase kinase 3 β. 

GTP: Guanosina 5´trifosfato. 

GTPasa: Guanosina trifosfatasa. 

HEPES: ácido N-(2-hidroxietil)piperazina-N’-(4-butasulfónico).  

HGF: Hepatocyte growth factor. 

HIF-1: Hypoxia inducible factor-1. 

HO-1: Heme oxigenase-1. 

HPR: Peroxidasa de rábano picante; Horse-radish peroxidase. 

HSP27: Heat-shock protein 27 

ICAM: Intercellular adhesion molecule-1. 

IECAs: Inhibidores de la ECA. 

IGF: Factor de crecimiento tipo insulina; Insulina-like growth factor. 

IH: Inmunohistoquímica. 

IKK: I kappaB kinasa 

IL-1β: Interleucina-1β. 

ILK: Integrin-linked kinase. 

JNK: Kinasa N-terminal de jun; Jun N-terminal kinase. 

kDa: Kilodalton. 

KO: Knock out. 

L: Riñón ligado. 

MAPKKs: MAPK de kinasas. 

MAPKs: Proteínas kinasas activadas por mitógenos; Mitogen-activated protein kinases. 

MC: Mesangial cell. 

MCP-1: Monocyte chemoattractant protein-1. 

MCS-F: Macrophage colony-stimulating factor-1. 

MEK: kinasa MAPK/ERK. 

MIF: Macrophage migratory inhibitory factor.  



Abreviaturas 
 
 

25 

MLB: Tampón de lisis con magnesio; Magnesium-containing Lysis Buffer. 

MMP: Matrix metalloproteinases. 

NF-κB: Factor nuclear kappa B; Nuclear Factor kappa B 

NL: Riñón no ligado.  

NO: Riñón no obstruido. 

O: Riñón obstruido. 

OPN: Osteopontin. 

OUU: Obstrucción ureteral unilateral. 

p70S6K: Proteína S6 kinasa ribosomal. 

PAI: Inhibidor de la activación de plasminógeno; Plasminogen activator inhibitor. 

PAN: puromycin aminonucleoside. 

PBS: Solución salina tamponada con fosfatos. 

PDGF: Factor de crecimiento derivado de plaquetas; Platelet-derived growth factor. 

PDKs: Kinasas dependientes de fosfoinositoles. 

PGE: Prostaglandina E. 

PI: Fosfatidilinositol. 

PI3K: Fosfatidilinositol-3-kinasa. 

PIP2: Fosfatidil-inositol-4,5-bisfosfato 

PIP3: Inositol-1,4,5-trifosfato. 

PKB: Proteína kinasa B. 

PLA2: Fosfolipasa A2. 

PLC: Fosfolipasa C. 

PLD: Fosfolipasa D. 

PMSF: Fluoruro de fenil metil sulfonilo. 

Rab: Ras-like proteins in brain. 

Raf: Factor activado por ras; ras activated factor. 

Ran:  Ras-like nuclear. 

Ras: Oncogén aislado de sarcomas murinos inducidos por virus; Retrovirus associated 

sequences. 

RBD: Dominio de unión a Ras; Ras Binding Domain. 

Rho: Ras homologous. 

ROCK: Rho-associated coiled coil–containing protein kinase. 

SDS: Dodecil sulfato sódico. 
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SEM: Error stándard de la media. 

Ser: Serina. 

Shc: Colágeno homólogo a Src; Src-homology collagen protein 

SO: Sham operated kidneys. 

Sos: Son of sevenless. 

Src: Oncogén derivado del virus de sarcoma de Rous. 

SRF: Factor de respuesta sérica; Serum response factor. 

TBM: Tubular basement membrane. 

TEMED: N,N,N',N'-tetrametildiamina. 

TFG: Tasa de filtración glomerular. 

TGF-β: Factor de crecimiento transformante beta; Transforming growth factor beta. 

TK: Tirosina kinasa. 

TNF-α: Factor de necrosis tumoral alfa. 

tPA: tissue Plasminogen activator. 

Tris: Tris hidroximetil amino metano. 

TTBS: Solución salina con tween tamponada con tris. 

TXA2: Tromboxano A2. 

TXs: Tromboxanos. 

uPAR: Receptor urokinase-type plasminogen activator. 

UUO: Unilateral ureteral obstruction. 

VCAM: Vascular cell adhesion molecule-1. 

VEGF: Factor de crecimiento vascular endotelial; Vascular endotelial growth factor. 

WB: Western blot. 

α-SMA: Alfa-actina de músculo liso vascular; Alpha-smooth muscle actin.  

3d: 3 días. 

15d: 15 días. 
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GENERALIDADES 

 La fibrosis renal es una característica común de la enfermedad renal crónica 

independientemente de su etiología. Numerosas citoquinas involucradas en el desarrollo 

de la fibrosis renal activan Ras. Las diferentes isoformas de Ras regulan numerosos 

procesos celulares a través de la activación de sus efectores. El papel de las isoformas 

de Ras en la nefropatía obstructiva está comentado en forma de Editorial (Artículo I). A 

continuación se ha revisado la relevancia terapéutica de los inhibidores de las 

MAPKinasas en las enfermedades renales (Artículo II). La obstrucción ureteral 

unilateral es un modelo experimental de fibrosis tubulointersticial ampliamente 

utilizado porque mimetiza de forma acelerada los diferentes estados de la nefropatía 

obstructiva. Se han realizado tres revisiones bibliográficas sobre este modelo 

experimental, centrándonos primero en la activación de los miofibroblastos observada 

durante la obstrucción ureteral (Artículo III) a continuación el papel de la inflamación 

en este modelo experimental de nefropatía obstructiva (Artículo IV) y por último hemos 

revisado la acumulación de matriz extracelular y la apoptosis observada en la 

obstrucción ureteral (Artículo V). 
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Editorial 
 

“Las isoformas de ras en la nefropatía obstructiva” 
 

M. Teresa Grande and José M. López-Novoa 

Nefrología (enviado) 
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LAS PROTEINAS RAS  

Las proteínas Ras son pequeñas proteínas monoméricas, con actividad GTPasa 

muy conservadas a lo largo de la evolución de todos los organismos eucariotas. Estas 

pequeñas proteínas ejercen gran variedad de funciones celulares como son la regulación 

de la expresión génica, proliferación celular, migración, organización del citoesqueleto, 

tráfico intracelular de vesículas y transporte de proteínas entre el núcleo y el 

citoplasma1.  

 Los genes ras se descubrieron en los años 60 como elementos del virus de la 

cepa Harvey y Kirsten que producía sarcomas en roedores recién nacidos2,3. A 

principios de los 80 se identificaron distintos alelos mutados de genes ras como 

oncogenes dominantes presentes en un gran porcentaje de tumores sólidos. En 

mamíferos las células poseen tres genes cuya estructura y función es muy parecida: H-

ras, K-ras y N-ras. Están compuestos por cinco exones codificantes y un exón 5´ no 

codificante, y difieren muy poco en el tamaño y en la secuencia de intrones. Los genes 

K-ras tienen dos splicing alternativos para el cuarto exón codificante: 4A y 4B, dando 

lugar a dos proteínas que difieren en 25 aminoácidos del extremo carboxilo terminal4. 

Los genes ras codifican proteínas de 189 aminoácidos (N-Ras, H-Ras y K-Ras4A) y de 

188 aminoácidos (K-Ras4B). Las proteínas Ras tienen un alto grado de homología en 

sus primeros 164 aminoácidos, siendo idénticas en los primeros 86 aminoácidos y con 

un 79% de homología en los 78 residuos restantes. Sin embargo, entre los aminoácidos 

165 y 185, llamada región heterogénea, son completamente distintas en los 20 

aminoácidos carboxilo terminales, a excepción de los 4 aminoácidos del extremo 

carboxiterminal donde la secuencia Cys186–A-A-X-COOH, (también denominado 

motivo CAAX, donde C es una cisteína, A es un aminoácido alifático y X un 

aminoácido cualquiera) está presente en todos los miembros de Ras5 y esta secuencia 

CAAX, es una señal para el procesamiento por enzimas que añaden un grupo prenilo 

(farnesilo o geranilgeranilo), facilitando el anclaje de la proteína Ras a la membrana. La 

heterogeneidad en esta secuencia de 25 aminoácidos ha llevado a que esta zona se llame 

región hipervariable y se piensa que la variación que existe en esta región debe tener 

algún efecto funcional6. Las diferencias de la región hipervariable en la secuencia 

primaria de las proteínas Ras determinan distintas modificaciones post-transduccionales 

y diferencias en el tráfico y situación en la membrana plasmática que, en último 

término, producen diferencias en la actividad biológica determinada por su localización 
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con moléculas que regulan la actividad de Ras como los receptores tirosina quinasa 

(RTK) o moléculas efectoras de Ras como PI3K7-9. Además, mientras la falta de H-Ras 

y N-Ras no afecta en el desarrollo vital del ratón, K-Ras sí parece ser fundamental para 

el desarrollo del ratón ya que la deficiencia de K-ras  produce la muerte de los 

embriones10-12.  

 Las proteínas Ras de mamíferos se localizan en la superficie interna de la 

membrana plasmática13,14 localizándose en caveolas o en rafts, regiones lipídicas ricas 

en colesterol, o en zonas desorganizadas de la membrana15 dependiendo de las 

modificaciones postraduccionales. Así, se sabe que H-Ras está localizada en islotes 

lipídicos, mientras que K-Ras se localiza en zonas desorganizadas de la membrana16,17.  

 Una vez localizadas en la membrana, las proteínas Ras alternan un equilibrio 

entre la forma inactiva, unida a GDP, y la forma activa, unida a GTP, que le permite 

interaccionar con las moléculas efectoras y ejercer sus funciones celulares.  

EFECTORES DE LA ACTIVACIÓN DE RAS 

 La proteína activada Ras media en la proliferación celular a través de la 

estimulación de MAPKs (mitogen-activated protein Kinases), activando mediante la 

serina-treonina quinasa Raf a la proteína ERK1y ERK2, también conocidas como p44- 

y p42- MAPK. La activación de las MAPK en respuesta a estímulos controla la 

expresión de genes, el metabolismo celular y funciones del citoesqueleto, contribuyendo 

a la regulación de procesos celulares tan complejos como la migración, la mitogénesis, 

la diferenciación o la supervivencia celular18.  

 Otra ruta de señalización estimulada por Ras es la vía de la proteína quinasa B 

(PKB), o Akt mediante la activación de la PI3K. Akt regula la expresión de numerosos 

genes, induce la síntesis proteica, promueve la supervivencia celular y protege a las 

células de la apoptosis. Akt ejerce su efecto anti-apoptótico mediante fosforilación de 

numerosos substratos reduciendo su actividad como BAD, caspasa 9, factores de 

transcripción como el forkhead factor FKHR1, o E2F, y la quinasa IKK que regula al 

factor de transcripción NF-κB19. 

PAPEL DE LA ACTIVACIÓN DE RAS EN LA PATOLOGÍA RENAL 

 La fibrosis renal tiene un papel fundamental en el desarrollo de las enfermedades 

renales. Existen numerosas citoquinas que activan Ras como Angiotensina II, factor de 

crecimiento transformante β (TGF-β), factor de crecimiento derivado de las plaquetas 
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(PDGF), factor de crecimiento epidérmico (EGF), endotelina y trombina y que se 

encuentran aumentadas en la fibrosis renal y en numerosos modelos experimentales de 

fibrosis renal20. Además la administración de inhibidores de la activación de Ras como 

los inhibidores de la farnesilación o las estatinas en modelos experimentales de daño 

renal, disminuyen el daño glomerular, la aterosclerosis y la proliferación. También la 

administración de inhibidores de la activación de ERK disminuyen el daño renal 

observado en modelos de glomerulonefritis y de la enfermedad poliquística renal. Se ha 

encontrado activación de Akt en ratas diabéticas, en modelos de glomeruloesclerosis y 

de isquemia/reperfusión renal donde la inhibición de la activación de Akt mejora el 

daño renal20.       

PAPEL DE LA ACTIVACIÓN DE RAS EN LA NEFROPATIA OBSTRUCTIVA. 

 La mayor parte de los estudios que analizan los mecanismos conducentes al 

daño renal en la nefropatía obstructiva se han realizado en modelos de obstrucción 

ureteral unilateral en ratas y ratones. La obstrucción ureteral unilateral consiste en una 

obstrucción aguda y completa del uréter que mimetiza de forma acelerada los diferentes 

estados de la nefropatía obstructiva dando lugar a fibrosis tubulointersticial. La 

característica patológica principal del riñón obstruido son las alteraciones 

tubulointersticiales donde se detecta infiltración de células, apoptosis y proliferación de 

células tubulares e intersticiales, acumulación de (mio)fibroblastos, atrofia tubular y 

fibrosis intersticial. Además también se observan alteraciones hemodinámicas, aumento 

del estrés oxidativo, inflamación e infiltración de leucocitos. La fibrosis intersticial se 

debe a un aumento de la deposición de la matriz extracelular intersticial por aumento de 

colágenos, sobre todo I, III y IV, y de fibronectina. Este incremento en la deposición de 

matriz extracelular se debe al aumento en la población renal de fibroblastos, los cuales 

provienen de múltiples orígenes21,22: i) células hematopoyéticas, ii) activación de 

fibroblastos intersticiales residentes iii) células tubulares que se transforman vía 

transición epitelio-mesenquimal.  

 Numerosos factores están implicados en la transducción de señales que 

conllevan al desarrollo de la fibrosis tubulointersticial en la obstrucción ureteral como 

TGF-β, activación de NF-κB, TNF-α, angiotensina II, factores de crecimiento, 

moléculas de adhesión y quimiocinas. Por su parte, Ras, a través de sus efectores, juega 

un papel muy importante en la transducción de señales en el riñón de factores como 

angiotensina II23 y TGF-beta20.   
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 Ras se expresa en el riñón y existe una expresión específica de las isoformas de 

Ras tanto en el riñón normal como en el riñón dañado tras la obstrucción ureteral24. En 

el riñón de ratón parece que N-Ras y K-Ras se expresan en la corteza interna y en la 

médula, mientras que H-Ras solo se localiza en la médula. En el riñón humano, N-Ras 

se localiza específicamente en células epiteliales tubulares, mientras que K-Ras y H-Ras 

se expresan en células mesangiales, células intersticiales y tubulares25. La obstrucción 

ureteral produce en el riñón obstruido un aumento en la expresión de las 3 isoformas de 

Ras, tanto en intensidad como en área ocupada. En el riñón obstruido N-Ras y K-Ras se 

expresan en la zona tubulointersticial de la corteza y médula, mientras que la expresión 

de H-Ras es granular en las células tubulares pero no en células intersticiales24. En 

estudios previos hemos observado la activación de Ras y de sus efectores tras la 

obstrucción ureteral, demostrando además una relación entre la activación de los 

efectores de Ras, ERK y Akt, con los cambios tempranos observados tras la obstrucción 

ureteral. Precisamente, la activación de ERK está relacionada con la proliferación 

celular, la apoptosis y la activación de fibroblastos y la activación de Akt está 

relacionada con la proliferación, la activación de fibroblastos y la producción de matriz 

extracelular observados después de 3 días de obstrucción ureteral26.  También se 

conocen distintas funciones de las isoformas de Ras en estudios llevados a cabo en 

fibroblastos renales. Por ejemplo H-Ras y N-Ras están involucrados en la producción de 

matriz extracelular y en la proliferación27 y se ha demostrado que K-Ras está  implicado 

también en la regulación de la proliferación celular de fibroblastos renales28. Teniendo 

en cuenta toda la información que existe sobre Ras y la nefropatía obstructiva, sería 

importante conocer qué posible papel diferencial  tiene la activación de las diferentes 

isoformas de Ras (N-Ras, H-Ras y K-Ras) en el desarrollo de la patología renal 

asociada a la obstrucción ureteral para estudiar cuales son los mecanismos de regulación 

que llevan a la pérdida de la función renal y conocer posibles dianas terapéuticas para 

prevenir el desarrollo de la enfermedad renal durante la obstrucción ureteral.   
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SUMMARY  

 Obstructive nephropathy is a major cause of renal failure, particularly in 

newborns and children. After urinary tract obstruction, and under the influence of 

mechanical forces and cytokines such as TGF-β, PDGF, FGF, ED-A splice variant of 

fibronectin activin A and other chemokines produced by tubular and infiltrated 

interstitial cells, resident fibroblasts undergo transformation to activated fibroblasts 

or to myofibroblasts. Myofibroblasts can also derive from pericytes or from 

endothelial cells. In addition, selected tubular epithelial cells change the phenotype to 

fibroblast like-mesenchymal cells in a process called epithelial-mesenchymal 

transition (EMT) that is characterized by downregulation of epithelial marker 

proteins such as E-cadherin, ZO-1 and cytokeratin, loss of cell-to-cell adhesion, 

finally, upregulation of mesenchymal markers including vimentin, α-SMA and 

fibroblast-specific protein-1, basement membrane degradation and migration to the 

interstitial compartment. All this process is strictly regulated by several signaling 

pathways including activation of the small GTPases of the Ras family, MAP-kinases, 

PI3-Kinase/Akt, GSK-3β, ILK/PINCH, NFκB, Smads, and many others. 

Myofibroblasts proliferate and produce great amounts of extracellular matrix 

components that accumulate in the tubular interstitium, which together with tubular 

atrophy, leads to interstitial fibrosis. The molecular mechanisms leading to 

myofibroblast activation and EMT seems to be a promising target to prevent or even 

reverse interstitial fibrosis and reduced renal function associated to obstructive 

nephropathy. 

 

KEYWORDS: epithelial-to-mesenchymal transition, fibroblasts, obstructive 

nephropathy, obstructive uropathy, ureteral obstruction. 

 

REVIEW CRITERIA 

The Pub-Med database and major nephrology journals were the primary 

sources for this review, focusing on papers published in the past 5 years (2004–2008) 

that described the mechanisms of fibroblast activation in experimental models of 

obstructive nephropathy, mainly rodent models of unilateral ureteral obstruction 

although in some cases, some complementary in vitro data has been also revised. 

When necessary, older papers with very relevant data are also quoted. 
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INTRODUCTION 

 End-stage renal disease is a common functional and histological feature of 

progressive renal diseases, characterized by loss of glomerular and peritubular 

capillary architecture, cell proliferation, and diffuse extracellular matrix 

accumulation leading to tubular atrophy, and progressive fibrosis. Depending on the 

pathology, extracellular matrix accumulation may occur either in the glomeruli 

(glomerulosclerosis), or in the tubular interstitium (tubulointerstitial fibrosis). 

Tubulointerstitial fibrosis is characterized by the accumulation of extracellular matrix 

(ECM) components including collagen types I, III, and IV, as well as proteoglycans 

and fibronectin. Interstitial fibrosis seems to be a morphologic hallmark of chronic 

renal disease. In particular, many studies have determined that the extent of 

tubulointerstitial involvement correlates better with renal function deterioration than 

glomerular changes do, thus the extent of damaged tubulointerstitial area in any 

given renal biopsy has important implications for the renal prognosis of the patient 

(summarized in1,2). Furthermore, interstitial fibrosis is a component of normal 

structural changes in the aging kidney3 and it is a hallmark of the chronic allograft 

nephropathy, the most common cause of kidney transplant failure within a decade 

after transplantation.4 Tubulointerstitial fibrosis is also a major structural component 

of obstructive nephropathy, the first primary cause (22,9%) of chronic renal failure 

(CRF) in children, according to data of The North American Pediatric Renal 

Transplant Cooperative Study (NAPRTCS).5  

 The experimental model of unilateral ureteral obstruction (UUO) in rat and 

mouse have become the standard model to better understand the causes and 

mechanism of nonimmunological tubulointerstitial fibrosis, as it is a normotensive, 

nonproteinuric, nonhyperlipidemic model, without any apparent immune or toxic 

renal insult. The UUO consists of an acute obstruction of one of the ureters, and 

depending on the time of obstruction, this model mimics the different stages of 

obstructive nephropathy leading to tubulointerstitial fibrosis2 without compromising 

the animal´s life, because the contralateral kidney maintains its function, or even 

increases its function due to compensatory functional and anatomic hypertrophy. 

UUO is characterized by a series of functional and structural changes, including a 

decrease in renal blood flow and glomerular filtration rate, alterations in tubular 

transport, increased oxidative stress, tubular atrophy and apoptosis, leukocyte 

infiltration, inflammation, fibroblast activation and proliferation, and interstitial 
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fibrosis (Figure 1). Some of these features have been recently reviewed in this 

Journal.6 The purpose of the present review is to revise the most recent advances on 

the mechanisms involved in myofibroblasts activation in experimental UUO. We 

have reviewed mainly data obtained from in vivo models, although in some cases, 

some complementary in vitro data has been also included. 

 

Figure 1:  Characteristic histological alterations in obstructed (O) and non obstructed (NO) 
kidneys after UUO in mice. Hematoxilin-eosin (HE) staining reveals tubular dilatation and 
simplification of the epithelial cells in some tubules. α-smooth muscle actin (α-SMA) staining 
appears only in the blood vessel wall in the non-obstructed kidney, but in the obstructed kidney, 
many α-SMA-stained cells are scattered in the interstitial space. Fibronectin staining was limited 
to the tubular basement membranes in the non obstructed kidney, whereas in the obstructed 
kidney, large amounts of fibronectin appear in the interstitial space. Collagen I staining was absent 
in the non obstructed kidney, whereas strong collagen I staining is observed in the interstitial space 
in the obstructed kidney.  
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FIBROBLAST ACTIVATION AFTER UUO  

 Interstitial cells in the kidney are a heterogeneous population including 

fibroblasts, dendritic cells and lymphocyte-like cells. Long-term activation of 

fibroblasts results in massive proliferation and excessive ECM accumulation.  

Activated fibroblasts and myofibroblasts, cells with fibroblasts appearance but also 

expressing myocite markers, such as α-smooth muscle actin (α-SMA), play a key 

role in the genesis of interstitial fibrosis during ureteral obstruction.7 It has been 

shown that interstitial fibroblasts in kidney fibrosis derive from several sources7,8 

(figure 2). One source of activated fibroblasts are bone marrow derived cells, 

although these bone-marrow derived myofibroblasts or fibroblasts do not seem to 

participate significantly in collagen synthesis after UUO.9 The activation of resident 

interstitial fibroblasts seems to play also a critical role in fibrosis during UUO.10 

Vascular pericytes have been also proposed as responsible for interstitial fibrosis, as 

they migrate and differentiate into myofibroblasts as a result of vascular injury or 

vascular factors after UUO.11 Endothelial cells can also contribute to the appearance 

of fibroblasts during kidney fibrosis via a process called endothelial-to-mesenchymal 

transition.12 Finally, numerous studies report that transformation of tubular cells via 

epithelial–mesenchymal transition (EMT) are the origin of myofibroblast in the 

obstructed kidneys after UUO.7,13  

 Thus, there are several sources of activated fibroblasts and myofibroblasts in 

the interstitial space of obstructed kidneys, but the relevance of each source seems to 

depend on the time of study after obstruction. EMT -derived myofibroblasts have 

been suggested to appear after 7 days of  UUO and thereafter whereas resident 

fibroblasts and perivascular pericytes are a major source of activated fibroblasts and 

myofibroblasts in the first stage of obstruction as they have been reported to appear 

in the first hours after UUO11.  

LOCAL INTERSTITIAL FIBROBLAST ACTIVATION   

 Differentiation of fibroblast into myofibroblasts represents a beneficial event 

during wound healing and tissue repair but it results harmful when becomes 

excessive as occurs in fibrotic diseases. In fact, the number of interstitial 

myofibroblasts correlates closely with tubulointerstitial fibrosis and progressive renal 

failure.14 This differentiation into myofibroblast seems to be regulated by both 

mechanical and chemical microenvironments factors.   
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Figure 2. Origin and time-course of myofibroblasts in the obstructed kidney. Interstitial 
myofibroblasts derive in the first 7 days of UUO from activation of local resident fibroblasts by 
mechanical stretch or cytokines such as TGF-β or macrophage-produced cytokines, by 
differentiation of bone-marrow-derived cells and by vascular pericytes induced by vascular injury 
and vascular factors. In larger stages, myofibroblasts derive from epithelial-to-mesenchymal 
transition (EMT), modulated by many cytokines and by Endothelial-to-mesenchymal transition 
(EndMT) from endothelial cells. Myofibroblasts proliferate and produce extracellular matrix. 
 

 
  Identification of fibroblasts has become complicated as there is no a single 

protein that is neither always nor exclusively expressed in all fibroblasts. Expression 

of fibroblasts markers depends on the origin and functional stage of the cell.  

Fibroblast specific protein 1 (FSP1), ecto-5´-nucleotidase, vimentin and α-smooth 

muscle actin (α-SMA) are the activated fibroblasts markers most frequent used. FSP-

1, also known as small cytoplasmic calcium-binding protein S100A4, has been 

widely used as fibroblast marker but the fact that only few cells are positive for FSP-

1/S100A4 in healthy kidneys suggests that not all fibroblast population express this 

protein.15  Another marker used for fibroblast identification has been ecto-5´-

nucleotidase (5'NT) expression,16 but it has been also found in the apical membrane 

of proximal tubular cells.17 The intermediate filament protein vimentin is regarded as 

a marker for cells of mesenchymal origin and is expressed in migrating cells. α-SMA 

is marker of smooth muscle cells and also of cells from mesenchymal origin. Both, 

vimentin and α-SMA, have been frequently used as markers of myofibroblasts.  

  



Introducción 
 

66 
 

 In normal kidneys, cortical interstitial fibroblast have been identified by their 

expression of 5'NT, but no co-expression of 5´NT and α-SMA was observed.15 

However, some cells expressing both 5´NT and α-SMA were observed 1 day after 

ureteral obstruction, and become more frequent up to fourth day. At this time, neither 

cells double positive for FSP1 and α-SMA nor for FSP1 and 5′NT in tubular cells 

were observed in the obstructed kidneys.10,16 This results suggest that FSP1 positive 

cells are not myofibroblasts, and it has been suggested  that these cells are  

leukocytes10 or macrophages.11 Co-expression of 5´NT and α-SMA suggest that at 

least up to day fourth after UUO, myofibroblasts seems to derive from activation of 

resident fibroblast whereas the lack of  co-expression of  5´NT or α-SMA with FSP-

1/S100A4 suggests that FSP-1/S100A4 is not a exclusive fibroblast marker as have 

been reported that FSP-1/S100A4 also co-localizes with macrophages markers.18 To 

our knowledge, the  co-expression of vimentin with either α-SMA, 5´NT nor FSP-

1/S100A4 has not been reported. 

 One of the microenvironmental factor responsible of fibroblast activation is 

mechanical tension (figure 2), which has been reported to induce α-SMA expression 

in fibroblast, whereas tension release reduced α-SMA expression. Moreover, when 

fibroblasts were subjected to mechanical tension, contractility correlated with the 

level of α-SMA.19 Renal fibroblast subjected to cyclic stretch, to mimic the changes 

in intrarenal pressure in UUO, produced collagen, laminin, fibronectin and TGF-β.20  

 However, mechanical stress is not the only environmental factor able to up-

regulate α-SMA production. Cytokines such as TGF-β,21 PDGF,22 FGF,23 and ED-A 

splice variant of fibronectin are also involved in fibroblast activation and 

proliferation.24 Also chemokines, derived from infiltrating leukocytes, have been 

reported to be involved in regulating fibroblast activation.25 TGF-β seems to be the 

major growth factor directly promoting myofibroblast development by inducing 

expression of α-SMA.21 UUO induce TGF-β overexpression and activation of the 

Smad pathway, which transmits the signaling of TGF-β from cell membrane to the 

nucleus. Overexpression of latent TGF-β reduced the UUO-induced α-SMA positive 

cells as well as inhibited the smad2/3 activation observed after UUO.26 Furthermore, 

blockade or elimination of smad2/3 pathway reduces interstitial fibrosis after UUO.27 

Also Smad transcriptional co-repressors, SnoN and Ski, are downregulated during 

obstructive nephropathy, exhibiting additive effect in abrogating the profibrotic 

actions of TGF-β. Moreover, inhibition of degradation of SnoN abolished TGF-β-
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mediated α-SMA and fibronectin induction.28,29 These results suggest TGF-β 

promotes fibroblast activation through Smad signaling pathway.   

 Activin A, a member of the TGF-β superfamily, seems to be also involved in 

fibroblast activation. The expression of activin A was found upregulated in kidneys 

after UUO.30 Activin A did not induced EMT in tubular epithelial cells but it 

promoted cell proliferation, induced the expression of α-SMA, and enhanced the 

expression of type I collagen mRNA in renal fibroblasts. Both administration of 

follistatin, an inhibitor of activin effects, or overexpression of activin mutant 

receptor, reduced the proliferation rate and suppressed the expression of type I 

collagen. TGF-β induced the expression of activin A. In contrast, blockade of activin 

signaling reduced TGF-β effects such as type I collagen synthesis. These results 

suggest that activin A is a potent inducer of fibroblast activation in the kidney.30 

 In conclusion, regardless of the difficulty in identifying fibroblasts, it seems 

that the activation of local fibroblasts is regulated by both mechanical stretch and 

cytokines, especially TGF-β, but also by other cytokines derived from damaged 

tubular epithelial cells and infiltrating macrophages.  

EPITHELIAL-MESENCHYMAL TRANSITION 

 As above stated, it has been suggested that during renal fibrosis, tubular 

epithelial cells can obtain a mesenchymal phenotype, in which the cell morphology 

changes from a cuboidal to a fibroblastic shape, and cells acquire an enhanced 

migratory faculty permitting them to transit from the renal tubular microenvironment 

into the interstitial space, where they contribute to extracellular matrix accumulation. 

This process is called epithelial-mesenchymal transition (EMT). During EMT 

epithelial characteristics are lost and mesenchymal phenotype appears. EMT in 

epithelial cells is characterized by the disruption of epithelial junctional complexes 

and the subsequent loss of cell polarity.31 These actions are accompanied by 

morphological changes to a fibroblastoid morphology, downregulation of epithelial 

marker proteins such as E-cadherin, ZO-1 and cytokeratin, and finally, upregulation 

of mesenchymal markers including vimentin, α-SMA and FSP-1.7 Finally, the cell is 

also able to degrade the basal membrane and to acquire the capacity to migrate from 

the tubular to the interstitial space, where it obtains its final myofibroblast 

morphology (Figure 3). Although several in vivo studies have demonstrated the 
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existence of EMT in the UUO model, the most conclusive evidence of EMT in this 

model came from a landmark study by Iwano et al. using genetically tagged 

proximal tubular epithelial cells, demonstrating that up to 36% of all matrix 

producing cells within the tubulointerstitial space may be of tubular epithelial 

origin.32 However, the contribution of EMT to the formation of myofibroblasts may 

be less in other experimental models.33  

 In addition to differentiated tubular epithelial cells, renal progenitor tubular 

cells (RPC) seem to be also involved in EMT. In the normal kidney RPC has been 

reported to be scattered among the tubular epithelial cells, whereas many RPC were 

observed in the interstitum of obstructed kidneys 3 days after obstruction and 

thereafter. By opposite no RPC were detected in the interstitium in contralateral 

kidneys after UUO.  Thus RPC, which are localized in tubules of the normal kidneys, 

proliferated, migrated into the interstitium, and transdifferentiated into fibroblast-like 

cells in the UUO model, suggesting that RPC might be a main population undergoing 

EMT in diseased kidneys.34  

 

 
Figure 3. Steps involved in epithelial-to-mesenchymal transition (EMT). EMT has three 
major steps: Loss of cell adhesion and de novo expression of mesenchimal markers such as α-
smooth muscle actin (α-SMA), tubular basement membrane degradation due to increased 
activity of selective metalloproteinases (MMPs), and gain of cell motility, which allow the cell 
to migrate from the tubular to the interstitial space.  
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Although the role of EMT in interstitial fibrosis associated to urinary 

obstruction has received much attention in the last years, and much studies on EMT 

have been published using in vitro techniques or in animal models of urinary 

obstruction, to our knowledge EMT has not been observed in the human obstructive 

disease. There are studies on EMT performed in biopsies from patients with diabetic 

nephropathy,35 IgA nephropathy,36 lupus nephritis,37 and chronic allograft 

dysfunction,38 using  mesenchymal marker proteins such as α-SMA vimentin or 

FSP1/S100A4 as markers of EMT, because these markers does not appears in the 

tubular interstitium in normal kidneys. In these studies, the expression of these 

mesenchymal marker proteins in tubular epithelial cells was well correlated with 

renal function in IgA nephropathy, lupus nephritis and chronic allograft failure. For 

instance, in biopsies from kidneys with chronic allograft failure, it has been observed 

the loss of epithelial markers (E-cadherin, cytokeratin, ZO-1), new expression of 

mesenchymal markers (vimentin, S100A4, α-SMA) and a collagen synthesis marker 

(HSP-47) have been reported.39 However, a very recent study suggest that EMT does 

not play a major role in the  development of early allograft fibrosis.40 Recently, in a 

fetal non-human primate model of UUO, disruption of E-cadherin with concomitant 

de novo expression of basolateral vimentin in the obstructed kidney has been 

reported.41 

Although most studies about cellular and molecular mechanisms involved in 

EMT are based on in vitro studies there are also some studies that have analyzed the 

mechanisms of EMT in the obstructed kidney during UUO.25,42 Next we will review 

what has been documented about the mechanisms of EMT in the UUO model in in 

vivo studies.   

LOSS OF EPITHELIAL CELL ADHESION AND DE NOVO EXPRESSION OF 

MESENCHYMAL MARKERS DURING EMT 

 Adherens and tight junctions are intercellular junctions crucial for epithelial 

adhesion. Adherens junctions are formed by E-cadherin whose intracellular domain 

binds to β-catenin, which binds to α-catenin, which in turn interacts with actin. This 

catenin-mediated anchorage of E-cadherin to the actin cytoskeleton is required for 

strong cell-cell adhesion (Figure 4). Occludin and the members of the family of 

claudin proteins are the major constituents of tight junctions. Occludin and claudins 
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are connected to the actin filaments through cytoplasmic adaptor protein, zonula 

occludens protein-1 (ZO-1) (Figure 4). During UUO in the obstructed kidney it has 

been observed a loss of E-cadherin on day 7 and 14 after UUO in rats43 and also a 

loss of ZO-1 induced by TGF-β in tubular epithelial cells44 and an increased 

expression of β-catenin on day 7 after UUO in mice.45  

Loss of intercellular epithelial adhesion molecules such as E-cadherin and 

ZO-1 is characteristic of the EMT process, but EMT also involves de novo 

expression of mesenchymal markers such as vimentin, α-SMA and FSP-1/S100A4, 

whose expression is increased in the obstructed kidneys after UUO (figure 3).34 The 

lost of E-cadherin and the expression of mesenchymal markers seem to be coupled 

processes, as, in the obstructed kidney of the UUO model in mice, the loss of E-

cadherin has been correlated with the novo expression of α-SMA.46 In fact, as later 

described, many of the transcription factors upregulated during EMT acts as down-

regulators of E-cadherin expression and up-regulators of these mesenchymal 

markers. However, the expression of  EMT markers  seems to depend not only on the 

time after obstruction but also on the species as a recent study performed in rats 

showed increased E-cadherin expression after 3 and 10 days of obstruction47.      

Transcriptional factors involved in EMT 

Several distinct transcription factors have been found to be involved in the 

induction of EMT programs in epithelial cells. These include Snail, Slug, Twist, 

ZEB1 and ZEB2/Sip1.  

Snail (Snail1) and Slug (Snail2), two zinc-finger transcription factors known 

to bind E-box elements, are potential repressors of E-cadherin transcription which 

have been reported to increase in the obstructed kidney after UUO.25,48 Moreover, 

Snail1 activates the transcription of genes associated with mesenchymal 

differentiation, such as vimentin and fibronectin. Indeed, Snail activation is sufficient 

to induce EMT and spontaneous kidney fibrosis in adult transgenic mice.49   

Twist transcription factor is a basic-helix-loop-helix transcription factor and 

represses transcription from the E-cadherin promoter via the E-boxes that are also 

targeted by Snail and SIP1. Expression of Twist in MDCK kidney epithelial cells led 

to decrease of  adherens junctions proteins such as E-cadherin, α-catenin, β-catenin, 

and γ-catenin and the expression of fibroblast markers including fibronectin, 

vimentin, α-SMA and N-cadherin was strongly induced.50 Twist mRNA was 

increased in the obstructed kidneys after UUO, some tubular cells coexpressed Twist 
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and FSP1 that indicated Twist is involved in tubular EMT of obstructed kidneys and 

massive coexpression of Twist and α-SMA was observed in interstitial spaces of 

UUO kidneys.42  

ZEB1 (TCF8/deltaEF1) and ZEB2 (Smad-interacting protein 1 

[SIP1]/ZFXH1B), two members of the ZEB family, have also emerged as key factors 

that regulate E-cadherin and the induction of EMT in in vitro sudies.51 Both, ZEB1 

and ZEB2, have been reported to be strong suppressors of E-cadherin expression and 

at the same time, ZEB2 has been shown to directly activate the vimentin promoter by 

an unknown mechanism as revealed in vitro studies.52 Relationship between these 

transcription factors and epithelial or mesenchimal phenotype markers is shown in 

table 1. 

 
Table 1: Transcription factors involved in regulation of epithelial-mesenchymal 
transition markers. (+) upregulated, (-) downregulated 

Regulation of transcriptional factors involved in EMT 

 Activation   of transcriptional factors involved in EMTcan be initiated by at 

least two different ways: ligand-inducible receptor kinase activation and 

Wnt/Frizzled signals in the surface of the cell.  

  Injury to the kidney is associated with the release by damaged or infiltrating 

cells of growth factors such as TGF-β, EGF, and FGF-2 that bind epithelial receptors 

with ligand-inducible intrinsic kinase activity. As a result of ligand-inducible 

receptor kinase activation there is a downstream engagement of several signaling 

pathways, such as the Smad pathways or GTPases from the Ras superfamily. A proof 

of the role of  small GTP-ase Ras activation in EMT induced by ureteral obstruction 

in mice  derivates from unpublished studies from our laboratory showing that in mice 

lacking H-Ras, ureteral obstruction induced a lower expression of α-SMA, vimentin, 
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FSP-1 and snail than in WT mice, thus  reduced EMT in H-rasKO mice (Grande MT 

and Lopez-Novoa JM, unpublished results).  Raf-MAP kinase pathway activation 

leads to the induction of the snail promoter53 and slug expression54 regulating 

repression of E-cadherin.55 Ras also activated the PI3K/Akt pathway, which in turns 

regulates the activity of glycogen synthase kinase-3β (GSK-3β) as GSK-3β activity 

is inhibited by phosphorylation via the PI3K/Akt signaling.56 GSK-3β has been 

demonstrated to regulate the Snail1 level by regulating the degradation of Snail1 

protein. The level of the phosphorylated inactive form of GSK-3β was found to be 

increased in the tubular epithelial cells of the obstructed kidney after UUO, and the 

elevated level of GSK-3β phosphorylation correlated with Snail1 accumulation, since 

this inactive form cannot recruit a protein degradation system for Snail1.48 The 

PI3K/Akt pathway has been reported to be activated in the obstructed kidney after 

UUO.57 (Figure 4).  

In the obstructed kidney, others signals, in addition to the ligand-inducible 

receptor kinase activation, are also regulating transcriptional factors required for 

EMT. One of these signals is promoted by Wnt genes which code for secreted 

proteins that associate with the cell surface and are capable of signaling via members 

of a family of receptors named Frizzled. In response to a Wnt/Frizzled signal, GSK-3 

activity is inhibited and thus β-catenin is not phosphorylated.  Not phosphorylated β-

catenin is the stabilized form of β-catenin and it is transported into the nucleus, 

where it can participate with Lef/TCF (lymphoid enhancer binding factor/T-cell 

factor) in the transcriptional induction of genes that are required for EMT.58 (Figure 

4) This Wnt signaling pathway has been reported to be activated in the obstructed 

kidney 7 days after UUO.45  

Once initiated cell surface signals, numerous factors are involved in the 

regulation of transcriptional factors, such as HSP27, NF-κB activation, integrin-

linked kinase and Smads signaling pathways. 

HSP27 is also involved in the pathogenesis of TGF-β-induced EMT and 

chronic tubulointerstitial fibrosis. It has been reported that UUO resulted in 

significant upregulation of TGF-β, α-SMA, total and phosphorylated HSP27. The 

induction of  HSP27 overexpression by transient transfection significantly increased 

E-cadherin while decreasing E-cadherin repressor Snail levels. These results suggest 

that HSP27 overexpression may delay injury by upregulating E-cadherin through 

downregulation of Snail.59  
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Figure 4. Schematic review of the major factors involved in epithelial-to-mesenchymal 
transition (EMT). EMT is characterized by disruption of the cell-to cell attachment (adherent 
junctions and thigh junctions), decrease of the expression of molecules involved in cell-to cell 
attachment, such as E-cadherin, β-catenin and ZO-1, and overexpression of myofibroblasts 
markers such as α-smooth muscle actin (α-SMA), vimentin, FSP1 and N-cadherin. EMT is 
induced by several cytokines such as TGF-β, EGF, FGF or Wnt, using many signaling 
pathways such as smads, small GTPases of the Ras family, PI3K/Akt, MAP kinases, and 
ILK/PINCH, ant the activation of transcription factors such as NFκB, HIF, Lef, TCF, Snail, 
Slug, Twist, and ZEB1 and ZEB2.  

  

   

The transcription factor NF-κB has been reported to be an essential regulator 

of EMT, and it has been suggested that the cooperation of Ras and TGF-β depends 

on NF-κB activity, probably via Akt signaling.60 Twist proteins are also induced by 

cytokine signaling pathway that requires NF-κB activation61 and by hypoxia 

inducible factor-1, HIF-1.62 Moreover, an in vitro study revealed that over-expression 

of the constitutively active p65 subunit of NF-κB, specifically suppressed E-cadherin 

expression and induced the expression of the mesenchymal gene vimentin as well as 

the expression of ZEB1/ZEB2, genes involved in EMT.63 The role of NF-κB 

functions in the regulation of master genes that repress the epithelial phenotype, and 

the roles of NF-kappaB in control of mesenchymal genes have been previously 

review.64 



Introducción 
 

74 
 

Other signaling pathway involved in EMT is the integrin-linked kinase (ILK). 

ILK is a multifunctional intracellular effector of cell-matrix interactions and 

regulates many cellular processes, including growth, proliferation, survival, 

differentiation, migration, invasion and angiogenesis.65 ILK is an intracellular 

serine/threonine protein kinase that interacts with the cytoplasmic domains of β-

integrins and numerous cytoskeleton-associated proteins. ILK, isoforms of the 

adaptor proteins PINCH (particularly interesting Cys-His-rich protein), and parvin 

form the IPP complex in the cytoplasm that has been implicated in the control of 

signaling pathways through both phosphorylation of downstream targets (most 

notably AKT and GSK3) and binding to upstream effectors of the Jun N-terminal 

kinase (JNK) signalling pathway and regulators of small-molecular-weight 

GTPases.66 There are convincing data suggesting that ILK is involved in EMT during 

renal interstitial fibrogenesis. Thus, ILK expression is specifically induced in renal 

tubular epithelial cells in response to TGF-β1 treatment in vitro and after obstructive 

or diabetic injury in vivo.67 After UUO in mice,  PINCH-1 expression increased in a 

time-dependent manner, and PINCH-1 through its interaction with ILK, plays an 

important role in regulating TGF-β-mediated EMT.44 

Using in vitro approaches, it has been reported that Smads regulates TGF-β 

induced EMT through phosphorylation of Smad2/3, which are then imported into the 

nucleus with Smad4. 68, 69,70 Mice lacking Smad3 presented a decreased expression of 

EMT markers in the obstructed kidney after UUO, suggesting a key role of Smad 

signaling pathway in TGF-β-induced EMT.71 In vitro studies have also reported that 

nuclear Smads  acts as cofactors for other transcriptional proteins regulating nuclear 

gene activity, such as nuclear import of Lef/TCF which participates in transcriptional 

induction of genes that are required for EMT.72 Transcription factors such as  ZEB73 

and Snail74 are regulated by TGF-β through Smads pathway.  

Inhibitor of differentiation-1 (Id1), a dominant negative antagonist of the 

basic helix-loop-helix transcription factors, was found to be induced rapidly in 

human proximal tubular epithelial cells after TGF-beta1 treatment. This induction of 

Id1 depended on intracellular Smad signaling. Ectopic expression of Id1 suppressed 

epithelial E-cadherin and zonula occludens-1 expression.75 In in vivo studies in mice, 

Id1 was found to be induced exclusively in the degenerated, dilated renal tubular 

epithelium from 1 day after UUO, and this increase was sustained until 14 days  after 

UUO.75  
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 As a conclusion, multiple extracellular stimuli have been shown to induce 

EMT by activating several major signaling pathway, including Wnt, tyrosin kinase-

Ras signaling, ILK complexes and TGF-β-Smad signaling, which regulate 

transcriptional factors that trigger EMT. However, how such distinct signaling 

pathways orchestrate the complex cellular events that facilitate EMT is not well 

understood.  FSP1/S100A4 has been also suggested to be not only a marker of EMT, 

but also a factor involved in the transition from epithelium to myofibroblasts. This 

hypothesis is based in the fact that fibroblasts produced by EMT express a gene 

encoding FSP1 which is regulated by a promoter element called fibroblast 

transcription site–1 (FTS-1) which forms a complex with another two transcriptional 

proteins called the CArG box–binding factor–A (CBF-A) and the KRAB-associated 

protein 1 (KAP-1). This complex has been reported to be an activator of genes 

encoding the EMT proteome and suggests that it is an early proximal regulator in the 

molecular program leading to fibroblast formation. FSP1 and these two proteins of 

the FTS-1 complex, CBF-A and KAP-1, were found to be upregulated in the 

obstructed kidney after 12 days of UUO in mice.76 Furthermore, the in vitro 

overexpression of FSP1 cDNA in tubular epithelium is accompanied by conversion 

to a mesenchymal phenotype fibroblast-like appearance, a reduction in cytokeratin, 

and new expression of vimentin.46 

TUBULAR BASEMENT MEMBRANE DEGRADATION: 

METALLOPROTEINASES 

 Tubular epithelial cells (TECs) interact via their basal side with tubular 

basement membranes (TBM), which clearly separate the tubular compartment from 

the interstitial compartment. The current paradigm for EMT during renal fibrosis 

postulates those TECs lose contact with adjacent cells and the TBM, and transit 

through the TBM into the renal interstitium, acquiring migratory capacity to move 

into the interstitial matrix. (Figure 3). A proof of the importance of basement 

membrane degradation in EMT is the observation that preservation of tubular 

basement membrane (TBM) integrity in tPA–/– mice induce blockade of tubular EMT 

and  protects the kidney from developing fibrotic lesions after obstructive injury.77 

Initially it seems that TBM architecture is degraded by zinc-dependent 

endopeptidases known as matrix metalloproteinases (MMPs). MMP9 has been 

reported to appeared at day 3 after UUO and its activity increased until day 6, from 
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which begins to decrease its activity, and this decrease is also accompanied by the 

emergence of tissue inhibitor of metalloproteinase-1 (TIMP1) which have been 

reported to promote renal interstitial fibrosis.78 Others MMPs have been reported to 

appear shortly after UUO, including MMP279 and MMP7.80 These results suggest 

that early after UUO and around the epithelial cells that will suffer EMT, basement 

membranes as well as extracellular matrix are degraded by increased MMPs activity 

(Figure 3). It should be noted that after long-term UUO and in the interstitial space, 

MMPs activity is inhibited promoting extracellular matrix accumulation. A recent 

study relates the structural and functional integrity of the TBM with interactions 

between MMP9 and TIMP1,81 suggesting a key role of MMPs in the first stage of 

EMT. 

GAIN OF CELL MOTILITY 

 Motility is a characteristic of the cells suffering EMT, as it is required to 

move from the tubular to the interstitial compartment. Cell motility is a high 

regulated process in which many factors are involved. 

p120 catenin is a cadherin-associated protein that promotes the invasiveness 

of E-cadherin-deficient  by increasing cell motility.82 p120 catenin, binds the 

intracellular cadherin domain tail of E-cadherin at the juxtamembrane domain, 

whereas β-catenin binds the distal domain near the C-terminus.  p120 catenin is 

thought to promote cell motility through modulating activities of Rho GTPases in the 

cytoplasm. Disruption of E-cadherin-β-catenin binding leads p120 catenin stranded 

in the cytoplasm that is not bound to cadherin inhibits the activity of RhoA by acting 

as a GDI and sequestering RhoA in its inactive form, and, consequently inhibiting the 

formation of stress fibers and focal adhesion, Cytosolic p120-catenin subsequently 

activates Rac1 (filopodia) and Cdc42 (lamellipodia)  by inactivating RhoA. The 

result would be an increased motility. Note that cadherin family members 

differentially bind p120-catenin and as a result might have different influences on 

RhoGTPase activity. Indeed, VE-cadherin and N-cadherin have different affinities 

for p120-catenin, as do R-cadherin and E-cadherin.82 p120 catenin increase can also 

result in its translocation to the nucleus, where it associates with the transcription 

factor Kaiso and modulates gene expression.83 In highly differentiated colon 

carcinoma cells (LIM1863 cells) EMT occurs within 24 hours following stimulation 

with TGF-β and TNF-α. During the EMT, the localization p120 catenin shifts from 
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cell-cell junctions to the cytoplasm, where it forms a complex with  RhoA that is 

associated with a marked decrease in RhoA activation coincident with E-cadherin 

loss during the EMT.84 It is necessary to mention that most of these studies have 

been performed on cancer cell lines and, to our knowledge, expression and 

localization of p120 has not been studied in the UUO model. RhoA expression and 

activation has been reported not to differ between obstructed and contralateral 

kidneys after 4 days of UUO, whereas RhoB and RhoC were up-regulated after 

UUO.85 The actions of Rho are mediated by downstream Rho effectors such as Rho-

associated coiled-coil forming protein kinase (ROCK). The administration of a 

specific inhibitor of ROCK, diminished α-SMA expression after UUO, suggesting 

that Rho-ROCK signaling pathway plays an important role in the regulation of EMT. 

In addition, ROCK inhibition also decreases cell motility.85 To our knowledge, 

neither Cdc42 nor Rac1 role in cell motility has been studied in in vivo models of 

UUO. However, there are in vitro data suggesting a role for RhoA, Cdc42 and Rac1 

in EMT. Human proximal tubular epithelial cells (HK2 cells) undergo EMT in 

response to activated PBMC conditioned medium (aPBMC-CM), aPBMC-CM 

induces a rapid activation of RhoA, Rac1, and Cdc42 activity in HK2 cells. 

Moreover, infection with adenovirus expressing constitutively active RhoA, Rac1, 

and Cdc42 significantly increased the expression of fibronectin and downregulated 

expression of E-cadherin and K19.86  Constitutively active RhoA activated the Rho 

kinase and its downstream effectors, whereas constitutively active Rac1 and Cdc42 

activated the P21-activated protein kinase in epithelial cells.86 These results suggest 

that the activation of RhoA, Rac1, and Cdc42 and their downstream effectors, 

induces to HK2 cells to EMT, thus suggesting that activation of small Rho-GTPases 

is a key step in the mechanism of EMT and  probably contributes to tubulointerstitial 

fibrosis. Furthermore, cells induced to undergo EMT by TGFβ3 demonstrate 

increased motility when seeded on fibronectin and display a rapid activation of RhoA 

followed by a gradual downregulation of Cdc42 and Rac3 activity.87 The induced 

expression of a fast-cycling RhoA mutant (RhoA F30) stimulates the formation of 

stress fibers and spreading, and therefore the generation of mesenchymal phenotype 

whereas the inactivation of the Rho effector Rho-kinase, prevents from TGFβ3-

induced EMT.87   



Introducción 
 

78 
 

These results suggest that rapid activation of the RhoA/Rho-kinase pathway 

and subsequently reorganization of the actin cytoskeleton is necessary in increased 

cell motility characteristic of EMT, during ureteral obstruction. 

MYOFIBROBLAST ACTIVATION PATHWAYS AS A TARGET FOR 

OBSTRUCTIVE NEPHROPATHY THERAPY. 

 Since EMT is a developmental process crucial for metastasis of tumors,88 and 

the molecules involved in EMT represent potential targets for pharmacological 

agents for the control of metastatic spread in the treatment of malignancies, a 

tremendous research effort is being done to find therapies that prevent this process. 

For instance, kinases have been an attractive target for therapeutic intervention in 

many diseases, including renal diseases and cancer.89 For instance, we have reported 

that Erk1/2 inhibition or PI3K/Akt inhibition pathways resulted in decreased renal 

fibrosis and reduced expression of EMT markers after UUO in mice.57 Kinases 

recognize distinct substrates among others through subtle differences in their 

catalytic structures. These differences allow the development of relatively selective 

inhibitors. The diversity and the size of the kinome (comprising more than 500 

kinases) challenge the development of truly selective inhibitors. Typically drug 

discovery efforts have focused on developing compounds that are specific for a 

particular target kinase in order to prevent metastasis without interrupt normal cell 

functions.90 However, inhibitors with broader specificity may offer an improved 

therapeutic benefit. Activation of the phosphatidylinositol 3' kinase (PI3K)/AKT-

GSK-3β axis is emerging as a central feature of EMT91 but tyrosine kinases are also 

involved. For instance, Apsel et al.92 identify compounds that inhibit both protein 

tyrosine kinases and lipid PI3Ks, both of which are well known as potent 

oncoproteins. In another example of the use of anticancer drugs to treat other 

diseases, administration of the multi-tyrosine kinase inhibitor, Imatinib, primarily 

used to treat chronic myeloid leukaemia, to non-obese diabetic (NOD) mice, a model 

of spontaneous diabetes, prevented the appearance of the disease in more than 80% 

of the mice.93 Indeed, Sunitinib, another approved multikinase inhibitor, induced 

remission in 100% of mice following just 1 week of therapy.93 Thus, targeting 

specific signaling pathways with drugs developed for cancer treatment could be a 

new therapeutical strategy to prevent myofibroblast activation and the subsequent 

interstitial fibrosis in obstructive nephropathy. EMT-related signal transduction 
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cascades, such as TGF-β/Smad71 and TGF-β/ILK44 are also potential future targets to 

prevent or treat unfavorable renal tissue fibrosis. Furthermore, EMT can be a 

reversible process, as both EMT and the reverse, mesenchymal-epithelial transition, 

occur repeatedly during normal embryonic development. In fact, bone morphogenic 

protein-7 (BMP-7) a member of the TGF-β superfamily, is not only able to reverse 

renal fibrosis and myofibroblast accumulation in mice with nephrotoxic serum 

nephritis a model of progressive chronic renal injury, and to prevent TGF-β-induced 

EMT,94 but it is able to induce the acquisition of E-cadherin expression and 

decreased motility in cultures of adult renal fibroblasts indicating that true 

mesenchymal-to-epithelial transition (MET) might be achieved.95 Thus, targeting 

signaling pathways involved in myofibroblast activation and EMT appears as a 

promising strategy to prevent and even reverse interstitial fibrosis in obstructive 

nephropathy.  

CONCLUSIONS 

 Although UUO does not exactly mimics the changes occurring in the kidney 

during human obstructive nephropathy, it seems to be a very useful model to 

investigate the cellular and molecular mechanisms leading to interstitial fibrosis as 

well as possible therapies to prevent or even to reverse renal damage associated to 

urinary tract obstruction. Either activated fibroblasts or myofibroblasts recruitment 

from resident fibroblasts, pericytes, endothelial cells or bone marrow-derived 

circulating cells, or produced by epithelial-to-mesenchymal transition play a key role 

in the genesis of in interstitial fibrosis induced by urinary obstruction. Thus, 

strategies devoted to target the molecular processes leading to myofibroblasts 

activation are among the more promising candidates for the therapy of obstructive 

nephropathy. 
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KEY POINTS 

• A leading cause of chronic renal failure in children, obstructive nephropathy 

is characterized by inflammation, tubular atrophy and interstitial fibrosis. 

• Tubulointerstitial fibrosis is the common end-stage of many progressive renal 

diseases, characterized by loss of glomerular and peritubular capillary 

architecture, cell proliferation, and diffuse extracellular matrix accumulation. 

Unilateral ureteral obstruction (UUO) has been the most used method to 

study the cellular and molecular mechanisms leading to interstitial fibrosis. 

• Either activated fibroblasts or myofibroblasts recruitment from resident 

fibroblasts, pericytes, endothelial cells or bone marrow-derived circulating 

cells, or  produced by epithelial-to-mesenchymal transition are major 

processes in the genesis and progression of fibrosis damage. 

• Research using rodent models of UUO and in vitro studies in the past 5 years 

has shed new light on the molecular mechanisms underlying these processes. 

• Myofibroblast activation and EMT are induced by mechanical forces and 

cytokines such as TGF-β, PDGF, FGF, ED-A splice variant of fibronectin 

activin A and other chemokines produced by tubular and infiltrated interstitial 

cells. 

• EMT is strictly regulated by several signaling pathways including activation 

of the small GTPases of the Ras and Rho family, MAP-kinases. PI3-

Kinase/Akt, GSK-3β, ILK/PINCH, NFκB, Smads, and many others. 

• The in depth knowledge of molecular mechanisms responsible of these 

processes is essential to develop pharmacological strategies for preventing or 

even reversing interstitial fibrosis associated to obstructive nephropathy. 
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Glossary terms: 

Epithelial-mesenchimal-transition (EMT): phenomenon by which epithelial cells 

can obtain a mesenchymal phenotype, with changes in cell morphology and 

acquisition of migratory properties allowing them to move into the interstitial space. 

Intercellular junctions: Cell-to cell binding structures that are crucial for epithelial 

adhesion and function, and that maintains cell polarity.   

Transcription factors: intracellular proteins that regulates gene expression by 

binding to specific sequences of DNA (promoters) and modulating transcription into 

RNA. 
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Abstract 

Obstructive nephropathy is characterized by an inflammatory state in the kidney, that 

is promoted by cytokines and growth factors produced by damaged tubular cells, 

infiltrated macrophages and accumulated myofibroblasts. This inflammatory state 

contributes to tubular atrophy and interstitial fibrosis characteristic of obstructive 

nephropathy. Accumulation of leukocytes, especially macrophages and T 

lymphocytes, in the renal interstitium is strongly associated to the progression of 

renal injury. Proinflammatory cytokines, NF-κB activation, adhesion molecules, 

chemokines, growth factors, NO and oxidative stress contribute in different ways to 

progressive renal damage induced by obstructive nephropathy, as they induce 

leukocytes recruitment, tubular cell apoptosis and interstitial fibrosis. Increased 

angiotensin II production, increased oxidative stress and high levels of 

proinflammatory cytokines contribute to NF-κB activation which in turn induce the 

expression of adhesion molecules and chemokines responsible for leukocyte 

recruitment and iNOS and cytokines overexpression, which aggravates the 

inflammatory response in the damaged kidney. In this manuscript we revise the 

different events and regulatory mechanisms involved in inflammation associated to 

obstructive nephropathy.         

 

 

Key words   

Leukocyte recruitment, Macrophage infiltration, NF-κB activation, Ureteral 

obstruction. 
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Introduction 

 Obstructive nephropathy due to congenital or acquired urinary tract 

obstruction is the first primary cause of chronic renal failure (CRF) in children, 

according to data of The North American Pediatric Renal Transplant Cooperative 

Study (NAPRTCS) [1]. Obstructive nephropathy is also a major cause of renal 

failure in adults [2,3]. 

 The renal consequences of chronic urinary tract obstruction are very complex, 

and lead to renal injury and renal insufficiency. Despite numerous clinical and 

experimental studies over the past several decades, the evaluation and management 

of obstructive nephropathy remains challenging. The experimental model of 

unilateral ureteral obstruction (UUO) in rat and mouse has become the standard 

model to understand the causes and mechanisms of nonimmunological 

tubulointerstitial fibrosis. This is because it is normotensive, nonproteinuric, 

nonhyperlipidemic, and without any apparent immune or toxic renal insult. The UUO 

consists of an acute obstruction of one of the ureter that mimics the different stages 

of obstructive nephropathy leading to tubulointerstitial fibrosis without 

compromising the life of the animal, because the contralateral kidney maintains or 

even increases its function due to compensatory functional and anatomic hypertrophy 

[2,3] 

 The evolution of renal structural and functional changes following urinary 

tract obstruction in these models has been well described. The first changes observed 

in the kidney are hemodynamic, beginning with renal vasoconstriction mediated by 

increased activity of the renin–angiotensin system and other vasoconstrictor systems 

[4]. Epithelial tubular cells are damaged by the stretch secondary to tubular 

distension and the increased hydrostatic pressure into the tubules due to 

accumulation of urine in the pelvis and the retrograde increase of interstitial pressure. 

This is followed by an interstitial inflammatory response initially characterized by 

macrophage infiltration. There is also a massive myofibroblasts accumulation in the 

interstitium. These myofibroblasts are formed by proliferation of resident fibroblasts, 

from bone marrow-derived cells, from pericyte infiltration, as well by epithelial–

mesenchymal transformation (EMT), a complex process by which some tubular 

epithelial cells acquire mesenchymal phenotype and become activated 

myofibroblasts [5].  
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 Damaged tubular cells, interstitial macrophages and myofibroblasts produce 

cytokines and growth factors that promote an inflammatory state in the kidney, 

induce tubular cell apoptosis and provoke the accumulation of extracellular matrix. 

The end-result of severe and chronic obstructive nephropathy is a progressive renal 

tubular atrophy with loss of nephrons accompanied by interstitial fibrosis. Thus 

interstitial fibrosis is the result of these processes in a progressive and overlapping 

sequence. The evolution of renal injury in obstructive nephropathy shares many 

features with other forms of interstitial renal disease such as acute renal failure, 

polycystic kidney disease and renal transplant rejection. The final fibrotic phase is 

very similar to virtually all progressive renal disorders, including glomerular 

disorders and systemic diseases such as diabetes or hypertension [4].  

 Tubulointerstitial fibrosis seems to be a morphologic hallmark of chronic 

renal disease, and also its extent is strongly correlated with the decline of the 

glomerular filtration rate in patients with chronic renal disease [6]. Furthermore, 

interstitial fibrosis is a component of normal structural changes in the aging kidney 

[7] and it is a hallmark of the chronic allograft nephropathy, the most common cause 

of kidney transplant failure within a decade after transplantation [8]. 

 In this review we will analyze the role of inflammation on renal damage 

associated to obstructive nephropathy, and the cellular and molecular mechanisms 

involved in the genesis of these processes. As later described, the inflammatory 

process, through the release of cytokines and growth factors, results in the 

accumulation of interstitial macrophages, which in turn also release more cytokines 

and growth factors that contribute directly to tubular apoptosis and interstitial fibrosis 

[9]. 

 Most of the information used in the present review has been obtained using 

UUO models in rats and mice, although many interesting data has been derived from 

studies using cell culture techniques. 

Urinary obstruction induces an inflammatory state in the kidney 

 In Sprague-Dawley rats subjected to chronic neonatal UUO (from 2 to 12 

days), microarray analysis revealed that the mRNA expression of multiple immune 

modulators, including krox24, interferon-gamma regulating factor-1 (IRF-1), 

monocyte chemoattractant protein-1 (MCP-1), interleukin-1β (IL-1β), 
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CCAAT/enhancer binding protein (C/EBP), p21, c-fos, c-jun, and pJunB, were 

significantly increased in obstructed compared to sham-operated kidneys, thus 

suggesting that UUO induces a pro-inflammatory environment [10]. This 

environment is characterized by up-regulation of inflammatory cytokines and factors 

that favors leukocyte infiltration. Other cytokines with different functions are also 

differentially regulated after UUO, and will contribute to the regulation of 

inflammation and interstitial infiltration. Thus, in the present review we will analyze 

the data available about the mechanisms involved in this inflammatory state, 

including nuclear factor κB (NF-κB) activation, increased oxidative stress, interstitial 

cell infiltration, and production of proinflammatory cytokines and other growth 

factors with inflammatory or anti-inflammatory properties, in the renal damage after 

UUO.  

NF-κB activation. 

 NF-κB is a ubiquitous and well-characterized transcription factor responsible 

for the regulation of complex phenomena, with a pivotal role in controlling cell 

signalling in the body under certain physiological and pathological conditions. 

Among other functions, NF-κB controls the expression of genes encoding pro-

inflammatory cytokines (e. g., IL-1, IL2, IL-6, TNF-α, etc.), chemokines (e. g., IL-8, 

MIP-1 α, MCP-1, RANTES, eotaxin, etc.), adhesion molecules (e. g., ICAM, 

VCAM, E-selectin), inducible enzymes (COX-2 and iNOS), growth factors, some of 

the acute phase proteins, and immune receptors, all of which play critical roles in 

controlling most inflammatory processes [11, 12]. Thus, NF-κB occupies a central 

position in the regulation of inflammation (Figure 1). 

 NF-κB is activated by several cytokines such as IL-1β, TNF-α, by oxidative 

stress and by other molecules such as Ang II [13]. NF-κB is activated very early 

following UUO [14] and it is maintained activated during at least 7 days after UUO 

[15]. Furthermore, inhibition of NF-κB activation decreases apoptosis and interstitial 

fibrosis in rats with UUO [16]. NF-κB inhibition also diminishes monocyte 

infiltration and inflammation gene overexpression after UUO [15]. The 

administration of a proteasome inhibitor to maintain levels of I-κB, an endogenous 

inhibitor of NF-κB, reduces renal fibrosis and macrophage influx following UUO 

[17].  
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 Renal cortical TNF-α levels increases early after UUO, whereas TNF-α 

neutralization with a pegylated form of soluble TNF receptor type 1 significantly 

reduced obstruction-induced TNF-α production, as well as NF-κB activation, IκB 

degradation, angiotensinogen expression, and renal tubular cell apoptosis, thus 

suggesting a major role for TNF-α in activating NF-κB via increased IκB-alpha 

phosphorylation [18].  

 

 
Figure 1. Schematic representation of some of the signaling intermediates 
potentially involved in regulation of inflammatory response after UUO. UUO 
induces IL-1β and TNF-α expression, leading to NF-κB activation. Also, UUO also 
induces both oxidative stress and increased Angiotensin II (Ang II) levels. Ang II also 
activate the transcription factor NF-κB, both directly and indirectly, by promoting 
oxidative stress, which in turns activate Ang II by regulating angiotensinogen expression. 
TGF-β activates NF-κB through I-κB inhibition, a mechanism shared by TNF-α. NF-κB 
activation concludes in IL-1β and TNF-α expression enhancing NF-κB activation. Also 
NF-κB controls the expression of genes encoding pro-inflammatory cytokines, adhesion 
molecules and iNOS.   
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 In addition, curcumin, a phenolic compound with anti-inflammatory 

properties, has revealed protective action against interstitial inflammation in 

obstructive nephropathy by inhibition of the NF-κB-dependent pathway [19]. HGF 

has also been reported to inhibit renal inflammation, proinflammatory chemokine 

expression and renal fibrosis in UUO models. The anti-inflammatory effect of HGF 

is mediated by disrupting nuclear factor NF-κB signaling, as later will be described 

[20]. 

 NF-κB can be also activated by oxidative stress. The administration of 

antioxidant peptides to rats that suffered UUO was associated to a lower activation of 

NF-κB, and significantly attenuated the effects of ureteral obstruction on all aspects 

of renal damage associated to UUO [21]. Thus, oxidative stress seems to play also a 

major role in the UUO-associated inflammation.  

Oxidative stress  

 Oxidative stress has been implicated in the pathogenesis of various forms of 

renal injury [22]. Oxidative stress is also a major activator of the NF-κB and thus, 

and inductor of an inflammatory state [23] (Figure 1). There are several evidences 

that increased oxidative stress is involved in renal inflammatory damage after UUO. 

Reactive oxygen species are significantly increased in the chronically obstructed 

kidney [24]. A high correlation was observed between the rates of free radical 

oxidation markers in the obstructed kidney tissue and in plasma [25]. Superoxide 

anion and hydrogen peroxide production increase significantly in the obstructed 

kidney [26]. After 5 days of obstruction, it has been reported a slight increase on 

renal cortex NADPH oxidase activity (a major source for superoxide production) 

whereas after 14 days of obstruction, a high increase on NADPH oxidase activity 

was observed. In addition, decreased superoxide dismutase activity were 

demonstrated following 14 days of obstruction whereas no differences were noticed 

on the antioxidant level after 5 days of kidney obstruction [27].  

 Increased Ang II production, accumulation of activated phagocytes in the 

interstitial space and elevation of medium-weight molecules have been involved as 

responsible for the increased oxidative stress [28] after UUO. UUO also generate 

increased levels of carbonyl stress, and subsequently advanced glycation end-

products (AGEs), and nitration adduct residues, both contributing to the progression 
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of renal disease in the obstructed kidney [29, 30].  The products of lipid peroxidation 

have been  also found increased in both plasma and obstructed kidney after UUO 

[31] Carboxymethyl-lysine, a marker for accumulated oxidative stress, was found to 

be increased in the interstitium of UUO kidney [24].  Furthermore, heme oxygenase-1 

(HO-1) expression, a sensitive indicator of cellular oxidative stress, was also induced 

as early as 12 hours after ureteral obstruction [24]. All this results suggest that the 

injured tissue after UUO show sufficient oxidative stress markers as to ensure that 

oxidative stress is involved in the pathogenesis of UUO. In the other hand, levels of 

the antioxidant enzyme catalase and copper-zinc superoxide dismutase, which 

prevent free radical damage, are lower in the obstructed kidney compared with the 

contralateral unobstructed kidney [26].    

 The interstitial infiltration of macrophages following UUO is inhibited by 

endogenous antioxidant compounds, such as retinoids, and the administration of 

isotretinoin, a retinoid agonist, reduces renal macrophage infiltration in rats with 

UUO [32].  

 In short, oxidative stress markers increase in the kidney during UUO and 

levels of enzymes that prevent the oxidative damage are diminished in the obstructed 

kidney. All these data suggest that oxidative stress is increased in the obstructed 

kidney, and that increased oxidative stress plays a role in inducing an inflammatory 

state and in deteriorating the renal function of the obstructed kidney.  

Proinflammatory cytokines in urinary obstruction 

TNF-α and IL-1 

 The prototypical pro-inflammatory cytokines, TNF-α and interleukin-1 (IL-

1), play a major role in the recruitment of inflammatory cells in the obstructed kidney 

[33-35]. Both TNF-α [36] and IL-1 [10, 35] expression have been found augmented 

after renal obstruction. Also the synthetic vitamin D analogue paricalcitol reduced 

infiltration of T cells and macrophages accompanied by a decreased expression of 

TNF-α in the obstructed kidney [37] and TNF-α neutralization reduced the degree of 

apoptotic renal tubular cell death although it did not prevent renal apoptosis 

completely, suggesting that other signaling pathways may contribute to obstruction-

induced renal cell apoptosis [36].  The IL-1 receptor antagonist (IL-1ra) 

administration in mice with UUO inhibited IL-1 activity and subsequently decreased 
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the infiltration of macrophages, the expression of ICAM-1 and the presence of alpha-

smooth muscle actin (a marker of myofibroblasts) [35]. 

 Angiotensin II 

 Angiotensin II (Ang II) behaves in the kidney as a proinflammatory cytokine, 

as it regulates a number of genes associated with progression of renal disease. The 

regulation of gene expression by Ang II occurs through changes in the activity of 

transcription factors within the nucleus of target cells. In particular, several members 

of the NF-κB family of transcription factors are activated by Ang II, which in turn 

fuels at least two autocrine reinforcing loops that amplify Ang II and TNF-α 

formation [38], and thus, it is not surprisingly the interrelation between Ang II and 

proinflammatory cytokines effects in the interstitial cell infiltration after UUO. Many 

studies have demonstrated that obstructive nephropathy leads to activation of the 

intrarenal renin–angiotensin system [4, 39, 40]. This system is also activated in 

animal models of UUO. Ang II has a central role in the beginning and progression of 

obstructive nephropathy, both directly, and indirectly by stimulating production of 

molecules that contribute to renal injury. Following UUO, Ang II activates NF-κB, a 

transcription factor that promotes the expression of proinflammatory genes [14]. In 

turn, the angiotensinogen gene is stimulated by activation of NF-κB [41] (Figure 1). 

In relation to the inflammatory process, AT1 regulates several proinflammatory 

genes, including cytokines (interleukin-6 [IL-6]), chemokines (monocyte 

chemoattractant protein 1 [MCP-1]), and adhesion molecules (vascular cell adhesion 

molecule 1 [VCAM-1]) [42], but others, as the chemokine RANTES, are regulated 

by AT2 [43]. Some evidence suggests that AT2 participates in the inflammatory 

response in renal and vascular tissues [42, 43, 44]. In vivo and in vitro studies have 

shown that Ang II activates NF-κB in the kidney, via both AT1 and AT2 receptors 

[45, 46]. 

 Most studies have focused on the role of AT1 receptor activation on kidney 

inflammation after UUO. For instance, inhibition or inactivation of angiotensin AT1 

receptors also reduces NF-κB activation in the obstructed kidneys after UUO [47, 

48]. Also AT1 blockade, partially decreased macrophage infiltration in the 

obstructed kidney [15, 47, 49]. Thus AT-1 activation seems to play a role in the 

OUU-associated inflammation. However, obstructed kidney in AT1 KO mice 

showed interstitial monocyte infiltration and NF-κB activation, and both processes 
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were abolished by AT2 blockade, suggesting that AT-2 activation plays also a major 

role in UUO-induced renal inflammation [15]. Simultaneous blockade of both AT1 

and AT2 is able to completely prevent the inflammatory process after UUO [15], 

thus giving a further proof of the role of both receptors in the inflammatory state 

occurring after UUO. It should be noted that in wild-type mice reconstituted with 

marrow lacking the angiotensin AT1 receptor gene, UUO results in more severe 

interstitial fibrosis despite fewer interstitial macrophages [50].  This effect seems to 

be due to impaired phagocytic function of AT1 receptor-deficient macrophages [50]. 

This is a typical example of the fact that manipulation of a single molecule affecting 

more than one renal compartment could have opposite effects in different 

compartments. 

 Treatment with angiotensin converting enzyme (ACE) inhibitors greatly 

reduced the monocyte/macrophage infiltration in the obstructed kidney [51] but this 

reduction seems to be observed only in the short-term UUO, and 14 days after UUO 

ACE inhibitors did not decreased monocyte/macrophage infiltration, maybe because 

in late-stage UUO, infiltration is dependent on cytokines formation that is 

independent of Ang II [52].  

 Ang II also stimulates the activation of the small GTPase Rho, which in turn 

activates Rho-associated coiled-coil forming protein kinase (ROCK). Furthermore, 

inhibition of ROCK in mice with UUO significantly reduces macrophage infiltration 

and interstitial fibrosis [53]. 

Other proinflammatory cytokines  

 Macrophage migratory inhibitory factor (MIF) is a proinflammatory cytokine 

which regulates leukocyte activation  and fibroblast proliferation but although it is 

increased in the obstructed kidney after ureteral obstruction, MIF deficiency did not 

affect interstitial macrophage and T cell accumulation induced by UUO [54], thus 

suggesting that there are other factors that are also involved.  

Interstitial cell infiltration 

 It is now generally accepted that leukocyte infiltration and activation of 

interstitial macrophages play a central role in the renal inflammatory response to 

UUO [9].  The progression of renal injury in the obstructive nephropathy is closely 

associated with accumulation of leukocytes and fibroblasts in the damaged kidney. 
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Leukocyte infiltration, especially macrophages and T lymphocytes, increases as early 

as 4 to 12 hours after ureteral obstruction and continues to increase over the course of 

days thereafter [55]. There are studies suggesting that lymphocyte infiltration does 

not seem to be required for progressive tubulointerstitial injury since 

immunocompromised mice with very low numbers of circulating lymphocytes 

showed the same degree of kidney damage after UUO [56]. However, macrophages 

are involved in the obstructed pathology [55, 57]. In a neonatal model of UUO in 

mice, blocking leukocyte recruitment by using the chemokine receptor-1 antagonist 

BX471 protected against tubular apoptosis and interstitial fibrosis, as evidenced by 

reduced monocyte influx, a decrease in EMT, and attenuated collagen deposition 

[58]. In this model, EMT was rapidly induced within 24 hours after UUO along with 

up-regulation of the transcription factors Snail1 and Snail2/Slug, preceding the 

induction of α-SMA and vimentin. In the presence of BX471, the expression of 

chemokines, as well as of Snail1 and Snail2/Slug, in the obstructed kidney was 

completely attenuated. This was associated with reduced macrophage and T-cell 

infiltration, tubular apoptosis, and interstitial fibrosis in the developing kidney. These 

findings provide evidence that leukocytes induce EMT and renal fibrosis after UUO 

[58].  

 The recruitment of leukocytes from the circulation is mediated by several 

mechanisms including the activation of adhesion molecules, chemoattractant 

cytokines and proinflammatory and profibrotic mediators (Figure 2).  

Adhesion molecules and leukocyte infiltration 

  Adhesion molecules are cell surface proteins involved in binding with other 

cells or with extracellular matrix. Adhesion molecules such as selectins, vascular cell 

adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and 

integrins plays a major role in leukocyte infiltration in several physiological and 

pathological conditions. We will next review their role in leukocyte recruitment after 

UUO.  

Selectins 

 Selectins and their ligands mediate the initial contact between circulating 

leukocytes and the vascular endothelium resulting in capture and rolling of 

leukocytes along the vessel wall [59]. There are three different selectins: E-selectin is 
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expressed on endothelial cells, P-selectin on endothelial cells and platelets, and L-

selectin on leukocytes. Whereas E-selectin expression is induced by inflammatory 

cytokines, P-selectin is rapidly mobilized to the surface of activated endothelium or 

platelets. L-selectin is constitutively expressed on most leukocytes. It has been 

reported that after ligation of the ureter, ligands for L-selectin rapidly disappeared 

from tubular epithelial cells and were relocated to the interstitium and peritubular 

capillary walls, where infiltration of monocytes and CD8(+) T cells subsequently 

occurred and mononuclear cell infiltration was significantly inhibited by neutralizing 

L-selectin, indicating the possible involvement of an L-selectin-mediated pathway 

[60]. In mice KO for P selectin, there is a marked decrease in macrophage infiltration 

[61]. In other study using mice with a triple null mutation for E-, P-, and L-selectin 

(EPL-/- mice), it has been reported that EPL-/- mice compared with wild type mice, 

showed markedly lower  interstitial macrophage infiltration, collagen deposition and 

tubular apoptosis  after ureteral obstruction [62].  Furthermore, tubular apoptosis 

showed a significant correlation with macrophage infiltration [62]. Targeted deletion 

of cerebroside sulfotransferase (which is necessary for the selectin-binding 

glycolipid) markedly diminishes apoptosis, tubular atrophy and interstitial fibrosis in 

mice with UUO [63].  

ICAM and VCAM 

 Vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion 

molecule 1 (ICAM-1) plays a major role in firm leukocyte adherence to vessel wall, 

a prerequisite for leukocyte diapedesis. VCAM-1 and ICAM-1 involvement in 

obstructive nephropathy have been also studied. Both ICAM and VCAM expression 

was observed to be increased in the obstructed kidney, but with a different time 

course. ICAM expression increased as early as 3 hours [64] and continued high after 

90 days of obstruction, while VCAM expression increased later, 2 or 3 days after 

obstruction [65, 66]. Chronic UUO in weanling rats upregulated renal interstitial 

expression of ICAM-1 and macrophage antigen 1 (Mac-1) [67]. Both VCAM and 

ICAM immunostaining was higher in the expanding interstitium, but lower in 

glomeruli in obstructed kidney compared with contralateral kidneys, and only ICAM 

immunostaining within the apical tubular epithelium increase in both cortical and 

medullary cross-sections [64]. Inhibition of ICAM-1 by intravenous administration 

of antisense oligonucleotides against ICAM-1 markedly reduced interstitial 
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inflammation and extracellular matrix following UUO in mice [68]. Inhibition of IL-

1 by administration of genetically modified bone-marrow-derived vehicle cells 

containing an IL-1 receptor antagonist also reduced ICAM-1 expression and 

macrophage infiltration in mice with UUO [35], given a further support to the role of 

ICAM-1 expression as a key step in macrophage infiltration after UUO. No details of 

the role of PECAM in obstructive nephropathy have yet been reported to our 

knowledge. 

Integrins and other molecules involved in leukocyte adhesion 

 Integrins are heterodimeric adhesion receptors consisting of noncovalently 

associated α and β subunits. β1-integrin interacts with LDL receptor–related protein 

1 (LRP1) to mediate the activity of tPA as a fibrogenic cytokine in obstructed kidney 

[69]. β2-integrins, mediate macrophage infiltration in obstructive nephropathy as, 

targeted deletion of β2-integrins, reduces early macrophage infiltration following 

UUO in the neonatal rat [70]. β2-integrins also mediate macrophage infiltration in 

obstructive nephropathy in weanling rats [67]. Also αvβ5 integrin interacts with the 

receptor for urokinase-type plasminogen activator (uPAR or CD87), which in 

response to ureteral obstruction was significantly upregulated [71], a finding 

consistent with the fact that obstructed kidneys from uPAR-/- mice showed lower 

leukocytes and macrophages recruitment in the interstitium than WT mice [71]. 

 Other molecules that participate in leukocyte recruitment have been 

identified, including junctional adhesion molecules (JAMs) which engage 

interactions with leukocyte 1 and 2 integrins [72]. JAM-C recognizes macrophage 

antigen-1 (Mac-1), a leukocyte integrin of particular interest because it has been 

reported to be the predominant leukocyte integrin involved in leukocyte recruitment 

after obstruction,  and it is activated  after UUO [67, 70].  

Chemokines involved in leukocyte infiltration 

 Infiltrating cells are attracted by chemokines following a concentration-

dependent signal towards the source of chemokines. Chemokines are categorized into 

four groups depending on the spacing of their first two cysteine residues. Thus CC 

chemokines (or β-chemokines) have two adjacent cysteines near their amino terminal 

end, whereas the two N-terminal cysteines of CXC chemokines (or α-chemokines) 

are separated by one amino acid, C chemokines (or γ chemokines) has only two 



Introducción 
 

103 
 

cysteines; one N-terminal cysteine and one cysteine downstream. Finally CX3C 

chemokines (or δ-chemokines) have three amino acids between the two cysteines. 

 CC chemokines, MCP-1 (monocyte chemoattractant protein-1) and RANTES 

(Regulated on Activation Normal T cell Expressed and Secreted), have been reported 

to increase progressively from 2 to 10 days after UUO [57, 73]. MCP-1 expression 

increases at 2 hours after obstruction, while RANTES and macrophage inflammatory 

protein 1 alpha (MIP-1α) expression are increased later, at day 5 after UUO [74].  

Intramuscular injection of a mutant MCP-1 gene can block macrophage recruitment 

and reduce renal fibrosis following UUO [75]. Upregulation of MCP-1, in turn, is 

suppressed by HO-1. Targeted deletion of HO-1 in other models of renal injury 

significantly increases MCP-1 expression [76].  

 CC chemokines receptors, CCR1, CCR2 and CCR5 have been reported to be 

overexpressed after UUO [73]. Moreover, studies in CCR1 KO mice revealed that 

deletion of the CCR1 receptor attenuates leukocyte recruitment following UUO [77]. 

Something similar occurred with the inhibition of the CCR1 receptor [78]. However, 

this did not occur with CCR5, suggesting that only CCR1 is required for leukocyte 

recruitment and fibrosis after UUO [77]. Targeted deletion of the CCR2 gene or 

administration of CCR2 inhibitors reduced macrophage infiltration and interstitial 

fibrosis following UUO [79].  

 The synthetic vitamin D analogue paricalcitol reduced infiltration of T cells 

and macrophages in the obstructed kidney accompanied by a decreased expression of 

RANTES [37].   

 CXC chemokines are also involved in leukocyte recruitment in UUO, as it 

has been reported that interferon-gamma-induced protein-10 (IP-10), a CXC 

chemokine that is a potent chemoattractant for activated T lymphocytes, natural 

killer cells, and monocytes is overexpressed in obstructed kidneys [80]. Its receptor, 

CXCR3 was also found to be upregulated after UUO [81]. Also, targeted deletion of 

its receptor, CXCR3, or administration of an anti-IP-10-neutralizing monoclonal 

antibody promoted renal fibrosis, without affecting neither macrophage nor T cell 

infiltration in obstructed kidneys. [81], thus suggesting that blockade of contributes 

to renal fibrosis, possibly by upregulation of transforming growth factor-beta1 (TGF-

β1), concomitant with downregulation of hepatocyte growth factor (HGF). Thus, 
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overexpression of IP-10 and CXCR3 after UUO seems to serve as a protective 

mechanism against renal fibrosis. 

Growth factors involved in the regulation of leukocyte infiltration 

 Growth factors are proteins capable of regulating a variety of cellular 

processes and typically act as molecules carrying information between cells. In the 

setting of a pro-inflammatory situation, growth factors regulate several steps of the 

inflammatory process.  

 TGF-β1 is a pleiotropic cytokine involved in a wide range of 

pathophysiological processes. Many studies have reported an increase in TGF-β1 

content after UUO [57]. There is no doubt that TGF-β1 plays a major role in 

stimulating ECM production after OUU. The profibrogenic effect of TGF-β1 is 

achieved by a combination of inhibition of the degradation of matrix proteins by 

increased generation of proteinase inhibitors and by decreased expression of 

degradative proteins such as collagenase. The net effect of TGF-P on extracellular 

matrix is one of accumulation. Furthermore, TGF-β1 is a chemoattractant for 

fibroblasts, and also stimulates fibroblast proliferation. Experimental studies, in a 

variety of renal disorders, have shown that the sustained aberrant expression of renal 

TGF- β1results in the pathological accumulation of extracellular matriz material in 

both the glomerulus and interstitial compartments. However this molecule has also 

several anti-inflammatory properties. First, TGF-β has opposing actions than those of 

the proinflammatory cytokines IL-1 and TNF-α in glomerular diseases. Second, 

TGF-β is a prominent macrophage deactivator acting against macrophage-mediated 

kidney injury [82]. By the opposite, TGF-P is known to be a strong chemoattractant 

for monocytes [83]. In agreement with this property, a significant correlation 

between interstitial macrophage number and cortical TGF-β1 expression levels has 

been reported in the obstructed kidney [57]. The major origin of increase TGF-β1 

levels after UUO seems to be the infiltrated macrophages [57]. Thus machrophague 

infiltration seems to play a major role in UUO-induced interstitial fibrosis. In a 

model of mice that overexpress latent TGF-β1 on skin, high levels of latent TGF-β1 

shows renoprotective effects as mice are protected against renal inflammation after 

UUO. This protection seems to be mediated by upregulation of renal Smad7, an 

inhibitory Smad, which inhibits NF-κB activation by inducing IκB expression [84] 

(Figure 1). Leptin has been suggested as a cofactor of TGF-β activation in obstructed 
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kidney after UUO and the blockade of leptin has been proposed as a therapeutic 

possibility to prevent or delay the fibrosis and inflammation observed in the 

obstructive nephropathy [85].  

 HGF is known to contribute to organogenesis and tissue repair through 

mitogenic, motogenic and morphogenic activities in the kidney [86]. Renal HGF 

levels increased rapidly after UUO, reaching a peak 3 days after obstruction.  Seven 

days after UUO, HGF levels declined to half of those seen three days after UUO. 

Also the administration of exogenous HGF to mice with UUO produced a reduction 

in TGF-β levels that may be achieved, at least in part, by suppression of macrophage 

infiltration, as has been observed that HGF suppress infiltration of macrophages in 

the obstructive nephropathy [87, 88]. HGF gene delivery inhibited interstitial 

infiltration of inflammatory T cells and macrophages, and suppressed expression of 

both RANTES and MCP-1 in a mouse model of obstructive nephropathy [21]. HGF 

inhibits renal inflammation and proinflammatory chemokine expression by 

disrupting nuclear factor NF-κB signalling through 2 different ways, 1) by 

preventing p65 NF-κB binding to the RANTES promoter and 2) by activating the 

phosphoinositide 3-kinase/Akt pathway, which led to the phosphorylation and 

inactivation of glycogen synthase kinase. Suppression of GSK-3β activity mimicked 

HGF and abolished RANTES expression [21].  

 Paricalcitol, as noted above, reduced infiltration of T cells and macrophages 

in the obstructed kidney and the mechanism by which it works seems to be the 

inhibition of RANTES expression by promoting vitamin D receptor-mediated 

sequestration of NF-κB signaling [37].  

 The growth factor macrophage colony-stimulating factor-1 (M-CSF or CSF-

1) is important in promoting monocyte survival and activation to macrophages and it 

is produced by tubular epithelial cells and fibroblasts, whereas macrophages generate 

inflammatory cytokines that are dependent on M-CSF.  M-CSF expression is 

regulated by NF-κB activation [89] and it has been reported that M-CSF expression 

is increased in the obstructed kidneys after UUO and that this increase is correlated 

with the macrophage recruitment induced in the obstructed kidney [54, 90]. Targeted 

deletion of M-CSF in mice with UUO reduced interstitial macrophage infiltration, 

proliferation and activation, and significantly diminished tubular apoptosis [91] thus 
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suggesting the key role of M-CSF regulating damage induced by macrophages 

during UUO.   

 Agonists of the adenosine receptor transiently reduced renal macrophage 

infiltration and inflammation in ischemic renal injury [92] and its mechanism of 

action is probably related with the inhibition by adenosine of M-CSF, although this 

item is not yet completely proven [93]. However, adenosine receptor agonists do not 

reduce renal inflammation and injury after UUO [92]. This might explained because 

the overwhelming stimulus provided by continued UUO cannot be reversed by this 

means of suppressing inflammation. 

Osteopontin and leukocyte infiltration in UUO 

 Osteopontin (OPN) is a tubular-derived glycoprotein with macrophage 

chemoattractant properties. Numerous studies have investigated the role of OPN in 

tubulointerstitial macrophage accumulation in the kidney [94, 95]. Using OPN 

knockout mice, Persy et al. verified that OPN was a critical factor for interstitial 

macrophage accumulation after renal ischemia and reperfusion damage [96].  OPN is 

involved in the accumulation of macrophages within the renal cortex following 

UUO, as OPN expression increased 4-fold 1 day after UUO and persisted at this 

level for the 5-days duration of UUO, and this increase was found to be correlated 

with interstitial macrophage infiltration [97, 89]. Furthermore, targeted deletion of 

the OPN gene reduced macrophage infiltration and interstitial fibrosis in mice with 

UUO and enhanced tubular cells apoptosis. This suggests that OPN could play a 

different role in the tubular epithelial cells and the interstitium. Thus, OPN might 

contribute to renal interstitial injury and, at the same time, it might have a protective 

role on the tubular epithelial cells [98].  

 OPN is a major ligand of CD44 glycoproteins, and chronic UUO also 

increases tubular expression of the CD44 family of glycoproteins, which are 

generated by alternative splicing after transcription of a single gene. Targeted 

deletion of CD44 in mice with UUO reduces macrophage infiltration and interstitial 

fibrosis, but increases tubular apoptosis and tubular injury [99].  Thus, we can 

deduce that OPN has a dual role in obstructive nephropathy, with damaging effects 

on the renal interstitium and protective effects on the tubular epithelial cells. 
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 Ang II and losartan administration increased and decreased respectively OPN 

expression in the kidney, whereas angiotensinogen and AT1-receptor antisense 

inhibition inhibited OPN expression in tubular proximal cells [100, 101].   This 

suggests that the increased levels of Ang II in the obstructed kidney, through AT1 

receptor, up-regulated OPN expression and secretion by the proximal tubule, 

facilitating macrophage recruitment into the renal interstitium (Figure 2) 

 

 

Figure 2. Schematic illustration of the Osteopontin signaling pathway and effects 
during obstructive nephropathy. UUO induces increased Angiotensin II (Ang II) levels 
which up-regulated Osteopontin (OPN) expression through AT1 receptor. This effect can 
be inhibited by statins. UUO also increases tubular expression of the CD44, a receptor of 
OPN. OPN actions are mediated by uPAR, which reduces tubular apoptosis and 
interstitial fibrosis through reduced plasminogen activator inhibitor-1 (PAI-1) and 
promotes macrophage infiltration in the obstructive nephropathy.  
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iNOS overexpression 

 Inducible nitric-oxide synthase (iNOS) overexpression is a characteristic 

hallmark of the inflammatory state and activation of the transcription factor NF-κB is 

thought to be essential for the induction of iNOS [107]. iNOS expression increases 

after UUO (Figure 1). Thus, 5 days after kidney obstruction there is an increased NO 

production and iNOS expression at transcriptional and post-transcriptional levels, 

whereas 14 days after obstruction, decreased endogenous NO production and lower 

iNOS expression at mRNA and protein levels were observed [27]. Tubular epithelial 

cells are probable the major source of NO as these cells are subjected to a high 

pressure or mechanical stretch as a result of ureteral obstruction. When cultured 

tubular epithelial cells are subjected to high pressure (60 mmHg), there was an 

increase of iNOS expression, while endothelial NOS expression remained 

unchanged. Furthermore, the use of NF-κB inhibitors was shown to prevent the 

increase in iNOS expression, thus suggesting the role of this pro-inflammatory 

pathway in the iNOS overexpression [108].  In obstructed neonatal rats, in vivo 

administration of L-Arginine, which activates NO production by iNOS, prevented 

renal damage. Opposite effects were obtained after nitro L-Arginine methyl ester (L-

NAME) treatment. These findings suggest that NO can produce resistance to 

obstruction-induced cell death in neonatal UUO [27]. Targeted deletion of inducible 

nitric oxide synthase (iNOS) in mice subjected to UUO increases renal macrophage 

infiltration and interstitial fibrosis, indicating that endogenous iNOS also serves to 

limit macrophage infiltration [109]. Administration of losartan to the UUO model in 

rats induced a down-regulation of iNOS, with persistent levels of eNOS in renal 

cortex of the obstructed kidney, thus suggesting that Ang II plays a major role in 

iNOS overexpression [110]. Liposome-mediated iNOS gene therapy improves renal 

function in rats with UUO [111] demonstrating that strategies to increase iNOS 

might be a powerful therapeutic approach in obstructive nephropathy [112].   

Conclusions and clinical perspectives 

 In this review we have summarized the most important factors that have been 

involved in genesis and progression of the inflammatory damage induced by ureteral 

obstruction. These factors regulate cytokine and chemokines production, 

leukocyte/macrophage recruitment, interstitial inflammation, tubular cell apoptosis, 
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and fibroblasts proliferation and activation (see table 1). NF-κB activation plays a 

central role in the inflammatory reaction after ureteral obstruction. Oxidative stress 

and renin-angiotensin II system seems to play a major role in activating NF-κB and 

they contribute also to the overexpression of pro-inflammatory cytokines in the 

obstructive nephropathy. As many therapeutic agents have been developed in the last 

years to control inflammation and NF-κB activation for the treatment of several 

diseases such as tumors [113], it can be postulated that this anti-inflammatory 

therapy could be useful to treat or prevent kidney damage during obstructive 

nephropathy [114]. Although there are many data in animal models, most of them 

reviewed in the present manuscript, demonstrating that anti-inflammatory treatment 

ameliorates renal damage in experimental models of obstructive nephropathy, 

clinical studies on these topics are almost absent in the literature. Thus, the anti-

inflammatory therapy to treat obstructive nephropathy, although promising, needs 

many clinical studies that prove to be successful in the clinical setting. 
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Table 1. Summary effects of different molecules involved in inflammation in the 
obstructive nephropathy 

TNF-α  Macrophage infiltration 
Renal tubular cell death  

IL-1  
ICAM expression 
Macrophage infiltration  
Fibroblast activation 

MIF  Leukocyte activation 
Fibroblast proliferation  

Ang II  Macrophage infiltration 

NF-kappaB  Macrophage infiltration 
Renal tubular cell apoptosis  

iNOS  Resistance to cell death 
Limit macrophage infiltration  

E,P,L Selectins  
Monocytes/macrophage and T cell infiltration  
Tubular apoptosis 
Collagen deposition 

VCAM, ICAM  Interstitial inflammation 
Leukocyte infiltration  

β-integrins  Macrophage infiltration
Mediates tPA activity as a fibrogenic cytokine  

JAMS  Leukocyte recruitment  

MCP-1, RANTES, MIP-1α  Macrophage recruitment  

CCR1, CCR2  Leukocyte recruitment 
Interstitial fibrosis  

IP-10  Leukocyte recruitment  

TGF-β  Macrophage infiltration  

HGF  Supress macrophage infiltration 
Inhibit chemokin expression  

M-CSF  Macrophage infiltration, activation and proliferation  
Tubular apoptosis  

OPN  
Macrophage infiltration 
Interstitial fibrosis 
Repress tubular cell apoptosis 



Introducción 
 

111 
 

References 

1. Smith JM, Stablein DM, Munoz R, et al. Contributions of the Transplant 
Registry: The 2006 Annual Report of the North American Pediatric Renal 
Trials and Collaborative Studies (NAPRTCS). Pediatr Transplant 2007; 
11:366-73. 

2. Klahr S, Morrissey J. Obstructive nephropathy and renal fibrosis. Am J Physiol 
Renal Physiol 2002; 283:F861-75. 

3.      Klahr S. Obstructive nephropathy. Intern Med 2000; 39:355-61. 

4. Chevalier RL. Obstructive nephropathy: towards biomarker discovery and gene 
therapy. Nat Clin Pract Nephrol 2006; 2:157-68. 

5. Iwano M, Plieth D, Danoff TM, et al. Evidence that fibroblasts derive from 
epithelium during tissue fibrosis. J Clin Invest 2002; 110:341-50. 

6. Bohle A, Muller GA, Wehrmann M, et al. Pathogenesis of chronic renal failure 
in the primary glomerulopathies, renal vasculopathies, and chronic interstitial 
nephritides. Kidney Int Suppl 1996; 54:S2-9. 

7. Ruiz-Torres MP, Bosch RJ, O'Valle F, et al. Age-related increase in expression 
of TGF-beta1 in the rat kidney: relationship to morphologic changes. J Am Soc 
Nephrol 1998; 9:782-91. 

8. Paul LC. Chronic allograft nephropathy: An update. Kidney Int 1999; 56:783-
93. 

9. Chevalier RL. Pathogenesis of renal injury in obstructive uropathy. Curr Opin 
Pediatr 2006; 18:153-60. 

10. Silverstein DM, Travis BR, Thornhill BA, et al. Altered expression of immune 
modulator and structural genes in neonatal unilateral ureteral obstruction. 
Kidney Int 2003; 64:25-35. 

11. Nam NH. Naturally occurring NF-kappaB inhibitors. Mini Rev Med Chem 
2006; 6:945-51. 

12. Blackwell TS, Christman JW. The role of nuclear factor-kappa B in cytokine 
gene regulation. Am J Respir Cell Mol Biol 1997; 17:3-9. 

13. Bauge C, Beauchef G, Leclercq S, et al. NFkappaB mediates IL-1beta-induced 
down-regulation of TbetaRII through the modulation of Sp3 expression. J Cell 
Mol Med 2008; 12:1754-66. 

14.  Morrissey JJ, Klahr S. Enalapril decreases nuclear factor kappa B activation in 
the kidney with ureteral obstruction. Kidney Int 1997; 52:926-33. 

15.   Esteban V, Lorenzo O, Ruperez M, et al. Angiotensin II, via AT1 and AT2 
receptors and NF-kappaB pathway, regulates the inflammatory response in 
unilateral ureteral obstruction. J Am Soc Nephrol 2004; 15:1514-29. 

16.   Miyajima A, Kosaka T, Seta K, et al. Novel nuclear factor kappa B activation 
inhibitor prevents inflammatory injury in unilateral ureteral obstruction. J Urol 
2003; 169:1559-63. 



Introducción 
 

112 
 

17.   Tashiro K, Tamada S, Kuwabara N, et al. Attenuation of renal fibrosis by 
proteasome inhibition in rat obstructive nephropathy: possible role of nuclear 
factor kappaB. Int J Mol Med 2003; 12:587-92. 

18.   Meldrum KK, Metcalfe P, Leslie JA, et al. TNF-alpha neutralization decreases 
nuclear factor-kappaB activation and apoptosis during renal obstruction. J Surg 
Res 2006; 131:182-8. 

19.    Kuwabara N, Tamada S, Iwai T, et al. Attenuation of renal fibrosis by 
curcumin in rat obstructive nephropathy. Urology 2006; 67:440-6. 

20.  Giannopoulou M, Dai C, Tan X, et al. Hepatocyte growth factor exerts its anti-
inflammatory action by disrupting nuclear factor-kappaB signaling. Am J 
Pathol 2008; 173:30-41. 

21.   Mizuguchi Y, Chen J, Seshan SV, et al. A novel cell-permeable antioxidant 
peptide decreases renal tubular apoptosis and damage in unilateral ureteral 
obstruction. Am J Physiol Renal Physiol 2008; 295:F1545-53. 

22.   Haugen E, Nath KA. The involvement of oxidative stress in the progression of 
renal injury. Blood Purif 1999; 17:58-65. 

23.  Heidland A, Sebekova K, Schinzel R. Advanced glycation end products and the 
progressive course of renal disease. Am J Kidney Dis 2001; 38:S100-6. 

24.   Kawada N, Moriyama T, Ando A, et al. Increased oxidative stress in mouse 
kidneys with unilateral ureteral obstruction. Kidney Int 1999; 56:1004-13. 

25. Klahr S. Urinary tract obstruction. Semin Nephrol 2001; 21:133-45. 

26. Ricardo SD, Ding G, Eufemio M, et al. Antioxidant expression in experimental 
hydronephrosis: role of mechanical stretch and growth factors. Am J Physiol 
1997; 272:F789-98. 

27. Manucha W, Valles PG. Cytoprotective role of nitric oxide associated with 
Hsp70 expression in neonatal obstructive nephropathy. Nitric Oxide 2008; 
18:204-15. 

28. Barinov EF, Barabadze EV, Zhdaniuk Iu I. [Dynamics and factors regulating 
the intensity of free radical processes during experimental supravesical block]. 
Vopr Med Khim 1992; 38:5-7. 

29. Asami J, Odani H, Ishii A, et al. Suppression of AGE precursor formation 
following unilateral ureteral obstruction in mouse kidneys by transgenic 
expression of alpha-dicarbonyl/L-xylulose reductase. Biosci Biotechnol 
Biochem 2006; 70:2899-905. 

30. Moriyama T, Kawada N, Nagatoya K, et al. Fluvastatin suppresses oxidative 
stress and fibrosis in the interstitium of mouse kidneys with unilateral ureteral 
obstruction. Kidney Int 2001; 59:2095-103. 

31. Saborio P, Krieg RJ, Jr., Kuemmerle NB, et al. Alpha-tocopherol modulates 
lipoprotein cytotoxicity in obstructive nephropathy. Pediatr Nephrol 2000; 
14:740-6. 

32.  Schaier M, Jocks T, Grone HJ, et al. Retinoid agonist isotretinoin ameliorates 
obstructive renal injury. J Urol 2003; 170:1398-402. 



Introducción 
 

113 
 

33. Hashem RM, Soliman HM, Shaapan SF. Turmeric-based diet can delay 
apoptosis without modulating NF-kappaB in unilateral ureteral obstruction in 
rats. J Pharm Pharmacol 2008; 60:83-9. 

34. Metcalfe PD, Leslie JA, Campbell MT, et al. Testosterone exacerbates 
obstructive renal injury by stimulating TNF-alpha production and increasing 
proapoptotic and profibrotic signaling. Am J Physiol Endocrinol Metab 2008; 
294:E435-43. 

35. Yamagishi H, Yokoo T, Imasawa T, et al. Genetically modified bone marrow-
derived vehicle cells site specifically deliver an anti-inflammatory cytokine to 
inflamed interstitium of obstructive nephropathy. J Immunol 2001; 166:609-16. 

36. Misseri R, Meldrum DR, Dinarello CA, et al. TNF-alpha mediates obstruction-
induced renal tubular cell apoptosis and proapoptotic signaling. Am J Physiol 
Renal Physiol 2005; 288:F406-11. 

37. Tan X, Wen X, Liu Y. Paricalcitol inhibits renal inflammation by promoting 
vitamin D receptor-mediated sequestration of NF-kappaB signaling. J Am Soc 
Nephrol 2008; 19:1741-52. 

38. Klahr S, Morrissey J. Comparative effects of ACE inhibition and angiotensin II 
receptor blockade in the prevention of renal damage. Kidney Int Suppl 
2002:S23-6. 

39. Harris RC, Martinez-Maldonado M. Angiotensin II-mediated renal injury. 
Miner Electrolyte Metab 1995; 21:328-35. 

40. Chevalier RL. Molecular and cellular pathophysiology of obstructive 
nephropathy. Pediatr Nephrol 1999; 13:612-9. 

41. Klahr S, Morrissey J. Angiotensin II and gene expression in the kidney. Am J 
Kidney Dis 1998; 31:171-6. 

42.   Ruiz-Ortega M, Rupérez M, Esteban V, et al. Modulation of angiotensin II 
effects, a potential novel approach to inflammatory and immune diseases. Curr 
Med Chem 2003; 2: 379–394.  

43. Wolf G, Ziyadeh FN, Thaiss F, et al. Angiotensin II stimulates expression of 
the chemokine RANTES in rat glomerular endothelial cells. Role of the 
angiotensin type 2 receptor. J Clin Invest 1997; 100:1047-58. 

44. Akishita M, Horiuchi M, Yamada H, et al. Inflammation influences vascular 
remodeling through AT2 receptor expression and signaling. Physiol Genomics 
2000; 2:13-20. 

45. Ruiz-Ortega M, Lorenzo O, Ruperez M, et al. Systemic infusion of angiotensin 
II into normal rats activates nuclear factor-kappaB and AP-1 in the kidney: role 
of AT(1) and AT(2) receptors. Am J Pathol 2001; 158:1743-56. 

46. Esteban V, Ruperez M, Vita JR, et al. Effect of simultaneous blockade of AT1 
and AT2 receptors on the NFkappaB pathway and renal inflammatory 
response. Kidney Int Suppl 2003:S33-8. 

47. Nakatani T, Tamada S, Asai T, et al. Role of renin-angiotensin system and 
nuclear factor-kappaB in the obstructed kidney of rats with unilateral ureteral 
obstruction. Jpn J Pharmacol 2002; 90:361-4. 



Introducción 
 

114 
 

48. Satoh M, Kashihara N, Yamasaki Y, et al. Renal interstitial fibrosis is reduced 
in angiotensin II type 1a receptor-deficient mice. J Am Soc Nephrol 2001; 
12:317-25. 

49. Kellner D, Chen J, Richardson I, et al. Angiotensin receptor blockade 
decreases fibrosis and fibroblast expression in a rat model of unilateral ureteral 
obstruction. J Urol 2006; 176:806-12. 

50. Nishida M, Fujinaka H, Matsusaka T, et al. Absence of angiotensin II type 1 
receptor in bone marrow-derived cells is detrimental in the evolution of renal 
fibrosis. J Clin Invest 2002; 110:1859-68. 

51. Ishidoya S, Morrissey J, McCracken R, et al. Angiotensin II receptor 
antagonist ameliorates renal tubulointerstitial fibrosis caused by unilateral 
ureteral obstruction. Kidney Int 1995; 47:1285-94. 

52. Turan T, van Harten JG, de Water R, et al. Is enalapril adequate for the 
prevention of renal tissue damage caused by unilateral ureteral obstruction 
and/or hyperoxaluria? Urol Res 2003; 31:212-7. 

53. Nagatoya K, Moriyama T, Kawada N, et al. Y-27632 prevents tubulointerstitial 
fibrosis in mouse kidneys with unilateral ureteral obstruction. Kidney Int 2002; 
61:1684-95. 

54. Rice EK, Nikolic-Paterson DJ, David JR, et al. Macrophage accumulation and 
renal fibrosis are independent of macrophage migration inhibitory factor in 
mouse obstructive nephropathy. Nephrology (Carlton) 2004; 9:278-87. 

55. Diamond JR. Macrophages and progressive renal disease in experimental 
hydronephrosis. Am J Kidney Dis 1995; 26:133-40. 

56. Shappell SB, Gurpinar T, Lechago J, et al. Chronic obstructive uropathy in 
severe combined immunodeficient (SCID) mice: lymphocyte infiltration is not 
required for progressive tubulointerstitial injury. J Am Soc Nephrol 1998; 
9:1008-17. 

57. Diamond JR, Kees-Folts D, Ding G, et al. Macrophages, monocyte 
chemoattractant peptide-1, and TGF-beta 1 in experimental hydronephrosis. 
Am J Physiol 1994; 266:F926-33. 

58.   Lange-Sperandio B, Trautmann A, Eickelberg O, et al. Leukocytes induce 
epithelial to mesenchymal transition after unilateral ureteral obstruction in 
neonatal mice. Am J Pathol 2007; 171:861-71. 

59. Springer TA. Traffic signals for lymphocyte recirculation and leukocyte 
emigration: the multistep paradigm. Cell 1994; 76:301-14. 

60. Shikata K, Suzuki Y, Wada J, et al. L-selectin and its ligands mediate 
infiltration of mononuclear cells into kidney interstitium after ureteric 
obstruction. J Pathol 1999; 188:93-9. 

61. Naruse T, Yuzawa Y, Akahori T, et al. P-selectin-dependent macrophage 
migration into the tubulointerstitium in unilateral ureteral obstruction. Kidney 
Int 2002; 62:94-105. 

62. Lange-Sperandio B, Cachat F, Thornhill BA, et al. Selectins mediate 
macrophage infiltration in obstructive nephropathy in newborn mice. Kidney 
Int 2002; 61:516-24. 



Introducción 
 

115 
 

63. Ogawa D, Shikata K, Honke K, et al. Cerebroside sulfotransferase deficiency 
ameliorates L-selectin-dependent monocyte infiltration in the kidney after 
ureteral obstruction. J Biol Chem 2004; 279:2085-90. 

64. Shappell SB, Mendoza LH, Gurpinar T, et al. Expression of adhesion 
molecules in kidney with experimental chronic obstructive uropathy: the 
pathogenic role of ICAM-1 and VCAM-1. Nephron 2000; 85:156-66. 

65. Morrissey JJ, Klahr S. Differential effects of ACE and AT1 receptor inhibition 
on chemoattractant and adhesion molecule synthesis. Am J Physiol 1998; 
274:F580-6. 

66. Ricardo SD, Levinson ME, DeJoseph MR, et al. Expression of adhesion 
molecules in rat renal cortex during experimental hydronephrosis. Kidney Int 
1996; 50:2002-10. 

67. Takeda A, Fukuzaki A, Kaneto H, et al. Role of leukocyte adhesion molecules 
in monocyte/ macrophage infiltration in weanling rats with unilateral ureteral 
obstruction. Int J Urol 2000; 7:415-20. 

68. Cheng QL, Chen XM, Li F, et al. Effects of ICAM-1 antisense oligonucleotide 
on the tubulointerstitium in mice with unilateral ureteral obstruction. Kidney 
Int 2000; 57:183-90. 

69. Hu K, Wu C, Mars WM, et al. Tissue-type plasminogen activator promotes 
murine myofibroblast activation through LDL receptor-related protein 1-
mediated integrin signaling. J Clin Invest 2007; 117:3821-32. 

70. Lange-Sperandio B, Schimpgen K, Rodenbeck B, et al. Distinct roles of Mac-1 
and its counter-receptors in neonatal obstructive nephropathy. Kidney Int 2006; 
69:81-8. 

71. Zhang G, Kim H, Cai X, et al. Urokinase receptor modulates cellular and 
angiogenic responses in obstructive nephropathy. J Am Soc Nephrol 2003; 
14:1234-53. 

72. Sircar M, Bradfield PF, Aurrand-Lions M, et al. Neutrophil transmigration 
under shear flow conditions in vitro is junctional adhesion molecule-C 
independent. J Immunol 2007; 178:5879-87. 

73. Vielhauer V, Anders HJ, Mack M, et al. Obstructive nephropathy in the mouse: 
progressive fibrosis correlates with tubulointerstitial chemokine expression and 
accumulation of CC chemokine receptor 2- and 5-positive leukocytes. J Am 
Soc Nephrol 2001; 12:1173-87. 

74. Kaneto H, Fukuzaki A, Ishidoya S, et al. [mRNA expression of chemokines in 
rat kidneys with ureteral obstruction]. Nippon Hinyokika Gakkai Zasshi 2000; 
91:69-74. 

75. Wada T, Furuichi K, Sakai N, et al. Gene therapy via blockade of monocyte 
chemoattractant protein-1 for renal fibrosis. J Am Soc Nephrol 2004; 15:940-8. 

76. Pittock ST, Norby SM, Grande JP, et al. MCP-1 is up-regulated in unstressed 
and stressed HO-1 knockout mice: Pathophysiologic correlates. Kidney Int 
2005; 68:611-22. 



Introducción 
 

116 
 

77. Eis V, Luckow B, Vielhauer V, et al. Chemokine receptor CCR1 but not CCR5 
mediates leukocyte recruitment and subsequent renal fibrosis after unilateral 
ureteral obstruction. J Am Soc Nephrol 2004; 15:337-47. 

78. Anders HJ, Vielhauer V, Frink M, et al. A chemokine receptor CCR-1 
antagonist reduces renal fibrosis after unilateral ureter ligation. J Clin Invest 
2002; 109:251-9. 

79. Kitagawa K, Wada T, Furuichi K, et al. Blockade of CCR2 ameliorates 
progressive fibrosis in kidney. Am J Pathol 2004; 165:237-46. 

80. Crisman JM, Richards LL, Valach DP, et al. Chemokine expression in the 
obstructed kidney. Exp Nephrol 2001; 9:241-8. 

81. Nakaya I, Wada T, Furuichi K, et al. Blockade of IP-10/CXCR3 promotes 
progressive renal fibrosis. Nephron Exp Nephrol 2007; 107:e12-21. 

82. Kitamura M, Suto TS. TGF-beta and glomerulonephritis: anti-inflammatory 
versus prosclerotic actions. Nephrol Dial Transplant 1997; 12:669-79. 

83. Wahl SM, Hunt DA, Wakefield LM, et al. Transforming growth factor type β 
induces monocyte chemotaxis and growth factor production. Proc. Natl. Acad. 
Sci. USA 1987; 84: 5788-92, 

84.   Wang W, Huang XR, Li AG, et al. Signaling mechanism of TGF-beta1 in 
prevention of renal inflammation: role of Smad7. J Am Soc Nephrol 2005; 
16:1371-83. 

85. Kumpers P, Gueler F, Rong S, et al. Leptin is a coactivator of TGF-beta in 
unilateral ureteral obstructive kidney disease. Am J Physiol Renal Physiol 
2007; 293:F1355-62. 

86. Balkovetz DF, Lipschutz JH. Hepatocyte growth factor and the kidney: it is not 
just for the liver. Int Rev Cytol 1999; 186:225-60. 

87. Mizuno S, Matsumoto K, Nakamura T. Hepatocyte growth factor suppresses 
interstitial fibrosis in a mouse model of obstructive nephropathy. Kidney Int 
2001; 59:1304-14. 

88. Gao X, Mae H, Ayabe N, et al. Hepatocyte growth factor gene therapy retards 
the progression of chronic obstructive nephropathy. Kidney Int 2002; 62:1238-
48. 

89. Wardle EN. Nuclear factor kappaB for the nephrologist. Nephrol Dial 
Transplant 2001; 16:1764-8. 

90. Tian S, Ding G, Jia R, et al. Tubulointerstitial macrophage accumulation is 
regulated by sequentially expressed osteopontin and macrophage colony-
stimulating factor: implication for the role of atorvastatin. Mediators Inflamm 
2006; 2006:12919. 

91. Lenda DM, Kikawada E, Stanley ER, et al. Reduced macrophage recruitment, 
proliferation, and activation in colony-stimulating factor-1-deficient mice 
results in decreased tubular apoptosis during renal inflammation. J Immunol 
2003; 170:3254-62. 

92. Lange-Sperandio B, Forbes MS, Thornhill B, et al. A2A adenosine receptor 
agonist and PDE4 inhibition delays inflammation but fails to reduce injury in 



Introducción 
 

117 
 

experimental obstructive nephropathy. Nephron Exp Nephrol 2005; 100:e113-
23. 

93. Xaus J, Valledor AF, Cardo M, et al. Adenosine inhibits macrophage colony-
stimulating factor-dependent proliferation of macrophages through the 
induction of p27kip-1 expression. J Immunol 1999; 163:4140-9. 

94. Panzer U, Thaiss F, Zahner G, et al. Monocyte chemoattractant protein-1 and 
osteopontin differentially regulate monocytes recruitment in experimental 
glomerulonephritis. Kidney Int 2001; 59:1762-9. 

95. Xie Y, Sakatsume M, Nishi S, et al. Expression, roles, receptors, and regulation 
of osteopontin in the kidney. Kidney Int 2001; 60:1645-57. 

96. Persy VP, Verhulst A, Ysebaert DK, et al. Reduced postischemic macrophage 
infiltration and interstitial fibrosis in osteopontin knockout mice. Kidney Int 
2003; 63:543-53. 

97. Kaneto H, Morrissey J, McCracken R, et al. Osteopontin expression in the 
kidney during unilateral ureteral obstruction. Miner Electrolyte Metab 1998; 
24:227-37. 

98. Ophascharoensuk V, Giachelli CM, Gordon K, et al. Obstructive uropathy in 
the mouse: role of osteopontin in interstitial fibrosis and apoptosis. Kidney Int 
1999; 56:571-80. 

99. Rouschop KM, Sewnath ME, Claessen N, et al. CD44 deficiency increases 
tubular damage but reduces renal fibrosis in obstructive nephropathy. J Am Soc 
Nephrol 2004; 15:674-86. 

100. Diamond JR, Kreisberg R, Evans R, et al. Regulation of proximal tubular 
osteopontin in experimental hydronephrosis in the rat. Kidney Int 1998; 
54:1501-9. 

101. Ricardo SD, Franzoni DF, Roesener CD, et al. Angiotensinogen and AT(1) 
antisense inhibition of osteopontin translation in rat proximal tubular cells. Am 
J Physiol Renal Physiol 2000; 278:F708-16. 

102. Vieira JM, Jr., Mantovani E, Rodrigues LT, et al. Simvastatin attenuates renal 
inflammation, tubular transdifferentiation and interstitial fibrosis in rats with 
unilateral ureteral obstruction. Nephrol Dial Transplant 2005; 20:1582-91. 

103. Park JK, Muller DN, Mervaala EM, et al. Cerivastatin prevents angiotensin II-
induced renal injury independent of blood pressure- and cholesterol-lowering 
effects. Kidney Int 2000; 58:1420-30. 

104. Massy ZA, Guijarro C. Statins: effects beyond cholesterol lowering. Nephrol 
Dial Transplant 2001; 16:1738-41. 

105. Sato N, Shiraiwa K, Kai K, et al. Mizoribine ameliorates the tubulointerstitial 
fibrosis of obstructive nephropathy. Nephron 2001; 89:177-85. 

106. Yoo KH, Thornhill BA, Forbes MS, et al. Osteopontin regulates renal 
apoptosis and interstitial fibrosis in neonatal chronic unilateral ureteral 
obstruction. Kidney Int 2006; 70:1735-41. 

107. Musial A, Eissa NT. Inducible nitric-oxide synthase is regulated by the 
proteasome degradation pathway. J Biol Chem 2001; 276:24268-73. 



Introducción 
 

118 
 

108. Broadbelt NV, Stahl PJ, Chen J, et al. Early upregulation of iNOS mRNA 
expression and increase in NO metabolites in pressurized renal epithelial cells. 
Am J Physiol Renal Physiol 2007; 293:F1877-88. 

109. Hochberg D, Johnson CW, Chen J, et al. Interstitial fibrosis of unilateral 
ureteral obstruction is exacerbated in kidneys of mice lacking the gene for 
inducible nitric oxide synthase. Lab Invest 2000; 80:1721-8. 

110. Manucha W, Oliveros L, Carrizo L, et al. Losartan modulation on NOS 
isoforms and COX-2 expression in early renal fibrogenesis in unilateral 
obstruction. Kidney Int 2004; 65:2091-107. 

111. Ito K, Chen J, Khodadadian JJ, et al. Liposome-mediated transfer of nitric 
oxide synthase gene improves renal function in ureteral obstruction in rats. 
Kidney Int 2004; 66:1365-75. 

112. Chevalier RL. Promise for gene therapy in obstructive nephropathy. Kidney Int 
2004; 66:1709-10. 

113. Wu JT, Kral JG. The NF-kappaB/IkappaB signaling system: a molecular target 
in breast cancer therapy. J Surg Res. 2005 Jan;123(1):158-69. 

114. Tamada S, Asai T, Kuwabara N,  et al.  Molecular mechanisms and therapeutic 
strategies of chronic renal injury: the role of nuclear factor kappaB activation 
in the development of renal fibrosis. J Pharmacol Sci. 2006;100:17-21. 

 

 

 



Introducción 
 

 

 

 

 

 

 

 

Artículo V 

 

Revisión  

 

“Extracellular matrix deposition and apoptosis during 
obstructive nephropathy” 

 

M. Teresa Grande, Fernando Pérez-Barriocanal, José M. López-Novoa 

The Open Urology and Nephrology Journal (enviado) 

 

  

 

 

 

 

 

 

 



Introducción 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introducción 
 

121 
 

Abstract: 

Obstructive nephropathy is associated to interstitial tubular fibrosis. The 

development of tubulointerstitial fibrosis is due to increased synthesis, deposition, and 

possibly reduced degradation of renal extracellular matrix components, especially 

collagens and non-collagenous proteins, such as laminin and fibronectin.  Tubular 

epithelial cell apoptosis induces loss of functional nephrons, and plays also a major role 

in interstitial fibrosis induced by obstructive nephropathy. The effect of TGF-β is 

regulated for other cytokines including hepatocyte growth factor, bone morphogenetic 

proteins, connective tissue growth factor and leptin. Tubulointerstitial cell infiltration, 

mostly macrophages, and release of proinflammatory cytokines, such as NF-κB and 

TNF-α, stimulate tubular cell apoptosis during obstruction. Also TGF-β and 

Angiotensin II regulate tubular cell apoptosis in obstructive nephropathy. The effect of 

TGF-β on interstitial fibrosis and apoptosis is regulated for other cytokines including 

hepatocyte growth factor, bone morphogenetic proteins, connective tissue growth factor 

and leptin. Because increased extracellular matrix deposition and tubular cell apoptosis 

are major factors responsible for structural alterations observed in obstructive 

nephropathy, targeting their regulating factors could be an efficient approach for 

reducing renal lesions induced by urinary tract obstruction.  
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1. INTRODUCTION 

 Obstructive nephropathy due to congenital or acquired urinary tract obstruction 

is the first primary cause of chronic renal failure in children, but it is also a major cause 

of renal failure in adults [1]. The renal consequences of chronic urinary tract obstruction 

are very complex, and lead to renal injury and renal insufficiency. The end result of 

severe and chronic obstructive nephropathy is a progressive renal tubular atrophy with 

loss of nephrons due to tubular cell apoptosis, and interstitial fibrosis due to 

extracellular matrix accumulation in the tubular interstitium and the spaces where 

tubular atrophy has occurred. Despite numerous clinical and experimental studies over 

the past several decades, the evaluation and management of obstructive nephropathy 

remains challenging. The purpose of this review is to analyze in depth infiltration the 

cellular and molecular mechanisms involved in the genesis of interstitial fibrosis and 

tubular epithelial cell apoptosis associated to obstructive nephropathy. It should be 

noted that most of the data relative to fibrosis and apoptosis associated to obstructive 

nephropathy have been obtained in an experimental model, unilateral ureteral 

obstruction (UUO) in rats and mice. The UUO model has become the standard model to 

understand the causes and mechanisms of nonimmunological interstitial fibrosis. This is 

because it is normotensive, nonproteinuric, nonhyperlipidemic, and without any 

apparent immune or toxic renal insult. The UUO consists of an acute obstruction of one 

of the ureter that mimics the different stages of obstructive nephropathy leading 

interstitial fibrosis without compromising the life of the animal, because the 

contralateral kidney maintains or even increases its function due to compensatory 

functional and anatomic hypertrophy. Some other data have been also obtained for “in 

vitro” studies. 

2. RENAL FIBROSIS  

Renal fibrosis is the common end-point in all the chronic renal diseases, with 

independence on the origin of the disease. Fibrosis is also a phenomena characteristic of 

several diseases in other organs such as the lung (pulmonary fibrosis) or the liver 

(cirrhosis). The evolution of renal injury in obstructive nephropathy shares many 

features with other forms of interstitial renal disease such as acute renal failure, 

polycystic kidney disease and renal transplant rejection. The final fibrotic phase is very 

similar to virtually all progressive renal disorders, including glomerular disorders and 

systemic diseases such as diabetes or hypertension. The first part of this review will be 
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devoted to study the mechanisms involved in renal fibrosis associated to obstructive 

nephropathy. However it should be noted that the evolution of renal injury in 

obstructive nephropathy shares many features with other forms of interstitial renal 

disease such as acute renal failure, polycystic kidney disease and renal transplant 

rejection. The final fibrotic phase is very similar to virtually all progressive renal 

disorders, including glomerular disorders and systemic diseases such as diabetes or 

hypertension.  

2.1 Increased ECM deposition 

 Tissue fibrosis is a result of an imbalance between enhanced production and 

deposition and impaired degradation of extracellular matrix deposition components. 

Extracellular matrix is a complex and intricate network within which molecules are 

precisely organized. Most of the extracellular matrix molecules, collagens, 

glycoproteins and proteoglycans, share similar structural domains. Laminin, types IV 

and V collagens, entactin and fibronectin are localized in the normal kidney, with 

different distribution in the glomerular basement membranes, the mesangial matrix and 

tubular basement matrix [2]. 

 The obstructive nephropathy is accompanied of interstitial fibrosis, interstitial 

expansion and tubular basement membrane thickening and collagen, fibronectin and 

heparin sulfate proteoglycan accumulation [3].  

 The obstructed kidney revealed increased deposition of type I and III collagen 

and type IV collagen, laminin, and fibronectin, normally associated with the basement 

membrane, were found both in a thickened basement membrane and in the interstitial 

space [4]. Also our studies supported  increased fibronectin and type I collagen levels in 

the interstitium of the obstructed kidney after three days of ureteral obstruction with an 

intense staining in the tubulointerstitial space [5] and types I and IV collagens and TGF- 

β mRNA levels were also increased in the obstructed kidneys [6]. Increased 

extracellular matrix deposition can be based in increased synthesis or decreased 

degradation. Extracellular matrix degradation is carried out by several enzymes, 

including MMPs. 

2.2. Altered MMPs activity 

As commented above, MMPs play a critical role in the development of 

extracellular matrix deposition. Synthesis and degradation of extracellular matrix is 



Introducción 
 

124 
 

regulated by the balance between MMPs and MMPs inhibitors. Among MMPs 

inhibitors, tissue inhibitors of metalloproteases (TIMPs) play a major role in regulating 

MMPs activity. MMP-2 (type IV collagenase) levels have been reported to be increased 

in the obstructed kidney [7] and the inhibition of MMP-2 accelerated the UUO-induced 

fibrosis in the obstructed kidney [8] whereas MMP-9 (type IV collagenase) was 

significantly decreased in the obstructed kidney probably through tissue inhibitor of 

metalloproteinase-1 (TIMP-1). However, whereas TIMP1-deficient mice do not show 

differences in the severity of interstitial fibrosis after UUO compared with control mice, 

overexpression of TIMP-1 has been reported to promote renal interstitial fibrosis [9]. 

These findings may be explained by compensation by other protease inhibitors such as 

TIMP-2, TIMP-3, and/or plasminogen activator inhibitor-1 (PAI-1) or by the possibility 

that inhibition of intrinsic MMP activity does not constitute a profibrogenic event in the 

kidney. PAI-1 inhibits plasminogen activators such as urinary and tissue plasminogen 

activators, uPA and tPA, impeding metalloproteases activation by plasmin. B2 

bradykinin receptors, which stimulate tPA release, have been involved in MMP activity 

after UUO in a study where mice deficient for B2 bradikinin receptors, showed less 

renal fibrosis and less urinary plasminogen activator (uPA) and MMP-2 after UUO [10], 

probably because B2 bradykinin receptors mediate the signal to activate MMPs through 

plasmin.  

2.3. Regulatory mechanisms responsible for increased ECM deposition 

2.3.1. TGF- β signaling pathways 

From the first studies published in 1990 demonstrating the fibrogenic effects of 

TGF-β, a great body of evidence has been accumulated demonstrating that over-

expression of TGF-β is a key mediator of fibrotic disease. Its fibrogenic actions include 

stimulation of matrix synthesis, inhibition of matrix degradation, and modulation of 

matrix receptor expression to facilitate cell-matrix interactions. Many strategies to block 

TGF-β have been used in animal studies. TGF-β antibodies, antisense oligonucleotides, 

soluble TGF-β type II receptor or type III receptor, the TGF-β inhibitor decorin, TGF- 

β's latency-associated peptide, the negative regulatory signaling molecule Smad7, 

blockade of Smad3 and inhibition of TGF-β activation have all shown therapeutic 

efficacy [11]. TGF-β1 expression is increased in the kidney with ureteral obstruction 

and TGF-β1 staining is increased markedly in the interstitium of the obstructed kidneys 

including human obstructive nephropathy [12].  TGF-β receptors have been also found 
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overexpressed after UUO, including Type I and II [12] and type III receptors [6,13]. 

1D11 is a monoclonal antibody which is active against all three isoforms of TGF-β. It 

has been used as a single agent in several models of renal disease including UUO, and it 

has been reported to diminish interstitial fibrosis among other benefic effects in the 

UUO-induced injury [14, 15] thus demonstrating a major role of TGF-β in renal 

interstitial fibrosis after UUO. Also, a recent study report that mice deficient in tissue 

transglutaminase (TG2), which  modifies the stability of extracellular matrix proteins 

and renders the extracellular matrix resistant to degradation and activates TGF- β, were 

protected against development of fibrotic lesions in obstructive nephropathy due to a 

decreased rate of collagen I synthesis because of decreased TGF-β activation [16]. 

 Smad proteins are signaling transducers downstream from TGF-β receptors. 

TGF-β activate Smad2 and Smad 3 through the TGF-β receptors type I and II. Nuclear 

phosphorylated Smad2 and Smad3 have been reported to be increased in the obstructed 

kidney, whereas the inhibitory Smad7 decreased progressively in UUO kidneys [17]. 

Targeted deletion of Smad3 markedly prevents from UUO-induced interstitial fibrosis, 

suggesting that most of the pro-fibrotic activities of TGF-β are mediated by Smad3 [18, 

19].  Smad transcriptional co-repressors SnoN and Ski were progressively reduced in a 

time-dependent manner in the obstructed kidney of mice subjected to OUU whereas 

renal Smad abundance was relatively unaltered. Both SnoN and Ski could block Smad-

mediated activation of TGF-β1–responsive promoter and exhibited additive effect in 

abrogating the profibrotic actions of TGF-β1. In vitro knockdown of SnoN expression 

in tubular epithelial cells dramatically sensitized their responsiveness to TGF-β1 

stimulation. This study suggests increased Smad transcriptional co-repressors 

expression may be effective in antagonizing TGF-β1 signaling and thereby blocking the 

progression of chronic renal fibrosis [20].  As TGF-β is major inductor of  interstitial 

fibrosis associated to UUO through smads signalling pathway, probably smads 

transcriptional repressor could be good targets for attenuate the development of 

obstructive nephropathy but TGF-β also act through other signaling pathways, such as 

Rho.  

 Rho and its downstream effector, Rho kinase, have been reported as potential 

mediators of TGF-β–associated renal fibrosis [21, 22]. Controversial experimental 

results have been reported about this assessment. While Rho kinase inhibition showed a 

decrease in UUO induced-tubulointerstitial fibrosis [21, 23], mice lacking Rho kinase 1 
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subjected to UUO showed no protection against increased type I and III collagen and 

fibronectin expression in the obstructed kidney. Moreover, mice lacking Rho kinase 1 

and subjected to OUU showed in the obstructed kidney a further increase in TGF-β1 

expression associated with a significant increase in the level of Smad2/3 

phosphorylation, thus suggesting a crosstalk between the Rho/Rho kinase pathway and 

the TGF-β/Smad signaling pathway in TGF-β–mediated renal interstitial fibrosis in the 

UUO model [24]. 

 There is also a close relation between TGF-β and Ras signaling pathways. Ras 

activation is mediated by TGF-β1 [25, 26] and also by ligands for receptor tyrosine 

kinases which are soluble or membrane-bound peptide/protein hormones such as 

platelet-derived growth factor (PDGF) [27], epidermal growth factor (EGF) [28, 29] and 

fibroblast growth factor (FGF) [30]. Ras activation has been shown to be associated 

with extracellular matrix deposition in vitro [25] and also we have demonstrated 

Ras/PI3kinase activation involvement in UUO-induced increase in fibronectin and 

collagen levels in the obstructed kidneys as the administration of LY294002, a specific 

PI3Kinase inhibitor, diminished the obstruction-induced fibronectin and collagen I 

levels [5], p38 MAP kinase pathway inhibition resulted in alpha1(I) collagen mRNA 

level reduction after UUO [31]. Ras/MAPK activation has been also reported in the 

obstructed kidney of mice with UUO. ERK inhibition in mice subjected to UUO was 

associated to reduced interstitial fibrosis [5]. Early ERK activation has been observed 

initially in medullary collecting ducts and the thick ascending limb of Henle, and then in 

dilated collecting ducts and in interstitial cells in the cortex and also proliferation of 

tubular epithelial cells closely followed the same pattern that ERK activation and in 

addition the inhibition of ERK activation resulted in a reduction in interstitial cell 

proliferation accompanied by a diminished interstitial macrophage accumulation after 

UUO [32].   

 Binding of tyrosine kinase receptors to their ligands also activate JAK/STAT 

signaling pathway. Signal Transducers and Activator of Transcription proteins (STAT) 

were activated by phosphorylation in the obstructed kidneys after UUO with a peak in 

the 7th day [33]. Also STAT6 deficiency mice subjected to UUO showed less 

accumulation of collagen I than wild-type (WT) mice [34]. These results suggesting 

STAT pathway may play a role on obstruction-induced renal interstitial fibrosis by 

activating collagen synthesis. 
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In summary Smad, Rho/RhoKinase, Ras/PI3Kinase, Ras/MAPKinase and 

JAK/STAT pathways have been reported to be involved, at least in part, in profibrotic 

effects of TGF-β during progression of obstructive nephropathy.    

Many early papers demonstrate that Angiotensin II (Ang II) seems to play a 

major role in TGF-β overexpression in chronic kidney disease (reviewed in 12). Ang II 

induces up-regulation of TGF-β and TGF-β receptor expression. The suppression of 

angiotensinogen (AGT) gene expression by transferring recombinant adenoviral vectors 

carrying a transgene expressing AGT antisense mRNA in the kidneys of rats with UUO 

prevents the formation of renal cortical TGF-β1, and of related fibrogenic factors [35]. 

In a recent study, it was demonstrated that Ang II, both via AT1 and AT2 receptors, 

activates NF-κB in response to obstruction in a mouse model [36]. Ang II production is 

increased in UUO and Ang II receptor blockers reduce TGF-β and TGF-β receptor 

expression and renal damage in several models of experimental renal disease, including 

UUO in adult [37, 38, 39, 40] and in neonatal animals [41, 42]. However, other studies 

have demonstrated that selective inhibition of AT1 receptors during nephrogenesis 

exacerbates injury to the obstructed kidney and also injures the contralateral kidney, as 

AT1 signaling is involved in nephrogenesis. Thus, Ang II receptor blockers should be 

used with caution in the developing hydronephrotic kidney [43, 44].   

Early studies also have demonstrated that angiotensin converting enzyme (ACE) 

inhibitors reduces renal fibrosis in the obstructed kidney after UUO [45, 46] although 

other authors have not observed this protection [47]. Even more, other authors have 

reported a negative effect of treatment with the angiotensin converting inhibitors in 

neonatal models of UUO, as occurred with the AT1 receptor antagonists [44], thus 

suggesting that these drugs should  be used with caution during the perinatal period.   

 2.3.2 Endogenous molecules that modulate TGF-β effects and interstitial fibrosis in 

UUO 

 There are many early papers demonstrating that extracellular matrix deposition 

was attenuated by inhibition of TGF-β or TGF-β signaling using several 

pharmacological or genetic strategies. In the last years, there is growing evidence that 

some endogenous molecules modulate TGF-β effects, and could act as anti-fibrotic 

molecules. These molecules include hepatocyte growth factor (HGF), bone 

morphogenic proteins (BMPs), decorin, connective tissue growth factor (CTGF), 
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decorin and leptin. We will next revise the most recent advances in the knowledge of 

the effects of these factors on interstitial fibrosis after UUO.  

2.3.3 Hepatocyte groth factor 

There are many early papers describing that exogenous administration of 

hepatocyte growth factor (HGF) to mice subjected to UUO  prevented from interstitial 

extracellular matrix deposition and  myofibroblasts activation  in the obstructed kidneys 

[for review: 48]. HFG administration is effective even when given at a time point when 

significant renal fibrosis has clearly emerged [49]. The mechanism of HGF-induced 

protection seems to be the inhibition by HGF of both TGF-β1 and its specific type I 

receptor in the obstructed kidneys in vivo, and producing blockade of Smad nuclear 

traslocation by HGF on an ERK-MAPKinase dependent manner [48, 50]. 

2.3.4 Bone morphogenetic proteins  

 The bone morphogenetic proteins (BMPs) are a family of secreted signalling 

molecules that, although were first identified by their capacity to promote endochondral 

bone formation, they are involved in the cascades of body patterning and 

morphogenesis. They are part of the TGF-β superfamily that comprises over twenty 

BMPs, of which BMP-7 (also called osteogenic protein-1 or OP-1) is the most 

prominent member involved in renal development and disease. BMP-7 is a 35-kDa 

homodimeric protein, and kidney is its major site of synthesis during embryogenesis as 

well as in postnatal development. In the adult kidney, BMP-7 is expressed in glomerular 

podocytes, the thick ascending limb, the distal convoluted tubule, and most strongly in 

the collecting duct [51]. The function of BMP-7 in the adult kidney has not been 

revealed completely, but recent evidence suggest that endogenous BMP-7 might 

function as a regulator of kidney homeostasis and regeneration by maintaining a 

differentiated epithelial phenotype of tubular epithelial cells [52].  In contrast to the 

consistent upregulation of TGF-β1 in models of experimental and human renal fibrosis, 

expression of BMP-7 was shown to be markedly reduced in experimental diseases 

associated with renal fibrosis, including UUO [52]. BMP-7 seems to prevent the pro-

fibrotic effects of TGF-β [53, 54, 55]. BMP-7 displays protective effects on the kidney 

by decreasing apoptosis, maintaining and restoring the epithelial phenotype, and 

displaying antifibrotic activity. Moreover, experimental studies in rodents have 

demonstrated its ability to stabilize or even reverse renal fibrosis with improved renal 
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function [56]. TGF-β-induced epithelial to mesenchymal transition can be abrogated by 

upregulation of bone morphogenic protein [57]. Even more, BMP-7 is able to induce 

formation of epithelial cell aggregates in cultures of adult renal fibroblasts, which was 

accompanied by acquisition of E-cadherin expression and decreased motility, indicating 

that true mesenchymal-to-epithelial transition (MET) might be achieved [58]. In fact, 

the protective effect of rapamicin on interstitial fibrosis in the UUO model seems to be 

based in an up-regulation of BMP-7 expression in the ligated kidney [59].  Although the 

mechanism by which BMP-7 antagonizes the pro-fibrotic effect of TGF-β1 is not 

completely known, the protective effect of BMP-7 on preservation of TGFβ1-induced 

downregulation of E-cadherin expression in tubular epithelial cells could be mimicked 

by transfection with the constitutively active general BMP type I receptor ALK3 [57]. 

The activity of BMP-7 in the kidney can be enhanced or inhibited by extracellular 

modulators such as kielin/chordin-like protein (KCP) that has been recently identified as 

a novel enhancer of BMP signaling. KCP−/− mice, developed significantly more renal 

damage and interstitial fibrosis in the obstructed kidney after induction of UUO [60]. In 

addition, KCP−/− mice shows have less pSmad1 but increased  pSmad2 levels, 

suggesting that the antifibrotic effect of KCP also included inhibition of TGF-β1 

activity [61]. Uterine sensitization-associated gene-1 (USAG-1) is an extracellular 

modulator that inhibit BMP-7 activity, and that is abundantly expressed in the kidney. 

USAG-1 emerges in developing nephrons and colocalizes with BMP-7 only in 

differentiated tubules [62]. USAG-1−/− mice had increased pSmad1/5 protein levels and 

exhibited a lower profibrotic effect of UUO that can be abolished by administration of a 

neutralizing antibody against BMP-7, thus demonstrating that this effect is mediated by 

BMP-7 [63]. Recently, Sclerostin domain-containing-1 or SOSTDC1 was identified as 

the human ortholog of USAG-1 [64].  Other antagonists of BMP-7 in the kidney include 

gremlin and noggin, of which overexpression of the latter in podocytes has been shown 

to result in massive mesangial matrix expansion [65, 66]. Furthermore, gremlin-

mediated BMP antagonism is essential to induce the epithelial-mesenchymal feedback 

necessary for metanephric kidney development [67]. However, the possible role of 

gremlin or noggin on obstruction-induced renal damage has not been studied. Taken 

together, these data indicate that BMP-7 plays a major role in regulating EMT and 

interstitial fibrosis in the kidney after UUO. However, the antifibrotic activity of BMP-7 

in the kidney is not only determined by the expression levels of BMP-7, but also by the 

expression of multiple other BMPs and BMP modulators [68].  
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The expression of thrombospondin-1 (TSP-1), which is the major activator of 

latent TGF-β1 in experimental glomerulonephritis and diabetic nephropathy, was 

repressed by the prototypical BMP target gene Id1 [69]. These data suggest that the 

antifibrotic effects of BMP-7 are not entirely specific for this BMP, and that other 

BMPs might have similar anti-TGFβ1 activity. In this respect, it is noteworthy that both 

BMP-4 and BMP-6 were able to functionally substitute for loss of BMP-7 during 

kidney development [70],  and that BMP-6 could inhibit TGFβ1-induced expression of 

CTGF and plasminogen activator inhibitor-1 in renal interstitial fibroblasts [71].  The 

observations that myofibroblast progenitor cells derived from patients with diabetes 

were deficient in BMP-6 expression [71], and that in renal cortex of diabetic mice, 

BMP-4, -5, and -6 were decreased to a similar extent as BMP-7, indicate that, in 

addition to BMP-7, also other BMPs might play an important role as antagonists of 

renal fibrosis. However, despite apparent overlap in functions of other BMPs with 

BMP-7, it should be kept in mind that distinct biological effects have been attributed to 

different BMPs. For instance, BMP-2 and BMP-7 have opposite effects on renal 

branching morphogenesis [72]. Administration of BMP-2 to rats with UUO has been 

also reported to prevent obstruction-induced fibrosis [73]. In rat fibroblasts, BMP-2 

significantly reversed the TGF-β1-induced increase in fibronectin concomitant with a 

significant decrease in type I TGF-β receptors (TGF-β RI). Moreover, BMP-2 

significantly shortened the half-life of TGF-β RI by activating its degradation by the 

proteasome. Furthermore, t BMP-2 significantly reversed the TGF-β1 induced increase 

in pSmad2/3 and reversed the TGF-β1 induced decrease in inhibitory Smad7 whereas 

Smad7 siRNA abolish the BMP-2-induced decrease in TGF-β RI [73]. Thus, we can 

conclude that other BMPs besides BMP-7 can also regulate interstitial fibrosis after 

UUO. 

 2.3.5 Conective tissue growth factors 

Conective tissue growth factor (CTGF) was first identified in conditioned media 

of endothelial cells as a 36–38 kDa cysteine-rich polypeptide containing chemotactic 

and mitogenic activity towards fibroblasts. The biological functions of CTGF are 

complex and diverse [74].  CTGF is required for most of the increased ECM production 

and other profibrotic activity generally observed in response to TGF-β1 [75]. In 

addition, CTGF is critically involved in cell growth and differentiation, migration, 

adherence, apoptosis and survival, as well as in angiogenesis and chondrogenesis [75]. 
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Specific effects of CTGF on renal cells include migration, hypertrophy, fibronectin 

production, and actin disassembly in mesangial cells, EMT and fibronectin production 

of tubular epithelial cells, and type III collagen and TSP-1 production by renal 

interstitial fibroblasts [76, 77].  

TGF-β1 is the earliest recognized inducer of CTGF, and it has remained as one 

of the most studied regulators of CTGF expression in fibrotic processes [78]. In 

addition, in vitro studies with renal cells demonstrated that CTGF is also a direct target 

of gene regulation by TGF-β1-independent factors including high glucose, angiotensin 

II, aldosterone, hypoxia inducible factor-1α, and cyclic mechanical stretch [51]. CTGF 

is not only induced by TGF-β1, but it is also a major enhancer of the biological activity 

of TGF-β1.  

CTGF seems to play a role in the obstruction-associated interstitial fibrosis. 

CTGF, gene expression was prominently upregulated during UUO [79] and the 

blockade of CTGF by antisense oligonucleotide (ODN) markedly reduced TGF-β-

induced production of fibronectin and type I collagen in cultured renal fibroblasts, 

whereas treatment with CTGF antisense ODN in rats subjected to OUU inhibits the 

expression of ECM genes such as fibronectin, fibronectin ED-A, and alpha1(I) collagen 

in the obstructed kidney. The antisense treatment also reduced interstitial deposition of 

CTGF, fibronectin ED-A, and type I collagen and the interstitial fibrotic areas, as well 

as the number of myofibroblasts [79]. 

2.3.6.  Leptin. 

 The peptide hormone leptin is involved not only in the regulation of obesity but 

also in the regulation of inflammation and fibrosis. Leptin has been reported to be an 

enhancer of TGF-β signaling. In renal interstitial (NRK-49F) fibroblasts leptin 

administration increased CTGF protein expression. AG-490, aJAK2 inhibitor, abrogated 

leptin -induced CTGF protein expression at 2 days. AG-490 and CTGF anti-sense ODN 

abrogated leptin-induced mitogenesis and collagen protein expression by renal 

interstitial fibroblasts. Thus, leptin induces JAK2 to increase CTGF-induced 

mitogenesis and type I collagen protein expression in NRK-49F cells. Additionally, 

AGE-induced mitogenesis and type I collagen protein expression are dependent on 

leptin-induced CTGF [80]. A role for leptin in regulating obstruction-induced interstitial 

fibrosis is derived of the fact leptin-deficient mice exposed to UUO showed 
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significantly reduced fibrosis and also TGF-β levels and TGF-β-induced activation 

Smad2/3 were significantly reduced in obstructed kidneys [81].   

3. TUBULAR CELL APOPTOSIS  

 Tubular atrophy is the end result of UUO-induced tubular cells apoptosis as 

initially described Gobe et al. [82]. Afterwards, many authors have established the 

importance of this process in obstructive nephropathy [83, 84, 85].  

 Numerous proteins have been found to be related with apoptosis after UUO. 

DNA fragmentation and cleaved caspases have been considered good markers of cell 

death. Progressive increase in the intensity of DNA fragmentation was associated with 

apoptosis during the initial 3 weeks after UUO [86]. Cleaved caspases 1, 2, 3, 6, 7, 8, 9, 

11, and 12 expression have been reported to be increased in obstructed kidneys after 

UUO.  Four days after ureter ligation, tubular cell apoptosis peaked (13-fold of control) 

and remained high between days 4 to 15, and thereafter decreased rapidly [87]. Among 

all these caspases, increased renal caspase 3 activity seems to play a central role in renal 

cell apoptosis associated with urinary obstruction [87].  

 Using in situ hibridization of Sulfated glycoprotein-2 (SGP-2), also designated 

Clusterin, Apolipoprotein J, SP-40 and testosterone-repressed prostate message 2 

(TRPM2), which is related with apoptosis and has been found to be increased after 

UUO. This study identifies the vascular tissue of the kidney as the initial site of cell 

death, and increasing time of obstruction resulted in changed the pattern of SGP-2 

expression to the collecting ducts and distal tubules [88]. Therefore, localization of cell 

apoptosis changes with time of obstruction, but also the degree of apoptosis change with 

the maturity of the kidney. Thus, a study in neonatal and adults rat with UUO revealed 

that the major content of ceramide, a sphingolipid known to stimulate apoptosis in the 

kidney, in neonatal obstructed kidneys contributed to the prolonged renal apoptotic 

response of the neonatal obstructed kidney, as renal apoptosis directly related with 

ceramide content [89].  

 Apoptosis is a complex cellular process consisting of multiple steps, each of 

which is mediated by families of related molecules. These families may include 

receptor/ligand molecules such as Fas, Fas ligand, tumor necrosis factor receptor-1 

(TNFR-1), and TNF-related apoptosis inducing ligand (TRAIL); signal transduction 

adapter molecules such as Fas-associated death domain (FADD), TNFR-1 associated 
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death domain (TRADD), receptor-interacting protein (RIP), Fas-associated factor 

(FAF), and Fas-associated phosphatase (FAP); or effector molecules such as caspases. 

Fas and Fas ligand expression were increased in control UUO kidneys compared with 

sham-operated ones [90, 91]. Compared with control and contralateral kidneys, the 

ligated kidneys also displayed an TNF-R1, TRAIL, TNFR-1 TRADD, RIP, and 

caspase-8, another executer caspase, and an up to twofold increase for FADD and FAP, 

but there was little change for FAF [91]. Increases in p53 [14]  The expression of the 

cyclin-dependent kinase inhibitory proteins p27KIP1 detected by Western blotting 

reached a maximum 10 days after UUO in rats, and tubular and interstitial cells 

contributed to this increase in p27KIP1. p27KIP1-positive cells in the interstitium were 

macrophages/monocytes or myofibroblasts. Since there was no close correlation 

between apoptosis and p27KIP1 expression, the authors suggested that the overall 

number of p27KIP1 expressing cells sets a general restriction point for apoptosis rather 

than defines an individual level of cell fate [92]. Death-associated protein kinase 

(DAPK) is a Ca2+/calmodulin-dependent serine/threonine kinase that is thought to 

mediate apoptosis and it has been reported to be increased and associated with apoptosis 

after UUO. Furthermore, the kinase domain of DAPK is crucial for the induction of 

renal tubular cell apoptosis in UUO [93]. p53 expression has been increased in 

obstructed kidneys of  rats with UUO [14,94] . It is interesting to note that, using 

DAPK-mutant mice, Yukawa et al. have demonstrated that deletion of the kinase 

domain from death-associated protein kinase attenuated both p53 expression and tubular 

cell apoptosis in mice subjected to UUO, thus demonstrating a major role for p53 in 

regulating tubular cell apoptosis alter UUO [94]. Furthermore, the treatment with the 

anti-TGF-β antibody 1D11 during UUO almost completely eliminated renal tubular 

apoptosis and also decreased renal tubular expression of p53 in the obstructed kidney, 

suggesting that p53 expression in UUO is dependent on TGF-β [14]. However, 

apoptosis in obstructed kidneys involves p53-dependent as well as p53-independent 

pathways as  the lack of p53 in p53 Knockout (KO) mice did not confer complete 

protection from apoptosis after UUO [95]. 

3.1. Signalling of Apoptosis in UUO  

 TGB-β signaling play a key role in the regulation of apoptosis occurring in 

obstructed kidneys after ureter ligation as treatment with 1D11 (anti-TGF-β) during 

UUO, renal tubular apoptosis was almost completely eliminated [14]. It has been also 
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reported that Smad3 deficiency reduced UUO-induced apoptosis [19]. CD44, a 

glycoprotein that is involved in inflammation and cell–cell/cell–matrix interactions, 

plays an important role in the balance between HGF and TGF-β1, because absence of 

CD44 in vivo diminished HGF-signaling (via its high affinity receptor c-Met) and the 

signaling of TGF-β1 (via phosphorylation and nuclear translocation of Smad-2 and 

Smad-3) in the obstructed kidney of CD44-/- mice. CD44 may play as protector of 

apoptosis but also promotes development of fibrosis [96, 97].  

 The inflammatory process observed after UUO through the release of cytokines 

and growth factors, also contribute directly to tubular apoptosis caused for the 

accumulation of interstitial macrophages, which in turn also release many cytokines and 

growth factors. The role of macrophages regulating tubular apoptosis in obstructive 

nephropathy was studied by Lange-Sperandio et al. [98] using mice deficient for both 

E-selectin, P-selectin, L-selectin (EPL-/-) and  L-selectin deficient mice (L-/-) and WT 

mice subjected to complete UUO or sham operation within the first 48 hours of life.  

Selectin deficient mice showed a marked reduction in macrophage infiltration into the 

obstructed kidney compared to WT at day 5 and day 12 after UUO. Tubular apoptosis 

was strongly reduced in EPL-/- at day 5 after UUO, and in EPL-/- and L-/- at day 12 after 

UUO when compared to WT. The number of apoptotic tubular cells was correlated with 

macrophage infiltration, suggesting that macrophages stimulate tubular apoptosis in 

obstructive nephropathy. Furthermore, when mice deficient in colony-stimulating 

factor-1 (CSF-1), an important chemoattractant, survival, and proliferating factor for 

macrophages produced by tubular cells during urinary obstruction, were subjected to 

UUO, the amount of infiltrated macrophages and apoptotic tubular epithelial cells in the 

obstructed kidney was markedly decreased, compared with the obstructed kidney of WT 

cells [99, 100]. Receptors of the P2X7 type have been demonstrated in granulocytes, 

monocytes/macrophages, B and T lymphocytes, and have been involved in several 

cellular mechanisms including those related to inflammation and immunological 

response. To investigate the role of these receptors on apoptosis associated to 

obstructive nephropathy, P2X7 KO mice and C57Bl6 mice were subjected to UUO. 

Macrophage infiltration and tubular apoptosis were lower in P2X7 KO mice, thus 

suggesting that P2X7 receptors are implicated in macrophage infiltration and apoptosis 

in response to ureteral obstruction in mice [101].  
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Activation of NF-κB has been involved in tubular cell apoptosis after UUO 

[102]. Proinflammatory cytokines, such as TNF-α, have been also involved in tubular 

cell apoptosis after UUO [103]. Moreover, the pro-apoptotic effect of TNF-α in the 

obstructed kidneys is mediated by NF-κB activation, as TNF-α neutralization 

significantly reduced obstruction-induced TNF-α production, NF-κB activation, I-κB 

degradation, angiotensinogen expression, and renal tubular cell apoptosis, suggesting 

that TNF-α pro-inflammatory and cytotoxic effects during renal obstruction is mediated 

by NF-κB activation via increased I-κB-α phosphorylation [104]. The cell surface death 

receptor Fas (CD95), a member of the tumor necrosis factor receptor family, is also 

implicated in the regulation of apoptosis in the UUO model. The absence of functional 

cell surface Fas in UUO provides distal tubular cells with partial protection from 

apoptosis but does not affect interstitial cell fate in this model of tubulointerstitial injury 

[105]. TNF-α stimulates Bid and subsequent intrinsic apoptotic signaling pathway 

activation during UUO, resulting in mitochondrial cytochrome C release and apoptotic 

cell death [106].   

 Nitric oxide (NO) has emerged as an important endogenous inhibitor of 

apoptosis. NO can produce resistance to obstruction-induced cell death by 

mitochondrial apoptotic pathway, through the induction of Hsp70 expression, in 

neonatal UUO [107].  Power et al. [108] reported that the cellular loss that occurs as a 

result of UUO is mediated through altered heat shock protein 70 (HSP-70) expression 

and the caspase cascade. Also upregulation of HO-1 provides protection against renal 

injury that follows UUO. This effect is dependent on modulation of the antiapoptotic 

pathway by HO-1 expression [109].  

 Small GTPases Ras pathway is also implicated in UUO-induced apoptosis. 

Activated ERK (pERK), an effector of Ras/MAPK pathway, has been associated 

spatially and temporally with interstitial apoptosis [110]. We have reported that ERK 

activation is involved in UUO-induced tubular and interstitial cell apoptosis as 

administration of a MEK inhibitor prevented partially from UUO-induced tubular 

apoptosis and increased cleaved caspase-3 expression [5]. Also p38 mitogen-activated 

protein kinase (MAPK) pathway induces apoptosis through MKK3-p38 signaling 

during UUO in the obstructed kidneys [111]. Akt, an effector of Ras/PI3K pathway 

involved in cell survival, has been found to be activated after UUO [5]. Furthermore, in 

mouse embryonic fibroblasts, it has been proposed that Raf-1 binding complex favors 
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both the PI3K/Akt and MEK/MAPK signaling pathways leading to phosphorylation of 

proapoptotic protein Bad and cell survival [112]. Furthermore, the Na(+)/H(+) 

exchanger-1 (NHE1) in renal tubular epithelial cells regulated cell survival through 

activating Akt [113].   

 The transduction and activator transcription (STAT) [34] and Jun N-terminal 

protein kinases (JNK) [114] pathways exert also a regulatory role on renal cell apoptosis 

in chronic obstructive uropathy the first preventing apoptosis and the second 

contributing to apoptosis.  

3.2. Preventing apoptosis in UUO 

 Numerous studies are searching for targets whose inhibition could ameliorate 

increased apoptosis after UUO. The favorable effect of EGF in the inhibition of 

apoptosis during UUO has been very well studied [115, 116, 117]. Insulin-like growth 

factor-1 (IGF-1) administration also reduced tubular cell apoptosis after UUO [117, 

118]. 

 HGF also protects tubular cell from apoptosis by inducing cell survival by 

enhancing Bcl-2 expression [119, 120]. Bcl-2 immunostaining peaked on day 3 and then 

gradually decreased to baseline by day 11after UUO [121]. This decrease in Bcl-2 

expression is accompanied by increased apoptosis after UUO [122]. Both HGF and 

1D11 anti-TGF-β treatment promoted cell survival and enhanced Bcl-2 expression in 

the obstructed kidney [14,120], preventing apoptosis after UUO.   

 Tranilast, a selective inhibitor of collagen synthesis [123] and Etodolac, a 

cyclooxygenase-2 inhibitor, [124] reduce tissue TGF-β and significantly decreased renal 

tubular apoptosis in the obstructed kidneys. Furthermore, the treatment with the anti-

TGF-β antibody 1D11 during UUO, almost completely eliminated renal tubular 

apoptosis suggesting that apoptosis in UUO is dependent on TGF-β [14].  Osteopontin 

[124, 125, 126], decorin (a small dermatan-sulfate proteoglycan) [127], osteogenic 

protein-1 (OP-1) [128], NO [129], catalase [130], quercetin [90], atorvastatin [131] have 

been reported to prevent renal damage associated with ureteral obstruction, in part, by 

preventing tubular cell apoptosis (Figure 1).  

 The inhibition of the inflammatory response during UUO also resulted in 

decreased tubular cell apoptosis in the obstructed kidney. Thus, Rosiglitazone makes 

this effect through activation of peroxisome proliferator-activated receptor-γ (PPAR-γ) 
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[132], The administration of dehydroxymethylepoxyquinomicin (DHMEQ), also 

decreased tubular apoptosis induced by OUU through inhibition of NF-κB activation 

[102]. TNF-α neutralization in mice with UUO also significantly decreased tubular cell 

apoptosis [103, 106].  

 

Figure 1. Signalling of apoptosis in UUO. UUO induce tubular cell damage, increased 
angiotensin and TGF-β levels and infiltration of macrophages. All of them contribute to tubular 
cell apoptosis through different pathways.    

 As UUO is associated to an increased oxidative stress, and this, in turn activates 

NF-κB and inflammatory reaction, another anti-inflammatory and anti-apoptotic 

approach is the antioxidant therapy. However, administration of antioxidants, including 

quercetin [90], vitamin E [133], α-tocopherol and fluvastatin [134], N-acetylcysteine 

(NAC), [110] have shown some degree of renal protection in UUO, but only fluvastatin 

was shown to significantly reduce oxidative markers and tubular apoptosis [134]. The 

administration of SS-31, a cell permeable antioxidant peptide that concentrate up to 

5,000-fold in mitochondria, reduces intracellular free radicals, to rats subjected to UUO 

significantly attenuated the effects of obstruction on tubular cell apoptosis. Signaling via 

NF-κB and p38 MAPK pathways were both affected by SS-31 treatment. This study 



Introducción 
 

138 
 

demonstrates that peptides which protect mitochondria can provide protection from 

renal damage in a UUO model [135].  

The role of over-activation of the renin-angiotensin system in UUO-induced 

apoptosis have been previously reviewed [90]. Inhibition of AT1 [38, 42], and AT2 

receptors  [136, 137] decreased UUO-induced apoptosis. However, Radovic et al. have 

recently reported that losartan administration had no effect on tubular cell apoptosis 

induced by OUU in rats, whereas the administration of the ACE blocker cilazapril even 

increased interstitial cell apoptosis after UUO [138]. In the same direction, 

administration of the ACE blocker enalapril to rats with UUO did not ameliorate tubular 

apoptosis induced by UUO [47].   

Endothelin-1 seems to be also involved in apoptosis induced by ureteral 

obstruction. After 24 hours of UUO in rats endothelin-1 mRNA expression was 

increased in the obstructed kidney and decreased in the contralateral kidney. UUO-

induced apoptosis was blocked by endothelin inhibition with bosentan [139]. 

 Hyperoxaluria enhances apoptosis induced by UUO in rats [140]. Thus, 

preventing hyperoxaluria in patients with ureteral obstruction could ameliorate the 

degree of apoptosis.  

 The administration of the calcium antagonist verapamil to rabbits with UUO 

significantly prevents the UUO-induced apoptosis and also the up-regulation of p53, 

Fas, and PCNA, demonstrating a marked renoprotective effect of verapamil treatment 

[141]. Something similar was observed in rabbits with partial ureteral obstruction [142].  

 Thus, although in an early phase of applicability to patients, there are several 

approaches that have demonstrated to be useful preventing tubular cell apoptosis 

associated to obstructive nephropathy. Probably this is a promising field to treat or 

prevent obstruction-induced renal damage 

 4. CONCLUSSIONS  

 Renal interstitial fibrosis observed after obstructive nephropathy results from of 

an imbalance between enhanced production and deposition and impaired degradation of 

extracellular matrix deposition components. Tubular epithelial cell apoptosis also 

contributes to the loss of functional nephrons and its substitution by extracellular 

matrix. TGF-β is major inductor of interstitial fibrosis and tubular apoptosis in 

obstructive nephropathy. Angiotensin II overproduction seems to play a major role in 
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the activation of the TGF-β system. Smad, Rho/RhoKinase, Ras/PI3Kinase, 

Ras/MAPKinase and JAK/STAT signaling pathways seems to be involved in 

profibrotic effects of TGF-β during progression of obstructive nephropathy.   Profibrotic 

and pro-apoptotic effects of TGF-β are modulated by other cytokines including 

hepatocyte growth factor (HGF), bone morphogenic proteins (BMPs), decorin, 

connective tissue growth factor (CTGF), decorin and leptin. Activation of NF-κB  and 

proinflammatory cytokines, such as TNF-α, and increased oxidative stress are involved 

in tubular cell apoptosis induced in obstructive nephropathy. p53 activation seems to 

play a major role controlling the result of the apoptotic and anti-apoptotic signaling 

received by the epithelial cells.  

 There are several approaches that have demonstrated to be useful preventing 

interstitial fibrosis and tubular cell apoptosis associated to obstructive nephropathy 

although they are in an early phase of applicability to patients. Probably, this is a 

promising field to treat or prevent obstruction-induced renal damage. 
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 Los objetivos de este trabajo son los siguientes,  

 

1. Evaluar el papel de la activación de Ras y de sus efectores MAPK-

ERK1/2 y PI3K-Akt en la fibrosis tubulointersticial, acumulación de 

miofibroblastos, apoptosis, proliferación y otras alteraciones de la 

estructura renal inducida por la obstrucción ureteral unilateral en 

ratón. 

 

2. Evaluar el papel de las isoformas H-Ras, N-Ras, K-Ras y K-Ras4A 

en la fibrosis tubulointersticial, acumulación de miofibroblastos, 

apoptosis, proliferación y otras alteraciones de la estructura renal 

inducidas por la obstrucción ureteral unilateral en ratón. 
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Abstract: 

Unilateral ureteral obstruction (UUO) is a model of tubulointerstitial fibrosis in which 

local early increases in angiotensin II and fibroblast-myofibroblast proliferation play a 

key role in fibrosis deposition. Activation of the small GTPase Ras and its downstream   

effectors, extracellular signal-regulated kinases 1 and 2 (ERK1/2) and Akt, has been 

also reported in the first days after UUO in C57BL/6J mice. The purpose of this study 

was then to assess the role of Ras signaling pathway upon renal changes induced by 3 

days of UUO in mice as well as the possible role of angiotensin II activating Ras 

pathway after UUO. Angiotensin II induced renal activation of Ras and its downstream 

effectors ERK1/2 and Akt within 4 hours of administration .Early obstruction-induced 

activation of Ras, ERK1/2 and Akt, as well as interstitial fibronectin and alpha smooth 

muscle actin (α-SMA) overexpression were blunted when mice received blockers of 

Ras activation such as farnesyl transferase inhibitor or atorvastatin. A similar effect on 

activated Ras, fibronectin and α-SMA was observed when the mice received the 

angiotensin type 1 receptor blocker losartan. 

These results suggest the involvement of angiotensin II overexpression in the early 

activation of Ras signaling pathway after UUO. Furthermore, upstream inhibition of 

Ras signaling by blocking either angiotensin II pathway or Ras activation can decrease 

extracellular matrix deposition in the obstructed kidney. Our results also suggest that 

pharmacological inhibition of Ras activation may hold promise as a future strategy in 

the prevention of renal fibrosis.   
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Introduction 
 
 Renal interstitial fibrosis is a common histopathological end point in all forms of 

progressive renal disease independently of its etiology [1]. Unilateral ureteral 

obstruction (UUO) in mice is a well-established experimental model resulting in 

tubulointerstitial fibrosis in the obstructed kidney [2, 3].  

 Angiotensin II (Ang II) has been involved in hemodynamic alterations after 

UUO, such as the increase in renal vasoconstriction and in systolic blood pressure and 

the decrease in renal plasma flow and glomerular filtration rate [4-6]. Ang II behaves 

also as a proinflammatory cytokine in the kidney, because it activates the NF-kappaB 

family of transcription factors, which in turn, fuels at least two autocrine reinforcing 

loops that amplify Ang II and TNF-α formation [7]. Ang II plays also a major role in the 

interstitial cell infiltration induced by UUO [8].  Ang II has also profibrotic effects and 

UUO-induced fibrosis and myofibroblast expression was inhibited by Ang II receptor 

blockade [9-11]. The role of Ang II in UUO-induced apoptosis is uncertain, as 

contradictory results of the effects of Ang II receptor blockade and apoptosis have been 

reported [10, 12,13].  

 Many growth factors are known to activate intracellular signalling pathways that 

converge on the activation Ras monomeric GTPases, which in turn regulate gene 

expression, cytoskeleton organization proliferation, and migration by activating the 

mitogen-activated protein kinase (MAPK) and the phosphatidylinositol-3 kinase (PI3K) 

signalling pathways [14]. Ras/MAPK pathway has been reported to be stimulated by 

Ang II [15, 16]. Recently we have demonstrated that both Ras ant its signaling 

pathways Erk1/2 and PI3K/Akt were activated early after UUO [17] but there are no 

data demonstrating the role of Ras activation in the early changes observed in the 

kidney after UUO. Activation of the Ras requires protein prenylation through farnesyl 

transferase, allowing the protein anchorage to the cell membrane and the subsequent 

interaction with its effectors. Thus we aimed to evaluate the effect of farnesyl 

transferase inhibition and inhibition of the enzyme HMG-CoA reductase, which results 

in decreased synthesis of farnesyl groups. Furthermore, although the rennin-angiotensin 

system has been reported to be activated early after UUO [18], and that long-term Ang 

II administration induced fibrosis in the kidney, no studies have been devoted to assess 

Ang II over production and early renal damage early after UUO.  Thus we have 

assessed the effects of short-term Ang II administration and the effects of AT1 
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antagonist administration on Ras activation, MAPK/ERK and PI3K/Akt pathways 

activation, accumulation of extracellular matrix components and presence of activated 

fibroblast markers after 3 days of UUO.  

 
Methods 

Animals  

Two months old male C57BL/6J male mice were kept in a germ-free facility, under 

controlled environmental conditions (Unidad de Experimentación Animal, University of 

Salamanca, Spain). Mice were reared on standard chow (Panlab, Barcelona, Spain) and 

provided with water ad libitum. All procedures were approved by the Committee for 

Animal Care and Use of the University of Salamanca and complied with the Guide for 

the Care and Use of Laboratory Animals [19]. 

Angiotensin II administration  

Mice (n=5) received  a single dose of Ang II in a single intraperitoneal dose of 0,8 

mg/Kg (Sigma, Saint Louis, MO, USA) and control group (n=3) were treated with a 

single dose of saline (NaCl 0,9%). After four hours mice were anesthetized and kidneys 

were removed. 

Disease model 

Surgical techniques to produce UUO were performed as previously described [17]. In 

all procedures, animals were treated in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals.  

Inhibitors administration  

Mice in the losartan group (n=5) received a daily intraperitoneal injection of losartan 

(40 mg/kg; Du Pont, Wilmington, DE, USA) for 4 days, whereas mice in the control 

group (n=3) received isotonic saline (NaCl 0,9%, 0.1 ml). UUO was carried out on the 

second day of treatment. 

Mice in the farnesyl transferase inhibitor (FTI) group (n=5) received a subcutaneous 

injection  of the FTI L-744,832 (40 mg/kg/day; Biomol Inc, Plymouth Meeting, PA, 

USA) whereas the control  group (n=3) received 0.1 ml of vehicle solution (17 mM 

sodium citrate, 94 mM sodium chloride; pH 5.4) daily for 6 days. Ureteral obstruction 

was performed on the fourth day of treatment. 
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Mice in the atorvastatin group (n=4) received atorvastatin calcium (70 mg/kg/day; 

Pfizer, Madrid, Spain) by oral gavage, whereas control mice (n=3) received 

carboxymethylcellulose vehicle, once daily for 6 days. Ureteral obstruction was 

performed at the fourth day after initiating treatment.  

Kidney tissue preparation 

Three days after UUO, the ligated (O) and non ligated contralateral (NO) kidneys of 

each animal and kidneys from sham-operated (SO) animals were recovered. Kidneys 

destined for protein and RNA extraction were frozen in liquid nitrogen and stored at -

80ºC until use. For histological studies, animals were perfused with heparinized saline 

solution and 4% buffered formalin. Kidneys were removed, halved longitudinally, fixed 

for 24 hours in 4% buffered formalin and then embedded in paraffin. Sections 3 µm 

thick were cut and mounted on glass slides that were processed either for hematoxylin-

eosin staining or immunohistochemistry. 

Affinity precipitation of Ras-GTP in renal tissue 

Thirty milligrams of powdered kidney were lysed in 500 µL of buffer containing 25 

mmol/L HEPES, pH 7.5; 150 mmol/L NaCl, 1% igepal CA-630, 10 mmol/L MgCl2, 1 

mmol/L EDTA, 10% g1ycerol, 1 mmol/L Na3VO4, 25 mmol/L NaF, l mmol/L PMSF, 

10 µg/mL aprotinin and 10 µg/mL leupeptin. Lysates were cold centrifuged for 10 min. 

at 4000g and the supernatant collected. Following measurement of protein concentration 

(Biorad, Madrid, Spain), 2 mg of the total proteins were added to lysis buffer to yield a 

final sample volume of 300 µL. Samples were incubated with 20 µg of Raf-1 Ras 

binding domain agarose conjugate (Upstate Biotechnology, Lake Placid, NY; #14-278) 

and rocked at 4ºC for 30 min. The agarose conjugates were recovered by centrifugation, 

washed 3 times with 500 µL of lysis buffer, resuspended in 40µL of Laemmli sample 

buffer and boiled for 5 min. Sample supernatants were used in Western blot detection of 

Ras-GTP. 

Western blot analyses 

 Affinity precipitated samples described above were used for Ras-GTP detection, while 

total kidney protein lysates (30µg) were employed in the detection of total Ras, 

pERK1/2, total ERK1/2, pAkt, total Akt, fibronectin and α-SMA. Samples were 

electrophoresed in 15% (Ras), 12% (ERK1/2, α-SMA), 8% (Akt) or 6% (fibronectin) 
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SDS-polyacrylamide gels and transferred to a nitrocellulose membrane (0.45 µm, Bio-

Rad, Madrid, Spain). Membranes were incubated overnight at 4ºC with the following 

antibodies: anti-Ras (1:1000 dilution; Upstate Biotechnology, Lake Placid, NY; #05-

516), anti-ERK1 (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA; 

sc-94), anti-pERK1/2 (1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, 

USA; sc-7383), anti-Akt1/2 (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, 

CA, USA; sc-8312), anti-pAkt (1:1000 dilution; Cell Signaling Technology, Beverly, 

MA, USA; 9271S#172), anti-fibronectin (1:5000 dilution; Chemicon International, 

Barcelona, Spain; AB2033) and anti-α-SMA (1:1000 dilution; Sigma, St. Louis, MO, 

USA; A 2547). After incubation with the corresponding horseradish peroxydase-

conjugated secondary antibody (1:10000 dilution; Bio-Rad, Madrid, Spain), membranes 

were incubated for 1 min with a chemiluminescent reagent (ECL detection reagents, 

Amersham, Cardiff, UK) and developed signals recorded on x-ray film (Hyperfilm, 

Amersham, Cardiff, UK) for densitometric analysis (MacBAS V2.5, Fujifilm, Japan).  

Immunohistochemical studies 

Immunohistochemistry was performed as previously described [20]. Primary antibodies 

were: anti-fibronectin (1:100 dilution; Sigma, St. Louis, MO, USA; F 3648), anti-α-

SMA (pre-diluted; Dako, Copenhagen, Denmark; M0851). Following washes in PBS, 

the sections were incubated with the DAKO LSAB2 system +HRP and f 3, 3'-

diaminobenzidine (DAB, BioGenex, San Ramon, CA, USA) was used as chromogen.  

Statistical analysis 

Statistical differences were analysed by one-way analysis of variance (ANOVA) using 

the NCSS 2000 program (Utah, USA). Data with a normal distribution were analyzed 

with the Scheffe’s multiple-comparison test whereas those without normal distribution 

were analyzed using the Kruskal-Wallis multiple-comparison test. Data were expressed 

as mean + SEM and P < 0.05 or Z > 1.96 were considered statistically significant. 
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Results  

Short term Angiotensin II infusion and UUO leads to activation of the renal Ras 

signaling pathways  

 Administration of Ang II for 3 hours produced an increase in renal Ras 

activation (Figure 1A), and also an increase of renal ERK1/2 activation, measured as the 

ratio of phosphorylated-ERK (p-ERK) and total ERK expression (Figure 1B), and Akt 

activation measured the amount of phosphorylated-Akt (p-Akt) and total Akt expression 

(Figure 1C) assessed by western blot, when compared with saline-treated control group.  

Effect of AT1 receptor antagonist on renal Ras activation and renal changes after UUO 

 Having demonstrated the activation of the Ras signaling pathway in renal tissue, 

both during UUO [17] and after Ang II administration, we then aimed to determine the 

effect of administration of the AT1 receptor antagonist losartan on the activation of the 

Ras/ERK/Akt signaling pathway and the fibronectin and α-SMA expression in the 

kidneys of mice 3 days after UUO. Western blot analyses showed that Ras activation in 

O kidneys was markedly blunted in losartan-treated animals when compared with 

control group mice (Figure 2A). After obstruction both ERK1/2 and Akt activation 

(Figure 2B and 2C) and Akt overexpression (Figure 2D), were slightly lower in 

losartan-treated mice than in untreated animals. Fibronectin expression levels were 

significantly lower in O kidneys of losartan-treated group than in untreated O kidneys 

(Figure 2E). Furthermore, α-SMA levels in O kidneys of losartan-treated animals waere 

slightly lower than in saline-treated group (Figure 2F). Immunohistochemical detection 

of fibronectin revealed a marked attenuation of interstitial fibronectin staining in O 

kidneys from losartan group when compared with non-treated animals (Figure 3). 

Interstitial α-SMA immunostaining was also lower in O kidneys of animals treated with 

losartan than those from untreated animals (Figure 4).  

Effect of Ras activation inhibitors on renal Ras activation and changes after UUO 

 Our next purpose was to assess whether inhibition of Ras activation after UUO 

could modulate its downstream effectors, ERK1/2 and Akt, fibronectin, and α-SMA 

expression. For this purpose we inhibited the enzyme farnesyl transferase that catalyzes 

the binding of farnesyl groups to Ras, a necessary step for membrane localization and 

activation [21]. Pull-down and Western blot analysis revealed that O kidneys of FTI-
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treated mice showed a lower Ras activation than O kidneys of vehicle-treated mice 

(Figure 5A). FTI administration significantly blunted the obstruction-induced increase 

in pERK1/2 and only slightly in pAkt or total Akt (Figure 5B, C and D, respectively). 

The increase in fibronectin levels observed in O kidneys were markedly reduced after 

FTI treatment when compared to levels found in O kidneys of untreated mice (Figure 

5E). O kidneys from FTI-treated group showed lower levels of α-SMA than those from 

untreated mice (Figure 5F). With respect to the NO kidneys, perk levels were 

significantly lower in the FTI-treated than in the vehicle-treated group. 

Immunohistochemistry revealed a lower fibronectin (Figure 3) and α-SMA (Figure 4) 

staining in the renal cortical interstitium of FTI-treated than in the untreated mice.  

 We also used atorvastatin to inhibit 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase, the enzyme that regulates mevalonic acid synthesis. By 

inhibiting this rate-limiting step of cholesterol biosynthesis, statins also prevent the 

synthesis of isoprenoid intermediates required for Ras translocation to the membrane 

and subsequent activation [22, 23]. Western blot analysis revealed that O kidneys from 

mice that received atorvastatin showed lower levels of   Ras-GTP, pERK1/2 and pAkt, 

when compared with the O kidneys of mice receiving vehicle (Figure 6A, B and C, 

respectively). Total Akt expression was also lower in the O kidneys of atorvastatin 

group than in untreated group (Figure 6D). Once demonstrated that the statin reduced 

the activation of the major pathways involved in Ras signaling, we assessed whether 

atorvastatin treatment modified UUO-induced fibronectin and α-SMA overexpression. 

Our data revealed a lower amount of fibronectin and α-SMA in the O kidneys from 

atorvastatin-treated mice than in the O kidneys from vehicle-treated animals (Figure 6E 

and F, respectively).  Inmunohistochemical data also revealed a lower amount of α-

SMA (Figure 4) and fibronectin  (Figure 5) in the O kidneys of animals treated with 

atorvastatin that in the untreated animals.  

 
Discussion  
 

  Increased levels of Ang II have been suggested to play a major role for in the 

development of experimental UUO [24]. Previous studies have demonstrated increases 

in both the mRNA and protein levels of renin, angiotensin converting enzyme activity, 

and Ang II content in the obstructed kidney as early as 1 day after UUO [18]. 

Additionally, renal Ras/ MAP kinase had been reported to be activated by infusion of 
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Ang II, during 6 days in rats [15, 25]. However, the interpretation of the effects of this 

long time infusion on the activation of Ras and its effector is difficult due to the effects 

of Ang II on cell infiltration observed after that time [8]. To our knowledge, the effects 

of shorter Ang II administration times on Ras activation have not been assessed. Thus 

we analyzed renal Ras/MAP kinase activation 4 hours after Ang II administration and 

we observed that both Ras and MAP kinase activities were increased in renal tissue of 

the animals that received Ang II. Akt activation was also increased by Ang II treatment, 

thus demonstrating a rapid activation of the Ras/Erk/Akt pathway by Ang II.  

 It has been previously reported that UUO induced a rapid activation of Ras and 

its effectors, Raf/ERK and PI3K/Akt pathways [17, 20]. ERK1/2 activation seems to be 

involved in early proliferation of tubular cells in a rat model of UUO [26, 27] whereas 

Akt activation seems to be involved in early interstitial cell proliferation and fibronectin 

and α-SMA expression in obstructive nephropathy [17]. Data from the present study 

demonstrate that short-term Ang II administration induces activation of Ras, assessed as 

increased levels of Ras-GTP, as well as activation of its effectors, PI3K/Akt and 

Raf/Erk, assessed by the increase of the levels of pAkt and pErk1/2 respectively.  

 Next, we aimed to analyze the role of Ang II overproduction on early Ras 

activation after UUO. For this purpose we have assessed the effects of Ang II type 

1(AT1) receptor antagonist on renal Ras activation and renal changes after 3 days of 

UUO. Blockade of AT1 receptors by losartan, resulted in marked reduction of the levels 

of Ras-GTP in the obstructed kidney. Erk1/2 and Akt pathways activation were also 

slightly blunted by losartan administration. Therefore, it could be suggested that the 

increased renal Ang II levels induced by UUO could exert an autocrine-paracrine effect 

resulting in the stimulation of Ras signaling activity mediated via AT1 receptor 

stimulation. As inhibition of obstruction-induced Ras activation by losartan treatment 

was accompanied by a markedly reduction of fibronectin and α-SMA expression, a role 

for Ang II-induced Ras activation  could be suggested in the early stage of renal damage  

induced by ureteral obstruction in mice. Our results are in agreement with studies 

reporting that AT1 receptor blockade diminished fibrosis and fibroblast marker 

expression after 3 weeks of UUO [10]. However, we observe this effect as early as 3 

days after UUO, a time period before marked renal fibrosis and myofibroblast 

infiltration is present. Considering all this data together, it could be suggested that in the 
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early stages of UUO, the pro-fibrotic effects of Ang II activation of the AT1 receptor 

could be mediated by Ras activation. 

 Results of the present study have also shown that inhibition of Ras activation 

either by inhibiting farnesyl transferase or inhibiting HMG-CoA reductase were able to 

elicit reductions in UUO-induced fibronectin accumulation and α-SMA 

immunostaining  in the mouse kidney. These results demonstrate that Ras activation 

participates in the initiating molecular events involved in renal interstitial damage 

induced by ureteral obstruction in mice.  

 It should be noted that, although the effect of Ras inhibition on obstructive 

nephropathy had not been previously reported, it has been reported that Ras activation 

inhibitors prevent oxidative damage associated to renal diseases [28, 29]. Inhibition of 

Ras activation has been also reported to reduce post-operative fibrosis [30]. 

 In summary, our results suggest that increased Ang II production in the 

obstructed kidney could play a role in Ras activation early after UUO, and that Ras 

activation plays a role in early renal damage induced by UUO in the obstructed kidney. 

Our data also offer evidence of the pharmacological potential of Ras pathway inhibition 

in preventing the progression of renal tubulointerstitial fibrosis. 
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Figure 1. Effect of systemically administrated angiotensin II (Ang II) upon activation of Ras 
signaling pathway in non obstructed (NO) and obstructed (O) kidneys. Western blot analysis 
detected the activation of Ras (A), ERK1/2 (B) and Akt (C) measured as the ratio 
phosphorylated/total proteins. Bars represent the mean + SEM of the optical density measured 
in kidney samples of saline (Control) and angiotensin II-treated animals. *P < 0.05 vs Control 
group.  
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Figure 2. Effect of losartan administration on UUO-induced Ras pathway activation and 
fibrotic changes analyzed by Western blot. Protein expression of Ras (A), ERK1/2 (B), Akt (C 
and D), fibronectin (E) and alpha-smooth muscle actin (α-SMA) (F) was detected by 
immunoblotting. Activation of Ras and ERK1/2 was measured as the ratio phosphorylated/total 
proteins. Bars represent the mean + SEM of the optical density measured in non obstructed 
(NO) and obstructed (O) kidney samples of vehicle- and losartan (Los)-treated animals. §P < 
0.05 and *Z > 2.6383 vs NO vehicle-treated kidneys of UUO mice. #P < 0.05 vs obstructed (O) 
vehicle-treated kidneys. 
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Figure 3. Effect of losartan, atorvastatin or farnesyl transferase inhibitor (FTI) 
administration on renal fibronectin expression detected by immunohistochemistry in UUO 
mice. Representative interstitial sections from non-obstructed (NO) and obstructed (O) kidneys 
of UUO untreated mice (A and B) and UUO mice treated with losartan (C and D), atorvastatin 
(E and F) or FTI (G and H). Black bar indicates 100 microns in all panels. 
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Figure 4. Effect of losartan, atorvastatine or farnesyl transferase inhibitor (FTI) 
administration on renal alpha-smooth muscle actin (α-SMA) expression detected by 
immunohistochemistry in UUO mice. Representative interstitial sections from non-obstructed 
(NO) and obstructed (O) kidneys of UUO untreated mice (A and B) and UUO mice treated with 
Losartan (C and D), atorvastatin (E and F) or FTI (G and H). Black bar indicates 100 microns in 
all panels. 
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Figure 5. Effect of farnesyl transferase inhibitor (FTI) administration on UUO-induced Ras 
pathway activation and fibrotic changes analyzed by Western blot. Protein expression of Ras 
(A), ERK1/2 (B), Akt (C and D), fibronectin (E) and alpha-smooth muscle actin (α-SMA) (F) 
was detected by immunoblotting. Activation of Ras and ERK1/2 was measured as the ratio 
phosphorylated/total proteins. Bars represent the mean + SEM of the optical density measured 
in non obstructed (NO) and obstructed (O) kidney samples of vehicle- and FTI-treated animals. 
§P < 0.05 and *Z > 2.6383 vs NO vehicle-treated kidneys of UUO mice. #P < 0.05 vs O 
vehicle-treated kidneys. 
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Figure 6. Effect of atorvastatin administration on UUO-induced Ras pathway activation and 
fibrotic changes analyzed by Western blot. Protein expression of Ras (A), ERK1/2 (B), Akt (C 
and D), fibronectin (E) and alpha-smooth muscle actin (α-SMA) (F) was detected by 
immunoblotting. Activation of Ras and ERK1/2 was measured as the ratio phosphorylated/total 
proteins. Bars represent the mean ± SEM of the optical density measured in non obstructed 
(NO) and obstructed (O) kidney samples of vehicle- and atorvastatin (Atorv)-treated animals. 
§P < 0.05 and *Z > 1.9600 vs NO vehicle-treated kidneys of UUO mice. #P < 0.05 vs O 
vehicle-treated kidneys. 
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Abstract 

PURPOSE: To assess the contribution of two different Ras monomeric GTPases 

isoforms H- and N- Ras in the early changes associated to obstructive nephropathy 

induced by unilateral ureteral obstruction (UUO). 

METHODS: UUO was performed in N-ras (N-ras-/-) and H-ras (H-ras-/-) knock-out 

mice and control (H-ras+/+/N-ras+/+) mice of C57Bl/6 background. Fibronectin, α-

smooth muscle actin, cleaved caspase-3, ki-67, Ras-GTP,  pERK, and pAkt expression 

were analyzed by western blot and/or immunohistochemistry. Ras isoforms activation 

and caspase activity were determined by both western blot and ELISA.  

RESULTS:  Three days after UUO, obstructed kidneys of H-ras-/-, N-ras-/-, and H-

ras+/+/N-ras+/+ mice showed no significant differences in  activated total ras,  pERK1/2, 

pAkt,  total Akt levels, fibronectin, α-SMA expression, cell proliferation and activated 

caspase 3. The morphological alterations in the O kidneys, revealed by histological and 

immunohistochemical studies, were also similar in H-ras-/-, N-ras-/- and H-ras+/+/N-

ras+/+ mice. 

CONCLUSIONS: These data suggest that activation of H-ras and N-ras isoforms does 

not play a major role in the early renal damage induced by UUO. 

 

 

Keywords: Akt, MAPK, obstructive nephropathy, Ras-GTPases, ureteral obstruction. 
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Introduction 

 Obstructive nephropathy, resulting from urinary tract obstruction is a common 

and significant urological problem both in children and in adults. Evidence from clinical 

studies and animal models indicates that, even with acute recovery following relief of 

obstruction, function may be compromised in the long term by progressive renal fibrosis 

and other renal structural and functional alterations [1].Unilateral ureteral obstruction 

(UUO) in mice is a well-established experimental model of obstructive nephropathy 

characterized by epithelial tubular cell apoptosis, proliferation and accumulation of 

myofibroblasts, and increased deposition of extracellular matrix leading to 

tubulointerstitial fibrosis [2].  

 Injury to the kidney is associated with growth factors such as TGF-β, EGF, and 

FGF-2 that facilitate by binding epithelial receptors with ligand-inducible intrinsic 

kinase activity. As a result of ligand-inducible receptor kinase activation there is a 

downstream engagement of GTPases from the Ras superfamily functioning as 

molecular switches in essential cellular processes [3]. In mammals the Ras subfamily 

includes three functional Ras genes which are expressed ubiquitously. These genes are 

located on different chromosomes and encode four highly homologous 21 kDa proteins: 

H-ras, N-ras, K-ras4A, and K-ras4B [3]. However, the different Ras isoforms seem to 

have different function. H-ras and N-ras gene expression is dispensable for mouse 

development, growth, and fertility [5]. Only K-ras appears to be critical for normal 

mouse development based on the observation that K-ras deficiency results in embryonic 

lethality [6]. 

 Ras GTP transmits its signal through interactions with a large number of target 

proteins, such as phosphatidylinositol 3-kinase (PI3K) and Ras/Raf/MEK-extracellular 

signal-regulated kinases (ERK1 and ERK2) [7]. The mitogen-actived protein kinase 

(MAPK) ERK1/2 are key signal-transducing enzymes that are activated by a wide range 

of extracellular stimuli, they are responsible for the induction of a number of cellular 

responses, such as changes in gene expression, proliferation, differentiation and 

apoptosis [8]. Akt kinase is activated by phosphorylation at Thr308 and Ser473 

mediated by PI3K and is involved in the regulation of diverse cellular processes, as well 

as cell growth, survival and motility [9].  

 In previous studies, we have demonstrated the activation of total Ras and its 

effectors PI3K/Akt and ERK1/2 3 days after UUO [10, 11].  One of these studies 
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reported a specific pattern of distribution of Ras isoforms in the kidney after UUO: N-

Ras staining was detected in NO (non-obstructed) kidneys, but its expression was 

dramatically increased in O (obstructed) kidney both in terms of intensity and extension 

with diffuse pattern in both cortical and medullar tubulointerstitium areas [11]. In NO 

kidneys, K-Ras showed a specific interstitial expression in areas of the inner cortex and 

the medulla, being its expression higher in O kidneys. NO kidneys also showed a 

marked granular H-Ras immunostaining in proximal and distal convoluted tubular cells 

and lower intensity staining in collecting tubules, but no staining was detected in the 

interstitial areas of cortex or medulla. In O kidneys, staining intensity was notably lower 

than in NO kidneys, with the same pattern of distribution [11]. However, the 

contribution of the different Ras isoforms activation to early changes in the kidney after 

UUO has not been studied. Thus, the purpose of the present study is to assess the effect 

of UUO on Ras-dependent signaling pathways and early renal damage in mice lacking 

N or H-ras isoforms. We have not studied K-ras KO mice because they die before birth. 

Specifically we have assessed Ras isoform activation, PI3K and ERK1/2 activation and 

renal injury markers of extracellular matrix deposition, alpha-SMA positive cells, 

apoptosis and proliferation, all of them early major processes which lead to tubular 

atrophy and tubulointerstitial fibrosis characteristic of the obstructive nephropathy.  

Studies have been performed at 3 days after UUO because this is the time period in 

which ras activation has been already observed [10, 11]. In addition, most of the renal 

alterations characteristics of urinary tract obstruction such as initial interstitial fibrosis, 

increase in the number of interstitial myofibroblasts, tubular dilation and atrophy, 

epithelial cells proliferation and apoptosis, can be already observed 3 days after ligation, 

whereas at later times, early changes could be masked by massive tubulointerstitial 

fibrosis.  

 

Materials and Methods 

Animals and disease model  

 All procedures were approved by the Committee for Animal Care and Use of the 

University of Salamanca and complied with the Guide for the Care and Use of 

Laboratory Animals [12]. Studies were performed in 8 weeks old male N-ras deficient 

mice (N-ras-/-), H-ras deficient mice (H-ras-/-) and their correspondent controls (H-

ras+/+/N-ras+/+) that were obtained as previously reported [5] and maintained under 
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standard conditions. A breeding colony of adult H-ras-/- and N-ras-/- animals has been 

maintained in our laboratory for more than 7 years. The animals appeared healthy and 

normal with no signs of any apparent associated lesions. The growth rates of these 

animals were indistinguishable from those of wild-type (WT) animals, and mutant mice 

reproduced normally. Routine genotyping of DNA isolated from mouse tail biopsies 

were performed by PCR using the primers previously reported [5]. For unilateral 

ureteral obstruction (UUO), after a 24 hours fasting period, mice were anesthetized with 

ketamine and valium, the abdomen was opened, and the left ureter was ligated two 

times with 5-0 silk. The abdomen was closed with running sutures and the skin was 

closed with interrupted sutures. After surgery, the mice were maintained in a 

temperature controlled room with a 12 hours light/dark cycle, and were reared on 

standard chow (Panlab, Spain) and water ad libitum. UUO was maintained for three 

days. 

 For histological studies 3 H-ras+/+/N-ras+/+ mice, 3 N-ras-/- mice  and  3 H-ras-/- 

mice were used. All animals were perfused with heparinized saline solution and then 

with 4% buffered formalin. Obstructed (O) and non-obstructed (NO) kidneys were 

removed, halved longitudinally, fixed for 24 hours in 4% buffered formalin and then 

embedded in paraffin. Sections 3 µm thick were cut and mounted on glass slides that 

were used either for hematoxylin-eosin staining or immunohistochemistry. Kidneys 

destined for protein extraction were obtained in another set of animals [H-ras+/+/N-

ras+/+ (n=4), N-ras-/- (n=6) and H-ras-/- (n=5) mice] after perfusion with saline solution, 

frozen immediately in liquid nitrogen and stored at -80ºC until use. 

Western blot analysis 

 To obtain protein extracts from mouse kidneys, tissues were homogenized in 

lysis buffer (25mM HEPES pH7,5, 150mM NaCl,  1% Igepal CA-630, 10mM MgCl2,  

1mM EDTA, 10% glycerol, 10µg/mL aprotinin,  10µg/mL  leupeptin, 100mM PMSF, 

25mM NaF, 1mM Na3VO4) and centrifuged at 14,000g for 30 min. Supernatant was 

recovered and proteins were quantified. Lysates (60 µg/lane) were loaded onto SDS-

polyacrylamide gels, and the proteins were transferred to nitrocellulose membranes 

(Bio-Rad) by electroblotting. Membranes blocked in TTBS (10mM Tris pH 7.5, 

150mM NaCl, 0.1% Tween 20 plus 2% bovine serum albumin) were incubated 

overnight at 4ºC , as appropriate, with:  anti-ERK1 (1:2000,  Santa Cruz Biotechnology, 

Santa Cruz, Ca, USA), anti-phospho-ERK (1:2000, Santa Cruz Biotechnology), anti-
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phospho-Akt (1:1000, Santa Cruz Biotechnology), anti-Akt1/2 (1:1000, Santa Cruz 

Biotechnology), anti-fibronectin (1:1000, Chemicon International, USA), anti-alpha-

SMA (1:1000, Sigma, St. Louis, USA), and anti cleaved caspase-3 (1:500, Cell 

Signalling Inc, Danvers, MA, USA). For detection of Ras-GTP expression, lysates 

(1000 µg) were incubated with 20 µg of Raf-1 Ras binding domain agarose conjugate 

(Upstate biotechnology, Lake Placid, NY, USA) and rocked at 4ºC for 30 min. After 

transference, membranes were incubated with anti-H-Ras (1:500), anti-N-Ras (1:500), 

anti-K-Ras (1:500), all from Santa Cruz Biotechnology, Santa Cruz, Ca, USA. 

Membranes were incubated with corresponding horseradish peroxidase-conjugated 

secondary antibody (1:10,000) and were developed using a chemiluminescent reagent 

(ECL detection reagent Amersham Biosciences). Developed signals were recorded on 

X-ray film (Fujifilm) for densitometric analysis (Scion Image). 

ELISA for Ras GTP 

 Total kidneys lysates (50µg) were employed for the detection of RasGTP. 

RasGTP levels were determined by an ultra sensitive commercial ELISA kit (Active 

Motif, RasGTPase Chemi ELISA, Rixensart, Belgium) according to the manufacturer's 

instruction. Raf-RBD is used to isolate Ras-GTP from samples, then a primary antibody 

specific for Ras followed by an HRP-conjuged secondary antibody and developing 

reagent results in a chemiluminescent reaction which was determined with the 

Fluoroskan Ascent FL luminometer.   

Caspase activity assay 

 Caspase activity was determined with an EnzoLyte Homogeneous Rh110 

Caspase-3/7 Assay Kit (AnaSpec, Inc., San Jose, CA, USA), in which cleavage of (Asp-

Glu-Val-Asp)2–rhodamine (Rh) 110 by caspases-3 and - 7 liberates Rh110 to generate a 

fluorescence signal. Fluorescence intensity is proportional to caspase-3/7 activity. Total 

kidneys lysates (50µg) were employed for this assay. Fluorescence was determined with 

the Fluoroskan Ascent FL fluorometer with excitation and emission wavelengths of 485 

and 510 nm, respectively. 

Immunohistochemical studies 

 Immunohistochemistry was performed on buffered formalin fixed, paraffin-

embedded tissues. Briefly, 3 µm sections were deparaffined in xylene and rehydrated in 

graded ethanols before staining with the peroxidase-anti peroxidase method. 
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Endogenous peroxidase was blocked by incubation in 3% hydrogen peroxide. Primary 

antibodies were:  monoclonal mouse anti-human fibronectin, (clone 568, 1:50 dilution; 

Biogenex, CA, USA), mouse monoclonal anti-alpha smooth muscle actin (clone 

HHF35, Novocastra, MA, USA; dilution 1:50), rabbit monoclonal anti-Ki67 (clone SP6, 

LabVision Corp. Ca. USA, 1:100 dilution), rabbit polyclonal anti-caspase-3 (Cell 

Signaling Technology, Ma.USA, 1:50 dilution), rabbit polyclonal anti-phospho-Akt 

(Cell Signalling Technology, Ma. USA, 1:50 dilution) and mouse monoclonal anti-

Phospho-ERK (E-4, Santa Cruz Biotechnology, Ca. USA. 1:50 dilution). Following 

washes in PBS, the sections were sequentially incubated with the Novolink Polymer 

Detection System (Novocastra, MA, USA) using 3,3'diaminobenzidine (DAB) as 

chromogen. Sections were lightly counterstained with hematoxylin and were dehydrated 

and cover slipped. Negative controls were prepared without primary antibody.  

Statistical analysis 

 Statistical differences were analyzed by two way ANOVA using the SPSS 12.0 

program. Data were expressed as mean ± SEM and p<0.05 was considered statistically 

significant.  

 

Results 

Ras activation after UUO 

 Activated H-Ras levels, detected by Ras GTPase Chemi ELISA were higher in 

O than in NO kidneys in H-ras+/+/N-ras+/+ mice. O kidneys did not differ in terms of H-

RasGTP levels between H-ras+/+/N-ras+/+, and N-ras-/- mice (Fig. 1a). As Ras GTPase 

Chemi ELISA specifically detects activated H-ras in rodent samples, we were not able 

to detect activated ras levels in H-ras-/- mice (Fig. 1a). Also activated levels of H-Ras, 

N-Ras, K-Ras and Pan-Ras were evaluated by western blot in NO and O kidneys from   

H-ras+/+/N-ras+/+, H-ras-/- and N-ras-/- mice (Fig. 1b). H-Ras, N-Ras, K-Ras and Pan-

Ras GTP levels were higher in O kidneys compared NO kidneys in H-ras+/+/N-ras+/+ 

mice. No differences were observed in total H, N, K nor Pan-Ras levels in O kidneys 

compared NO kidneys in H-ras+/+/N-ras+/+ mice (Fig. 1b). Predictably neither 

expression of H-RasGTP nor total H-Ras was observed in H-ras-/- mice, and neither 

activated N-Ras nor total N-Ras were detected in O and NO kidneys from N-ras-/- mice 
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(Fig. 1b). The expression of the other isoforms were apparently similar in all groups 

(Fig. 1b).  

ERK1/2 and Akt activation after UUO 

 Western blot analysis revealed that the content of the active, phosphorylated 

form of ERK1/2, pERK1/2 was higher in O than in NO kidneys of H-ras+/+/N-ras+/+ 

mice. No significant differences were observed between H-ras+/+/N-ras+/+, N-ras-/-  and 

H-ras-/-  mice in the pERK1/2 content neither in O nor in NO kidneys (Fig. 2).  

In O kidneys, phosphorilated ERK 1/2 immunohistochemistry showed antigen 

expression located in collecting ducts and, to a lesser extent in thick ascending limbs of 

Henle’s loop. pERK was present in both the nucleus and cytoplasm of tubular epithelial 

cells. A light expression of the antibody is detected in some interstitial cells in renal 

cortex and medulla. This pattern can be observed in the three groups of study with no 

significant differences among them (Fig. 2). 

 Western blot analysis also revealed that both the total Akt levels and the levels 

of the active phosphorylated form of Akt, pAkt were higher in O kidneys than in NO 

kidneys of H-ras+/+/N-ras+/+ mice. In addition no differences were observed between H-

ras+/+/N-ras+/+, N-ras-/-  and H-ras-/- in the pAkt or total Akt content neither in the O nor 

in the NO kidney (Fig. 2). 

 Immunohistochemistry study of phosphorilated Akt in O kidneys showed pAkt 

expression restricted to collecting ducts and ascending limbs of Henle’s loop. A 

remarkable Akt immunoexpression can be observed in renal interstitium. No differences 

were detected between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- animals (Fig. 3). 

Acute renal morphological changes after UUO  

 After three days of ureteral obstruction, O kidneys from all groups, showed focal 

tubular dilation with flattened epithelium circumscribed to the outer renal cortex. 

Hyaline casts were frequently observed in both renal cortex and medulla. The medulla 

was compressed towards the cortex and the inner medulla and papillae appeared 

flattened. No significant differences in the histological appearance were observed 

between the H-ras+/+/N-ras+/+ and H-ras-/- or N-ras-/- groups (Fig. 4). NO kidneys did 

not exhibit overt morphological alterations. 
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Fibronectin expression after UUO 

 Immunohistochemistry revealed that NO kidneys presented a slight expression 

of fibronectin in both epithelial basement membranes and glomerular mesangium as 

well as around the endothelium of large intrarenal vessels and capillaries. However, no 

staining was found in the renal interstitium of NO kidneys. Obstructed kidneys showed 

an intense interstitial fibronectin expression in renal cortex and medulla, with no 

significant differences among the H-ras+/+/N-ras+/+ and H-ras-/- or N-ras-/-groups (Fig. 

5a). Western blot analysis revealed that fibronectin content was significantly higher in 

O kidneys than NO kidneys. The effect of UUO on fibronectin content in the O kidney 

was similar in control, H-ras+/+/N-ras+/+ mice and in H-ras-/- and N-ras-/- mice (Fig. 5b). 

α-SMA expression after UUO 

 Whereas in NO kidneys, α-smooth muscle actin (α-SMA) immunoexpression 

was restricted to smooth muscle cells in vessel walls, immunohistochemical studies in O 

kidneys showed that, in addition to vessel walls, cells with α-SMA positive staining, 

most probably corresponding to myofibroblasts, were  found widely along the renal 

interstitium. The number and distribution of α-SMA-positive cells was similar in H-

ras+/+/N-ras+/+, H-ras-/- and N-ras-/- mice (Fig. 5a). Western blot analysis reveals that α-

SMA content was significantly higher in O kidneys than in NO kidneys. No significant 

differences in α-SMA content were observed between O kidneys of the H-ras+/+/N-

ras+/+, H-ras-/- and N-ras-/- mice (Fig. 5b). 

Cell proliferation after UUO 

 Proliferating cells, detected as cells with nuclei positive for Ki-67 

immunostaining, were clearly observable in both tubules and interstitium of ureteral 

obstructed kidneys, but no differences were observed among H-ras+/+/N-ras+/+, N-ras-/-  

and H-ras-/-  mice in the number of nuclei stained with Ki-67 neither in tubules nor in 

the interstitium (Fig. 6). NO kidneys presented scarce positive Ki-67 nuclei in both 

tubules and interstitium (Fig. 6). 

Caspase-3 activation after UUO 

 In the obstructed kidneys, a strong immunostaining for cleaved caspase-3 was 

observed in epithelial tubular cells, mainly in the collecting ducts and thick ascending 

limbs of Henle’s loop. An intense cleaved caspase-3 staining was also detected in cells 

located in the renal interstitium. The pattern of cleaved caspase-3 staining was similar in 
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the O kidneys of H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- animals (Fig. 7a). Western blot 

analysis also revealed higher levels of cleaved caspase-3 in O kidneys than in NO 

kidneys without significant differences among the O kidneys of H-ras+/+/N-ras+/+, N-

ras-/- and H-ras-/- animals (Fig. 7b). To assess whether the increase in the cleavage of 

caspase-3 induced by UUO correlated with an increase in his activity, the proteolytic 

cleavage of (Z-DEVD)2-Rh110 (that is cleaved by both caspases 3 and 7) was also 

measured. Results show that caspase-3/7 activity is significantly higher in O that in NO 

kidneys, without significant differences obstructed kidneys in H-ras+/+/N-ras+/+, N-ras-/- 

and H-ras-/- mice, (Fig. 7c) a result that is similar to that obtained with western blot. 

 

Discussion 

 In previous studies we have observed the activation of Ras and its signaling 

pathways PI3K/Akt and ERK1/2 in the kidneys of mice after ureteral obstruction [10, 

11]. The purpose of the present study has been to assess the possible role of the 

activation of H-ras and N-ras isoforms in the early changes that occurs in the kidney. 

For this purpose we have assessed the effect of unilateral ureteral obstruction on 

activated total Ras, activated Ras isoforms, pERK1/2, pAkt,  total Akt levels, 

fibronectin, α-SMA, cell proliferation, activated caspase 3 and  morphological 

alterations (Figure 8) in the kidneys of wild type  (H-ras+/+/N-ras+/+), N-ras KO mice 

(N-ras-/- ) and H-ras KO mice (H-ras-/-) animals.  

 The present study shows that total Ras activation after UUO was similar in H-

ras+/+/N-ras+/+, N-ras-/- and H-ras-/- animals. Ras activation by UUO was accompanied 

by increases in the ERK pathway activation, measured as the ratio pERK/ERK content.  

Renal ERK activation has been also reported after UUO in mice [10] and rats [15].No 

significant differences in the ratio pERK/ERK ratio in the O kidney were observed 

between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice in both O and NO kidneys, thus 

suggesting that neither N-ras nor H-ras activation do play a major role in the ERK 

pathway activation after UUO. After UUO, no significant differences were observed 

between WT, N-ras-/- and H-ras-/- mice in both O and NO kidneys, thus suggesting that 

neither N-ras nor H-ras activation do play a major role in the Akt pathway activation 

after UUO.  

 Fibronectin has been measured as a marker of early renal fibrosis since previous 

studies demonstrated that a preformed fibronectin matrix is essential for fibroblasts to 
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form a collagen network and it plays a major role in promoting matrix assembly, and 

that fibronectin increases early after UUO in mice [10]. The expression of fibronectin in 

the obstructed kidney did not differ between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- 

animals thus suggesting than neither N-ras nor H-ras play a major role in the genesis of 

early fibrosis after UUO.  

 α-SMA is a marker of activated myofibroblasts and it has been reported that in 

obstructive nephropathy there is a marked fibroblast activation, that plays a major role 

in extracellular matrix deposition [13]. Previous studies reveals α-SMA abundance 

increases early after UUO in mice [10]. The expression of α-SMA in the obstructed 

kidney, assessed by immunohystochemistry and western blot was similar in H-ras+/+/N-

ras+/+, N-ras-/- and H-ras-/- animals, thus suggesting than neither N-ras nor H-ras play a 

major role in the myofibroblast activation after UUO.  Sharpe et al. detected in cultured 

rat fibroblasts mRNA for H-Ras, Ki(B)-Ras, and N-Ras, but not for Ki(A)-Ras and 

showed that K-Ras was the predominantly expressed isoform (>95% of total Ras 

protein), with N- and H-Ras being detected only in small amounts. They also showed 

different roles for K- and H-Ras in the control of fibroblast proliferation [14]. Thus, it is 

possible that myofibroblast activation and the subsequent renal damage after UUO is 

mediated exclusively by activation of the K-ras isoform, thus explaining the lack of 

differences between fibronectin and α-SMA between H-ras+/+/N-ras+/+, N-ras-/- and H-

ras-/- mice.  

 Proliferation of tubular epithelial cells and interstitial cells is also a characteristic 

feature of the obstructed kidney. In the present study we have not observed significant 

differences neither in tubular nor in interstitial cell proliferation of the O kidney 

between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice, thus suggesting that neither N-ras 

nor H-ras activation do play a major role in regulating cell proliferation after UUO. 

ERK activation has been related to tubular proliferation in the obstructed kidney [16]. 

We have also observed that treatment with the MEK inhibitor U0126 induced a 50% 

decrease in the number of proliferating tubular cells in O kidneys when compared with 

O kidneys of mice receiving only the vehicle [10], thus suggesting a role for ERK 1/2 

signalling pathway activation in early obstruction-induced tubular cell proliferation. 

Thus, the lack of differences in proliferation between H-ras+/+/N-ras+/+, N-ras-/- and H-

ras-/- mice is compatible with the lack of differences in ERK activation also observed in 

this study. Activation of PI3K/Akt pathway after UUO seems to be also related with cell 
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proliferation, as inhibition of Akt activation significantly diminished the obstruction-

induced increased number of both tubular and interstitial Ki-67-stained nuclei [10]. 

Further proves of the involvement of the PI3K-Akt signalling pathway in UUO induced  

cell proliferation has been given by a recent study reporting that the specific PI3K 

inhibitor LY294002 reduced proliferation and extracellular matrix synthesis in 

fibroblasts obtained from rat kidney tissue 3 days after UUO [17]. Thus, the lack of 

differences in proliferation between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice is 

compatible with the lack of differences in Akt activation also observed in this study. 

 Tubular apoptosis constitutes a typical feature of renal damage in obstructed 

kidney and caspase 3 seems to be the major executive caspase in this process [18]. In the 

present study we have not found any significant difference in caspase-3 activation in the 

O kidneys  between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice, suggesting that none 

of these two isoforms play a role in the early activation of this pathway after UUO. 

PI3K/Akt pathway seems to be involved in the survival mechanisms of the epithelial 

cells, since is well known the anti-apoptotic role of Akt [19], and in vitro experiments 

have also demonstrated that Akt upregulation prevents apoptosis in proximal tubular 

cells [20]. Further support to this hypothesis is given by the fact that dilated tubules of 

O kidneys presented reduced activity of Akt and increased staining for activated 

caspase-3 as indicative of apoptosis. Moreover, in vivo inhibition of PI3K-Akt 

signalling pathway with LY 294002 resulted in obstruction-induced increased damage 

of altered tubules [10]. Taking all these data together, it could be suggested that Akt 

activation plays an important role against obstructive injury contributing to survival 

signalling in renal tubules of obstructed kidney. In the present study we have not found 

any significant difference neither in Akt activation nor in caspase-3 activation in the O 

kidneys  between H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice, suggesting that none of 

these two isoforms plays a role in the early activation of these pathways after UUO. 

 Thus, the observation that removal of either H-ras or N-ras gene expression did 

not induce any changes in the UUO-induced ERK and Akt pathways activation, 

fibronectin or α-SMA expression, caspase 3 activation and cell proliferation suggest 

that neither H-ras nor N-ras activation plays a major role in the early changes observed 

in that kidney after ureteral obstruction. Although we can speculate that the K-ras 

isoform probably is the isoform involved in these changes, further experimental studies 

are needed to demonstrate this fact. 
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Conclusions  

In summary, our results demonstrate that neither N-ras nor H-ras isoforms activation 

play a major role in the early changes observed in the obstructed kidney after unilateral 

ureteral obstruction in mice. 
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Fig.1 Ras activation in NO and O kidneys of H-ras+/+/N-ras+/+, N-ras-/- and 
H-ras-/- mice. (a) RasGTP levels were determined by ELISA. Data represent 
the average ± SEM of the relative light units. # P < 0,01 vs NO kidneys. * P < 
0,01 vs H-ras+/+/N-ras+/+ and N-ras-/- (b) H, N, K and Pan-Ras activation (left) 
and total expression (right) in NO and O kidneys from H-ras+/+/N-ras+/+, N-
ras-/- and H-ras-/mice analyzed by western blot.  
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Fig. 2  ERK activation, phospho-Akt expression and total Akt expression 
in NO and O kidneys of H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. All 
proteins were evaluated by western blot. Data represent the average ± SEM of 
the optical density. # P < 0,01 vs corresponding NO kidneys.  
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Fig.3  Inmunohistochemistry for phospho-ERK and phospho-Akt in NO 
and O kidneys of H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. Scale bar 
indicates 100 microns in all panels.   

 

 



Resultados y Discusión 
 

214 
 

 

 
Fig.4  Hematoxylin-eosin staining of non-obstructed (NO) and obstructed 
(O) kidneys from H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. Scale bar 
indicates 100 microns in all panels.   
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Fig.5  Inmunohistochemistry for fibronectin and α-SMA (a) in NO and O 
kidneys of H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. Scale bar indicates 100 
microns in all panels. (b) Western blot analysis of fibronectin and α-SMA 
levels in NO and O kidneys of H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. 
Data represent the average ± SEM of the optical density. # P < 0,01 vs 
corresponding NO kidneys.   
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Fig.6  Inmunohistochemistry for Ki-67 in O kidneys of H-ras+/+/N-ras+/+, 
N-ras-/- and H-ras-/- mice. Scale bar indicates 100 microns in all panels. 
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Fig.7 (a) Inmunohistochemistry for cleaved caspase 3 in O kidneys of H-
ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. Scale bar indicates 100 microns in all 
panels. (b) Western blot of cleaved caspase-3 expression in NO and O kidneys 
from H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. (c) Caspase-3/7 activity 
assay in NO and O kidneys from H-ras+/+/N-ras+/+, N-ras-/- and H-ras-/- mice. 
Data represent the average ± SEM of the optical density. # P < 0,01 vs 
corresponding NO kidneys.  
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Fig. 9 Schematic diagram of the pathways involved in early damage in the 
obstructed kidney after unilateral ureteral ligation evaluated in the 
present study. 
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Abstract. 

  

 Previous studies reveal that RasGTPases contribute to changes associated to 

obstructive nephropathy induced by unilateral ureteral obstruction (UUO). The purpose 

of this study was to asses the contribution of the H-Ras isoform to UUO-induced renal 

fibrosis. The study was performed in mice (H-ras-/-) and fibroblasts lacking the H-Ras 

isoform. Fifteen days after UUO, interstitial fibrosis, fibronectin and collagen I 

accumulation, and myofibroblast abundance markers were lower in obstructed kidneys 

from H-ras-/- compared with H-ras+/+ mice. This can be explained by a lower activation 

of myofibroblasts in renal tissue, as a lower proliferation rate and migration ability but 

similar amounts of α-SMA and vimentin were observed in fibroblasts deficient for H-

Ras compared with WT fibroblasts. Another possible explanation is a reduced 

epithelial-mesenchymal transition (EMT) in H-ras-/- mice. In this sense, expression of 

E-cadherin repressors, Snail and Slug, were also diminished in O kidneys from H-ras-/- 

mice, compared with H-ras+/+ mice, thus suggesting a decreased EMT. Moreover lower 

levels of activated Akt and activated GSK3β were found in the kidneys from  H-ras-/- 

than in  H-ras+/+and in cultured fibroblasts, in which TGF-β1-induced Akt activation 

was markedly lower in H-ras-/- than in H-ras+/+ fibroblasts.  

 Taken all results together, lower fibrosis observed in obstructed kidneys from H-

ras-/- seems to be based in a lower number of activated myofibroblasts, because both a 

reduction in the proliferation of resident fibroblasts, and a reduced EMT.  
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Introduction 

          Interstitial renal fibrosis, the common end point of progressive kidney disease, is a 

complex process involving not only derangements in both the synthesis and degradation 

of extracellular matrix (ECM), but also cell infiltration, apoptosis, accumulation of 

activated myofibroblasts and increased deposition of extracellular matrix [1, 2]. 

Unilateral ureteral obstruction (UUO) in mice is a well-established experimental model 

resulting in tubulointerstitial fibrosis in the obstructed kidney [2, 3]. 

Among the cells that accumulate in the renal interstitium, myofibroblasts play a 

major role mediating tubulointerstitial fibrosis as they are the source of several 

components of ECM and many cytokines that contributes to renal damage [1]. Active 

myofibroblasts seems to derive from resident fibroblasts and from tubular epithelial 

cells by a process called epithelial-mesenchymal transition (EMT) [1, 4]. 

Small GTPases Ras are key mediators in signalling pathways that convey 

extracellular signals from the surface receptors to inside the cell, functioning as 

molecular switches in essential cellular processes [5, 6]. There are three major isoforms 

of Ras: H-Ras, K-Ras, and N-Ras sharing a high degree of sequence homology. The 

only region that exhibits significant sequence divergence is the final 24 residues, 

constituting the hypervariable COOH terminus. However, studies have demonstrated 

that the Ras isoforms may have different biological effect [7]. H-ras and N-ras gene 

expression are dispensable for mouse development, growth, and fertility [8]. Only K-ras 

appears to be critical for normal mouse development based on the observation that K-ras 

deficiency results in embryonic lethality [9, 10]. Transforming growth factor-β1 (TGF-

β1) plays a major role in the origin and maintenance of fibrosis [11, 12] as a 

consequence of the regulatory role of TGF-β1 in cell proliferation [13, 14] and in renal 

ECM synthesis and degradation [15].   

There is a close relation between TGF-β and Ras signalling pathways, which has 

been previously described in the literature. The family of Ras GTPases function as 

transducers of extracellular signals regulating cell survival, growth and differentiation, 

and it is particularly well known their prooncogenic effect [16, 17]. Ras alters the 

expression of TGF-β1 type II receptor, counteracting TGF-β signalling [18], and on the 

other hand, TGF-β1 overcomes Ras mitogenic effects [19, 20, 21].  

 Ras GTP transmits its signal through interactions with a large number of target 

proteins, being phosphatidylinositol 3-kinase (PI3K)/Akt and Raf/MEK-extracellular 
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signal-regulated kinase (ERK1 and ERK2) the most studied pathways [22]. The 

activation of Ras and its effectors pathways has been demonstrated to play an important 

role in renal fibrosis [23, 24].  In previous studies, we have demonstrated the activation 

of Ras and its effectors PI3K/Akt and ERK1/2 pathways 3 days after UUO [25]. 

However, the contribution of the activation of the different Ras isoforms activation to 

kidney damage after UUO has not been studied. Thus, in the present study we aimed to 

examine the role of H-Ras isoform in tubular and interstitial proliferation, myofibroblast 

abundance, EMT and deposition of extracellular matrix, key processes in UUO-induced 

interstitial fibrosis. The study has been performed in an in vivo model, unilateral ureteral 

ligation in H-ras+/+ and H-ras-/- mice, and in an in vitro model, cultured fibroblasts 

lacking the H-Ras isoform. We have chosen to study H-Ras because H-ras-/- mice are 

viable [8], and we have developed a line of fibroblasts lacking H-Ras [26].  

Results 

In vivo studies 

Morphological and biochemical characteristics of obstructed kidneys 

After fifteen days of ureteral obstruction, the obstructed (O) kidney in wild-type 

mice showed the typical features of obstructive nephropathy: tubular dilatation, 

flattened epithelium and widespread renal tubulointerstitial damage (Figure 1A) and 

fibrosis, as evidenced by  increases in fibronectin and sirius red staining (Figure 1A). 

Western blot analysis of renal tissue also revealed higher content of collagen I and 

fibronectin in O than in NO kidney (Figure 1B). O kidney showed also increased 

myofibroblast number, as demonstrated by increased α-SMA and vimentin 

immunostaining and expression by immunohystochemistry and western blot (Figure 2 

A y B). α-SMA and FSP-1 (S100A4) interstitial localization was also assessed by 

double immunofluorescence. In the NO kidney, α-SMA-positive cells (green) were 

observed only in the blood vessels wall (figure 2B), but in the O kidney, many α-SMA-

positive cells were observed in the peritubular space (Figure 2B).  FSP-1 positive cells 

(red) were very scarce in the NO kidney, but abundant in the interstitial space of the O 

kidney. In general, FSP-1 positive cells were bigger and more circular than α-SMA-

positive cells. No cells showing both α-SMA and FSP-1 staining were observed (figure 

2B, inserts). 
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H-ras deficiency reduces interstitial fibrosis, myofibroblast number and EMT markers 

after UUO 

In comparison with wild-type H-ras+/+ mice, the H-ras-/- mice exhibited reduced 

renal cortical scarring as assessed by hematoxilin–eosine, sirius red staining, and 

fibronectin immunostaining (Figure 1A). Western blot analysis of renal tissue revealed 

that fibronectin and type I collagen expression was significantly lower in O kidneys 

from H-ras-/- than in those from H-ras+/+ mice (Figure 1B).  

Compared with wild-type mice, the H-ras-/- mice expressed significantly less 

renal cortical α-SMA and vimentin staining than H-ras+/+ mice (Figures 2A and B), in O 

kidneys. The number of both α-SMA and FSP-1 positive cells were also markedly lower 

in O kidneys from H-ras-/- mice than in O kidneys from H-ras+/+ mice (Figure 2C). Both 

α-SMA and vimentin content, analyzed by western blot, was significantly lower in O 

kidneys of H-ras-/- than in those from H-ras+/+ mice (Figure 3A and 3B). The same 

pattern was observed with FSP-1 (S100A4) expression (Figure 3C).   

As both Snail and Slug activation have been demonstrated to be involved in 

EMT [27], analyses of Snail and Slug expression were also performed. Snail and Slug 

expression, assessed by RT-PCR, revealed an increased expression in O than in NO 

kidneys. Furthermore, Snail and Slug expression was lower in O kidneys from H-ras-/- 

compared with O kidneys from H-ras+/+ mice (Figure 3D).  

Effect of H-Ras defficiency on Ras, ERK1/2 and Akt activation after UUO  

 Activated H-Ras levels were higher in O kidneys compared NO kidneys in H-

ras+/+ mice. Ras GTPase Chemi ELISA specifically detects activated H-Ras in rodent 

samples, but it was unable to detect activated Ras levels in H-ras-/- mice (Figure 4A).  

 As we have previously demonstrated that ras activation after UUO was 

associated to ERK1/2 and Akt activation [25], we assessed the activation of these two 

pathways after UUO in H-ras-/- and H-ras+/+ mice. Western blot analysis revealed that 

the content of the active, phosphorylated form of ERK1/2, pERK1/2 was higher in O 

than in NO kidneys of H-ras+/+ mice. Both O and NO kidneys from H-ras-/- mice shown 

higher levels of pERK1/2 than H-ras+/+ mice (Figure 4B). Western blot studies revealed 

that both total Akt levels and the levels of pAkt were higher in O kidneys than in NO 

kidneys of H-ras+/+ mice. No differences were observed in total Akt content between H-

ras+/+ and H-ras-/- neither in the O nor in the NO kidney (Figure 4B), however pAkt 



Resultados y Discusión 
 

226 
 

levels were significantly lower in O kidneys from H-ras-/- than in those from H-ras+/+ 

mice (Figure 4B). 

 Immunohistochemistry showed an increase in pERK in O compared with NO 

kidneys. No differences in pERK staining was observed in O kidneys from H-ras-/- and  

H-ras+/+ mice (Figure 5) Immunohistochemistry also revealed that the expression of the 

active phosphorylated form of Akt, pAkt, was higher in O than in NO kidneys after 

UUO. In addition, kidneys from H-ras-/- mice showed lower pAkt staining than kidneys 

from H-ras+/+ mice (Figure 5). In order to further study the PI3-Kinase pathway, we 

assessed by immunohistochemistry and western blot the expression of GSK3β, a 

substrate of Akt who inhibit the activity of GSK3β through phosphorilation of the Ser9. 

Immunohistochemistry revealed that pGSK3β immunostaining was almost absent in NO 

kidneys, but many cells positive for pGSK3β appeared in the O kidney (Figure 5). By 

western blot, we observed pGSK3β levels higher in O than in NO kidneys of H-ras+/+ 

mice, but this increment was significantly lower in the kidneys from H-ras-/- mice 

(Figure 4B). As in the case of total Akt levels, total GSK3β levels were also increased 

in the O kidneys from H-ras+/+ and H-ras-/- mice compared with NO kidneys (Figure 

4B). 

Effect of H-Ras deficiency on cell proliferation after UUO. 

 Ki-67 expression assessed by immunohistochemistry, revealed higher Ki67 

staining in O kidneys than in NO kidneys (Figure 6A). After 15 days of UUO Ki67 was 

localized more frequently in interstitial cell nuclei than in tubular cell nuclei. The 

number of Ki-67-possitive interstitial cells were significantly lower in O kidneys from 

H-ras-/- mice than in O kidneys from H-ras+/+ mice (Figure 6B). 

In vitro studies 

Effect of H-Ras deficiency on basal and TGF-β-induced extracellular matrix synthesis 

and  vimentin and α-SMA expression  

Western blot analysis showed that fibronectin expression was higher in H-Ras 

KO fibroblasts than in WT fibroblasts; TGF-β1 treatment increases fibronectin 

expression in WT fibroblasts, without any increase in H-ras-/- fibroblasts (Figure 7A). 

Western blot quantification showed that collagen type I expression was significantly 

higher in H-ras-/- fibroblasts than in WT fibroblasts. TGF-β1 treatment stimulated 

collagen type I expression in both WT and H-Ras KO fibroblasts (figure 7B). 
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 Both vimentin and α-SMA expression were similar in WT and H-Ras KO 

fibroblasts either with or without incubation with TGF- β1 (figure 7C and 7D). 

Effect of H-Ras deficiency on ERK 1/2 and PI3K activation 

The expression of pERK, as well as total ERK1/2 expression, was analyzed by 

western blot. pERK expression was significantly higher in H-Ras KO than in WT 

fibroblasts in basal conditions. TGF-β1 treatment increased pERK expression in WT 

fibroblasts, but did not induce any significant change in pERK expression in KO 

fibroblasts (Figure 7E); 

PI3K pathway activation was analyzed evaluating pAkt and total Akt expression 

by western-blot. pAkt expression was significantly increased in basal conditions in H-

ras-/- fibroblasts, but TGF-β1 treatment increased Akt activation only in WT fibroblasts 

but not in H-ras-/- fibroblasts (Figure 7F). 

Effect of H-Ras deficiency on fibroblast proliferation and migration 

Cell proliferation was evaluated by nuclei staining with crystal violet and by 

immunocytochemistry with Ki67. In basal conditions, cell proliferation was reduced in 

H-ras-/- fibroblasts. TGF-β1-induced fibroblast proliferation was significantly lower in 

H-Ras KO fibroblasts with respect to WT cells (Figure 8A). Nuclei staining with Ki67 

antibody corroborated the crystal violet data: the percentage of cells stained for Ki67 

after TGF-β1 treatment was reduced in H-Ras KO fibroblasts with respect to WT cells 

(Figure 8B). 

We have also analyzed the existence of alterations in cell cycle in KO fibroblasts 

by flow cytometry. Our results showed that there are a significant reduction in the 

percentage of cells in phases S, G2 and M of the cell cycle in H-ras-/- fibroblasts with 

respect to WT fibroblasts (Figure 8C).  

Fibroblast migration was analyzed by wound-healing assay and by cell 

migration through a Boyden chamber. Analysis of wounds half-closure time shows that 

cell movement in H-Ras KO fibroblasts was notably slower with respect to WT cells 

(Figure 8D); moreover, fibroblast migration in Boyden chamber after 24 h was 

significantly lower in H-ras-/- fibroblasts compared with WT fibroblasts (figure 8E). 

Discussion  

 In the present study, we report that UUO induces lower interstitial fibrosis, lower  

fibronectin and collagen I accumulation and lower amount of myofibroblast abundance 
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markers (α-SMA, vimentin and FSP-1) in  H-ras-/- than in  H-ras+/+ mice. Our 

hypothesis is that this could be due to a lower number of myofibroblasts in renal tissue, 

as we have observed a lower density of cells positive for either α-SMA, vimentin or  

FSP-1 in O kidneys of  H-ras-/- than in those of H-ras+/+ mice.  α-SMA, vimentin or  

FSP-1 have been widely used as markers of activated myofibroblasts [28]. Interestingly, 

no cells were observed positive for both α-SMA, and FSP-1. This observation is in 

agreement with the data of Picard N et al. [29] which also reported the lack of co-

stainning of interstitial cells with α-SMA and FSP-1/S100A4. This observation and the 

bigger and more circular shape of FSP-1-possitive cells could suggest that FSP-

1/S100A4 is not an exclusive fibroblast marker as have been reported that FSP-

1/S100A4 also co-localizes with macrophages markers [30], and thus, FSP-1 positive 

cells could be also macrophages. Alternatively, these data could suggest that the 

different phenotypes of myofibroblasts observed in the obstructed kidneys represent 

different functional stages of the same cell type, depending of the specific mechanical or 

biochemical stimulus received [29].  

 Activated myofibroblasts may originate from the differentiation of resident 

fibroblasts, from bone marrow-derived precursors, which infiltrated the injured tissue, 

or from EMT [2, 4, 31]. The lower resident fibroblasts proliferation and migration as a 

cause of the lower number of activated myofibroblasts in H-ras-/- compared with H-

ras+/+ mice is compatible with the in vitro data of the present study showing a lower 

proliferation rate and migration ability in the fibroblasts deficient for H-Ras than in WT 

fibroblasts, but with similar amounts of α-SMA and vimentin in fibroblasts from both 

origins, either in presence or absence of TGF-β1. This is also compatible with the lower 

rate of interstitial cell proliferation observed in O kidneys of H-ras-/- compared with H-

ras+/+ mice. This hypothesis is in agreement with a recent report [29] describing that 

after UUO resident fibroblasts progressively gain the phenotype of myofibroblasts and 

massively increase their rate of cell division, participating actively in the development 

of renal fibrosis.  

  Other possible origin for interstitial myofibroblasts after UUO is EMT. The 

mechanism by which tubular epithelial cells undergo EMT is complex and involves 

both early and late cellular events. Early events include rapid Akt activation and GSK-

3β phosphorylation, associated with early disruption of E-cadherin-β-catenin membrane 

colocalization, with translocation of E-cadherin to endosomes and β-catenin to the 
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nucleus, and with an increase in Snail expression. TGF-β1, on the other hand, induced 

early activation of Smad3 and its translocation to the nucleus, ERK1/2 phosphorylation, 

and early disruption of membrane E-cadherin localization. The late consequences of 

these events included a phenotypic transformation of the cells to a mesenchymal 

morphology with associated increase in vimentin and α-SMA protein expression and a 

decrease in total cellular E-cadherin expression [32]. In the kidney suffering EMT, 

epithelial cells acquire fibroblast-like properties and show reduced intercellular 

adhesion and increased motility. This process is associated with the functional loss of E-

cadherin [33]. Several transcription factors have been implicated in this repression, 

including zinc-finger proteins of the Snail/Slug family [34], EF1/ZEB1, SIP1 [35] and 

the basic helix-loop-helix E12/E47 factor [27]. Our data of lower expression of α-SMA 

FSP-1 and and vimentin in O kidneys from H-Ras deficient mice suggest that in these 

mice there is a lower EMT than in WT mice after ureteral obstruction. The fact that both 

Snail and Slug expression are clearly lower in the O kidney of H-ras-/- compared with 

H-ras+/+ mice, gives further support to the fact that EMT is clearly reduced in H-ras-/- 

mice, and that H-ras plays a major role in EMT. To our knowledge, this is the first in 

vivo study demonstrating a relationship between H-Ras and EMT in the kidney.  In in 

vitro studies, it has been already reported that H-Ras is involved in EMT, inducing 

MMP-9 transcription and expression synergistically with Snail and through nuclear 

accumulation of Smad2 [36], both of which are essential for EMT [37] and inducing 

strongly enhanced vimentin expression through the MAPK-ERK pathway [38]. Snail 

and Slug are strong repressors of transcription of the E-cadherin gene [34, 39]. 

Furthermore, it has been already reported that H-Ras activation induces upregulation of 

the transcriptional repressor Slug and subsequent downregulation of the junctional 

protein E-cadherin in rat intestinal epithelial (RIE) cells [40]. A major demonstration of 

the role of snail in renal fibrosis “in vivo” is the fact that constitutive Snail activation in 

transgenic mice induces renal fibrosis [41]. 

 We have also found that Ras and the Raf/MEK/ERK, PI3K/Akt pathways are 

activated in O kidneys compared with NO kidneys after 15 days of obstruction in H-

ras+/+ mice with C57BL/6J background. These data is in agreement with previous 

studies from our laboratory [23, 25]. In addition, both O and NO kidneys from H-ras-/- 

mice showed higher levels of pERK1/2 than H-ras+/+ mice. This is in agreement with 

the data obtained in cultured fibroblasts, where phospho-ERK expression was 
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significantly higher in H-Ras KO than in WT fibroblasts in basal conditions. Whereas 

total Akt levels were increased similarly after UUO in H-ras-/-  and H-ras+/+ mice, pAkt 

levels were markedly lower in O kidneys from H-ras-/-  compared with  H-ras+/+ mice 

after 15 days of ureteral obstruction. This is in agreement with data obtained in cultured 

fibroblasts, in which TGF-β1-induced Akt activation was markedly lower in H-ras-/- 

than in H-ras+/+ fibroblasts. It should be noted that H-Ras is a potent activator of PI3K 

[42]. 

 PI3K-Akt signalling cascade is essential for FGF-induced EMT and cell survival. 

FGF-dependent PI3K-Akt signalling activation leads to GSK3β inactivation depending 

on Ser 9 phosphorilation [43] Glycogen synthase kinase-3β (GSK-3β) regulates the 

Snail1 level by degrading Snail1 protein. The level of the phosphorylated inactive form 

of GSK-3β was increased in the tubular epithelial cells of the obstructed kidney [44]. 

The elevated level of GSK-3β phosphorylation seemed to be correlated with Snail1 

accumulation, since phosphorylated GSK-3β is the inactive form and cannot recruit a 

protein degradation system for Snail1 [44]. In our data, and in accordance with the 

changes in pAkt, the levels of pGSK3β, the inactive form of the enzyme, were lower in 

the kidneys of H-ras-/- than in H-ras+/+ animals after 15 days of ureteral obstruction. 

These data is also in agreement with the lower amount of Snail accumulation in the 

kidneys of H-ras-/- than in H-ras+/+ animals. 

 Taken together our results show that, after UUO, the kidneys of H-ras-/- mice 

shows a lower interstitial fibrosis than those of  H-ras+/+animals. This lower fibrosis 

seems to be based in a lower number of activated myofibroblasts that could be based in 

a reduction in the proliferation of resident fibroblasts and a reduced EMT. This paper 

demonstrates, for the first time, a role for H-Ras in tubulo-interstitial fibrosis. 

 

Methods 

Mice and disease model  

Generation and genotyping of H-ras-/- mice was previously described [8]. A 

breeding colony of adult H-ras-/- and animals has been maintained in our laboratory for 

more than 8 years. The animals appeared healthy and normal with no signs of any 

apparent associated lesions. The growth rates of these animals were indistinguishable 

from those of wild-type (WT) animals, and mutant mice reproduced normally. All 

procedures were approved by the Committee for Animal Care and Use of the University 
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of Salamanca and complied with the Guide for the Care and Use of Laboratory Animals 

of the USA National Research Council. Routine genotyping of DNA isolated from 

mouse tail biopsies were performed by PCR using the primers previously reported [8]. 

All studies were performed in parallel in H-ras-/- and H-ras+/+ littermates male mice 

aged 8 weeks (20 g) and were maintained in ventiled rooms under standard conditions. 

For unilateral ureteral obstruction, mice were anesthesized with ketamine and valium, 

the abdomen was opened, and the left ureter was ligated with 5-0 silk. The abdomen 

was closed with running sutures and the skin was closed with interrupted sutures. After 

surgery, the mice were maintained in a temperature controlled room with a 12 hours 

light/dark cycle, and were reared on standard chow (Panlab, Spain) and water ad 

libitum. UUO was maintained for fifteen days. 

For histological studies, after anesthesia with pentobarbital, animals were 

perfused with heparinized saline solution and then with 4% buffered formalin. 

Obstructed (O) and non-obstructed (NO) kidneys were removed from 3 H-ras+/+ mice 

and 3 H-ras-/- mice, halved longitudinally, fixed for 24 hours in 4% buffered formalin 

and then embedded in paraffin. Sections 3 µm thick were cut and mounted on glass 

slides that were used either for hematoxylin-eosin staining or immunohistochemistry. 

Additional 5µm sections were cut and processed for Sirius red staining, as previously 

reported [45]. Kidneys destined for protein extraction were obtained in another set of 

animals (5 H-ras+/+ mice and 4 H-ras-/- mice) and after perfusion with saline solution, 

kidneys were frozen immediately in liquid nitrogen and stored at -80ºC until use. 

Immunohistochemical studies  

Immunohistochemistry was performed on buffered formalin fixed, paraffin-

embedded tissues. Briefly, 5-µm sections were cut and stained with Syrius red and 3 µm 

sections were deparaffined in xylene and rehydrated in graded ethanols before staining 

with the peroxidase-anti peroxidase method. Endogenous peroxidase was blocked by 

incubation in 3% hydrogen peroxide. Primary antibodies were:  polyclonal rabbit anti-

fibronectin (F 3648, Sigma-Aldrich Corp. St. Louis, MO, USA, 1:100 dilution), mouse 

monoclonal anti-α smooth muscle actin (M0851, DAKO Diagnostics, Copenhagen, 

Denmark, pre-diluted), mouse monoclonal anti-vimentin (ab8545, Abcam, Cambridge, 

UK, pre-diluted), rabbit polyclonal anti-phospho-Akt (#9271, Cell Signaling 

Technology, Ma. USA, 1:50 dilution), mouse monoclonal anti-phospho-ERK (E-4, sc-

7383, Santa Cruz Biotechnology, Ca. USA. 1:300 dilution), rabbit monoclonal anti-
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phospho-GSK-3β (#9323, Cell Signaling Technology, Ma. USA, 1:50 dilution) and 

rabbit monoclonal anti-Ki-67 (Master Diagnostica, Granada, Spain. 1:100 dilution). 

Following washes in PBS, the sections were sequentially incubated with the Novolink 

Polymer Detection System (Novocastra, MA, USA) using 3,3'diaminobenzidine (DAB) 

(Biogenez, San Ramón, CA, USA) as chromogen. Sections were lightly counterstained 

with haematoxylin and were dehydrated and cover slipped. Negative controls were 

prepared without primary antibody. The number of tubular and interstitial renal cells 

undergoing proliferation (Ki-67-positive immunostaining) was counted under light 

microscopy at x 200 magnification in 6-10 random fields of cortex. 

Double-immunofluorescence staining  

 Paraffin-embedded tissues were cut in 3 µm sections. Heat-induced antigen 

retrieval was performed incitrate buffer (pH 9.00).  Sections were incubated in the 

mixture of anti-S100A4 (1:100, Abcam, Cambridge, UK) and anti-α-SMA (1:300, 

Sigma, St. Louis, USA) during 1 hour at room temperature. Following washes in PBS, 

sections were incubated in the mixture of two fluorescent conjugated secondary 

antibodies (anti-mouse FITC and anti-rabbit Cy3) for 40 minutes at room temperature, 

washed in PBS and sequently counterstain with DAPI for 20 minutes at room 

temperature. Slides were rinsed in PBS and mounted in Vectashield (Vector 

Laboratories, Burlingame, CA,USA). 

ELISA for Ras GTP 

 Total kidneys lysates (50µg) were employed for the detection of RasGTP. 

RasGTP levels were determined by an ultra sensitive commercial ELISA kit (Active 

Motif, RasGTPase Chemi ELISA, Rixensart, Belgium) according to the manufacturer's 

instruction. 

Western blot analysis 

 Total cell extracts and tissue protein extracts were homogenized in lysis buffer 

(25mM HEPES pH7,5, 150mM NaCl,  1% Igepal CA-630, 10mM MgCl2,  1mM 

EDTA, 10% glycerol, 10µg/mL aprotinin,  10µg/mL  leupeptin, 100mM PMSF, 25mM 

NaF, 1mM Na3VO4) and centrifuged at 14,000g for 30 min. Supernatant was recovered 

and proteins were quantified. Lysates (60 µg/lane for tissue, 30 µg/lane for cells) were 

loaded onto SDS-polyacrylamide gels, and the proteins were transferred to 

nitrocellulose membranes (Bio-Rad) by electroblotting. Membranes blocked in TTBS 

(10mM Tris pH 7.5, 150mM NaCl, 0.1% Tween 20 plus 2% bovine serum albumin) 
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were incubated overnight at 4ºC, as appropriate, with:  anti-ERK1 (1:2000), anti-

phospho-ERK (1:2000), anti-phospho-Akt (1:1000), anti-Akt1/2 (1:1000), all from 

Santa Cruz Biotechnology, Santa Cruz, Ca, USA, anti-fibronectin (1:1000 for tissue, 

1:10000 for cells) anti-collagen type I (1:1000 for tissue, 1:20000for cells), from 

Chemicon International, USA, anti-S100A4 (1:500, Abcam, Cambridge, UK), anti-α-

SMA (1:1000, Sigma, St. Louis, USA), anti-vimentin (1:1000, DAKO, Copenhagen, 

Denmark) and anti-phospho-GSK 3β (Ser9) (1:500) and anti -GSK 3β (1:1000) from 

Cell Signalling Inc, Danvers, MA, USA. Membranes were incubated with 

corresponding horseradish peroxidase-conjugated secondary antibody (1:10,000) and 

were developed using a chemiluminescent reagent (ECL detection reagent Amersham 

Biosciences). Developed signals were recorded on X-ray film (Fujifilm) for 

densitometric analysis (Scion Image). 

Reverse Transcription-PCR Analysis 

 Tissue RNA was isolated from kidneys using Tri-reagent (Molecular Research 

Center). RT was carried out oligo dT primers (Isogen), dNTP (Applied Byosistems), M-

MLV-RT (Promega), whereas PCR reactions were performed using mouse specific 

primers for Snail, Slug and ribosomal protein S13 as follows: Snail forward, 

5´GCAGCTGGCCAGGCTCTCGGTGGC 3´; Snail reverse, 5´GTAGCTGGGTCA 

GCGAGGGCCTCC 3´; Slug forward, 5´GCCTCCAAGAAGCCCAACTA 3´; Slug 

reverse, 5´CACAGTGCAGCTGCTTGTGT 3´; RPS13 forward, 5´GATGCTAAATTC 

GCGCTGAT 3´ ; RPS13 reverse 5´TAGAGCAGAGGCTGTGAATG 3´  

Cell culture and growth factor stimulation 

 H-ras+/+ and H-ras-/- fibroblasts were obtained as previously described [26, 24]. 

Cell were seeded in 100 mm Petri dishes for Western blot and cell cycle analysis, and at 

20000 or 9000 cells/well in 24 well plates for total collagen  measurements and 

proliferation studies, respectively. 

Cells were grown in DMEM containing 10% FCS and 100 U/ml 

penicillin/streptomycin at 37ºC in the presence of 5% CO2. When cultures achieved 80-

90% confluence, cells were serum-starved for 24 h and treated with active human 

recombinant TGF-β1 (1ng/ml) or control vehicle during 24 h in the absence of serum. 

Crystal violet staining 

The number of cells was measured using a colorimetric method previously 

described [46]. In brief, cells subcultured to subconfluence in 24 well plates were 
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incubated for 24 h under the experimental conditions described above. Then, cells were 

fixed with 10% glutaraldehyde for 10 minutes, and washed twice with phosphate 

buffered saline solution (PBS: 0.81% ClNa, 2.6 mM PO4H2K, 4.1 mM PO4HNa2). 

Cellular nuclei were dyed by incubating the cells for 30 min in a 1% crystal violet 

solution. Wells were washed exhaustively with PBS, and left overnight to dry. Finally, 2 

ml of 10% acetic acid were added in each well. Optical density at 595 nm was 

proportional to the number of viable cells in each well. 

Immunofluorescence analysis of Ki67 expression 

Cell proliferation was also assessed as the percentage of cells  stained for Ki-67  

[47]. Cells in cover slips were fixed with 4% paraformaldehyde, washed with PBS with 

calcium and magnesium (PBS Ca-Mg: 1mM CaCl2, 1 mM MgSO4, 0.81% ClNa, 2.6 

mM PO4H2K, 4.1 mM PO4HNa2), permeabilized with 0.1% Triton X-100, 0.2% BSA 

and 0.5% sodium azide, quenched with NH4Cl 50 mM in PBS Ca-Mg, blocked with 

10% normal goat serum (NGS) in PBS Ca-Mg for 30 min, and incubated during 2 hours 

with rabbit anti-human Ki67 (dilution 1/50) in PBS Ca-Mg with 2% NGS. Later, cells 

were incubated 30 min with goat anti-rabbit Cy3 (Jackson Immunoresearch, West 

Grove PA, USA) (dilution 1/1000) in PBS Ca-Mg with 2% NGS in a dark chamber. 

Nuclei staining was performed by 5 min incubation with 2µM Hoechst 33258 in a dark 

chamber. Coverslips were mounted on slides using Prolong gold antifade. Confocal 

images were made using a Zeiss Axiovert 200M microscope with a HeNe laser with 

543-excitation for rhodamine and Hg laser with 365-excitation for DAPI. All images 

were obtained with identical parameters for intensity, pinhole aperture, etc.  

Cell cycle determination by flow citometry 

Fibroblasts were seeded to subconfluence in 100 mm Petri dishes, cells were 

washed twice with PBS, trypsin was added during 2 min. and cells were resuspended in 

PBS in a concentration of 106 cells/ml. Fibroblasts were incubated for 10 min. with 1.8 

ml solution A (60 mg/L trypsin in 0.5 mM Tris-hydroximethylaminemethane, 3.4 mM 

trisodium citrate, 0.1% NP40, 1.5 mM spermin, pH 7.6) in order to break the cell 

membrane and to digest the protein content of the cells. Then, cell extracts were 

incubated during 10 min at room temperature with 1.5 ml of solution B (1g/L RNAse 

and 0.2 g/L trypsin inhibitor in 0.5 mM Tris-hydroximethylaminemethane, 3.4 mM 

trisodium citrate, 0.1% Nonidet P40, 1.5 mM spermin, pH 7.6). After this incubation, 

1.5 ml of solution C were added (0.416 g/L propidium iodide in 0.5 mM Tris-
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hydroximethylaminemethane, 3.4 mM trisodium citrate, 0.1% Nonidet P40, 1.5 mM 

spermin, pH 7.6). Finally, cells were introduced in a flow cytometer; both data 

acquisition and analysis were performed using the computer software Cell QUEST and 

Paint-A-gate, respectively. 

Cell migration assay  

Fibroblast migration was assessed by wound-healing assay. For this purpose, 

cells were grown in 100 mm culture plates until confluence, and in vitro scratched 

wounds were created with a straight incision on the cell monolayers with a sterile 

disposable pipette tip. Cell migration into denuded area was monitored over a time 

course using digital video-microscopy, and the rate of cell movement was calculated by 

the time when half of the wound was occupied by cells.  

Fibroblast migration was also assayed was performed in a Boyden chamber. 

Briefly, cell suspension is loaded into the upper chamber in 2% FCS medium, and 

invading cells migrate through and attach to the bottom of the membrane (bottom 

chamber with 10% FCS medium), while non-invading cells remain above. After 12-24 

h, inserts were washed with PBS, fixed with 10% glutaraldehyde, and the number of 

migrated cells was determined by the previously described crystal violet method.  

Statistical analysis 

Statistical differences were analyzed by two way ANOVA using the SPSS 12.0 

program. Data were expressed as mean ± SEM and p<0.01was considered statistically 

significant.  
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Figure 1: Effects of deficiency of H-Ras in interstitial fibrosis after UUO. A) Hematoxylin-
eosin staining,  inmunohistochemistry for fibronectin and sirius red staining in non-obstructed 
(NO) and obstructed (O) kidneys from H-ras+/+ and H-ras-/- mice. Scale bar indicates 100 
microns in all panels. B) Western blot analysis of fibronectin and collagen type I levels in NO 
and O kidneys of H-ras+/+and H-ras-/- mice. In the upper part of this figure, a characteristic 
western blot is shown, whereas in the lower part data represent the average ± SEM of the optical 
density. #p < 0,01 vs corresponding NO kidneys.  *p < 0,01 vs O kidneys from H-ras+/+ mice. 
§p < 0,01 vs NO and O kidneys from H-ras+/+ mice. □ H-ras+/+ mice ■ H-ras-/- mice.  
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Figure 2: Effects of deficiency of H-Ras in myofibroblast activation and EMT after UUO. A) 
Representative inmunohistochemistry for α-smooth muscle actin in non-obstructed (NO) and 
obstructed (O) kidneys from H-ras+/+ and H-ras-/- mice. B) Representative 
inmunohistochemistry for vimentin in NO and O kidneys from H-ras+/+ and H-ras-/- mice. Scale 
bar indicates 100 microns in all panels. C) Double immunofluorescence of α-SMA (green) and 
S100A4 (red) in NO and O kidneys from H-ras+/+ and H-ras-/- mice.  
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Figure 3: Effects of deficiency of H-Ras in myofibroblast activation and EMT after UUO. α-
SMA (panel A), vimentin (panel B) and S100A4 (panel C) levels were evaluated by Western 
blot, whereas Snail and Slug expression (panel D) was analyzed by RT-PCR in non-obstructed 
(NO) and obstructed (O) kidneys from H-ras+/+ and H-ras-/- mice. In the western blot 
experiments, in the upper part of this figure, a characteristic western blot is shown, whereas in 
the lower part data represent the average ± SEM of the optical density. #P < 0,01 vs 
corresponding NO kidneys. *p < 0,05 vs O kidneys from H-ras+/+ mice. □ H-ras+/+ mice ■ H-
ras-/- mice. The RT-PCR analysis is representative of 4 independent experiments. 
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Figure 4: Effects of deficiency of H-Ras in Ras, ERK and Akt activation after UUO. A) Ras 
activation in non-obstructed (NO) and obstructed (O) kidneys of H-ras+/+and H-ras-/- mice. H-
RasGTP levels were determined by ELISA. Data represent the average ± SEM of relative light 
units. #p < 0,01 vs corresponding NO kidneys. *p < 0,05 vs NO and O kidneys from H-ras+/+ 
mice. □ H-ras+/+ mice ■ H-ras-/- mice.  B) Representative images of western blot analysis of 
ERK activation, Akt activation and GSK3β activation in NO and O kidneys from H-ras+/+and 
H-ras-/- mice.   
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Figure 5:  Inmunostaining for pERK, pAkt and pGSK-3β. Representative staining in the cortex 
of non-obstructed (NO) and obstructed (O) kidneys of H-ras+/+and H-ras-/- mice 15 days after 
UUO. Scale bar indicates 100 microns in all panels. 

 



Resultados y Discusión 
 

245 
 

 

 

 

Figure 6: Effects of deficiency of H-Ras in proliferation after UUO. A) Representative staining 
of Ki-67 in non-obstructed (NO) and obstructed (O) kidneys from H-ras+/+and H-ras-/- mice 15 
days after UUO. B) Number of Ki-67 positive of interstitial and tubular cells in NO and O 
kidneys from H-ras+/+and H-ras-/- mice 15 days after UUO. #p < 0,01 vs corresponding NO 
kidneys.  *p < 0,01 vs O kidney from H-ras+/+ mice. 

 



Resultados y Discusión 
 
 

246 
 

 

Figure 7:  Effects of the absence of H-Ras isoform on extracellular matrix synthesis and EMT 
markers expression on embrionary fibroblasts. A) Effect of TGF-β1 treatment (1 ng/ml) on A) 
fibronectin expression, B) collagen type I expression, C) α-smooth muscle actin expression, D) 
vimentin expression, E) phospho-ERK / total ERK expression, F) phospho-Akt / total Akt 
expression, evaluated by western blot in H-ras+/+ and H-ras-/- fibroblasts. Upper panels show a 
representative blot from 8 different experiments, performed in similar conditions. Histograms 
represent the mean + SEM of the optical density of the bands, expressed as % over basal values 
(H-ras+/+ fibroblasts with outh TFG-β1, 100 %); ERK1/2 expression was used as loading 
control in A-F. *p < 0.01 vs. H-ras+/+ fibroblasts in basal conditions; +p < 0.05 vs H-ras-/- 
fibroblasts in basal conditions. □ H-ras+/+ fibroblasts ■ H-ras-/- fibroblasts. 
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Figure 8:  Effects of the absence of H-Ras isoform on cell proliferation, cell migration and 
apoptosis on embrionary fibroblasts. A) Effect of TGF-β1 treatment on cell proliferation in H-
ras+/+ and H-ras-/- fibroblasts evaluated by Ki67 immunostaining (and by crystal violet staining) 
Upper panel shows representative pictures of 8-16 experiments, histogram represents the mean 
+ SEM, expressed as % of Ki67 stained cells / Hoechst stained cells over basal values (H-ras+/+  
and H-ras-/- fibroblasts in 0% FCS, 100 %). *p < 0.01 vs. H-ras+/+ fibroblasts in basal 
conditions; +p < 0.05 vs. H-ras-/- fibroblasts in basal conditions; #p < 0.01 vs. H-ras+/+ 
fibroblasts treated TGF-β1  B) Percentage of WT and H-ras-/- fibroblasts in each phase of cell 
cycle evaluated by flow citometry.*: p < 0.01 vs. H-ras+/+ fibroblasts C) Effect of TGF-β1 
treatment on cell proliferation in H-ras+/+ and H-ras-/- fibroblasts evaluated by crystal violet 
staining. Histogram represents the mean + SEM of 80 (H-ras+/+) and 14 experiments (H-ras-/-), 
performed in triplicate, expressed as % over basal values (WT fibroblasts in 0% FCS, 100 %). 
*p < 0.01 vs. H-ras+/+ fibroblasts in basal conditions; +p < 0.05 vs. H-ras-/- fibroblasts in basal 
conditions; #p < 0.01 vs. H-ras+/+ fibroblasts treated with TGF-β1. D) H-ras+/+ and H-ras-/- 
migration evaluated by the analysis of migration through trans-wells. Histogram  represents the 
mean + SEM of 3 experiments quantifying the number of crystal violet stained cells that go 
through the migration chamber in absorbance units. *p < 0.01 vs. H-ras+/+ fibroblasts  after 12 
h. #p < 0.01 vs. H-ras+/+ fibroblasts after 24 h .  E) H-ras+/+ and H-ras-/- fibroblasts  migration 
evaluated by the analysis of wounds half-closure time.  Lines in the micrographs represent the 
migration front after wound. Histogram represents the time in hours needed to close half of the 
wound expressed as mean + SEM of 18 experiments. *: p < 0.01 vs. H-ras+/+ fibroblasts. □ H-
ras+/+ fibroblasts ■ H-ras-/- fibroblasts.   
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Abstract 

 Ras proteins are membrane-associated molecular switches which regulate cell 

growth, differentiation, proliferation and apoptosis through interactions with a large 

number of target proteins, such as phosphatidylinositol-3 kinase (PI3K)/Akt and 

Raf/Erk signalling pathways. K-ras, the only Ras isoform to be essential for normal 

mouse development as K-ras deficiency embryos die before birth, has been reported to 

play a role in stimulated proliferation of renal fibroblasts. The aim of the study is to 

reveal the possible role of K-ras isoform in renal changes induced by unilateral ureteral 

obstruction in mice. For this purpose we have used mice heterozygous for a null 

mutation of the K-ras gene (K-ras+/-). Studies were performed after 3 and 15 days of 

ureteral obstruction to analyze early and long-term changes. K-ras+/- mice showed a 

higher UUO-induced H-Ras activation although no differences were observed Erk1/2 

and Akt activation. After UUO, vimentin expression was lower in obstructed kidneys 

from K-ras+/- than in kidneys from K-ras+/- mice, whereas no differences were observed 

in α-SMA expression. K-ras+/- mice showed also a lower expression of cleaved caspase-

3 and PARP, markers of cell apoptosis, and a lower expression of PCNA, marker of cell 

proliferation. These results suggest that K-ras activation plays a major role in UUO-

induced apoptosis and proliferation and regulates vimentin expression. 
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Introduction 

  Interstitial renal fibrosis is the common pathologic end point of progressive forms 

kidney diseases, including obstructive nephropathy. The identification of mediators that 

are involved in this process could lead to novel therapeutic approaches Unilateral 

ureteral obstruction (UUO) in mice is a well-established experimental model of 

obstructive nephropathy whose most prominent changes include progressive 

accumulation of extracellular matrix, interstitial cell infiltration, tubular cell apoptosis, 

epithelial-to-mesenchymal transition and local proliferation and accumulation of 

myofibroblasts (1, 2).  

 Ras proteins are membrane-associated molecular switches which regulate cell 

growth, differentiation, proliferation and apoptosis (3) through interactions with a large 

number of target proteins, such as phosphatidylinositol 3-kinase (PI3K) and 

Ras/Raf/MEK-extracellular signal-regulated kinase (ERK1 and ERK2) (4). The three 

functional ras genes, H-ras, K-ras and N-ras show a very similar structure and function 

although there are several differences between the mammalian ras isoforms (4). K-ras 

gene encodes two protein isoforms, K-ras4A and K-ras4B, of 189 and 188 residues 

respectively by alternative splicing and differs significantly at the C termini which is the 

region involved in membrane association. Whereas K-ras4A, like H-ras and N-ras, is 

palmitoylated at cysteine residues, K-ras4B is methylated because has a polybasic 

domain of six lysine residues which impede the palmitoylation (5). These variations 

results in that different Ras isoforms have different traffic ways to the plasma 

membrane via different routes and different localization to distint plasma microdomains 

which influences Ras function (6).  

 Targeted deletion of ras family genes in mice demonstrates that only K-ras appears 

to be critical for normal mouse development, based on the observation that K-ras 

deficient embryos die between day 12 and term due to fetal liver defects, ventricular 

walls extremely thin, anemia and increased cell death of motoneurons (7, 8).  In contrast 

H-ras and N-ras are dispensable for development both individually or in combination (9, 

10). K-ras4A deficient mice revealed that K-ras4A is also dispensable for normal mouse 

development, at least in the presence of functional K-ras4B (11).   

 Ras proteins have been related to be involved in development of renal fibrosis (12). 

Previously, we demonstrated the activation of ras and its effectors PI3K and ERK1/2 
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after 3 days of UUO (13, 14).  H-ras and N-ras activation have been reported to regulate 

extracellular matrix synthesis and proliferation in fibroblasts (15), and K-ras activation 

plays a role in stimulated proliferation of renal fibroblasts (16). However, the 

involvement of the different ras isoforms activation on changes in the kidney after UUO 

has not been studied. The purpose of our study was to assess the role of K-ras activation 

in the renal damage induced by UUO.  

Material and Methods  

Animals and disease model  

 All procedures were approved by the Committee for Animal Care and Use of the 

University of Salamanca and complied with the Guide for the Care and Use of 

Laboratory Animals (17). Generation of K-ras+/- mice on a C57BL/6 background was 

previously described (7). Animals appeared healthy and normal with no signs of any 

apparent associated lesions. The growth rates of these animals were indistinguishable 

from those of wild-type (WT) animals, and mutant mice reproduced normally. Routine 

genotyping of DNA isolated from mouse tail biopsies were performed by PCR using 

two sets of primers amplifying a 360-bp wild-type fragment for the K-ras+/+ mice and a 

270-bp mutant specific fragment (Figure 1) as previously described (7). Studies were 

performed in 8 weeks old male mice. Groups of K-ras wild-type (K-ras+/+) and 

heteozygous K-ras (K-ras+/-) mice, were subjected to UUO has been performed as 

previously described (14).  

 After 3 or 15 days after surgery, animals intended to histological analysis were 

anesthetized with pentobarbital (40mg/Kg) and perfused with heparinized saline 

solution followed by 4% buffered formalin. Obstructed (O) and non-obstructed (NO) 

kidneys were removed, halved longitudinally, fixed for 24 hours in 4% buffered 

formalin and then embedded in paraffin. Sections 3 µm thick were cut and mounted on 

glass slides that were used either for hematoxylin-eosin staining or 

immunohistochemistry. Kidneys destined for protein extraction were obtained in 

another set of animals after anesthesia and perfusion with heparinized saline solution. 

Kidneys were removed and frozen immediately in liquid nitrogen and stored at -80ºC 

until use. 

 



Resultados y Discusión 
 

255 
 

Immunohistochemical studies 

 Immunohistochemistry was performed on buffered formalin fixed, paraffin-

embedded tissues. Briefly, 3 µm sections were deparaffined in xylene and rehydrated in 

graded ethanols before staining with the peroxidase-anti peroxidase method. 

Endogenous peroxidase was blocked by incubation in 3% hydrogen peroxide, followed 

by primary antibody incubation. Primary antibodies were rabbit monoclonal anti-Ki67 

(clona SP6, LabVision Corp. Ca. USA, 1:100 dilution), rabbit polyclonal anti-caspase_3 

(Cell Signaling Technology, Ma. USA, 1:50 dilution). Following washes in PBS, the 

sections were sequentially incubated with the Novolink Polymer Detection System 

(Novocastra, MA, USA) using 3,3'diaminobenzidine (DAB) as chromogen. Sections 

were lightly counterstained with haematoxylin and were dehydrated and cover slipped. 

Negative controls were prepared without primary antibody.  

ELISA for Ras GTP 

 Total kidneys lysates (50µg) were employed for the detection of RasGTP. RasGTP 

levels were determined by an ultra sensitive commercial ELISA kit (Active Motif, 

RasGTPase Chemi ELISA, Rixensart, Belgium) according to the manufacturer's 

instruction. 

Western blot analysis 

 Tissue protein extracts were homogenized in lysis buffer (25mM HEPES pH7,5, 

150mM NaCl,  1% Igepal CA-630, 10mM MgCl2,  1mM EDTA, 10% glycerol, 

10µg/mL aprotinin,  10µg/mL  leupeptin, 100mM PMSF, 25mM NaF, 1mM Na3VO4) 

and centrifuged at 14,000g for 30 min. Supernatant was recovered and proteins were 

quantified. Lysates (60 µg/lane) were loaded onto SDS-polyacrylamide gels, and the 

proteins were transferred to nitrocellulose membranes (Bio-Rad) by electroblotting. 

Membranes blocked in TTBS (10mM Tris pH 7.5, 150mM NaCl, 0.1% Tween 20 plus 

2% bovine serum albumin) were incubated overnight at 4ºC with correspondent primary 

antibody, as appropriate. Membranes were incubated with corresponding horseradish 

peroxidase-conjugated secondary antibody (1:10,000) and were developed using a 

chemiluminescent reagent (ECL detection reagent Amersham Biosciences). Developed 

signals were recorded on X-ray film (Fujifilm) for densitometric analysis (Scion 

Image). Western blot antibodies were:  anti-ERK1 (1:2000), anti-phospho-ERK 
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(1:2000), anti-phospho-Akt (1:1000), anti-Akt1/2 (1:1000), all from Santa Cruz 

Biotechnology, Santa Cruz, Ca, USA, anti-fibronectin (1:1000, Chemicon International, 

USA) and anti-alpha-SMA (1:1000, Sigma, St. Louis, USA) and anti cleaved caspase-3 

(1:500) from Cell Signalling Inc, Danvers, MA, USA. 

Results 

Renal Ras activation in non-obstructed and obstructed kidneys 

 Renal Ras activation was analyzed by Ras GTPase Chemi ELISA which 

specifically detects activated H-ras in rodent samples. H-Ras activation was higher in O 

kidneys compared NO kidneys in K-ras+/+ mice both after 3 and 15 days of UUO 

(Figure 2A). After 3 days of obstruction, H-ras activation was higher in kidneys from K-

ras+/- mice in both NO and O kidneys compared with those from K-ras+/+ mice. The 

same pattern was observed after 15 days of obstruction, as both NO and O kidneys from 

K-ras+/- mice showed a higher content in activated H-ras compared respectively with 

NO and O kidneys from K-ras+/+ mice. 

 To asses possible different expression of three Ras isoforms in early changes after 

UUO, in K-ras-deficient mice, western blot analysis of Ras isoforms was performed in 

O and NO kidneys from K-ras+/+ and K-ras+/- mice after 3 days of UUO (Figure 2B). 

PanRasGTP levels were higher in O kidneys than in NO kidneys in both K-ras+/+ and       

K-ras+/- mice, but PanRas total expression was similar in O kidneys and NO kidneys 

from both groups. The pattern of expression of the different Ras isoforms were 

divergent, whereas total H-ras did not show differences between NO and O kidneys, 

total N- and K-ras expression were slightly increased in O kidneys compared with NO 

kidneys in both K-ras+/- and K-ras+/+ (Figure 2B). Expression of the three activated 

GTP-bound Ras isoforms were always higher in O kidneys than in NO kidneys 

independently of the mice type, although K-RasGTP and total K-ras levels were lower 

in  both O and NO kidneys from   K-ras+/- mice compared with O and NO kidneys from 

K-ras+/+ mice.  

Activation of the MAPK and PI3K in ureteral obstruction  

 To determine whether deficiency in K-ras modifies the activation of ras pathways 

after UUO, Erk1/2 and Akt activation  were compared in O and NO kidneys from K-

ras+/-, and K-ras+/+ mice at 3 and 15 days after UUO. 
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 When analyzing ERK activation in O and NO kidneys after ureteral obstruction, we 

observed that phosphorylated ERK (pERK) levels were higher in O than in NO kidneys 

both at day 3 and 15 after UUO in either K-ras+/- and K-ras+/+ mice. When O kidneys 

from K-ras+/- mice were compared with O kidneys from wild-type littermates, no 

differences in pERK levels were observed neither 3 days (Figure 3A) nor 15 days 

(Figure 3A), after UUO.    

Akt activation was also assessed after ureteral obstruction. We observed that levels 

of phosphorylated Akt, pAkt, were higher in O kidneys than in NO kidneys in both K-

ras+/+ and K-ras+/- mice. This pattern was similar after 3 and 15 days after UUO (Figure 

3B), and no differences were observed between O kidneys from K-Ras+/- and K-Ras+/+ 

mice (Figure 3B). UUO also induced an increased Akt expression in O kidneys 

compared with NO kidneys. This fact was observed in both K-ras+/+ and K-ras+/- mice, 

both 3 and 15 days after ureteral obstruction (Figure 3C).  

Extracellular matrix accumulation after ureteral obstruction 

 To asses if K-ras activation plays a role in the extracellular matrix accumulation 

induced by UUO, we analyzed collagen expression with syrius red staining and 

fibronectin and collagen I expression by western blot analysis in the O and NO kidneys 

from K-ras+/- and K-ras+/+ mice after 3 and 15 days of UUO. Syrius red studies showed 

a lack of interstitial fibrosis in NO kidneys from both groups. However, O kidneys from 

both groups revealed focal interstitial fibrosis 3 days after OUU, and a marked and 

diffused interstitial fibrosis 15 days after ligation (Figure 4), without differences 

between K-ras+/- and K-ras+/+ mice (Figure 4). As it was expected, fibronectin and 

collagen I expression were higher in O kidneys compared with NO kidneys in samples 

from all groups of mice. Partial deficiency of K-ras (K-ras+/-) did not affect to UUO-

induced expression of fibronectin (Figure 5A) and collagen I (Figure 5B) in the O 

kidney neither after 3 days nor after 15 days of UUO.  

Activation of fibroblasts after UUO 

 Abundance of renal interstitial myofibroblasts was assessed by the expression of α-

SMA and vimentin. Both proteins expression were analyzed by western blot in O and 

NO kidneys from K-ras+/- and K-ras+/+ mice. 

 The expression of both α-SMA (Figure 6A) and vimentin (Figure 6B) were higher 

in O kidneys than in NO kidneys from K-ras+/+ mice, after 3 and 15 days of obstruction. 
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α-SMA UUO-induced expression were similar in O kidneys of K-ras+/- and K-ras+/+ 

mice after either 3 days or 15 days of obstruction (Figure 6A). After 3 days of UUO, no 

differences in vimentin UUO-induced expression were observed between O kidneys 

from K-ras+/- mice and O kidneys from K-ras+/+ mice (Figure 6B). After 15 days of 

obstruction, increase in vimentin expression was lower in O kidneys from K-ras+/- than 

in O kidneys from K-ras+/+ mice (Figure 6B).  

Proliferation and apoptosis after UUO 

 Cleaved caspase-3 expression, assessed by western blot, was higher in O than in 

NO kidneys 3 and 15 days after UUO in both types of mice (Figure 7). O kidneys from 

K-ras+/- mice showed lower cleaved caspase-3 expression than O kidneys from K-ras+/+ 

mice both 3 days and 15 days after UUO (Figure 7A). Also immunohistochemistry of 

cleaved caspase-3 revealed major expression in O kidneys than in NO kidneys and also 

diminished caspase-3 expression in O kidneys from K-ras+/- after 15 days of UUO 

(Figure 8). These results were corroborated by the amount of poly-ADP-ribose 

polymerase (PARP), a substrate of active caspases which is cleaved from the full-length 

intact form of 116kDa into 85 kDa form during apoptosis. In O kidneys both full-length 

and cleaved PARP expression was significantly higher than in NO kidneys (Figure 7B). 

Cleaved PARP expression was lower in O kidneys from K-Ras+/- mice compared with O 

kidney from K-Ras+/+ mice on days 3 and 15 after UUO (Figure 7B).  

 PCNA and Ki67 expression are well known proliferation markers. UUO-induced a 

markedly increase in PCNA expression in O kidneys compared with NO kidneys 

(Figure 9A). O kidneys from K-ras+/- mice showed a lower PCNA expression, analyzed 

by western blot, compared with O kidneys from K-ras+/+ mice, either after 3 and 15 days 

of UUO (Figure 9A). Ki67 immunohistochemistry studies also revealed increased cell 

proliferation in O kidneys compared with NO kidneys. Ki-67 stained nuclei were lower 

in O kidneys from K-ras+/- mice than in O kidneys from K-ras+/+ mice (Figure 9B).    

Discussion 

 Previous studies have involved Ras activation on renal fibrosis (12, 13). We have 

previously demonstrated that Ras and its effectors Erk1/2 and Akt were activated after 

ureteral obstruction in mice (14). Furthermore, inhibition of Erk1/2 or Akt activation 

prevented in a differential form some of the early changes observed in the obstructed 

kidney after UUO (14). As different actions have been assigned to the different Ras 
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isoforms, in the present study we aimed to analyze the role of K-ras activation in the 

changes observed after UUO.  

 K-ras expression has been assessed in normal human kidney. Ki-ras was expressed 

in mesangial cells, interstitial cells and in proximal convoluted tubule cells (PCT) 

(particularly localized at brush borders) and in collecting duct cells (CD) (localized to 

cell membranes) but not in podocytes (18). Primate renal fibroblasts have been reported 

to predominantly express the Ki isoform of Ras. Our results show K-ras activation 

induced by UUO in control mice and, as it was expected, a lower expression of both 

activated and total K-ras in kidneys from K-ras+/- mice after UUO.  

 The partial deficiency in K-ras did not produced differences in the activation of Ras 

effectors, ERK and Akt. This fact can be explained by the fact that Ras isoforms can 

differentially activate Akt and ERK because the differences in the mechanisms of 

membrane attachment of the Ras isoforms (19, 20). 

 Tubulointerstitial fibrosis is characterized by accumulation of components of 

extracellular matrix in the interstitial space (21, 22). No differences in the expression of 

fibronectin and type I collagen were observed in kidneys from K-ras+/- mice compared 

with kidneys from K-ras+/+ mice after 3 and 15 days of ureteral obstruction, thus 

suggesting that K-ras activation does not play a major role in the accumulation of 

interstitial extracellular matrix proteins. The most important cells producers of 

extracellular matrix after UUO are activated fibroblasts or myofibroblasts which can 

derive from local resident fibroblasts, bone marrow derived cells and tubular epithelial 

cells (23). α-SMA and vimentin are frequently used as activated fibroblasts. α-SMA 

expression in the O kidney was the same in K-ras+/- mice and K-ras+/+ mice either 3 or 

15 days after UUO, but unexpectedly, vimentin expression was lower on day 15 after 

UUO in O kidneys of K-ras+/- mice compared with  O kidneys in K-ras+/+ mice. K-ras 

has been reported to be a potent activator of the Rac pathway, more than H-ras (20), and 

activation of Rac pathway promotes vimentin activation and reorganization (24). 

Possibly, lower K-ras activation in O kidneys from K-ras+/- mice results in lower Rac 

activation and consequently a diminished vimentin reorganization and expression, 

whereas α-SMA expression seems to be regulated through a different pathway. 

However, further studies are needed to elucidate the precise role of K-Ras in regulating 

vimentin expression.  
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 Ureteral obstruction has been reported to induce apoptosis of both tubular and 

interstitial cells in the obstructed kidneys. This is accompanied with increased caspase 

activation (25). Cleaved caspase-3 leads to burst of PARP, which is required for 

apoptosis (26). We have also observed higher expression of both cleaved caspase-3 and 

cleaved PARP in O kidneys than in NO kidneys both on days 3 and 15 after UUO. O 

kidneys from K-ras+/- mice showed less cleaved caspase-3 and cleaved PARP 

abundance compared with O kidneys from WT mice. Several studies have proposed    

K-ras as promoter of apoptosis (27, 28). Our results suggest K-ras activation is involved 

in obstruction-induced apoptosis as partial deficiency of K-ras is associated to lower 

caspase-3 activation and cleavage of PARP in the obstructed kidney, and therefore, 

lower tubular atrophy as apoptosis has been considered the major cause of UUO-

induced tubular atrophy (29).  

 Ureteral obstruction induced interstitial and tubular epithelial cell proliferation 

which continuous increases with time and approximately parallel the increase in the 

interstitial damage (29). Our results also show higher levels of PCNA expression in O 

kidneys compared with NO kidneys. Previous results have reported that K-ras isoform 

activation plays a role in the stimulated proliferation of primate renal fibroblasts, as 

inhibition of K-ras through using transfection with specific phosphorothioate 

oligodeoxynucleotides inhibited EGF- and FGF-induced proliferation (16). This result 

is in agreement with our result that O kidneys from K-ras+/- mice had lower levels of 

cell proliferation, measured by PCNA expression, than O kidneys from K-ras+/+ mice. 

Thus K-ras activation seems to modulate UUO-induced proliferation in the obstructive 

nephropathy.  

 In conclusion, our results suggest that K-ras activation plays a major role in early 

and long term apoptosis and proliferation induced by UUO in mice. Also K-ras 

activation seems to be involved in increased vimentin expression in the obstructed 

kidneys. This study should provide the impetus for further exploration on the role of K-

ras isoform on the mechanisms of cell death and cell proliferation associated to UUO. 
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Figure 1. Routine genotyping of mice by PCR analysis.  Tail biopsies from K-ras+/+ 

mice amplified a 360-bp fragment and tail biopsies from K-ras+/- mice amplified a 
270-bp mutant specific fragment.  

 

 

 

Figure 2. Activation of Ras isoforms after UUO. A) H-ras activation determined by 
ELISA 3 days (left) and 15 days (right) after UUO. Data represent the average ± SEM 
of the relative light units. # p < 0,05 vs NO kidneys. *p < 0,05 vs K-ras+/+ B) H, N, K 
and Pan-Ras activation (left) and total expression (right) in NO and O kidneys from K-
Ras+/+  and K-Ras+/- mice analyzed by western blot.  
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Figure 3. Activation of Ras effectors after UUO. A) ERK activation, B) phospho-Akt 
expression and C) total Akt expression in NO and O kidneys from K-ras+/+  and K-ras+/- mice 3 
days (left) and 15 days (right) after UUO. All proteins were evaluated by western blot. Data 
represent the average ± SEM of the optical density. # P < 0,01 vs corresponding NO kidneys. 
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Figura 4. Syrius red staining. Syrius red staining of NO and O kidneys from K-ras+/+ and      
K-ras+/- mice after 3 and 15 days of UUO. Scale bar indicates 50 microns in all panels.   
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Figure 5. Extracellular matrix deposition markers after UUO. Western blot analysis of A) 
fibronectin and B) type I collagen levels in NO and O kidneys from K-ras+/+  and K-ras+/- mice 3 
days (left) and 15 days (right) after UUO. Data represent the average ± SEM of the optical 
density. # P < 0,01 vs corresponding NO kidneys.   
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Figure 6. Markers of myofibroblasts after UUO. Western blot analysis of A) α-SMA and B) 
vimentin levels in NO and O kidneys from K-ras+/+  and K-ras+/- mice 3 days (left) and 15 days 
(right) after UUO. Data represent the average ± SEM of the optical density. # P < 0,01 vs 
corresponding NO kidneys.   
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Figure 7. Apoptosis markers expression after UUO.  Western blot analysis of A) cleaved 
caspase-3 and B) PARP levels in NO and O kidneys from K-ras+/+  and K-ras+/- mice 3 days 
(left) and 15 days (right) after UUO. Data represent the average ± SEM of the optical density. # 
P < 0,01 vs corresponding NO kidneys.   
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Figure 8. Immunohistochemistry for cleaved caspase 3. Inmunohistochemistry for cleaved 
caspase 3 in NO and O kidneys from K-ras+/+ and K-ras+/- mice after 3 and 15 days of UUO. 
Scale bar indicates 20 microns in all panels.   
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Figure 9. Markers of proliferation after UUO. A) Western blot analysis of PCNA expression 
in NO and O kidneys from K-ras+/+ and K-ras+/- mice 3 days (left) and 15 days (right) after 
UUO.B) Inmunohistochemistry for Ki67 in NO and O kidneys from K-ras+/+ and K-ras+/- mice 
after 3 and 15 days of UUO. Scale bar indicates 50 microns in all panels.   
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RESUMEN 

Las proteínas de la familia Ras regulan numerosos procesos celulares como la 

migración, deposición de matriz extracelular, apoptosis y proliferación celular, pasos 

clave en el desarrollo de la fibrosis tubulointersticial inducida por la obstrucción ureteral 

unilateral (OUU). Las proteínas Ras, aunque presentan un elevado grado de homología, 

parecen tener distintas funciones. El objetivo de este trabajo es conocer el posible papel 

de la isoforma K-Ras4A en los procesos que conllevan a la pérdida de función renal en 

la OUU.  

Métodos: El estudio se llevó a cabo en ratones deficientes en K-Ras4A (K-Ras4A-/-), 

parcialmente deficientes en K-Ras4A (K-Ras4A+/-) y en ratones control (K-Ras4A+/+). 

Los ratones fueron sometidos a OUU. Los riñones obstruidos y sus respectivos 

contralaterales no obstruidos fueron recogidos en el día 3 y 15 después de la OUU. La 

activación de Ras y de sus efectores, la expresión de marcadores de matriz extracelular 

(fibronectina y colágeno tipo I), de miofibroblastos (α-SMA y vimentina), de apoptosis 

(caspasa 3) y de proliferación (PCNA), mediante western blot. Además la activación de 

Ras se determinó también por ELISA, y la expresión de también por ELISA, y la 

expresión de alfa actina de músculo liso, fibronectina, caspasa 3 y Ki67 mediante 

inmunohistoquímica. Igualmente, se realizó un estudio histológico para detectar las 

lesiones renales y la fibrosis con hematoxilina-eosina, tricrómico de Masson y rojo 

sirio.    

Resultados: La falta de K-Ras4A se asocia a un aumento en la activación de ERK, un 

aumento temprano en la expresión de marcadores de miofibroblastos y un aumento en la 

apoptosis y en la proliferación intersticial, y una disminución de la proliferación tubular  

observada después de la OUU.   

Conclusión: K-Ras4A regula la acumulación de miofibroblastos, la apoptosis y la 

proliferación celular en un modelo de OUU en ratones. 

 

Palabras clave: Obstrucción ureteral, K-Ras4A, miofibroblastos, apoptosis, 
proliferación. 
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SUMMARY 

Ras proteins family modulate numerous cellular processes such as cell migration, 

extracellular matrix accumulation, cell apoptosis and proliferation. All of them are key 

stages in the development of tubulointerstitial fibrosis induced by unilateral ureteral 

obstruction (UUO). Although Ras proteins show a high degree of homology, they are 

supposed to have different functions. The aim of this study is to reveal the role of the K-

Ras4A isoform in the stages that culminate with the loss of renal function in the UUO 

model.  

Methods: This study was performed in deficient mice for K-Ras4A (K-Ras4A-/-), partly 

deficient mice for K-Ras4A (K-Ras4A+/-) and in control mice (K-Ras4A+/+). Mice were 

subjected to UUO and kidneys were removed on days 3 and 15 after UUO. Ras and its 

effectors activation, extracellular matrix deposition (fibronectin and type I collagen), 

myofibroblasts (α-SMA and vimentin), apoptotic (caspase 3) and proliferation (PCNA) 

markers were analyzed by western blot. Ras activation was also analyzed by ELISA and 

expression of alpha smooth mucle actin, fibronectin, caspase 3 and Ki67 were analyzed 

by immunohistochemistry. To detect kidney alterations and fibrosis, a histology study 

was performed with hematoxilyn-eosin, Masson’s trichrome and siryus red. 

Results: K-Ras4A deficiency showed increased ERK activation, increased expression of 

myofibroblasts markers and increased apoptosis and interstitial proliferation whereas 

decreased tubular proliferation observed after UUO.   

Conclusion: K-Ras4A modulates myofibroblasts accumulation, apoptosis and 

proliferation after UUO in mice.   

     

 

Key words: Ureteral obstruction, K-Ras4A, myofibroblast, apoptosis, proliferation. 
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INTRODUCCIÓN 

 La obstrucción de las vías urinarias produce una acumulación de orina en los 

uréteres y en la pelvis renal (hidronefrosis) y alteraciones de la función renal y de la 

estructura renal que no se revierten completamente tras la resolución de la obstrucción 

si ésta dura un tiempo suficiente. La obstrucción ureteral unilateral (OUU) consiste en 

una obstrucción aguda y completa del uréter que mimetiza de forma acelerada los 

diferentes estados de la nefropatía obstructiva dando lugar a fibrosis tubulointersticial1. 

Este es el modelo experimental más utilizado para estudiar los mecanismos de daño en 

la nefropatía obstructiva2. 

En la patogénesis del daño renal están involucrados procesos de migración 

celular, deposición de matriz extracelular, apoptosis y proliferación celular y estos 

procesos están regulados por numerosas citocinas, factores de crecimiento e integrinas 

que se activan o aumentan en respuesta al daño uniéndose a sus correspondientes 

receptores de membrana con actividad tirosina kinasa, acopladas a proteínas G y de 

integrinas para producir sus efectos a través de una serie de efectores. La pequeña 

GTPasa Ras puede constituir un punto convergente en la transducción de señales 

extracelulares inducidas por el daño renal, desde los receptores hasta el núcleo, como la 

cascada Raf-MAPK (mitogen-activated proteín kinase) que termina en la activación de 

ERK1/2 (extracellular signal regulated kinases 1 and 2) y la vía PI3K-Akt 

(phosphatidylinositol-3-kinasa). Trabajos previos de nuestro laboratorio han observado 

múltiples relaciones entre activación de la pequeña GTPasa Ras y la fibrosis renal3-6.   

En humanos existen 3 genes de Ras con estructura y funciones parecidas: N-Ras, 

H-Ras y K-Ras  y sus homólogos en ratón respectivamente, Hras1, Kras2, y Nras. 

Aunque la falta de N-Ras y H-Ras no modifique el desarrollo normal del ratón, la 

deficiencia en el gen K-Ras es letal, ya que se produce la muerte del ratón en el estado 

embrionario7-9. El gen K-Ras da lugar a dos proteínas diferentes: K-Ras4A y K-Ras4B. 

La deficiencia en la producción de la proteína K-Ras4A tampoco afecta al desarrollo 

normal del ratón, al menos en presencia de K-Ras4B10.   

 Se sabe que las distintas isoformas de Ras tienen funciones diferentes. De esta 

manera se conoce que las isoformas H-ras y N-ras regulan la síntesis de matriz 

extracelular y la proliferación en fibroblastos3 y que K-ras juega un papel en la 

proliferación de los fibroblastos renales11. Se ha descrito que tanto Ras como sus 
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efectores Erk1/2 y Akt, están activados en un modelo experimental de obstrucción 

ureteral en ratones6. Sin embargo, aún se desconoce el papel de las distintas isoformas 

de Ras en los cambios renales producidos por la obstrucción ureteral. El objetivo de 

nuestro trabajo fue conocer el posible papel de K-Ras4A en la acumulación de matriz 

extracelular, la proliferación, apoptosis y aparición de miofibroblastos tras la OUU.  

MATERIALES Y MÉTODOS 

Animales y técnica quirúrgica 

Este estudio se llevó a cabo en ratones deficientes en K-Ras4A (K-Ras4A-/-), en 

ratones haploinsuficientes (K-Ras4A+/-) y en ratones control (K-Ras4A+/+). Todos los 

procedimientos fueron aprobados por el Comité Ético de Experimentación Animal de la 

Universidad de Salamanca de acuerdo a la Guía para el Cuidado y Uso de los Animales 

de Laboratorio12. 

La producción de los ratones deficientes en K-Ras4A se ha descrito 

previamente10. El análisis rutinario de genotipado de ratones se realiza en biopsias de 

cola mediante PCR. La presencia del alelo del gen deleccionado K-ras tmdelta4A se 

comprueba con los primers NB1 (GCC TGA AGA ACG AGA TCA GC) y el  Int4AR1                  

(TCC CAA GTT CAC ACT AGA GTC) que generan un fragmento de 450 pb. Los  

primers Int3F (AGC TCA TGT TTT AAC GCT GC) y Px4AA (TCA CAC AGC CAG 

GAG TCT TTT CTT C) localizados en el exón 4A generan un fragmento de 290 bp que 

corresponde al gen intacto. Los fragmentos amplificados se analizan mediante 

electroforesis en gel de agarosa 2% (Figura 1). 

La OUU se llevó a cabo en ratones anestesiados vía intraperitoneal (Ketamina 

78mg/Kg, Diazepam 6mg/kg, Atropina 0,15mg/kg disuelto en cloruro sódico 0,9%). 

Una vez anestesiados, se abre el abdomen mediante una incisión media, se localiza el 

uréter izquierdo y se realiza una ligadura de doble nudo, con seda 6/0, en dos puntos 

separados 0,3 cm entre sí. Se cierra la incisión mediante sutura.  

 Todos los estudios se realizaron en ambos riñones, no obstruido (NO) y 

obstruido (O), a corto plazo, 3 días de obstrucción, y largo plazo, 15 días de 

obstrucción. Los grupos se distribuyeron de la siguiente forma: K-Ras4A+/+ (n=3), K-

Ras4A+/- (n=3) y K-Ras4A-/- (n=4) para determinación de expresión de proteínas 

mediante western blot, y K-Ras4A+/+ (n=3), K-Ras4A+/- (n=3) y K-Ras4A-/- (n=3) para 

estudios histológicos a los 3 días de obstrucción.  K-Ras4A+/+ (n=4), K-Ras4A+/- (n=4) y 
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K-Ras4A-/- (n=3) para determinación de expresión de proteínas mediante western blot, y 

K-Ras4A+/+ (n=3), K-Ras4A+/- (n=3) y K-Ras4A-/- (n=3) para estudios histológicos a los 

15 días de obstrucción.   

Análisis de expresión de proteínas 

Para los estudios histológicos se procedió a la perfusión del animal con 

formaldehído 3,7-4% tamponado a pH 7 y estabilizado con metanol. Una vez extraídos 

los riñones, se descapsularon y se cortaron sagitalmente. Tras 24 horas de fijación en 

formaldehido, las piezas fueron deshidratadas e incluidas en parafina, tras lo cual se 

realizaron los correspondientes bloques que se cortaron con un microtomo de parafina 

en secciones de 3 µm (5 µm para la técnica de rojo sirio) depositándolas en portaobjetos 

de cristal esmerilado. Las secciones así obtenidas, una vez desparafinadas, se tiñeron 

con las técnicas de hematoxilina-eosina, tricrómico de Masson y rojo sirio. Los estudios 

inmunohistoquímicos se realizaron sobre secciones de 3 µm que fueron desparafinadas 

y rehidratadas posteriormente. La peroxidasa endógena fue bloqueada mediante 

incubación en peróxido de hidrógeno al 3% en etanol. Los anticuerpos primarios fueron: 

Anti-fibronectina (clona 568, Biogenex, CA, USA. Dilución 1:50); Anti-Alfa actina de 

músculo liso (clona HHF35, Novocastra, MA, USA. Dilución 1:50); Anti-Caspasa 3 

(policlonal de conejo, (Cell Signaling Technology, Ma. USA. Dilución 1:50) y Anti-

Ki67 (clona MIB-1, Masterdiagnóstica, Granada, España. Dilución 1:100). El resto de 

la inmunohistoquímica se realizó mediante el sistema Novolink Polymer Detection 

System (Novocastra, MA, USA) utilizando diaminobencidina (DAB) como cromógeno. 

Para la determinación de expresión de proteínas mediante western blot se lisó el 

tejido renal en un tampón de lisis con el detergente Igepal CA-630 en presencia de 

diversos inhibidores de proteasas y metaloproteasas. Se cuantificó la cantidad de 

proteína, se realiza electroforesis, cargando 60 µg de proteína por carril, seguido de 

electrotransferencia a membranas de PVDF para procesarlas utilizando anticuerpos 

específicos para las proteínas a analizar. anti-ERK1 (1:2000,  Santa Cruz 

Biotechnology, Santa Cruz, Ca, USA), anti-fosfo-ERK (1:2000, Santa Cruz 

Biotechnology), anti-fosfo-Akt (1:1000, Santa Cruz Biotechnology), anti-Akt1/2 

(1:1000, Santa Cruz Biotechnology), anti-fibronectina (1:1000, Chemicon International, 

USA), anti-alpha-SMA (1:1000, Sigma, St. Louis, USA), anti-PCNA (1:1000, BD 

Transduction laboratorios, San José, CA, USA) y anti caspasa-3 activada  (1:500, Cell 

Signalling Inc, Danvers, MA, USA). Para el análisis de la expresión de RasGTP, 1000 
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µg de lisado se incubaron con 20 µg de Raf-1 RBD agarosa (Upstate biotechnology, 

Lake Placid, NY, USA) en agitación a 4ºC durante 30 min. A continuación se procede a 

la electroforesis seguida de electrotransferencia y se incuban con los anticuerpos 

correspondientes: anti-H-Ras (1:500), anti-N-Ras (1:500), anti-K-Ras (1:500) (Santa 

Cruz Biotechnology, Santa Cruz, Ca, USA) y anti-Ras (1:500, Upstate biotechnology, 

Lake Placid, NY, USA). Las membranas se revelaron con anticuerpo secundario 

acoplado a peroxidasa de rábano picante mediante quimioluminiscencia.  

Para la detección de los niveles de RasGTP activado se ha utilizado el kit 

comercial Active Motif, RasGTPase Chemi ELISA (Active Motif, RasGTPase Chemi 

ELISA, Rixensart, Belgium), siguiendo el protocolo detallado del kit ELISA 

suministrado por el vendedor.  

Análisis estadístico 

 El análisis estadístico de los datos se efectuó con el programa SPSS 12.0 para 

Windows. Los valores se expresan como la media ± error estándar de la media. Las 

diferencias entre las medias se han analizado mediante el análisis de la varianza 

(ANOVA), con comparaciones múltiples post hoc de Bonferroni. Se consideraron 

estadísticamente significativas las diferencias con una probabilidad de error tipo I 

inferior al 5%.  

 RESULTADOS 

Activación de las isoformas de Ras y de sus efectores tras la OUU 

En estudios previos hemos observado una activación de Ras y de sus efectores, 

MAPK/ERK y PI3K/Akt, tras la obstrucción ureteral6. En el presente estudio hemos 

analizado la activación de Ras y de las 3 isoformas de Ras a los 3 días de obstrucción en 

los riñones NO y O de ratones K-Ras4A-/-, KRas4A+/- y K-Ras4A+/+ (Figura 2A). La 

OUU produce un aumento de la expresión de las 3 isoformas activadas, N-RasGTP, H-

RasGTP y K-RasGTP, en los riñones O respecto a los riñones NO en todos los grupos 

de ratones, aunque la expresión de K-RasGTP es mucho menor en los riñones NO y O 

de los ratones KRas4A+/- y K-Ras4A-/- que en los ratones K-Ras4A+/+. La expresión de 

N-Ras y H-Ras total es igual en ambos riñones, NO y O, en todos los grupos de ratones, 

sin embargo la expresión de K-Ras total aumenta en los riñones O respecto a los NO, 

aunque la expresión de K-Ras total es menor en los ratones K-Ras4A-/- (Figura 2A). 

También medimos la activación de Ras mediante un ELISA que sólo reconoce la 
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isoforma H-Ras a los 3 y 15 días de obstrucción ureteral y observamos siempre un 

aumento de H-Ras activado (H-RasGTP) en los riñones O comparados con los riñones 

NO, sin observar diferencias significativas entre los grupos de ratones (Figura 2B).  

 Analizamos la activación de la ruta MAPK/ERK mediante el análisis de ERK 

activado (p-ERK) y ERK total en riñones NO y O después de 3 días y 15 días de OUU 

en ratones K-Ras4A-/-, KRas4A+/- y K-Ras4A+/+ (Figure 3A). Para analizar la activación 

de la ruta PI3K/Akt, medimos la expresión de Akt activado o fosforilado (p-Akt) y Akt 

total en los riñones NO y O después de 3 y 15 días de OUU en ratones K-Ras4A-/-, 

KRas4A+/- y K-Ras4A+/+ (Figure 3B y 3C). Como en estudios anteriores la obstrucción 

ureteral originó una activación de los efectores de Ras, pERK/ERK total, pAkt y Akt 

total en los riñones O comparados con los NO en los animales control así como en los 

ratones K-Ras4A-/- y KRas4A+/- tanto a los 3 días como a los 15 días de OUU (Figura 

3). También se observó que los ratones deficientes en K-Ras4A tienen mayor activación 

de ERK tras la OUU comparados con los ratones control K-Ras4A+/+ (Figura 3A). 

Alteraciones morfológicas  fibrosis tubulointersticial tras la OUU 

 A los tres días de la ligadura, los riñones NO de los animales de todos los grupos  

no tenían alteraciones histológicas aparentes. Sin embargo, en los riñones O se aprecian 

alteraciones debidas a la obstrucción ureteral. Los riñones O del grupo de animales K-

Ras4A+/+, la médula renal aparecía comprimida contra la corteza. En la corteza, de 

manera focal, se observaron numerosos túbulos dilatados con aplanamiento de células 

epiteliales tubulares. Igualmente, se aprecian numerosos cilindros hialinos 

intratubulares. En los animales pertenecientes a los grupos KRas4A+/-  y  K-Ras4A-/- se 

observaron las lesiones citadas para los ratone K-Ras4A+/+ pero la extensión de las 

mismas era mayor y se apreciaba un evidente infiltrado inflamatorio, fundamentalmente 

perivascular (Figura 4).    

 A los 15 días de la ligadura tampoco se apreciaron lesiones destacables en los 

riñones NO en ninguno de los grupos. En los riñones O se observó un incremento de la 

extensión de las lesiones descritas para los animales de 3 días de ligadura. De esta 

manera la papila renal había desaparecido prácticamente. En la corteza, una gran parte 

de los túbulos estaban dañados bien con aplanamiento y dilatación tubulares, bien con 

destrucción total de los mismos. El infiltrado inflamatorio era aun más evidente y 
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aparecía no solo perivascularmente sino también a nivel intersticial. No se encontraron 

diferencias en los riñones ligados entre los diferentes grupos experimentales (Figura 4).    

 La fibrosis tubulointersticial asociada a la nefropatía obstructiva consiste en un 

aumento de la acumulación de proteínas de la matriz extracelular en el espacio 

tubulointersticial. En repuesta a la OUU, la expresión de fibronectina evaluada mediante 

western blot aumenta en los riñones O respecto a los riñones NO en todos los genotipos 

diferentes de ratones, sin observar diferencias entre ellos, tanto a los 3 días de 

obstrucción como a los 15 días de obstrucción, (Figura 5A). Mediante 

inmunohistoquímica de fibronectina (Figura 6) se observa como a los 15 días de 

obstrucción en los riñones O de los ratones K-Ras4A+/- y K-Ras4A-/- se produce un 

incremento evidente de la expresión de fibronectina, También se observa mediante 

western blot un aumento de la expresión de colágeno tipo I en los riñones O de los 

ratones K-Ras4A-/-, KRas4A+/- y K-Ras4A+/+  en comparación con los riñones NO 

después de 3 y 15 días de OUU, sin observar diferencias en la expresión de colágeno 

tipo I entre los diferentes genotipos (Figura 5B).  

 El estudio con rojo sirio reveló que en los riñones NO de todos los grupos de 

animales después de 3 días de OUU, la tinción en el área tubulointersticial se limitaba a 

las membranas basales y adventicias vasculares. Sin embargo, en los riñones O de todos 

los grupos de animales se aprecia un reforzamiento de las membranas basales tubulares 

y un ligero incremento intersticial de la fibrosis (Figura 7). Después de 15 días de OUU 

tampoco se aprecia incremento de rojo sirio en los riñones NO de ninguno de los grupos 

de animales. No ocurre lo mismo en los riñones O, donde sí se observa una fibrosis 

intersticial evidente en los animales del grupo K-Ras4A+/+, que se incrementa en 

cantidad y en extensión en el grupo K-Ras4A+/-  y aun más en los animales K-Ras4A-/- 

(Figura 7).  

Expresión de marcadores de miofibroblastos tras la OUU. 

 Otra característica de la nefropatía obstructiva es la aparición en el intersticio 

tubular renal de células productoras de matriz extracelular, llamadas miofibroblastos. La 

expresión de vimentina y α-SMA se ha usado frecuentemente como marcadores de 

miofibroblastos. La expresión de α-SMA y vimentina fue mayor en los riñones O 

comparados con los riñones NO de los ratones K-Ras4A-/-, KRas4A+/- y sus respectivos 

controles, K-Ras4A+/+  tras 3 y 15 días de OUU (Figura 8). Además, la deficiencia total 

o parcial en K-Ras4A produce un aumento de expresión de α-SMA y vimentina en los 
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riñones O de los ratones K-Ras4A+/- y K-Ras4A-/- comparados con los ratones control, 

en el día 3 de OUU (Figura 8A y B, izquierda), aunque a los 15 días de OUU este 

fenómeno no  observamos diferencias significativas en la expresión de α-SMA y 

vimentina entre los diferentes genotipos de ratones (Figura 8A y B, derecha). La 

inmunohistoquímica de α-SMA muestra también un aumento en la expresión intersticial 

en los riñones O de los ratones K-Ras4A+/- y K-Ras4A-/- comparados con los ratones K-

Ras4A+/+  después de 3 días de OUU, aunque tras 15 días de OUU esta diferencia entre 

los grupos de ratones desaparece (Figura 9). En los riñones NO de todos los grupos de 

ratones se observa a los 15 días de OUU un ligero incremento de la expresión de α-

SMA intersticial (Figura 9).      

Apoptosis y proliferación tras la OUU 

 El daño tubulointersticial renal inducido por la OUU también se caracteriza por 

un aumento en la apoptosis y en la proliferación celular en el riñón obstruido. Para 

analizar el grado de apoptosis celular analizamos la expresión de caspasa 3 activada, 

marcador de células en apoptosis, y observamos una mayor expresión de caspasa 3 

activada en los riñones O comparados con los riñones NO fundamentalmente y 

significativamente a los 15 días de la OUU (Figura 10A). Además los ratones 

haploinsuficientes en K-Ras4A y KO en K-Ras4A muestran mayor expresión de 

caspasa 3 activada en los riñones O en el día 3 y 15 después de la obstrucción ureteral 

que los riñones O de los ratones WT. Mediante inmunohistoquímica de caspasa 3 

activada también podemos observar como los ratones K-Ras4A+/- y K-Ras4A-/- 

presentan mayor expresión de caspasa 3 activada en los riñones O que los ratones K-

Ras4A+/+ en sus riñones O (Figura 11).      

 Para analizar el grado de proliferación celular medimos la expresión de antígeno 

nuclear de proliferación celular  (PCNA).  La expresión de PCNA fue mucho mayor en 

los riñones O que en los riñones NO en lisados totales renales de ratones de todos los 

genotipos. Este aumento es 2 veces mayor en el día 3 de obstrucción y 2,7 veces mayor 

en el día 15 de obstrucción en los ratones K-Ras4A+/+,y Ras4A+/-.  Además, la falta total 

de K-Ras4A produce un aumento significativamente mayor en los riñones NO con 

respecto a NO, siendo 2,5 y 3,5 veces mayor a los 3 y 15 días de obstrucción ureteral 

respectivamente (Figura 10B).   
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 Para saber que tipos celulares renales contribuyen al aumento de la proliferación 

inducida por OUU, se estudiaron las células teñidas positivamente para Ki67, un 

marcador de células en proliferación. Se observó que los riñones NO de todos los 

grupos experimentales el número de núcleos marcados era muy pequeño, sin 

deferencias entre los tres grupos, y correspondían casi exclusivamente a células 

epiteliales tubulares. El numero de núcleos marcados era menos a los 15 de aías que a 

los tres días tras la ligadura (Figura 12). En los riñones O de los ratones K-Ras4A+/+, a 

los tres días de la obstrucción, el numero de núcleos marcados era mucho mayor que en 

el riñón NO, y aunque correspondían mayoritariamente a células tubulares, también 

había un número substancial de células intersticiales marcadas. En el caso de los riñones 

O de los ratones K-Ras4A+/-, a los tres días de la obstrucción, se observó que el número 

de células tubulares marcadas era menor, mientras que el de células intersticiales era 

mayor que en los riñones O de los ratones K-Ras4A+/+. En los riñones O de los ratones 

K-Ras4A-/-, a los tres días de la obstrucción,  el numero de células tubulares cuyo núcleo 

estaba marcado con Ki67 era todavía menor, mientras que era mayor el de células 

intersticiales. En conjunto, podemos decir que en el riñón obstruido, la deficiencia de K-

Ras4A induce una menor proliferación celular y una mayor proliferación intersticial. A 

los 15 días de la OUU, el número de células marcadas con Ki67 en los riñones O de 

todos los grupos era menor que a los 3 días de la OUU. En los ratones K-Ras4A+/+ había 

un mayor número de células intersticiales, mientras que  en los ratones K-Ras4A+/-  y K-

Ras4A-/-, las células marcadas parecían ser casi exclusivamente tubulares.  

DISCUSIÓN 

 La pequeña GTPasa Ras parece jugar un papel muy importante en la 

transducción de señales extracelulares inducidas por el daño renal. Previamente nuestro 

laboratorio ha observado la existencia de múltiples relaciones entre la activación  de la 

pequeña GTPasa Ras y la fibrosis renal3-6. En el presente estudio hemos observado 

también una activación de Ras y de sus efectores después de la obstrucción ureteral. La 

falta parcial o total de K-Ras4A no disminuyó la activación de Ras ni de sus efectores 

MAPK/ERK y PI3K/Akt. Nuestros resultados muestran un mayor aumento de la 

activación de la ruta MAPK/ERK en el riñón ligado en ausencia de K-Ras4A que en los 

ratones controles. Estos resultados son compatibles con los obtenidos por Yan y cols,  

que demuestran que las distintas isoformas de Ras muestran distinta afinidad por sus 

efectores PI3K/Akt o Raf/MAPK/ERK, siendo K-Ras más eficiente y más potente en la 
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reclusión de Raf a la membrana que H-Ras13. Esta mayor activación de ERK en 

ausencia de K-Ras4A puede ser debida a la mayor afinidad que tiene K-Ras4B sobre la 

activación de Raf/MAPK/ERK comparada con la afinidad de K-Ras4A14. Nuestro 

estudio demuestra además que la falta total o parcial de K-Ras4A no modifica la 

expresión de Akt activado ni la expresión de Akt total, al menos en presencia de K-

Ras4B.  

 Numerosos estudios se han centrado en la acumulación de matriz extracelular 

inducida por la OUU en el espacio tubulointersticial renal15,16. Nuestros resultados 

muestran  que la expresión de fibronectina y colágeno 1, medida medida mediante 

western blot, era similar en los riñones obstruidos de los ratones parcial o totalmente 

deficientes en K-Ras4A y en los ratones control. Sin embargo la inmunohistoquímica de 

fibronectina y la tinción de rojo sirio muestran mayor grado de fibrosis en riñones 

obstruidos de  los ratones K-Ras4A+/- y K-Ras4A-/-que en los controles Aunque existen 

estudios que relacionan la isoforma K-Ras con la función de los fibroblastos, no existen 

trabajos que relacionen la expresión de K-Ras con la expresión de componentes de la 

matriz extracelular en estudios in vivo. Nuestros resultados parecen mostrar que K-

Ras4A ejerce un papel en la acumulación de matriz extracelular inducida por la OUU.  

 Otra característica de la patogénesis de la nefropatía obstructiva en el riñón 

obstruido es el aumento de la población celular de miofibroblastos y fibroblastos 

activados que se originan a partir de diferentes células como los propios fibroblastos 

renales residentes, células progenitoras infiltradas derivadas de médula ósea y células 

tubulares epiteliales que se transforman, mediante un proceso conocido como transición 

epitelial-mesenquimal17.  Vimentina y α-SMA se han considerado como marcadores de 

miofibroblastos. Nuestros resultados demuestran que la expresión de ambos marcadores 

está aumentada en los riñones obstruidos y que la falta de K-Ras4A incrementa la 

expresión de ambos a los 3 días de OUU, sin encontrar diferencias a los 15 días de 

obstrucción. Este resultado puede sugerir que la presencia de K-Ras4A retrasa la 

expresión de estos marcadores ya que la deficiencia en K-Ras4A produce mayor 

expresión a tiempos cortos de la OUU, igualándose la expresión con el paso del tiempo. 

Hasta ahora no se ha relacionado la regulación de la expresión de marcadores de 

miofibroblastos con la regulación de K-Ras4A. Esta regulación puede estar mediada a 

través de la activación de Rac, ya que se ha demostrado la alta capacidad de K-Ras para 
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activar Rac18. Además la ruta de Rac activa y promueve la reorganización de 

vimentina19.  

 La obstrucción ureteral induce apoptosis y proliferación de las células tubulares 

e intersticiales renales. Nuestros resultados muestran un aumento a lo largo del tiempo 

de  la apoptosis tubular en los riñones obstruidos medidos a los 3 y 15 días de 

obstrucción. Con respecto a la proliferación, esta aumenta a los tres días pero disminuye 

parcialmente a los 15 días de la obstrucción, Además, la deficiencia en K-Ras4A parece 

inhibir la proliferación de las células del epitelio tubular pero estimula la proliferación 

de las células intersticiales, en un proceso que se observa sobre todo a los tres días de la 

obstrucción. Estos resultados están de acuerdo con los obtenidos por nosotros y por 

otros autores demostrando un aumento de proliferación celular, tanto tubular como 

intersticial tras la ligadura6,20. Además, la falta de K-Ras4A aumenta aún más la 

expresión de marcadores de apoptosis y proliferación, sugiriendo que en la proliferación 

y apoptosis inducida por la OUU, K-Ras4A juega un papel anti-apoptótico y anti-

proliferativo de las células tubulares en el riñón obstruido. Los datos de apoptosis están 

de acuerdo con estudios previos que demuestran que la activación de K ras protege  alas 

células epiteliales de cáncer de colon contra la apoptosis21. Algo similar se ha visto con 

células madre, con un estudio realizado en células madre donde se observó que la 

deficiencia de K-Ras4A protegía de la apoptosis22.  

 

 

PEQUEÑO RESUMEN  

 Se ha demostrado que Ras juega un papel importante en la transducción de 

señales en el desarrollo de la enfermedad renal crónica. Es importante desglosar las 

diferentes funciones que tienen las isoformas de Ras; H-Ras, N-Ras, K-Ras4A y K-

Ras4B, para conocer posibles dianas terapéuticas. Este trabajo atribuye, por primera 

vez, a la isoforma K-Ras4A, un papel en la regulación de la proliferación celular y de la 

apoptosis tubular, inducidas por la obstrucción ureteral, durante el desarrollo de la 

nefropatía obstructiva. 
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Figura 1. Análisis rutinario de genotipado de ratones mediante PCR. Las 
muestras de ratones K-Ras4A+/+ presentan una única banda de 290 pb que corresponde 
a la amplificación de la región correspondiente del gen intacto. Las biopsias de ratones 
K-Ras4A-/- presentan una única banda de 450 pb que corresponde a la amplificación 
de la región correspondiente del gen mutado. Los ratones K-Ras4A+/- presentan ambas 
bandas cuando se amplifica el DNA de sus biopsias de cola de ratón.  

 

Figura 2. Activación de las isoformas de Ras tras la OUU. A) Activación (izquierda) y 
expresión total (derecha) de H, N, K y Pan-Ras en riñones NO y O de ratones K-Ras4A+/+, K-
Ras4A+/- y K-Ras4A-/- analizados mediante western blot. B) H-Ras activado determinado 
mediante ELISA en riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- después 
de 3 días (izquierda) y de 15 días (derecha) de OUU.*p < 0,05 vs riñones NO.   
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Figura 3. Activación de los efectores de Ras tras la OUU. A) Activación de ERK                 
B) Expresión de pAkt C) Expresión de Akt total  analizado mediante western blot en riñones 
NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 (izquierda) y 15 (derecha) días 
de OUU. *p < 0,05 vs riñones NO.  #p < 0,05 vs riñones O de ratones K-Ras4A+/+.  
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Figura 4. Tinción de Hematoxilina-Eosina. Tinción de hematoxilina-eosina de los riñones NO 
y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 y 15 días de OUU. La barra indica 
50 micras en todas las imágenes.  
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Figura 5. Expresión de proteínas de matriz extracelular tras la OUU. A) Expresión de 
fibronectina evaluada por western blot en riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y 
K-Ras4A-/- a los 3 (izquierda) y 15 (derecha) días de OUU. B) Expresión de colágeno I 
determinado por western blot en riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-
Ras4A-/- a los 3 (izquierda) y 15 (derecha) días de OUU. *p < 0,05 vs riñones NO.   
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Figura 6. Inmunohistoquímica de fibronectina. Inmunohistoquímica de fibronectina en 
riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 y 15 días de OUU. La 
barra indica 50 micras en todas las imágenes.  
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Figura 7. Tinción con rojo sirio. Tinción con rojo sirio en los riñones NO y O de ratones K-
Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 y 15 días de OUU. La barra indica 50 micras en todas 
las imágenes.  
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Figura 8. Expresión de marcadores de miofibroblastos tras la OUU. A) Expresión de α-
SMA evaluada por western blot en riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-
Ras4A-/- a los 3 (izquierda) y 15 (derecha) días de OUU. B) Expresión de vimentina analizada 
mediante western blot en riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 
3 (izquierda) y 15 (derecha) días de OUU. *p < 0,05 vs riñones NO. #p < 0,05 vs riñones O de 
ratones K-Ras4A+/+.    
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Figura 9. Inmunohistoquímica de α-SMA. Inmunohistoquímica de α-SMA en riñones NO y 
O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 y 15 días de OUU. La barra indica 50 
micras en todas las imágenes.  
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Figura 10. Expresión de proteínas marcadoras de apoptosis y proliferación tras la OUU. 
A) Expresión de caspasa 3 activada evaluada por western blot en riñones NO y O de ratones K-
Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 (izquierda) y 15 (derecha) días de OUU.                  
B) Expresión de PCNA analizada mediante western blot en riñones NO y O de ratones K-
Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 (izquierda) y 15 (derecha) días de OUU. *p < 0,05 vs 
riñones NO. #p < 0,05 vs riñones O de ratones K-Ras4A+/+.    
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Figura 11. Inmunohistoquímica de caspasa 3 activada. Inmunohistoquímica de caspasa 3 
activada en riñones NO y O de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 y 15 días 
de OUU. La barra indica 20 micras en todas las imágenes.  
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Figura 12. Inmunohistoquímica de Ki-67. Inmunohistoquímica de Ki-67 en riñones NO y O 
de ratones K-Ras4A+/+, K-Ras4A+/- y K-Ras4A-/- a los 3 y 15 días de OUU. La barra indica 50 
micras en todas las imágenes.  
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DISCUSIÓN GENERAL 

Introducción 

 El objetivo general de este estudio ha sido el papel de la activación de la 

pequeña GTPasa Ras y de sus efectores MAPK-ERK1/2 y PI3K-Akt y el papel de las 

distintas isoformas de Ras: H-Ras, K-Ras y N-Ras en los cambios que se inducen en la 

estructura renal por la nefropatía obstructiva, utilizando el modelo de obstrucción 

ureteral unilateral en el ratón. La base de la que partimos para estudiar la activación de 

Ras es que numerosas citoquinas que se encuentran aumentadas en numerosos modelos 

experimentales de fibrosis renal, como Angiotensina II, factor de crecimiento 

transformante β (TGF-β), factor de crecimiento derivado de las plaquetas (PDGF), 

factor de crecimiento epidérmico (EGF), endotelina y trombina, son capaces de activar 

Ras [1] .  

Para nuestros estudios en la nefropatia obstructiva, hemos utilizado la obstrucción 

unilateral del ureter (OUU),  que se ha convertido en el modelo estándar para  estudiar 

los mecanismos de inducción de fibrosis tubulo-intersticial de causa no inmune, ya que 

es un modelo normoproteinúrico, sin hipertensión ni hiperlipidemia, y sin que exista 

aparentemente un daño toxico o inmunológico El modelo consiste en la ligadura bajo 

anestesia de uno de los uréteres y, dependiendo del tiempo de duración de la 

obstrucción, el modelo va imitando los diferentes estadíos de la nefropatía obstructiva, 

acabando en una fibrosis intersticial masiva del riñón obstruido, pero sin comprometer 

la vida del animal ni su entorno metabólico ya que el riñón contralateral mantiene su 

función, o incluso la aumenta debido a la hipertrofia compensadora tanto funcional 

como anatómica [2]  

Hemos utilizado dos tiempos de duración de la obstrucción, 3 días, un tiempo en 

el cual la fibrosis intersticial es muy pequeña, y 15 días, un periodo en el que ya está 

bien desarrollada, ya que los fenómenos que ocurren  agudamente y más tardíamente 

tras la obstrucción urinaria son probablemente muy diferentes.   

 Después de tres días de obstrucción ureteral los riñones obstruidos mostraban 

dilatación tubular y atrofia parcial con el epitelio aplanado en los túbulos afectados. 

También se observa proliferación y apoptosis celular, tanto en las células epiteliales 

tubulares como en células intersticiales, aparición de miofibroblastos (células 

mesenquimales con aspecto de propiedades de fibroblastos y capaces de sintetizar una 
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gran cantidad de matriz extracelular) y aumento de la expresión de proteínas de matriz 

extracelular, como fibronectina y colágeno 1.  

 La fibronectina se ha propuesto como la primera proteína de matriz extracelular 

que aparece durante la patogénesis de la fibrosis tubulointersticial inducida por OUU. 

Sus propiedades quimioatrayentes y adhesivas facilitan la agrupación de fibroblastos y 

la deposición de las otras proteínas extracelulares [3].  

La α-SMA es una isoforma de la actina específica de músculo liso vascular y 

miofibroblastos. En los riñones no obstruidos la expresión de α-SMA se limita al 

músculo liso de las paredes arteriales, por el contrario, en los riñones obstruidos, la 

expresión de α-SMA se encuentra además en células del intersticio renal. En riñones no 

ligados la expresión de vimentina, marcador de células de origen mesenquimal, se limita 

a los glomérulos y en las paredes vasculares, sin expresión en las células tubulares o en 

el intersticio. Sin embargo, en los riñones obstruidos hay muchas células positivas para 

vimetina en el intersticio peritubular, en la misma zona donde se observan células α-

SMA positivas. Los miofibroblastos positivos para α-SMA son admitidos como los 

principales responsables de la deposición en exceso de matriz extracelular intersticial en 

condiciones patológicas [4,5]. Mediante inmunohistoquímica de CD68, marcador 

específico de macrófagos,  observamos en los riñones obstruidos después de tres días de 

obstrucción, que existen células positivas CD68 en el intersticio de estos riñones 

mientras que no aparecen en los riñones no obstruidos. La acumulación 

tubulointersticial de macrófagos se correlaciona con la progresión de la enfermedad 

renal y éstos, directa o indirectamente, participan en la fibrosis tubulointersticial [6,7]. 

Estos resultados indican que en el espacio intersticial de los riñones obstruidos parece 

que coexisten macrófagos con células α-SMA positivas y vimentina positivas y que 

todas ellas contribuyen al desarrollo de la fibrosis tubulointersticial.    

Otro fenómeno observado después de tres días de obstrucción ureteral en los 

riñones obstruidos es un aumento de la proliferación celular, evaluada mediante 

inmunotinción nuclear de la proteína Ki67, siendo mayor la proliferación intersticial que 

la tubular Además se observa una gran cantidad de células tubulares en apoptosis 

analizada mediante inmunotinción con caspasa 3 activada, sin observar a penas 

apoptosis de células intersticiales. Estudios previos han señalado la importancia que 

juegan la proliferación y apoptosis en el desarrollo de la nefropatía obstructiva [8,9].  
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Cuando los riñones se estudian a los quince días de la obstrucción, algunos 

fenómenos son mucho más intensos que a los tres días, incluyendo la fibrosis intersticial 

o la acumulación de miofibroblastos, mientras que otros son menos intensos, como la 

proliferación epitelial.   

La activación de Ras y sus efectores ¿está involucrada en las alteraciones 

observadas tras la OUU?  

En nuestros estudios hemos observado un aumento significativo en la activación 

de Ras en el riñón obstruido así como un aumento de la activación de  ERK  y de Akt, 

así como un aumento de la expresión de Akt total, que  sugiere que la OUU induce un 

aumento de la activación de Ras, y de sus rutas de señalización MAPK/ERK y 

PI3K/Akt. La activación de ERK parece relacionada con el aumento de proliferación 

celular observado tras la OUU, ya que al administrar el inhibidor de la activación de 

ERK, U0126, se produce una disminución de la proliferación celular inducida por la 

OUU. Nuestros resultados concuerdan con otros estudios de OUU realizados en rata que 

también sugieren que ERK regula, al menos en parte, la proliferación inducida por este 

modelo de nefropatía obstructiva [10,11].  

Nuestros resultados sugieren que la activación de ERK está involucrada en la 

apoptosis inducida por la OUU, ya que la administración de U0126 produce una 

disminución de núcleos positivos teñidos por TUNEL y de inmunotinción con caspasa 3 

activada. Ya se ha descrito que la administración de U0126 disminuye la apoptosis 

inducida por cisplatino tanto in vitro [12] como in vivo [13]. Por otro lado la activación 

de Akt parece relacionada con la supervivencia celular tubular, ya que la administración 

del inhibidor de la activación de Akt, LY 294002, produce además de una disminución 

en la activación de Akt en el riñón obstruido, un aumento del daño en los túbulos 

afectados después de la obstrucción ureteral, aunque no aumente la activación de 

caspasa ni el número de núcleos teñidos con TUNEL. La  función anti-apoptótica de 

Akt es bien conocida [14] y existen experimentos in vitro que demuestran que la 

activación de Akt previene la apoptosis en células tubulares renales [15]. Sin embargo y 

de acuerdo con nuestros resultados,  se ha publicado que la inhibición de la activación 

de Akt no produce modificación alguna en apoptosis en fibroblastos de rata obtenidos a 

los 3 días de la OUU [16]. Además la inhibición de la activación de Akt produce la 

disminución de la expresión de α-SMA y vimentina, una reducción significativa en los 

niveles de fibrosis tubulointersticial y también una disminución en la proliferación 
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inducida por la OUU. Previamente se ha descrito que el tratamiento de fibroblastos 

renales obtenidos tras 3 días de OUU, reduce la proliferación y la síntesis de matriz 

extracelular [16]. Todos estos datos en conjunto sugieren que la activación de MAPK-

ERK1/2 y PI3K-Akt participa en los cambios tempranos de la obstrucción ureteral 

unilateral en ratón.  

 La angiotensina II parece jugar un papel muy importante en el desarrollo de la 

patología renal asociada  a la nefropatía obstructiva [17]. Después de la OUU se ha 

demostrado que hay aumento de renina, de la actividad de la enzima convertidora de 

angiotensina II en el riñón obstruido [18]. Por otra parte también se ha demostrado que 

la infusión de Angiotensina II en ratas durante 6 días produce la activación renal de Ras 

y MAPK/ERK [19, 20]. Nosotros analizamos la activación renal de Ras y de sus 

efectores a las 4 horas de la administración de Ang II y observamos un aumento en la 

activación renal de Ras, de ERK y de Akt. Para conocer el papel del aumento de Ang II 

en la activación de Ras y en los cambios renales inducidos por la OUU, administramos 

losartán, inhibidor de receptor tipo I de angiotensina, durante la OUU y observamos una 

disminución en la activación de Ras y una ligera reducción de la activación de sus 

efectores ERK y de Akt. Estos resultados sugieren que la activación de Ras observada 

tras la OUU, puede estar mediada por el aumento de Ang II a través de su receptor tipo 

I. La administración de losartán durante la OUU también causó una disminución en la 

expresión de fibronectina y de α-SMA. Esto coincide con otros estudios que han 

observado una disminución de marcadores de fibrosis y de miofibroblastos después de 3 

semanas de OUU cuando inhiben el receptor tipo I de angiotensina [21]. Todos estos 

resultados sugieren que los efectos profibróticos de Ang II a través del receptor tipo I de 

angiotensina, pueden estar mediados por la activación de Ras.   

Para conocer si la activación renal de Ras tras la OUU está implicada en los 

cambios observados como la fibrosis intersticial y aparición de miofibroblastos, 

inhibimos la activación de Ras con y con inhibidores de la hidroximetilglutaril-CoA 

reductasa,  enzimas implicada en la síntesis de grupos prenilo, [22],  inhibidores de la 

farnesiltransferasa, enzima que cataliza la prenilación de Ras, un proceso necesario para 

su anclaje a la membrana y su activación. La inhibición de la activación de Ras dio 

como resultado una disminución de la expresión temprana de de fibronectina y de α-

SMA en el riñón obstruido, demostrando así que la activación de Ras participa en los 

cambios iniciales del daño renal inducidos por la OUU. Aunque la inhibición de la 
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activación de Ras no se había  estudiado en el modelo de nefropatía obstructiva, si se 

había observado que la inhibición de la activación de Ras previene el daño oxidativo 

asociado a las enfermedades renales y que además reduce la fibrosis post-operativa [23-

25].    

En conjunto, los resultados sugieren que la activación de Ras y de sus efectores 

está involucrada en los cambios tempranos inducidos por la obstrucción ureteral.  

¿Qué papel juega la activación de  las diferentes  isoformas de Ras en la 

UUO? 

Aunque las proteínas Ras tienen un alto grado de homología en sus primeros 164 

aminoácidos, la heterogeneidad observada en los últimos 25 aminoácidos está 

relacionada con diferencias en la funcionalidad de las isoformas de las proteínas Ras. 

Además, mientras la falta de H-Ras y N-Ras no afecta en el desarrollo vital del ratón, K-

Ras sí parece ser fundamental para el desarrollo del ratón ya que la deficiencia de K-ras  

produce la muerte de los embriones [26-28]. Utilizando ratones deficientes en H-Ras, N-

Ras y K-Ras evaluamos el desarrollo de la patología renal inducida por la obstrucción 

ureteral para dilucidar el posible papel que puede estar ejerciendo cada una de las 

isoformas de Ras. 

Cuando realizamos la OUU a ratones deficientes en la isoforma H-Ras y en la 

isoforma N-Ras, y los estudiamos a los tres días, no observamos diferencias en el daño 

renal temprano inducido por la obstrucción ureteral, ni en la expresión de marcadores de 

matriz extracelular, como fibronectina, ni en la expresión de marcadores de 

miofibroblastos como α-SMA, ni en marcadores de apoptosis ni en la proliferación.  

Posiblemente la falta de diferencias entre los  ratones controles y los deficientes 

en H-Ras y N-Ras podían deberse a que la isoforma K-Ras era responsable del daño 

agudo observado tras la OUU,  pero podría ser que estas isoformas si tuvieran un papel 

en la regulación de los cambios tardíos observados tras la OUU. Para estudiar  el 

posible papel de la activación de la isoforma Hras en los cambios tardíos asociados a la 

OUU, realizamos la OUU a ratones deficientes en la isoforma H-Ras y los estudiamos 

después de 15 días de OUU. Observamos que los riñones obstruidos de los ratones      

H-Ras-/- muestran menos fibrosis tubulointersticial, con menos expresión de 

fibronectina y colágeno I y menos expresión de marcadores de miofibroblastos, α-SMA, 

vimentina y FSP-1 que los riñones obstruidos de los ratones Ras+/+. Estos resultados 
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sugieren  que en los riñones obstruidos de los ratones deficientes en H-Ras había menos 

miofibroblastos que en los correspondientes riñones de los ratones controles. Por otro 

lado observamos que no existe co-expresión de α-SMA y de la proteína específica de 

fibroblastos (FSP-1), que se había propuesto como la proteína más específica para 

marcar los miofibroblastos.  Estos resultados, que ya se ha habían observado 

anteriormente [31]. sugieren que posiblemente FSP-1 no sea un marcador exclusivo de 

fibroblastos, sino también de macrófagos, ya que se ha observado que existe co-

localización con marcadores de macrófagos [32] y en nuestros estudios, la morfología 

de las células positivas para FSP-1 era similar a la de los macrófagos infiltrados.  

Las diferencias observadas entre los estudios agudos y los estudios a más largo 

plazo en los ratones carentes de H-ras pueden explicarse por que los fenómenos que 

estamos estudiando son diferentes. En los primeros días tras OUU, los miofibroblastos 

derivan probablemente de la activación de fibroblastos residentes. En los estados tardíos 

de la OUU, se ha demostrado que los miofibroblastos pueden tener su origen  en un 

proceso denominado transición epitelio-mesenquimal (TEM) [33], un proceso complejo 

por el cual las células tubulares se transforman en celulas mesemquimales con 

características de miofibroblastos y en el que participan numerosos factores [34]. 

Nuestros resultados mostraron una menor activación de Akt y de GSK-3β, en los 

riñones obstruidos de los ratones deficientes en H-Ras y una disminución de la 

expresión de los factores de transcripción Snail y Slug, factores de transcripción 

represores de E-cadherina implicados en la regulación de la TEM [34]. Estos resultados 

sugieren que la isoforma H-Ras está involucrada en la regulación de la TEM, además de 

que también está implicada en la proliferación celular inducida por la OUU. 

 Para conocer el posible papel que puede jugar la activación de K-Ras en los 

cambios inducidos por la nefropatía obstructiva, estudiamos los cambios tempranos y a 

largo plazo de la OUU en ratones haploinsuficientes en K-Ras (K-Ras+/-) y deficientes y 

haploinsuficientes en la isoforma K-Ras4A (K-Ras4A-/- y K-Ras4A+/-) ya que la 

deficiencia en el gen K-Ras es letal porque produce la muerte del ratón en el estado 

embrionario [35-37] mientras que la deficiencia en la producción de la proteína K-

Ras4A no afecta al desarrollo normal del ratón, al menos en presencia de K-Ras4B [38]. 

Observamos que la deficiencia parcial de K-Ras regula la proliferación y apoptosis 

inducida por la OUU, porque los ratones K-Ras+/- presentan menos caspasa 3 activada 

y PARP activado y también menos proliferación celular que los ratones control K-
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Ras+/+. Nuestros resultados sugieren que la activación de K-Ras induce apoptosis y 

proliferación celular tras la OUU. Previamente  se ha descrito que K-Ras promueve 

apoptosis [39,40] y proliferación en fibroblastos renales [41].  

Por otro lado la OUU en ratones deficientes y parcialmente deficientes en la 

isoforma K-Ras4A produce un aumento de la apoptosis de las células epiteliales 

tubulares mayor que en los ratones control K-Ras4A+/+, sugiriendo que en la en el riñón 

obstruido, la activación de la isoforma  K-Ras4A juega un papel anti-apoptótico. Estos  

están de acuerdo con los obtenidos en células madre donde se observó que la deficiencia 

de K-Ras4A protegía de la apoptosis [42]. En el riñón obstruido, a los tres días de OUU, 

la falta de K-Ras4A además se asoció a una menor proliferación de las células 

epiteliales tubulares y una mayor proliferación de las células intersticiales, 

probablemente miofibroblastos. Estos datos sugieren que la activación de K-Ras4A 

regula de forma diferencial la proliferación de distintos tipos celulares en el riñón. En 

los riñones obstruidos, a falta de K-Ras4A se asoció una mayor activación de ERK, que 

puede deberse a la mayor afinidad de K-Ras4B para activar la ruta Raf/MAPK/ERK 

comparada con la de K-Ras4A [43]. También se observó en los riñones obstruidos de 

los animales deficientes en K-Ras4A  una menor expresión de vimentina después de 3 

días de OUU, comparados con losa riñones obstruidos de los animales controles K-

Ras4A+/+. Esto sugiere que K-Ras4A puede ejercer algún tipo de regulación en la 

expresión de marcadores de miofibroblastos, aunque hasta ahora no se ha relacionado la 

la expresión de marcadores de miofibroblastos con K-Ras4A. Esta regulación puede 

estar mediada a través de la activación de Rac, ya que se ha demostrado la alta 

capacidad de K-Ras para activar Rac y además la ruta de Rac activa y promueve la 

reorganización de vimentina [44, 45].  

Todos estos resultados muestran por primera vez diferentes papeles para la 

activación de las diferentes isoformas de Ras en el desarrollo del daño renal inducido 

por la UUO en ratón. 
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Las conclusiones de este trabajo son, 

 

1. La obstrucción ureteral unilateral en ratón induce la activación renal de Ras y de 

sus vías efectoras de señalización. 

2. La activación de MAPK-ERK1/2 y PI3K-Akt participa en los cambios 

tempranos de la obstrucción ureteral unilateral en ratón. La activación de 

MAPK-ERK1/2 contribuye al mantenimiento de la estructura tubular renal 

protegiendo a las células tubulares de la apoptosis inducida por la obstrucción 

ureteral unilateral. La activación de PI3K-Akt contribuye en la supervivencia 

celular, proliferación celular, activación de fibroblastos y producción de matriz 

extracelular intersticial.   

3. La administración de Angiotensina II en ratones aumenta la activación renal de 

Ras y de sus vías efectoras de señalización, MAPK-ERK1/2 y PI3K-Akt. La 

activación de Ras y el aumento de Angiotensina II inducido por la obstrucción 

ureteral unilateral, sugieren un papel importante de Angiotensina II en la 

mediación de Ras y sus vías efectoras MAPK-ERK1/2 y PI3K-Akt en el daño 

renal inducido por la obstrucción ureteral unilateral. 

4. La activación de las isoformas H-Ras y N-Ras no participa en los cambios 

tempranos inducidos por la obstrucción ureteral unilateral, sin embargo la 

activación de la isoforma H-Ras participa en la proliferación y activación de 

miofibroblastos inducidos por la obstrucción ureteral unilateral a largo plazo. 

5. La activación de la isoforma K-Ras participa en la proliferación y apoptosis 

inducida por la obstrucción ureteral unilateral a corto y largo plazo. 

6. La activación de la isoforma K-Ras4A regula la expresión de marcadores la 

infiltración de miofibroblastos, la apoptosis y la proliferación celular en el 

modelo de obstrucción ureteral unilateral en ratones. 

 

 

 

 



 
 

320 
 

 

 

 

 




