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MAPKKSs: MAPK de kinasas.

MAPKSs: Proteinas kinasas activadas por mitogenos; Mitogen-activated protein kinases.
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GENERALIDADES

La fibrosis renal es una caracteristica comin de la enfermedad renal cronica
independientemente de su etiologia. 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 activacion de sus efectores. El papel de las isoformas
de Ras en la nefropatia obstructiva esta comentado en forma de Editorial (Articulo I). A
continuacion se ha revisado la relevancia terapéutica de los inhibidores de las
MAPKinasas en las enfermedades renales (Articulo II). La obstruccion ureteral
unilateral es un modelo experimental de fibrosis tubulointersticial ampliamente
utilizado porque mimetiza de forma acelerada los diferentes estados de la nefropatia
obstructiva. Se han realizado tres revisiones bibliograficas sobre este modelo
experimental, centrandonos primero en la activacién de los miofibroblastos observada
durante la obstruccion ureteral (Articulo III) a continuacion el papel de la inflamacion
en este modelo experimental de nefropatia obstructiva (Articulo IV) y por tltimo hemos
revisado la acumulacion de matriz extracelular y la apoptosis observada en la

obstruccion ureteral (Articulo V).
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Articulo |

Editorial

“Las isoformas de ras en la nefropatia obstructiva”

M. Teresa Grande and José M. Lopez-Novoa

Nefrologia (enviado)
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LAS PROTEINAS RAS

Las proteinas Ras son pequefias proteinas monoméricas, con actividad GTPasa
muy conservadas a lo largo de la evolucion de todos los organismos eucariotas. Estas
pequenas proteinas ejercen gran variedad de funciones celulares como son la regulacion
de la expresion génica, proliferacion celular, migracion, organizacion del citoesqueleto,
trafico intracelular de vesiculas y transporte de proteinas entre el nucleo y el

citoplasma'.

Los genes ras se descubrieron en los anos 60 como elementos del virus de la
cepa Harvey y Kirsten que producia sarcomas en roedores recién nacidos™. A
principios de los 80 se identificaron distintos alelos mutados de genes ras como
oncogenes dominantes presentes en un gran porcentaje de tumores solidos. En
mamiferos las células poseen tres genes cuya estructura y funcidén es muy parecida: H-
ras, K-ras y N-ras. Estan compuestos por cinco exones codificantes y un exén 5 no
codificante, y difieren muy poco en el tamafo y en la secuencia de intrones. Los genes
K-ras tienen dos splicing alternativos para el cuarto exén codificante: 4A y 4B, dando
lugar a dos proteinas que difieren en 25 aminoacidos del extremo carboxilo terminal®.
Los genes ras codifican proteinas de 189 aminoacidos (N-Ras, H-Ras y K-Ras4A) y de
188 aminoacidos (K-Ras4B). Las proteinas Ras tienen un alto grado de homologia en
sus primeros 164 aminodcidos, siendo idénticas en los primeros 86 aminodcidos y con
un 79% de homologia en los 78 residuos restantes. Sin embargo, entre los aminoacidos
165 y 185, llamada region heterogénea, son completamente distintas en los 20
aminoacidos carboxilo terminales, a excepcion de los 4 aminoacidos del extremo
carboxiterminal donde la secuencia Cysl186—A-A-X-COOH, (también denominado
motivo CAAX, donde C es una cisteina, A es un aminoacido alifatico y X un
aminoacido cualquiera) estd presente en todos los miembros de Ras’ y esta secuencia
CAAX, es una sefial para el procesamiento por enzimas que anaden un grupo prenilo
(farnesilo o geranilgeranilo), facilitando el anclaje de la proteina Ras a la membrana. La
heterogeneidad en esta secuencia de 25 aminodcidos ha llevado a que esta zona se llame
region hipervariable y se piensa que la variacion que existe en esta region debe tener
algin efecto funcional®. Las diferencias de la region hipervariable en la secuencia
primaria de las proteinas Ras determinan distintas modificaciones post-transduccionales
y diferencias en el trafico y situacion en la membrana plasmatica que, en ultimo

término, producen diferencias en la actividad bioldgica determinada por su localizacion
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con moléculas que regulan la actividad de Ras como los receptores tirosina quinasa
(RTK) o moléculas efectoras de Ras como PI3K"”. Ademas, mientras la falta de H-Ras
y N-Ras no afecta en el desarrollo vital del raton, K-Ras si parece ser fundamental para
el desarrollo del raton ya que la deficiencia de K-ras produce la muerte de los

embriones' 2.

Las proteinas Ras de mamiferos se localizan en la superficie interna de la
membrana plasmatica'>'* localizandose en caveolas o en rafts, regiones lipidicas ricas
en colesterol, 0 en zonas desorganizadas de la membrana dependiendo de las
modificaciones postraduccionales. Asi, se sabe que H-Ras esta localizada en islotes

lipidicos, mientras que K-Ras se localiza en zonas desorganizadas de la membrana'®'”.

Una vez localizadas en la membrana, las proteinas 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 ACTIVACION DE RAS

La proteina activada Ras media en la proliferacion celular a través de la
estimulacion de MAPKs (mitogen-activated protein Kinases), activando mediante la
serina-treonina quinasa Raf a la proteina ERK1y ERK2, también conocidas como p44-
y p42- MAPK. La activacion de las MAPK en respuesta a estimulos controla la
expresion de genes, el metabolismo celular y funciones del citoesqueleto, contribuyendo
a la regulacion de procesos celulares tan complejos como la migracion, la mitogénesis,

. Ry . . 1
la diferenciacion o la supervivencia celular'®.

Otra ruta de senalizacion estimulada por Ras es la via de la proteina quinasa B
(PKB), o Akt mediante la activacion de la PI3K. Akt regula la expresion de numerosos
genes, induce la sintesis proteica, promueve la supervivencia celular y protege a las
células de la apoptosis. Akt ejerce su efecto anti-apoptdtico mediante fosforilacion de
numerosos substratos reduciendo su actividad como BAD, caspasa 9, factores de
transcripcion como el forkhead factor FKHRI, o E2F, y la quinasa IKK que regula al

factor de transcripcion NF-kB'”.
PAPEL DE LA ACTIVACION DE RAS EN LA PATOLOGIA 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 f (TGF-B), 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 renal®’. Ademas la administracion de inhibidores de la activacién de Ras como
los inhibidores de la farnesilacion o las estatinas en modelos experimentales de dafio
renal, disminuyen el dafio glomerular, la aterosclerosis y la proliferacion. También la
administraciéon de inhibidores de la activacion de ERK disminuyen el dafio renal
observado en modelos de glomerulonefritis y de la enfermedad poliquistica renal. Se ha
encontrado activacion de Akt en ratas diabéticas, en modelos de glomeruloesclerosis y
de isquemia/reperfusion renal donde la inhibicidon de la activacion de Akt mejora el

dafio renal®’.

PAPEL DE LA ACTIVACION DE RAS EN LA NEFROPATIA OBSTRUCTIVA.

La mayor parte de los estudios que analizan los mecanismos conducentes al
dafio renal en la nefropatia obstructiva se han realizado en modelos de obstruccion
ureteral unilateral en ratas y ratones. La obstruccion ureteral unilateral consiste en una
obstruccion aguda y completa del uréter que mimetiza de forma acelerada los diferentes
estados de la nefropatia obstructiva dando lugar a fibrosis tubulointersticial. La
caracteristica patologica principal del riion obstruido son las alteraciones
tubulointersticiales donde se detecta infiltracion de células, apoptosis y proliferacion de
células tubulares e intersticiales, acumulacion de (mio)fibroblastos, atrofia tubular y
fibrosis intersticial. Ademas también se observan alteraciones hemodinamicas, aumento
del estrés oxidativo, inflamacion e infiltracion de leucocitos. La fibrosis intersticial se
debe a un aumento de la deposicion de la matriz extracelular intersticial por aumento de
colagenos, sobre todo I, IIl y IV, y de fibronectina. Este incremento en la deposicion de
matriz extracelular se debe al aumento en la poblacion renal de fibroblastos, los cuales

21,22, - 7 Fet . . .y
““: 1) células hematopoyéticas, ii) activacion de

provienen de multiples origenes
fibroblastos intersticiales residentes 1iii) células tubulares que se transforman via

transicion epitelio-mesenquimal.

Numerosos factores estdn implicados en la transduccion de sefales que
conllevan al desarrollo de la fibrosis tubulointersticial en la obstruccion ureteral como
TGF-B, activacion de NF-kB, TNF-a, angiotensina II, factores de crecimiento,
moléculas de adhesion y quimiocinas. Por su parte, Ras, a través de sus efectores, juega
un papel muy importante en la transduccion de sefiales en el rifion de factores como

angiotensina II*> y TGF-beta®.
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Ras se expresa en el rifidn y existe una expresion especifica de las isoformas de
Ras tanto en el rifién normal como en el rifién dafiado tras la obstruccion ureteral®*. En
el rifién de raton 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 rifion humano, N-Ras
se localiza especificamente en células epiteliales tubulares, mientras que K-Ras y H-Ras
se expresan en células mesangiales, células intersticiales y tubulares®. La obstruccion
ureteral produce en el rifion obstruido un aumento en la expresion de las 3 isoformas de
Ras, tanto en intensidad como en area ocupada. En el riidén obstruido N-Ras y K-Ras se
expresan en la zona tubulointersticial de la corteza y médula, mientras que la expresion
de H-Ras es granular en las células tubulares pero no en células intersticiales®. En
estudios previos hemos observado la activacion de Ras y de sus efectores tras la
obstruccion ureteral, demostrando ademas una relacién entre la activacion de los
efectores de Ras, ERK y Akt, con los cambios tempranos observados tras la obstruccion
ureteral. Precisamente, la activacion de ERK estd relacionada con la proliferacion
celular, la apoptosis y la activaciéon de fibroblastos y la activacion de Akt esta
relacionada con la proliferacion, la activacion de fibroblastos y la produccion de matriz
extracelular observados después de 3 dias de obstruccion ureteral”®. 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 estan involucrados en la produccion de
matriz extracelular y en la proliferacion®’ y se ha demostrado que K-Ras esta implicado
también en la regulacion de la proliferacion celular de fibroblastos renales™. Teniendo
en cuenta toda la informacion que existe sobre Ras y la nefropatia obstructiva, seria
importante conocer qué posible papel diferencial tiene la activacion de las diferentes
isoformas de Ras (N-Ras, H-Ras y K-Ras) en el desarrollo de la patologia renal
asociada a la obstruccion ureteral para estudiar cuales son los mecanismos de regulacion
que llevan a la pérdida de la funcion renal y conocer posibles dianas terapéuticas para

prevenir el desarrollo de la enfermedad renal durante la obstruccion ureteral.
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Abstract: Renal failure, both acute and chronic, represents an important health problem by its social, sanitary and sco-
nomic agpects. Mitogen-activated protein kinases (MAPK) are a family of mediators involved in the transduction of ex-
tracellular stimuli to intracellular responses. The best studied members of this family are extracellular signal-regulated
kinazes 1 and 2 (ERK1 and ERK?2), Jun NH,-terminal kinase (INK), p32 kinaze and extracellular signal regulated kanases
5 (ERK3) also known ag big MAP Kinaze 1 (BME1). MAPKs plays a role in regulating renal function and all these path-
ways have been demonstrated to be activated in many “in vivo” and cellular models or renal failure. Az MAP kinases ars
key regulators in the control of cell proliferation and cell death, many more or lese specific inhibitors of these pathways
are being developed for the treatment of tumors. The purpose of this review 1z to examine the data available on the rols of
MAPKs activation in “ir vive” models of renal failure, as well as in different renal cell types {especially in mssangial
celle, podocytes, mbular epithelial cells and fibroblasts) subjected to stress or damage. We have also reviewed the effect
of MAFKz: inhibition on renal damage, both “i vive™ and “ir virro™. Data collected allow to suggesst that therapy of
chronic and acute renal disease with MAPKs inhibitors iz & promising therapeutic area, although much more basic and

clinical studies are necessary befors this kind of therapy can be used in the everyday clinie.

Keywords: Acute renal failure, chronics renal failare, MAPkinase, ERK, JNK, p38kinase, fibroblasts, mesangial cells, podo-

cytes, tubular epithelial cells.

1. GENERAL CHARACTERISTICS OF RENAL
DISEASE

1.1. Definitions and Pathogenesis of Renal Failure

Renal failure is defined as a decline in the kidneys® ex-
cretory function, as a consequence of damage to this organ.
Renal failare can be classified as acute or chronic renal fail-
ure.

Acute renal failure (ARF) is defined conceptually as a
rapid (howurs to weeks) and usually reversible decline in GFR
[1]. The causes of ARF can be grouped into three major
categories: decreased renal blood flow (pre-renal causes),
direct renal parenchymal damage (inirinsic renal causes), and
obstruction of the urine ways (post-renal or obstructive
causes). Pre-renal failure is associated to hypotension, treat-
ment with drugs such as diuretics, non-steroidal anti-
inflammatory drugs or cvclo-oxygenase 2 inhibitors, and
angiotensin converting enzyme inhibitors or angiotensin IT
(Ang-II) receptor antagonists, in settings such as renal artery
steniosis. Overall, the most common cause of ARF is acute
tubular necrosis. Postoperative acute tubular necrosis ac-
counts for up to 25% of cases of hospital-acquired ARF,
mostly resulting from prerenal causes. Another common
cause of hospital-acquired ARF is acute radiocontrast neph-
ropathy. Other canses are administration or casual ingestion
of toxic drugs or substances such as aminoglycoside antibiot-
ics, antitumoral agents (cisplatin), compounds containing
mercury or lead, or other toxic products with largely renal
excretion.

*Addrass corregpondencs to this author at the Departamento de Fisiologia ¥
Farmacologia, Universidad de SBalamanea, Avda Campo Charro afm, 37007
Salamanca, Spain; Tel: (+34) 923 294472 ; Fas: (+34) 923 294669,
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Chronic renal failure (CRF) is a pathological, rreversible
and progressive loss of renal function. CRF result from
avariety of causes such as diabetes (from 25 to 40% or
more), hypertension (about 15%), nephritis (glomeru-
lonephritis or interstitial nephritis), inflammatory and infil-
trative diseases, polycystic kidney disease, auntoimmune
diseases (i.e. systemic lupus eryvthematosus), and other minor
canzes. These diseases evolve towards a chronic, progressive
and irreversible renal dysfunction, characterized by renal
fibrosis, and renal replacement therapy (RRT) including
hemodialysis, peritoneal dialysis or renal transplant, be-
comes compulsory to prevent the patients’ death [2]. CRF
pathogenesis i1z characterized, with independence of the
original disease, by a progressive nephron loss due to tubular
cell deletion, an excessive deposition of ECM in the glome-
ruli and tubular interstitivm, and renal vasculature alterations
[3]. Moreover, the degree of renal lesion and the risk of
progression closely correlate with the extent of tubulomter-
stitial fibrosis, regardless of etiology [4]. In addition, as a
consequence of the increasing renal dysfunction, there are
several compensatory responses including hypertension,
hyperfiltration and peripheral or renal sympathetic hyperac-
tivity which may also contribute to the progressive renal
damage characteristic of CRF [5].

The development of effective and curative therapies for
CRF depends on the detailed understanding of the cellular
and molecular mechanisms responsible for renal damage and
failure progression.

1.2. Epidemioslogy

In different studies, incidence rates of ARF vary from 0.9
to 20% and mortality rates between 25 to 80%. These dis-
crepancies are caused by large differences in the definition of
ARF, variability between patients, and different experience
between hospitals in the treatment of ARF and its concomi-

© 2008 Bentham Science Publishers Ltd.
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tant pathologies [6]. In a large, multicenter study [7], patients
who were discharged with a diagnosis of ARF had a ten
times higher mortality rate (26%) than overall hospital mor-
tality [7]. In addition to high mortality, ARF increases in a
substantial way the hospital stay duration and the cost of
freatment [3].

Incidence and prevalence numbers on total CRF patients
are very variable among countries, being the incidence of
end-stage renal failure about 320 people per million (ppm) in
the USA, about 250 ppm in Japan, about 150 ppm in the
India, whereas in Canada is about 140 ppm [9,10].

2. MAJOR CELL TYPES INVOLVED IN RENAL DIS-
EASES

Almost all the cell types present in the kidney are in-
volved in either ARF or CRF. However, the most studied
cells in these circumstances are mesangial cells, podocytes,
tubular epithelial cells and fibroblasts, and we will focus
specifically on the role of these cell types. It should be noted
that we only mention resident cell types, and we have ex-
cluded inflammatory cells, although they play a major role in
renal disease.

2.1, Mesangial Cells

Mesangial cells are specialized pericytes placed in the
core of glomerular capillary tuft, that serve as physical sup-
port for capillary loops and also regulate glomerular func-
tion, as they are able to contract in response to several ago-
nists, thus modifying glomerular architecture and, conse-
quently, ultrafiltration surface and ulirafiltration coefficient.
Another characteristic of the glomerular mesangial cells is
their ability to produce large amounts of extracellular matrix

(ECM) proteins [11,12].

2.2.Podocytes

Podocytes or glomerular visceral epithelial cells are
highly differentiated glomerular endothelial pericytes that
cover the glomerular basal membrane (GBM) of gzlomerular
capillaries by the urinary space. Podocytes show an abun-
dantly rich actin cvtoskeleton and an arborized appearance
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with multiple interdigitating foot processes. This complex
architecture is required for maintaining the selective filter
properties restricting the passage to the urine of plasma mac-
romolecules, the synthesis and maintenance of the GBM and
the structural support to the glomerular tuft. Disruption or
alterations of the complex structure of podocytes and GBM
result in reduction of glomerular filtration rate and/or in-
creased protein filtration [13].

2.3. Epithelial Tubular Cells

Epithelial tubular cells are the most abundant cell types
in the kidnevs and they are responsible for reabsorption
and/or secretion of water, electrolytes and other organic
molecules. These cells are easily damaged by renal ischemia
or hypoxia and by endogenous and exogenous toxic prod-
ucts, which are concentrated in the tubular flmd. This ex-
plaing tubular necrosis after renal ischemia and toxic renal
failure.

Tubular epithelial cells also contribute to CRF in two dif-
ferent ways: epithelial cells release cytokines and growth
factors in response to presence of excessive amounts of pro-
tein in the filtered tubular fluid. These cytokines and growth
factors are responsible for initiating or contributing to kidney
damage that will lead to CRF [14]. In addition, tubular cells
suffers the so called epithelial-to-mesenchymal transition
(EMT) in which they are transformed in myofibroblasts, the
main source for extracellular matrix in chronic kidney dis-
eases [15]. However, although EMT has been extensively
proven “in vitre”, its occurrence in human renal disease has
not been definitely demonstrated.

2.4. Fibroblasts

Fibroblasts and dendritic cells represent the bulk of inter-
stitial cells in the cortex. In healthy animals, fibroblasts are
the most abundant interstitial cells in the cortex, whereas
fibroblasts are less abundant in the medulla, and there are
few, if any, myofibroblasts. Renal fibroblasts play a major
functional role in the normal and pathological function of the
kidnev, as they synthesize many of the constituents of the
fibrillar ECM, [16] and thev are also a major source of
ECM-degrading proteases such as matrix metalloproteinases

Table 1.  Scheme of the MAP-Kinase Signalling Pathways
Extracellular Stimuli Growth Factors Stress Stress
Mitogens GPCR Inflammatory CytokinesGrowth Factors, GPCR Growth Factors Mitogens, GPCR
sl Jusesonis: Ras Rac,-1, Rho &, Rho B Cded2 7
proteins
MAPKKK Eaf, Mog, Tpl2 MEKKIL-5, MLE3 MLE3Z, Tall MEKEKZ, MEEK3
MEKK |, MEKK3 Adel, Dlle, Lak DI, Aakl, MEKK4 Eaf
MAPKK MEK L, MKK2 MEK4, MEKKT MEK3Z, MKKs MEES
MAPK ERK [, ERE2 JME L TMNEZ, TNK3 P38, p3ER, p3by, pitg ERK:
Ralz1-4 Mnlc1-2
MAPKAP Mnl [, Mnk2 M2 Mak1-2 ?
Male 1, Male2 Mk1,2,3,5
Sap 1, BElkl, MAF-A c-jun, ATF-2, Ellk-1,3 MEF-2, ATF-Z, ¢-fos MEF-2, ¢-fos, Fra-1
Bubsirates p33, c-mye, e-fog p33, c-myc, HSF-1, IR3-1 Ellc-1, Hep-23, Hap-27 camye, o-jun, Bta-1
Bmadl,2,3,4 NFATS, DPCY, She CHOP e-jun Zap-1, CREE
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(MMP), maintaining ECM homeostasis viz regulation of
ECM turnover [17]. In diseased kidneys, myofibroblasts are
more abundant and derives from resident fibroblasts or from
EMT, although other surces susch as vascular smooth muscle
cells have been also suggested [18]. Myofibroblasts migrate,
proliferate and produce large quantities of ECM, which con-
tributes to repair of damaged tissues, but also to pathological
fibrosis.

3, MITOGEN ACTIVATED PROTEIN (MAPF)
KINASES

Mitogen-activated protein kinases (MAPK) are important
mediators involved in the transduction of extracellular stim-
uli to intracellular responses [19]. A general cascade pattern
of activation iz observed for all MAPKs (including ERKs,
Jun kinase and p38 kinase). The typical MAPK pathway
consists of a MAPK, its upstream activator (MAPK kinase:
MKEK), and a further upstream activator (MAPK kinase
kinase: MKKK) (Table 1).

MAPKSs can be divided into at least three broad families
on the basis of sequence similarity, upstream activators, and
to a lesser extent, substrate specificity. The classic extracellu-
lar signal-regulated kinases (ERKs; ERK1 and ERK2) were
identified in the context of growth factor-related signaling,
whereas the Tim NH;-terminal kinase (JNK) and p38 families
were described in the setting of cell response to stress and
mflammation. Recently, additional MAPK families have
been identified, of which only ERKS5 thus far has clearly
delineated upstream activators and downstream effectors.

Map kinase kinases (MAPKKs, MKKs or MEKSs) exhibit
relative specificity for the Map kinase proteins that thev
phosphorylate. MKK1 and MKK?2 phosphorvlate Erk kinases
in the Thr-Glu-Tyr motif; MKK3, MKK4, and MKK$6 phos-
phorvlate p38 kinases in the Thr-Gly-Tyr motif, while
MEKK4 and MKK7 regulate dual phosphorylation of JINK
kinases in the Thr-Pro-Tyr motif. Another member of the
MAPKK family of kinases iz MKKS5, which selectively
phosphorylates the Thr-Glu-Tyr motif in Erk5/BMK-1 (Ta-
ble 2).

The activation of MAPKKs is regulated by other up-
stream serine-threonine kinases, called MAPKK kinases
(MAPKKKSs), which phosphorylate the MAPK kinases
(MAPKKS) on specific serine residues. Thus, there is a serial
activation of serine-threonine and dual specificity kinases,
ultimately leading to induction of the kinase domains of Map

Crrrent Medicinal Chemistry, 2008 Vel 15, No. 20 2056
kinases and activation of downstream pathways. Several
serine-threonine kinases have been implicated in acting as
MAPKKKSs for the different groups of Map kinase pathways.
Tn the case of the Brk1/2 pathway, the family of Raf kinases,
as well as Mos and Tpl2, acts as MAPKKKs. On the other
hand, the different MAPKKSs that regulate activation of the
INK and p38 kinases include mixed-lineage kinases (MLK1,
MLK2, MLK3, DIk, and Lzk), MEKK kinases (MEKKI,
MEKK?, MEKK3, and MEKK4), Takl, Askl, Ask?, and
Tpl-2. MAPKKs for the ERK-5 pathway include MEKE?2,
MEKK3, and kinases of the Raf family (Table 1).

The direct downstream MAP-kinases substrate, compre-
hensively called the MAPKactivated protein kinase (MAP-
KAPK) family, can be categorized into four subfamilies, the
Rsks (p90 ribogomal S6 kinases), MK, Mnk (MAPK signal-
integrating kinases/MAPK-interacting kinases), and Msk
(mitogen- and stress-activated protein kinase) families. The
Rsks (Rskl, Rek2, and Rsk3) are activated specifically by
ERKs, whereas the MKs (MK2/MAPKAPK?2, MK3/ MAP-
KAPK3/3pK, and MK5/PRAK) are activated mainly by p38
MAPK in vive. In contrast, the Mnks (Mnk1 and Mnk2} and
Msks (Msk1 and Msk2) are targeted in vive by both the ERK
and p38 MAPK pathways, resulting in the activation of
Mrks and Msks by a broad spectrum of extracellular stimuli
(Table 1).

A single stimulus can activate several MAPKs. Still, each
family of MAPKs is nonetheless activated in a relatively
specific fashion by a subset of MKKs. For example, ERK1/2
is activated by both MAPK/ERK kinase MEK1 and MEK2,
whereas INKs are activated primarily by MKK4 and MKK7
and p38 is activated by MKK3 and MKK#6. In contrast, the
relationship between individual MKKs and their upstream
MKEKKs is less clear. Members of the Raf family specifically
activate the ERK1/2-directed MKKs, MKKI1, and MKK2,
although there is considerable cross-talk among the parallel
cascades at the level of MKKKs. A further level of complex-
ity is contributed by the expanding range of activators of
MKEKKs, including MKKKKSs and small GTP-binding pro-
teins [20].

MAP kinase pathways play a major role at regulating
many renal functions [21]. Alteration of MAP kinase path-
ways seems to be also involved in the genesis and progres-
sion of several models of chronic renal disease as described
later in this section. An important interest of these pathways
as possible targets to prevent or revert chronic or acute renal
diseases is that, due to the relevance of these pathways in
tumor growth and metastasis, a great amount of drugs have

Table 2. Specificity of Different MAP Kinase Kinases (Mapkks) to Phosphorylate the Specific Motifs of the Different Map
Kinases
MKK1 MKK2 MKK3 MKK4 MEKKS MKK6 MKK?7
Motif Thr-Gla-Tyr Thr-Glu-Tyr Thr-Gly-Tyr Thr-Gly-Tyr, Thr-Pro-Tyr Thr-Pro-Tyr Thr-Gha-Tyr Thr-Gly-Tyr
Bl + + - - - -
p3a i + + i 2 o
INK - + & 4 +
Brlcs - 3 + 2 +

+: Map kinass is phosphorylated/activated by the eorrespondsit MEK; - Map kinase is not phosphorylated/a otivated for the correspondent MEE,
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been developed with the purpose to inhibit MAP kinase
cascades. In the present article, we will revise the possible
mvolvement of MAP kinases in the genesis and/or progres-
sion of renal disease, and the potential therapeutic opportuni-
ties based in the specific blockade of these pathways.

3.1. Extracellular Signal-Regulated Kinases 1 and 2
(ERK1/2)

3.1.1. Overview of the ERK1/2 Kinase Pathways

Principal mammalian ERKs, ERKI1 (p44) and ERK2
(p42), are activated by the MEK1 and MEK2 "dual-
specificity” (Ser/Thr and Tyr) kinases that phosphorylate the
TEY motif specific for ERKs. Effectors of activated ERK
inchide transcription factors such as Elk-1, Ets 1, Sapl, m-
Mye, signal transducers and activators of transcription pro-
teins (STAT), adapter proteins (Sos), enzymes (p20 ribo-
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somal S6 kinases (Rsk 1-4) phospholipase As), and cell sur-
face BGF and estrogen receptors [22]. The p90 ribosomal 86
kinase (Rsk) family seems to play a major role in transduc-
ing ERK1/2 signaling. This family comprises four mammal-
ian serine/threonine kinases (Rsk1-4). Rskl and Rsk2? were
recently shown to phosphorylate ribosomal protein $6 in
response to Ras/extracellular signal-regulated kinase (ERK)
pathway activation. Mitogenic stimulation of the Ras/ERK
pathway leads to the activation of Rskl. Rskl seems to be a
multifunctional ERK effector becanse it participates in vari-
ous cellular processes, including nuclear signaling. Rkl was
found to regulate several transcription factors, including
SRF, c-Fos, and Nur77. Additional nuclear factors have been
shown to be regulated by Rskl, including MITF, estrogen
receptor-a nuclear factor (NF)-ATc4 and ER81. Rskl was
shown to interact with the transcriptional coactivator CREB-
binding protein (CBP), which, interestingly, binds many
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Fig. (1) Chemical structures of the most used ERK1/2 pathway inhibitors.
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transcription factors known to be regulated by Rskl. On the
basis of the nature of its substrates, Rsk1 seems to regulate
immediate early gene products, such as c-Fos, which pro-
motes the expression of cyclin D1 during the G0/G1 transi-
tion to S phase. Other proteins through which Rskl may
stimulate proliferation include the cyclin-dependent kinase
(CDK) inhibitor p27"', (Rsk1 blocks the inhibition of the
cyclin D1/CDK4 complex by the CDK inhibitor p27"F") the
Na'/H' exchanger NHE-1 and the kinase GSK3 [Roux PP.
Rskl: UCSD-Nature MoleculePages http:/fwww.signaling-
gateway.org/molecule/ consulted online: March 10, 2008].

From a physiological perspective, ERK signaling has
been implicated n mitogenesis, cell survival and differentia-
tion [23]. ERK1 and ERK2, the MKKK, Raf-1, the MKK,
MEK, and the ERK effector, p90 S6 kinases (Rsks) are all
expressed in nephron segments [24].

3.1.2. Inhibition of ERK1/2 Pathway

Experimental elucidation of the role of ERK signaling ac-
tivation i renal function and disease has been facilitated by
the early discovery of pharmacological mhibitors of ERK
action, mainly PD-98059 and U.-0126 whose structires are
shown in Fig. (1). Both inhibitors appear to indirectly block
ERK signaling through inhibition of its immmediate upstream
activators, MEK1 and MEK2 [25]. Although these com-
pounds seems to be rather selective as none of them signifi-
cantly inhibits the activity of a large panel of protein kinases
which includes ERK1, JNK1 and p38 MAP kinases in an in
vitro assay. However, specificity of these inhibitors is only
relative because PD-98059 is also a potent inhibitor of cy-
clooxygenase-1 and -2 [26]. A more recently described
highly MEK]1-specific derivative of PD-98059, PD-184352
(Fig. 1), has been shown to have an enhanced bioavailability
and to be functional in vive, [25]. A series of 3-cyano-4-
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(phenoxyanilino)-quinolines has been developed as MEK
mhibitors by Wyeth- Averst [27]. The mechanism of action
of these compounds as MEK inhibitors has not been re-
ported. The most potent, Compound 14 (Fig. 1) inhibits
MEK] activity in vitro and shows anti-proliferative proper-
ties. Several resorcylic acid lactones isolated from microbial
extracts display potent mhibitory activity toward MEK. For
instance, Ro 09-2210, isolated from a fungal broth FC2506,
and L-783,277, purified from organic extracts of Phoma sp.
Inhibit MEK]1 activity ir vitro (Fig. 1), Unlike PD98059,
U0126 and PD184352, these compounds are competitive
with ATP, and the inhibition is irreversible. These com-
pounds are also effective in cell-based assays, eg., Ro 09-
2210 inhibits phorbol ester-induced activation of AP1, while
1-783,277 inhibits the growth of several epithelial tumors,
Others inhibitors of Raf-1 have been also developed; they are
GW5074 and BAY 43-9006 (Fig. 1). So far, no specific and
potent inhibitors of ERK1/2 have been reported. Recently,
purvalanol, one of the most potent cyclin-dependent kinase
(CDK) inhibitors to date, has been shown to target also
ERK1 and ERK2 [25]. Thus, the anti-proliferative property
of purvalanol is mediated by the mhibition of both ERK1/2
and CDKs. A scheme of the place of action of the mhibitors
above mentioned on the ERK1/2 kinase cascade is shown in
Fig. (2).

3.1.3. ERK1/2 Activation in Experimental Modeéls of Renal
Disease

ERK1/2 activation and MEK upregulation have been re-
ported in the glomeruli of rats with experimental prolifera-
tive anti-glomerular basement membrane glomerlonephritis
[28]. ERK activation has been also reported in the anti-Thy1
nephritis, a model of progressive mesangioproliferative
glomerulonephritis [29,30]. Renal ERK activation has been
also reported in an experimental model of cbstructive dam-

RECEPTORS
— Dicoumnarol
GW-5074 v 4
Raf-} Curcumin —MEKK +— cepraar MEKK
BAY 43-9006
R009-2210 » d
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PO-184352 — | e o
wize — L
l SP-800125 v 58203580
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Fig. (2). Schematic representation of the gites of action of the most used inhibitors of the several MAP kinase pathways.
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age induced unilateral ureteral ligation in rats [31]. This
ERK activation has been related to tubular proliferation in
the obstructed kidney [32]. Activation of ERK precedes
tubulointerstitial injury in this model, ndicating that the ERK
pathway may be involved in the proliferation of renal tubular
epithelial cells and interstitial cells that occurs in this model
[31,32]. ERK has been reported to be activated in the epithe-
lial tubular cells of the cysts in a mice model of genetic
polycystic kidney disease, whereas it was not activated in the
tubules with normal appearance [33]. ERK activation has
been also demonstrated in several models of kidney disease
such as diabetic nephropathy [34,35], subacute glomerular
njury induced by salt loading in the Dahl salt-sensitive rat
[36], Ang-Tl-induced hypertensive renal disease [37] or cis-
platin-induced tubular damage [38]. In addition, increased
ERKI1/2 activation has been observed in the kidneys of cad-
mium -intoxicated rats, probably as a consequence of the
small GTPage RAS activation [39].

3.1.4. ERK Activation In Renal Cells
3.141. BERK Activation in Mesangial Cells

Mesangial cell proliferation is a characteristic hallmark
of most types of chronic glomemlar diseases, at least during
an initial phase (see above, section 2.1). ERK activation
seems to play a major role in the control of mesangial cell
proliferation. ERK1/2 are activated in mesangial cells by a
great number of stimuli with proliferative effect [40-49]
{Table 3). Physical stimuli such as hyperglycemia [34], cy-
clic two-dimensional mechanical stretch and relaxation
[50,51], elevated hydrostatic pressure [52] and collagen gel
three-dimensional contraction [53] are also able to activate
ERK in mesangial cells. The effect of some of these effectors
on mesangial ERK activation is likely Ras dependent, as
evidenced by its sensitivity to the inhibitors of hydroxymeth-
vlghtaryl-Co A reductase, which blocks prenvl synthesis and
thus, the prenylation of Ras, necessary for its activation [21].
However, it should be taken mto account that HMG-CoA
reductase inhibitors also prevent the activation of other small
GTPases, such as Rho. By opposite there are also several
stimuli that are able to functionally antagonize ERK signal-
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ing in cultured mesangial cells. These stimuli include vasodi-
lators and other substances (Table 3) [54-59]. A number of
these inhibitory events appear to be mediated through the
action of cyclic nucleotide monophosphate (e.g., cAMP and
cGMP) second-messenger systems.

In addition some stimuli are not only able to regulate
ERK activation, but also they may directly regulate abun-
dance of MAPK cascade constituents. For example, in addi-
tion to increasing ERK activity, TGF-p2 [60], IL-1 [61],
endothelin-1 [62], PDGF [62], and fetal bovine serum [63]
also increased the abundance of mRNA coding for the ERK
activator MEK in mesangial cells. Similarly, in addition to
activating ERK, PDGF stimulates ERK synthesis [64]. By
opposite, a prostacyclin analog increases expression of the
ERK-directed phosphatase MKP-1 and thereby potentially
antagonizes MAPK signaling in the mesangium [65]. In
general, pharmacological inhibition of the ERK pathway
results in a decrease of serum or agonist-induced mesangial
cell proliferation, thus supporting the notion that ERK-1/2
activation plays a major role in mesangial cell proliferation
[21].

Chronic glomerular diseases are also characterized by in-
creased extracellular matrix synthesis by mesangial cells,
which results in mesangial matrix expansion and glomerulo-
sclerosis. Most of the substances that activate ERK in me-
sangial cells also increase extracellular matrix synthesis.
This occurs for insulin [42], vascular endothelial growth
factor (VEGF) [43], endothelin [66], Ang-IT [42.66],
bradvkinin [67], serotonin [46], high glicose and AGES
[68]. TGF-pl seems to play a central role in stimulating
ECM synthesis by mesangial cells [69] and it activates the
ERK1/2 pathway in cultaored mesangial cells [42,70]. Fur-
thermore, physical stimuli such as osmotic stress [34,71],
and mechanical stretch and relaxation [50,71] activate both
ERK1/2 and extracellular matrix synthesis by mesangial
cells. Thus, there are enough evidence suggesting a major
role for ERK1/2 activation plays in the increased mesangial
proliferation and exaggerated extracellular matrix synthesis
that are characteristic of most chronic glomerular diseases.

Table 3. Stimuli Regulating MAP Kinases Activation in Mesangial Cells
ERK1/2 JINK P38
Activation Inhibition Activation Inhibition Activation
PDGF [40,41] | Tryptophan derivative [24] Ang-l [110] PGEL [124] | Ang-II [123]
EGF [41] Prostaglandin analoge [36] Endothelin [111] BMET [125] | TGFpl [44,179]
[naulin [42] Dopamine [33] ATE [112] Eetinole acid| [126] | AGEs [180]
VEGF [43] Atrial natriuretic peptide [36, 31] | Witric oxide [113] Quercetin [127] | Cadmium [1&1]
TGFRL [44] Mitric oxide [5¢] Diocosgheraenoic Oxidative strase | [182]
Endothelin [40] Adrenomedullin [57] acid [114]
Ang-Il [42] Heparin [58] THF-c [115]
Bradylinin [45] High glucose [3%] IL-1p [118,117]
Lysophosphatidic Phogphodiesteraze inhibitors | [56] EDGF-BE [118]
acid [41] cAMP and ¢GMP analogs Gentamicin [11%]
Zerotonin [46] Celacoxib [120]
ATP [47]
Wasopressin [438]
CD53 tetraspanin
antigen [49]
High glucoss [34]
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Glomerular inflammation is another manifestation of re-
nal damage. Ciclooxigenase-2 (COX-2), a key mediator of
renal inflammation is induced by several cytokines, inchd-
ing TGF-p1. Recently, it has been demonstrated that ERK1/2
activation plays a major role in TGF-pl-induced COX-2
expression and activity in mesangial cells [44].

In general, pharmacological inhibition of the ERK path-
way with U126 or PD184352 results in a decrease of serum
or agonist-induced proliferation and EMC synthesis by cul-
tured mesangial cells [21,44,68].

3.1.42. ERK Activation in Tubular Cells

ERK activation in tubular epithelial cells has been re-
ported for EGF [24], hepatocyte growth factor [72], bradvki-
nin [73], Ang-II [24], epinephrine [74], endothelin [24], lac-
tosvlceramide, a lipid mediator increased in polycystic kid-
nev disease tissue [75], arachidonic acid [76], advanced
slvcation end-products, nonenzymatically modified macro-
molecules associated with hyperglvcemia and diabetes melli-
tus [77], and ATP depletion [78]. Increased osmolality also
activates ERK in epithelial tubular cells [79]. Nephrotoxi-
cants such as cigplatin have also been shown to activate ERK
and induce apoptosis in tubule cells both in vitre [38] and in
vive [80]. The immunosupressor cyclosporine A induces cell
death and ERK activation in a mice proximal tubular cell
line [81]. In addition, inhibition of ERK activation with
U0126 or PD98959 prevents cvclosporine A-induced ERK
1/2 activation in mice tubular cells, but not cyclosporine-
mduced cell death, thus mdication that ERK activation is not
involved in cyvclosporine A toxicity [81]. In tubular renal
proximal cells, ERK mediates the stimulation by angiotensin
II of the Na'™-HCO; ™ cotransport in the proximal tubule, and
the subsequent sodium reabsorption [82].

3.1.4.3. ERK Activation in Fibroblasts

The MEK/ERK pathway may play a role in TGF-i-
mediated ECM synthesis. It has been described that ERK1/2
activation inhibits collagen type I synthesis in human skin
fibroblasts after mitogenic stimulation [83]. In agreement,
the lack of H- and N-Ras isoforms induces a reduction in
ERK activation, together with an increase in fibronectin and
collagen expression [84]. Furthermore, Stratton et «f [85]
reported that activation of the Ras/MEK/ERK pathway is
required for the mduction of connective tissue growth factor
(CTGF) by TGF-p2, and that the in vitro and in vive antifi-
brotic effects of prostacyclin derivatives were due to inhibi-
tion of the Ras'MEK/ERK pathway, suggesting that specific
inhibition of this pathway in fibroblasts might prevent fibro-
sis. ERK 1/2 activation seems to play also a key role in the
control of renal interstitial fibroblast proliferation, that is a
key event in the genesis of tubulo-interstitial fibrosis [86].
Furthermore, inhibition of ERK activation reduces fibroblast
proliferation [84]. frz vitro models of oxidative renal injury
dem onstrated a role for ERK activation in apoptosis of renal
fibroblasts [87] but not in tubular epitheliim where it pro-
moted cell survival [88].

TGE-p also stimulates proliferation of fibroblasts [89]. A
role for Ras proteins in the effect of TGF-p has also been
proposed. In fact, cell proliferation and PCNA expression in
response to TGF-B1 are diminished in H-ras™ /N-ras™" fibro-
blasts. This reduction may be in part related to the lower
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ERK phosphorilation observed in Heras”' /N-ras™ fibroblasts
compared with control cells [84]. These data suggest that
ERK activation might be involved, at least in part, in the
stimulation of proliferation mduced by TGF-H1. In most of
the studies, blockade of ERK activation with TJO126 clearly
reduces the effects of TGF-p1 on cultured fibroblast prolif-
eration and ECM synthesis [84,85].

3.1.5. ERK Activation and Epithelial-M esen chymal Transi-
fion

Tubular EMT can be induced by TGF-p1 [90], advanced-
glycation end products [91], and Ang-TT [92] and all these
substances activate ERK1/2 in tubular epithelial cells. How-
ever, TGF-B1 is probably the key inducer of EMT because
TGF-p1 signaling is sufficient to induce EMT in cultured
epithelial cells [90]. The intracellular signaling responsible
for TGF-p-induced EMT includes activation of ERK1/2 [93,
94], p38 MAPK [95], and INK [96]. ERK activation seems
to be a necessary step in the induction of EMT [97,98]. Fur-
thermore, inhibition of ERK activation with 70126
or PD9895% prevents TGF- fl-induced EMT [24,98].

3.1.6. Effects of ERK-Inhibition on Ranal Damage

Inhibition of ERK with 170126 results in amelioration of
the renal damage in a rat model of experimental mesan-
gioproliferative glomerulonephritis by suppressing the pro-
liferation of mesangial cells [30], whereas ERK inhibition
with PD184352 slows the progression of renal disease in
DBA/2pcyfpey (pey) mice, a murine model of polyeystic
kidney disease [34]. In the unilateral ureteral obstruction
model of tubulointerstitial fibrosis in mice, the inhibition of
ERK1/2 activation by administration of 0126 led to re-
duced interstitial levels of both fibroblast-myofibroblast
markers alpha-smooth muscle actin and vimentin which were
induced by obstruction [99]. Moreover, in the same model,
administration of ERK1/2 inhibitor U0126 diminished the
number of tubules and interstitial cells suffering apoptosis in
obstructed kidneys [99]. Administration of the MEK inhibi-
tor, U0126 is able to partially protect the kidney against the
tubular damage induced by cisplatin, both i vitro [38] and in
vive [80], most probably preventing cisplatin-induced tubular
apoptosis.

3.1.7. Conclusion

According to the information shown above, it can be
suggested that activation of ERK triggers a lot of effects in
renal cells (Table 4) including P ™ of mesangial cells
and fibroblasts cells, which are responsible for extracellular
matrix synthesis and deposition, characteristic of chronic
renal disease. ERK activation seems also to be involved in
EMT and in tubular apoptosis in several models of renal
failure. Thus, pharmacological inhibition of this pathway can
offer a new approach to treat these alterations in chronic
renal diseases. However, ERK1/2 activation seems to be
necessary for tubular cell proliferation, which is a necessary
event to recover from acute tubular necrosis, and thus, these
treatments could worsen the curse of those reversible pa-
thologies whose recovery need tubular reepithelization. In
addition, ERK1/2 activation seems also to regulate sodium
transport. Thus, ERK inhibition could also modify tubular
reabsorption.
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3.2. c- jun NHzTerminal Kinase (JNK)

3.2.1. Physiolegical Role of INK Pathway

Members of the INK family (also known as stress-
activated protein kinase-1 or SAPK1) are generally respon-
sive to events that induce cell stress, such as hypertonicity,
ultraviolet light, heat shock, and proinflammatory cytokines.
These kinases inchude the widely expressed INK1 (also
known as p46 or SAPK1 gamma) and INK2 (also known as
p54 or SAPKI alpha), as well as the brain-specific JNK3
{also known as p49 or SAPKI beta). INK1 and INK2 are
subject to alternative splicing, giving rise to 46- and 54-kDa
protein products. To achieve activation, INKs undergo
MEKK-mediated dual phosphorvlation at their TPY motifs.
Effectors of the JNK family are mainly transcription factors
such as ¢-Jun, Ekk-1, ATF-2, DPC4, NFAT4, and p53 (Fig.
1). Activation of INKs ir vive appears to play a rele in in-
flammation, tum origenesis, and apoptosis [100].

3.2.2. Inhibition of INK Pathway

Rather specific pharmacological inhibition of INK acti-
vation and JNK-dependent signaling can be achieved by
using curcumin, an inhibitor of activator protein-1 (AP-1)
and nuclear factor-KB [101], or the quinone reductase inhibi-
tors dicoumarol and menadione [102]. Another inhibitor of
the JNK pathway, CEP1347 (KT7515) (Fig. 3), has been
described [103]. CEP1347 mhibit members of the mixed

Tabled. Functions of Mapkinases Activation in Renal Cells
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lineage kinase (MLK) family, MLK1 (Mitogen-activated
protein kinase kinase kinase 9; MAPKKKY), MLK2 (Mito-
gen-activated protein kinase kinase kinase 10; MAPKKKI10)
and MLK3 (Mitogen-activated protein kinase kinase kinase
11; MAPKKK11), that are upstream activators of the INK
pathway. This represents an initial attempt to specifically
target the INK pathway vig inhibition of selected
MAPKKKs upstream of INKs. The most specific inhibitor
seems to be SP600125 (Fig. 3), a reversible ATP-
competitive inhibitor [104]. INK inhibitors from Celgene
(CC-401; Celgene, San Diego, CA, USA) and Serono
(AS602801; Serono, Geneva, Switzerland) are cwrently
undergoing phase 1 clinical trials, but its formulas and
mechanisms of action have not been released. A scheme of
the actions of the different inhibitors on the specific INK
kinase cascade is shown in Fig. (2).

3.2.3. JNK Activation in Experimental Meodels of Henal
Damage

Renal INK activation has been described in proliferative
anti-glomerular basement membrane glomerulonephritis in
rats [28], and in mesangial proliferative glomerulonephritis
induced by anti-thymocyte serum in rats [29,105]. In this
model, prednisolone therapy, which improved proteinuria
and glomerular hypercellularity, also blocked the increment
in INK activation [104]. INK activation has been also re-
ported in the Dahl salt-sensitive hypertensive rat [36].
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JNK activation has been also reported in acute models of
renal damage such as renal ischemia-reperfusion [106,107].
In this model, activation (enhanced DNA binding) of the
MAPK -responsive transcription factors, c-Jun and ATF-2
have been also reported [78]. The ischemia-associated acti-
vation of JNK may be ameliorated by systemic administra-
tion of substances with antioxidant properties [106, 107].
Renal INK activation was also observed in the acute renal
mjury nduced by glycerol [108]. The exogenous application
of heat stress also increased JNK activation in mouse kidney
[109].

3.2.4. JNK Activation in Mesangial Cells

JKK is activated in mesangial cells by agonists of G pro-
tein-coupled receptorss proinflammatory cytokines [110-
118], and several drugs [119,120] (Table 3). JNK activation
has been observed in mesangial cells undergoing hypertro-
phy [121,122]. Infection of MC with a dominant negative
form of ERK and INK ihibited PDGF-BB-induced increase
mesangial cell proliferation, thus suggesting that INK path-
way activation is mvolved in mesangial cell proliferation
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Chermical structures of the most used INK and p38 pathways inhibitors.

[118]. Furthermore, in human mesangial cells, Ang-II-
induced thrombospondin-1 production (an obligatory step on
activation of latent TGF-betal by Ang-II) iz dependent on
JNK signaling [123].

There are also several substances that are able to antago-
nize INK signaling in mesangial cells (Table 3) [124-127].
Inhibition of INK in mesangial cells with SP 600125 sup-
pressed LDI-induced TGF-p, CTGF, and collagen I expres-
sion, thus suggesting that INK pathway and TGF-f1 play a
key role in LDL signaling leading to CTGF and collagen I
expression [128]. Treatment with the INK-selective blocker,
SP600125 almost completely prevented the proliferative
effect of Ang-II in cultured human mesangial cells, thus
suggesting that INK activation mediates this proliferative
effect [122]. In addition, celecoxib-induced HO-1 expression
in mesangial cells was attenuated by pretreatment of the cells
with SP 600125, but not by SB203580 (a specific p38
MAPK inhibitor), or PD98039 (a specific MEK inhibitor),
thus suggesting that celecoxib-induced HO-1 expression in
mesangial cells may be mediated by the INK activation
[120]. In cultured human mesangial cells, peptides contain-
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ing arginine-glycine-aspartic acid (RGD) motifs, commonly
found on the binding sites of extracellular matrix to n-
tegrins, increase the expression and function of solible
guanylate cyclase (sGC), and the effect of RGDS on sGC
protein content was completely abolished by treating the
cells with INK inhibitors, curcumin and SP600125[129].

From all the above described data, it can be deduced that
INK activation plays a major role in mesangial cell func-
tional alterations (proliferation, ECM synthesis and inflam-
mation) invelved in acute and chronic renal glomerular dis-
eases.

3.2.5. JNK Activation in Epithelial Tubular and Other
Kidney Cells

After urinary obstruction, tubular epithelial cells become
subject to both hypotonicity and cyclic stretch [130] and it
has been proposed that these mechanical forces are responsi-
ble for renal epithelial cells apoptosis [131], a characteristic
feature of kidney damage resulting from UUO [131]. Hyper-
tonic ity or hypotonicity activates INK in renal epithelial cells
in culture [132-134]. Hypertonicity activated JNK2 but not
INKI1 in inner medullary collecting duct cells and inhibition
of the INK2 pathway through the trasfection of a dominant
negative form of INK2 increased the proapoptotic effect of
hypertonicity [135], suggesting a protective role of INK
against osmolarity-induced apoptosis. On the contrary,
stretch induced apoptosis and JNK activation, and inhibition
of this pathway reduced the degree of stretch-induced apop-
tosis [136].

Nephrotoxic drugs and oxidative stress inducers inchud-
ing arachidonic acid[137] cadmium [138], oxygen free radi-
cals [139] or 1,2-(dichlorovinyl)-Lcysteine (DCVC) [140]
resulted in JNK activation, cell apoptosis and detachment
from the substrate, whereas inhibition of INK with
SP500125 maintained cell adhesion as well as protection
against apoptosis [140], thus suggesting that INK activation
mediates toxicant-induced epithelial cell apoptosis.

Other effects involving INK activation in tubular cells
are thrombin-stimulated PAI-1 expression [141], and epithe-
lial-to-mesenchymal transition (EMT). Some epithelial cells
undergo EMT when plated in collagen type 1, and this coin-
cides with INK activation. Dominant inhibitory Racl
(RacN17) or inhibition of JNK signaling with 3B600125
prevented collagen I-induced EMT [142].

An explanation for these opposing roles of INK in the
same pathological scenario needs to be further elucidated. It
should be noted that INK can participate both in cell survival
and apoptosis, depending on the cell type, the stimulus and
the circumstances [143].

3.2.6. Conclusion

JNK activation seems to be involved in a great variety of
physiological functions and processes characteristics of renal
damage, (Table 4), such as mesangial cell proliferation,
increased extracellular matrix synthesis, tubular cell apopto-
sis and EMT. Thus, the inhibition of INK activation repre-
sents a novel therapeutic target for the treatment of chronic
renal diseases. However, INK activation is involved in many
physiclogical processes throughout the organism. For in-
stance, INK activation participates in proliferative and apop-
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totic signaling in tubular cells. In some instances it is diffi-
cult to ascertain whether these effects participate in defen-
sive and repair responses or in deleterious actions.

Accordingly, indiscriminate inhibition of INK with
therapeutic purposes needs to be much further evaluated in
vive and in the preclinical and clinical scenarios.

3.3.p38& Kinase

3.3.1. Overview of p38 Kinase Pathways

The p38, also known as stress-activated protein kinase-2
(SAPK?2) is a ubiquitous, conserved protein kinase. The p38
family includes four isozymes (a through 6), subjected to
dual phosphorylation at the TGY motif, primarily by MKK3
and MKK 6. Members of the p38 family are generally but not
exclusively responsive to environmental stressors. Effectors
of the p38 family include both transcription factors such as
ATF-2, Elk-1, CHOP/Gadd153, Max, MEF2C, and enzymes
such as MAPKAP kinase (Fig. 1). Although its precise func-
tion remaing controversial, p38 MAPK is particularly in-
volved in the inflammatory process, and its activation is
required for regulation of transcriptional activation of in-
flammatory cvtokine genes including IL-1f and TNF-a
[144].

3.3.2. Inkibifion of p3 8 Kinase

Knowledge on the functional role of p38 signaling has
been facilitated, among other tools, by the availability of
several synthetic inhibitors among which the most used is
SB203580 (Fig. 3), which nhibits most, but not all of the
p38 isozvmes with relatively high specificity [145]. How-
ever, 3B203580 also inhibits cvclooxygenase-1 and -2 and
thromb oxane synthase [25]. Other inhibitors are FR167653,
SB239063, and SB202120 (Fig. 3). Specific inhibitors of the
p38a izozyvme, NPC31145 and NPC31169, have been also
developed [146,147]. They do not block phosphorylation of
p38a, but inhibit the ability of phosphorylated-p38a (p-p38a)
to phosphorvlate ity downstream targets such as activated
transcription factor-2 (ATF-2). A scheme of the place of
action of these inhibitors on the p-38 kinase cascade is
shown in Fig. (2).

3.3.3. p38 Kinase Activation in vive Medels of Renal Dis-
ease

In a model of primary mesangial proliferative glomeru-
lonephritis induced by anti-Thyl serum, activation of p38
has been reported to occur some days later than ERK activa-
tion [29]. Homozygous Ren2 transgenic rats (expressing the
mouse Ren? gen) are characterized by renal fibrosis, and
increased p38 activation [148,149]. In rats subject to a hem-
orrhagic hypotensive shock, p38 MAPK activation increased
immediately after hemorrhage and decreased with time. This
was accompanied by TNF-a and IL-1p overexpresgion, in-
flammation and renal dysfunction [150].

In human podocyte injury diseases, an increased phos-
phorylation of p38 MAPK was observed in podocytes [151].
Furthermore, in rat puromycin aminonucleoside (PAN)
nephropathy and mouse adriamycin (ATR) nephropathy, p3 8
MAPK phosphorylation was marked but transient, preceding
overt proteinuria. In rats with streptozotocin-induced diabe-
tes, p38 activation has been also observed [152]. Renal
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ischemia-reperfusion was associated with renal p38 activa-
tion [153].

3.3.4. p38 Kinase Activation and Podocyte Damage

Podocyte loss is a key event leading to glomerulosclero-
sis[154, and section 2.2]. Critical pathological events affect-
ing podocytes are cell death, mainly by apoptosis, increased
production of mediators with auto and paracrine actions and
ECM components and actin filament depolymerization,
leading to cytoskeleton reorganization, cell detachment and
foot process effacement.

p38 activation has been implicated in TGF-f-induced
cultured podocyte apoptosis [155]. Incubation of cultured
podocytes with Ang-II increased both phosphorylation of
p38 and MKK3/6 and VEGF production. [156]. In addition,
podocytes exposure to high glicose stimulates the expression
of VEGF which in turn induces collagen o3IV production,
acting downstream of TGF-B1 [157].

Podocyte ECM synthesis is also regulated by p38 activa-
tion. Exposure of podocytes to high glucose stimulates p38
and hsp25 phosphorylation and collagen IV a5 expression via
a 12-lipoxygenase—dependent pathway [158], and maintains
actin cytoskeleton [159].

Also in cultured podocytes, PAN and oxidative stress
induce p38 phosphorvlation along with actin reorganization
[151]. However, mechanical stretch induces upregulation of
cvelooxygenase-2 and prostaglandin EP4 receptor in a p38
MAPK-dependent manner, which may facilitate actin de-
polymerization [159]. These opposing effects of p38 on actin
organization suggest a strong dependency on the cellular
circumstance evoked by the action of a specific combination
of stimuli. Specific p38 MAPK substrates that may be re-
sponsible for mediating actin depolymerization include tran-
scriptional factors such as activating transcription factor 2
(ATF-2), C/EBP homologous protein (CHOP), Elk-1, myo-
cyte enhancer factors 2A (MEF2A) and 2C (MEF2C), and
Max, which can be phosphorylated and activated by p38$
[160]. p38 can also activate MAPK—activated protein kinase s
2 and 3, which in turn phosphorylate small heat-shock pro-
tein 27 (hsp27) which plays a major role in actin filament
dynamics regulated by p38 MAPK [161,162]. In addition,
p38 activation phosphorylates heat shock protein 25 (hsp25),
stabilizing fibrillar actin and preventing cleavage to globular
actin. Actin filament is a major constituent of foot processes,
and depolymerization of actin filaments leads to foot process
effacement [163]. Because actin filaments interact with
components of slit diaphragm and with integrins, depolymer-
ized actin filaments may facilitate the loss of adhesive inter-
actions, leading to disruption of slit diaphragm and detach-
ment from GBM [163], a major characteristic of chronic
glomerular damage.

The addition of the p38 inhibitor SB203580 to cultured
podocytes led to a marked inhibition of the increased VEGF
mBNA and protein production induced by Ang-II in a dose-
dependent manner [156]. These results suggest that the pro-
duction of VEGF induced by Ang-II in podocytes is medi-
ated, in part, through the activation of the p38 MAPK path-
way. In cultured podocytes, FR167653 inhibits PAN and
oxidative stress-induced p38 phosphorvlation along with
actin reorganization [151]. Inhibition of p3§ activation by
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SB202190 m cultured podocytes diminishes high glucose-
induced p38 and hsp25 phosphorilation, and alters the ratio
between fibrillar and globular actin [152].

3.3.5. p3& Kinase and Renal Tubular Epithelial calls Dam-
age

Both p38 and ERK activation seems to participate in
TGF-p-induced EMT in proximal tubular NRK-52E cell line
[93]. However, IL-1p-induced EMT in the HK-2 human
renal proximal tubular cell line is mediated by p38 and INK
but not ERK activation [164].

In cultured thick ascending limb cells, p38 activation
mediates nitric oxide-induced ciclooxigenase-2 upregulation
[165]. Exposure of MDCK cells to proinflammatory cytoki-
nes TNFa and IFNy resulted in a marked p38 activation and
a sustained elevation of paracellular permeability without
significantly induction of MDCK cell apoptosis [166], sag-
gesting that downstream effectors of p38 signaling pathways
mediate the TNFa/ IFNy -induced functional reorganization
that modulates MDCK cell barrier fumction.

Ang-Tl stimulates p38 activation in primary cultures of
rat proximal tubular cells and this fact seems to mediate
increased TGF-P1 secretion [167]. TGF-plstimulates angio-
tensinogen gene expression in proximal tubule cells and this
effect seems to be mediated by p38 activation [168]. In addi-
tion, TGF-P1 is also able to induce in epithelial cells the
production of thrombospondin-1 (TSP-1) a potent profibrotic
and antiangiogenic substance m the kidney and in other
tissues [169,170]. TGF-p1 is able to activate p38 in the rat
proximal tubular cell line NRK52E and in mouse fibroblasts
and TGF-pl-dependent TSP-1 expression iz dependent on p
38 activation[171].

Hypertonic stress activates of p38 in several types of cul-
tured epithelial cells [132,133,172,173]. p38-mediated tubule
cell apoptosis has been demonstrated to occur upon the ac-
tion of TGF-p1 [174] and mechanical stretch [136]. Treat-
ment of LLC-PK1 cells with the nephrotoxicants 1.2-
(dichlorovinyl}-Lcysteine (DCVC), 2,3,5-Tris-(g latathion-
S-yDhydroquinone (TGHQ), or H20: resulted in p38 activa-
tion, increased Hsp27 phosphorylation and apoptosis
[175,178], suggesting that p38 activation contributes to H20;
, DCV T and TGHQ-induced cell death.

Epidermal growth factor (EGF) plays a major role in re-
nal proximal tubular cell dedifferentiation, a prerequisite for
regenerative proliferation and migration after renal injury,
and thus, for recovery from tubular necrosis. When proximal
tubular cells are subjected to an oxidant injury, both the EGF
receptor, MKK3, and p38 become activated. Accordingly, it
is likely that p38 pathway activation mediates EGF receptor
activation after oxidant injury [177].

In renal tubular cells, p38 inhibition with SB202190 re-
duces the expression of the proinflammatory cytokine MCP-
1 as well the TGF-f1-induced procollagen Ial expression
induced by albumin [178]. Pharmacological inhibition of p38
signaling with SB202190 blocked the deleterious effects of
the promnflammatory cytokines on epithelial barrier function
[166]. Blocking p38 with SB 203589 and NPC31169 inhib-
ited TGF-p1-induced TSP-1 mRNA and protein expression
in the rat proximal tubular cell line NRK52E and in mouse
fibroblasts suggesting that TSP-1 expression in response to
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TGF- Pl is regulated by p38 [171]. Furthermore, inhibition
of the p38 pathway activation by SB202190 and SB-203580
bhinted Hsp27 phosphorylation and protected LT.C-PK; cells
from H;O, , DCVC and TGHQ -induced cell death [175,176],
indicating that p38 activation contributes to H;O; and
TGHQ-induced cell death. Although both p38 and INK were
activated in this epithelial cell line by DCVC, only inhibition
of p38 with SB203580 reduced Hsp27 phosphorylation,
which was associated with accelerated reorganization of
focal adhesions, cell detachment, and more apoptosis, thus
suggesting that early p38 activation by the toxic is a defense
mechanism that results in a rapid phosphorylation of Hsp27,
a requirement for proper maintenance of cell adhesion, thus
partially protecting against renal epithelial cell apoptosis
[140]. In contrast, inhibition of INK with SP600125 main-
tained cell adhesion as well as protection against apoptosis,
thus suggesting that INK activation mediates toxicant-
induced epithelial cell apoptosis [140]. Inhibition of p3 8 with
SB203580 or adenoviral overexpression of a dominant nega-
tive p38 form or its upstream activator, MKK3, inhibits EGF
receptor blocked renal proximal tubular cells dedifferentia-
tion, which results in delayed recovery of acute tubular ne-
crosis [177].

3.3.6. p38 Kinase and Mesangial Cell Activation

In cultred mesangial cells, p38 is activated by many
substances, including hormones, cytokines, heavy metals and
oxidant stress (Table 3). TGF-betal-induced production of
fibronectin, type I and type IV collagen in cultured rat me-
sangial cells is also mediated by p38 activation [179, 183].
TGF-pl1 also induces COX-2 expression in human mesangial
cells whereas p38 MAPK inhibition with SB203580 blunts
TGF-betal-induced COX-2 overexpression [44]. TGF-betal
also increased the expression of the pro-inflammatory cyto-
kine MCP-1 in a time- and dose-dependent in a rat mesangial
cell line, and this effect required the activation of p38 [183].
In mesangial cells, either the p38 inhibitor SB-203580 or the
JNK inhibitor SP-600125, but not the ERK1/2 mhibitor PD)-
98059 significantly reduced Ang-II-induced TSP-1 produc-
tion, suggesting that ANG Il-induced TSP-1 production is
dependent on p38 MAPK and INK signaling [123]. In me-
sangial cells, incubation with the p38 mhibitor SB203580
suppressed AGE-induced INOS expression and nitrite re-
lease. Cadmium-induced mesangial cell contraction, p38
MAP kinase activation, increased hsp25 phosphorylation and
association of hsp25 with microfilaments were inhibited by
the specific p38 inhibitor SB203580 and by expression of a
catalytically inactive mutant of p38 [181].

3.3.7. Effects of p38 Inhibition on Renal Discase

Pharmacological nhibition of p38 kinase has proven to
partially prevent renal damage and to preserve renal function
in different animal models of nephropathy. Stambe et al
[146] and Wada et «l. [185] reported that the p38 inhibitor
NPC31145 blocked early neutrophil and platelet infiltration
in the anti-glomerular basement membrane (GBM) nephritis
model in rats and this was associated with less proteinuria
and preserved renal function., Iwata and colleagues also
reported that chronic administration of the p38 MAPK in-
hibitor FR167653 in a lupus model in mice inhibited the
auntoimmune response leading to a reduction in renal injury
and renal function preservation [186]. Treatment of Ren2

52

Grande and Léper-Novoa

transgenic rats with the p38 inhibitor SB239063 strongly
reduced renal osteopontin, alpha-smooth muscle actin and
collagen type I expression and tubulointerstitial fibrosis
[148,149].

In raty with puromycin aminonucleoside (PAN) neph-
ropathy and mouse adriamyein (ADR) nephropathy, both
nephropathies characterized by a marked podocyte damage,
pretreatment with FR167653 completely inhibited p38
MAPK activation, prevented the occurrence of proteinuria,
and markedly ameliorated podocyte injury. Furthermore,
early treatment with FR167653 effectively prevented glome-
rulosclerosis and renal dysfunction in the chronic phase of
ADR nephropathy, suggesting that p38 MAPK might be a
potential target for therapeutic intervention i proteinuric
glomerulopathies [151].

In rats subject to a hemorrhagic hypotensive shock, pre-
treatment of the animals with a specific inhibitor of p38
MAPK activation, FR167653, attenuated TNF-a and IL-1f
overexpression, inflammation and renal dysfunction conse-
quent to the hypotensive shock, although the primary hy-
potensive state was maintained [150]. Blockade of p38 with
FR167653 ameliorated renal ischemia/reperfusion injury
[187]. Tubule-targeted, intracellular delivery of the p38
inhibitor SB202190 also reduced kidney damage after ex-
perimental renal ischemia/reperfusion in rats [178].

Only in the rat 5/6 nephrectomy model of CRF did treat-
ment with the p38a inhibitor NPC31169 result in worsened
renal function, more proteinuria, and more severe glomerulo-
sclerosis and tubuleinterstitial injury. p38 inhibition resulted
in marked cell proliferation in these rats, with more prolifer-
ating tubular cells, myofibroblasts, and macrophages. Still,
p38 suppression with NPC31169 resulted in less tubular cell
apoptosis [147].

3.3.8. Conclusions

From the above reviewed data, we can conchade that p-38
is activated in most models of chronic renal damage in and in
acute inflammatory renal damage. The reported functions of
P38 activation in renal cells are summarized in Table 4. In
general terms, blockade of p38 may be beneficial in severe
and acute inflammatory renal diseases in which there are
high levels of proinflammatory cytokines (such as IL-1p and
TNF-a). In contrast, the chronic models of renal failure are
most associated to platelet-derived growth factor-associated
mesangial cell proliferation and TGF-B-associated fibrosis
[188] whereas TNF-a expression was minimal. Because low-
grade chronic inflammation is known to suppress normal cell
growth, one might speculate that blocking p38-mediated
inflammation may stimulate a proliferative response, which
in this model 15 deleterions. However p38 activation may
also facilitate actin depolymerization and podocyte loss, and
this is a key event leading to glomerulosclerosis. Thus, these
pathological events would benefit from pharmacological p38
inhibition. However, in pathological situations that require
reepithelization, EGF-dependent epithelial cell dedifferentia-
tion, a necessary event for acute tubular necrosis recovery,
depends on p-38 activation. In this case, pharmacological
blockade of p38 activation would delay or hamper tubular
recovery.
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3.4, Extracellular Signal-Regulated Kinase 5 (ERK-5)

Another more recently discovered MAPK, the extracellu-
lar signal-regulated kinase 5 (ERK5) also known as big MAP
Kinase 1 (BMK1), has been invelved in the regulation of cell
proliferation, apoptosis and responses to physical stimuli
[189]. ERK5 was identified as a MAPK family member with
a large COOH terminal domain and a unique loop-12 se-
quence that shares the TEY activation motif with ERK1/2
[189,190]. In addition tc the core catalytic domain, ERK5
containg an approximately 400 amino acid C-terminal exten-
sion containing a transcriptional activation domain, and a
region that interacts with the myocyte enhancer factor-2
(MEF2) family of transcription factors. Furthermore, ERKS
can phosphorylate some MEF2 proteins leading to up-
regulation of the immediate early response gene c-fum
[191,192,193]. In common with ERK1 and ERK2, ERKS5
requires phosphorylation at the conserved TEY motif within
its activation loop for full activity [191]. ERKS5 is phos-
phorylated and activated by an upstream MAPK kinase
called MEKS5 [190,121]. ERKS has been reported to be acti-
vated by oxidative stress [194], serum and certain growth
factors such as EGF [195].

To the present, no specific ERK-5 inhibitors have been
described, although U0126 PD98059, classical inhibitors of
MEK activity, also blocks ERKS activation.

3.4.1. ERKS Activation and Kidney Damage

Information about the role of ERKS5 on renal diseases is
very scarce. ERK35 and FRK1/2 but not p38 has been re-
ported to be activated in the glomeruli of Otsuka Long Evans
Tokushima Fatty rats, a model of type 2 diabetes mellitug
which shows diabetic nephropathy [196]. High ghicose plus
high raffinose cause mesangial cell proliferation and a rapid
and significant activation of ERK-35. MEK inhibitors, U0126
and PD98059, both inhibit ERK3 activation by high glucose
in a concentration-dependent manner [196]. Transfection of
a dominant-negative form of MEKS5, the upstream regulator
of ERKS5, abolished mesangial cell proliferation stimulated
by high ghucose thus suggesting that ERK 5-mediated mesan-
gial cell growth may be involved in the pathogenesis of dia-
betic nephropathy [196]. Some other mediators of acute and
chronic renal failure such as Ang-II, endothelin I, platelet
activating factor, TGF-f1 and EGF are also able of activate
ERK-5 [197]. Even more important, transfection of a domi-
nant-negative form of ERK-5 resulted in a significant de-
crease in EGF-induced mesangial cell contraction and prolif-
eration [197]. Finally, it has been reported that ERKS activa-
tion 15 required for EGF-dependent morphogenesis of renal
tubular structare [198].

3.4.2. Conclisions

The data available on the role of ERK5/BMKI1 in
the genesis of renal disease or in renal cell damage is too
scarce to obtain conclusions on the pathophyvsiclogical role
of this signaling pathway, and on the therapeutic possibilities
posed by its manipulation.

4. CLINICAL PERSFECTIVES, LIMITATIONS AND
CAUTIONS

As previously reported, many chemicals have been de-
veloped to block MAP kinase and other protein kinase path-
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ways, mainly with the purpose to treat diverse types of tu-
mors. As experimental data above reviewed demonstrate in
many “in viva” and cellular systems that MAP kinase inhibi-
tion, can prevent or slow the development of many of the
changes associated to CRF or ARF, in can be suggested that
administration of MAP kinase inhibition can represent a new
therapeutical tool to fight against renal disease. However, at
the present, this kind of therapies shows many limitations.

First, although the effects of all these kinase inhibitors
have been well tested in cellular models of renal disease, or
even in animal models of the disease, ity application to hu-
mans is still in the first phases of development, for most of
them. There are many of these drugs that are in active proc-
esses of clinical application. Some of them have recently
been approved for selective, restricted clinical use or are
awaiting approval, including: Dasatinib, Imatinib, Lapatinib,
Nilotinib, Panitumumab, and Sunitinib. Most of these drugs
are inhibitors of kinase activity of VEGF and/or EGF recep-
tors, but recently, Sorafenib (previously known as BAY 43-
9006), a multikinase mhibitor specially designed to target the
RAF-MEK-ERK pathway has been approved for its use in
the treatment of patients with advanced renal cell carcinoma
and it has been commercialized with the name of Nexavar by
Bayer Pharmaceuticals [199].

Some other kinase inhibitors are now in Phase III, includ-
ing Motesanib and Pazopanib, (inhibitors of VEGF and
PDGF receptors), Aflibercept, Vandetanib (VEGF and EGF
receptors), Cediranib, BIBW-2992 (EGFR and HER2 inhibi-
tors), Enzastanrin and Ruboxistaurin (PKC-beta and
PISK/AKT), Deforolimus (mTOR) , Lestaurtinib (FMS-like
tyrogine kinase 3 inhibitor) , Alvocidib (CDK inhibitor).
Among kinase inhibitors now in Phase II, there are some p38§
MAP kinase inhibitors: (VX-702, SCI0-469, Pamapimod,
681323 and 856553, KC-706) as well as MEK Inhibitors
(PD-325901 and ARRY-142886) and PI3K or Akt inhibitors
(Triciribine, Perifosine and INCB-18424). MEK 1/2 inhibitor
PD184352 is currently being evaluated in Phase I clinical
trials. JNK inhibitors from Celgene (CC-401; Celgene, San
Diego, CA, USA) and Serono (AS602801; Serono, Geneva,
Switzerland) are currently undergoing phase 1 clinical trials.

Another major problem of the therapy with protein-
kinase inhibitors is the undesired mhibitor effects on other
kinases different to the kinase targeted, as their close struc-
tural similarities can make difficult to achieve specificity for
a particular kinase, thus potentially leading to unwanted side
effects. A very significant example of the lack of selectivity
of protein kinases has been recently reported by Bain et a4l
[200]. They have assessed the specificities of 65 compounds
reported to be relatively specific inhibitors of protein kinases
against a panel of 70-80 protein kinases. Their results have
further emphasized the need for considerable caution in
using small-molecule inhibitors of protein kinases to assess
the physiological roles of these enzymes or specifically in-
hibit a particular protein kinase, as despite being widely
nsed, many of the compounds that they analyzed were too
non-specific for obtaining useful conclusions. On the basis
of this information, they recommend the use of the following
small-molecule inhibitors for specific MAP kinase inhibi-
tors: SB 203580/SB202190 to inhibit p38 MAPK isoforms,
and PD 184352 or PD 0325901 to mhibit MKK1 (MAPK
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kinase-1) or MKK1 pluis MKK35, and thus inhibit ERK1/2 ad
ERKS5 activation,

However, it is possible to re-design protein-kinase inhibi-
tors in order to eliminate undesired inhibitory effects. For
instance, the kinase nhibitor imatinib has been highly suc-
cessful in the treatment of both chronic myelogenous leu-
kaemia (CML) and gastrointestinal stromal tumours (GIST).
However, treatment with imatinib has been reported to cause
severe, cardiotoxicity, although in a low number of cases.
Fernindez et «! have reported the possibility of re-
engineering imatinib to alter its kinase inhibition profile to
specifically target GISTs, while reducing ity toxic effects on
the heart [201]. The authors aimed to redesign imatinib,
focusing its specificity on C-Kit kinase inhibition, which is
the therapeutic target for GIST treatment, while reducing its
effect on the kinase BCR-ABL, which is the therapeutic
target for CML but it has also been linked to the cardiovas-
cular side effects of the drug. In addition, they aimed to
promote alse the inhibition of JNKI, as it has been reported
that INK activation mediates the adverse effects of imatinib
on heart cells [202]. Using structural and molecular dynam-
ics analysis, they predicted that addition of a methyl group to
imatinib to form the reengineered compound, that was called
WBZ-4, would promote dehydration of the C673-Go676
residue pair upon binding to C-Kit and stabilize the complex,
while impeding any association of WBZ-4 with BCR-ABL.
Surprisingly, this small modification increased the mhibitory
activity of WBZ-4 on INK1 activation [201]. To prove the in
vive efficiency of this new compound, they assayed it in a
mouse model of GIST. In this model, WBZ-4 was shown to
decrease tumor volume and weight to a similar extent to that
observed with imatinib, but in contrast to imatinib, WBZ-4
did not affect left-ventricular cardiac function. INK1/2 acti-
vation induced by WBZ-4 in mouse cardiomyocytes was
lower to that induced by imatinib, thus explaining the lower
cardiotoxicity of WBZ-4 compared with imatinib [201]. This
approach might also be applied to engineer the specificity of
other kinase inhibitors with undesirable side-effects with the
aim of creating safer and more effective drugs. In this case, it
should be possible to use in chronic renal disease some of the
MAP kinase inhibitors that, at the present, show toxic ef-
fects.

A further major limitation for the use of MAP kinase in-
hibitors in the treatment of renal failure is that, what is posi-
tive for certain aspect of renal damage can be negative for
other aspect. For instance, under several stress circum-
stances, renal cell viability or tubular reepithelization de-
pends on the sustained activation of some MAP kinases such
as ERK or p38, and their inhibition was associated with cell
death or lack of recovery after ischemia/reperfusion
[140,177.203]. This suggests that activation of these kinases
may be involved in the repairing processes during ische-
mia/reperfusion, regulating cell proliferation, apoptosis ad
differentiation. Furthermore, podocyte survival also requires
ERK activation [204]. For these reasons, it has to be consid-
ered that the inhibition of MAP kinase signaling pathways
may be therapeutic, but in some pathophysiological circum-
stances it may also mhibit the repairing processes, thus im-
pairing or delaying the recovery of renal fimction. In addi-
tion, MAP kinase activation can regulate physiological fime-
tions of the kidney, such as tubular transport [82] and MAP
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kinase mhibition could thus impair these physiological func-
tions.

As a final conclusion, although there are many experi-
mental data derived from both “iz vive™ and * in vitro™ mod-
els of renal damage suggesting that with MAP kinase inhibi-
tors is a promising area of therapy for renal failure, support-
ing data from further experimental models of kidney disease
and large clinical trials on the use of these drugs on chronic
or acute renal disease with careful analysis of possible ad-
verse reactions or undesired side effects are required before
they can be used in the every day clinical setting.

ACKNOWLEDGEMENTS

Studies from the Authors™ Laboratory have been sup-
ported by grants from Spanish Ministerio de Ciencia y Tec-
nologiz (BFU2004-00285/BFI, SAF 2003-04177; and SAF
2007-63893) Instituto de Salud Carlos [T, (RETIC RedIn-
Ren RDV/0018), Junta de Castille y Ledn (SA 001/C05), and
Instituto Reina Sofia de Investipacion Nefrologica.

REFERENCES

1 Lameire, N.; Van Biegen, W, Wanholder, R, Lancet, 2005, 345,
417.

[2] Remuzzi, G.; Benigni, A Remuzzi A J, Chin Swvest, 2006, 116,
288,

[3] Bohle, A.; Muller, GA.,; Welrmann, M., Mackensen-Hasn, 2
Hiao, 1.C, Kidaey Int Suppl, 1996, 54, 32,

[4] Nath, K.A, Am. J Kidney Diz, 1992, 20, 1.

[3] Koomang, HA ., Elankestijn, BJ.; Joles, LA J Am. Soc. Nephvol,
2004, 15, 524,

[6] Lameire, N.; Wan Biesen, W.; Vanholder, E. 7 4m. Soc. Nephrol,
2006, I7, 923,

[7] Liangos, O.; Wald, B.; O'Bell, J.W.; Price, L.; Pereira, B.J.; Jaber,
E.L Clin. J. Am. Soc. Nephrol, 2006, I, 43,

[8] Chertow, G.M.; Burdick, E.; Honowur, M.; Bonventre, 1.%.; Bates,
DWW, . Awm. Soc. Nephrol,, 2005, 15, 3365,

[9] Garg, 4.3 Kiberd, B.A, Clark, WE; Haynes, B.B.; Clase, C.M.
Kidney Inr, 2002, 01, 2163,

[10] Go, A2, Chertow, G.M.; Fan, D.; McCulloch, CE.; Han, CV.
Engl. J. Mad., 2004, 351, 1296,

[11] [11] Lépez-MNovoa, JM.; de Arriba, G.; Bamrio, V., Rodriguez-
Puyol, D. Eur, J. Phavmacol, 1987, 134, 363,

[12] Olivera, &.; Lopez-Novoa, LN, Br. J. Pharmacel 1992, 107, 341,

[13] Shankland, 3.]. Eidney Int, 2006, 62,2131,

[14] Eddy, 84, Am. J. Kidney Dis., 2001, 37, 325,

[13] Iwano, M. Plisthy D.; Daneff, T.M.,; 2ue, C.; Olkada, H.; Neilson,
EG. 7. Chin favest, 2002, 110,341

[16] Temasels, 1], Gabbiani, G.; Hinz, B.; Chaponnier, C., Brown,
R.4. Mat. Rev. Mol Cell Biol, 2002, 3, 349,

[17] Simian, M., Hiral Y., Navre, M.; Werb, Z.; Lochtar, A, Bizsell,
M. Development, 2001, 128, 3117,

[13] Strutz, F Zeisberg, M, J Am. Soc. Nephrol, 2006, 17, 2992,

[19] Chang, L.; Karin, M. Maaure, 2001, 410, 37,

[20] Garringtory, T B, Johnsorny, G.L. Curr. Opin, Cell Biol, 1999, 11,
R,

[21] [21] Tian, W., Zhang, Z., Cohery, DM, Am. J FPhpsiol Reral
Fhpsiol, 2000, 278, 593,

[22] Eubinfeld, H.; Seger, R Mol Biotechnel, 2005, 317, 151,

[23] Ishil Y.; Salcai, 3., Honma, Y. Leuk Res, 2001, 25, 813,

[24] Terada, Y., Yamada T.; Takayama, M.; Monoguachi, H.; Sazald, 2.
Temita, K.; Marumo, E J, Am, Soc, Nephrol, 1995, 4§, 1563,

[25] Kohrio, M.; Pouyssegur, J. Frog. Cell Cycle Res, 2003, 5,219,

[26] Eerach-Haunbold, A, G Pazquet, 3., Watson, 5.2 J Biol Chem,
1998, 273, 28766,

[27] Zhang, N.; Wu, B.; Powell, D.; Wissner, & Floyd, M.E.; Kovacs,

ED,; Toral-Barza, L ; Kohler, C. Bioorg. Med. Chem. Lett., 2000,



Map Hinase Inhiibiters in Renal Disedase

(23]
[2%]

[30]

[36]
[37]
[38]
[3%]
[40]
[41]

[42]

[63]

[64]

10,2823,

Bokemeyer, D.; Guglielml K.E.; MceGinty, A.; Sorolin, A ; Lia-
nos, EA . Dunr, MJ. 7 Clin, Javest, 1997, 100, 582,

Bokemeyer, D.; Ogtendorf, T, Kunter, U1, Lindemann, M.; Kra-
mer, H1,; Floege, I J A, Soc, Nephwrol,, 2000, 11, 232,
Bokemeyer, D.; Panelr, D.; Kramer, HI.; Lindemann, M., Kitahara
M.; Boor, P.; Kerjaschlci, D.; Trzaskos, M. Floege, J.; Ostendort]
T. J Am Soc, Nephrol,, 2002, 13,1473,

Pat, B.; Yang, T.; Kong, C.; Watters, D.; Johnzon, D.W,; Gobe, G.
Eidney Int, 2005, 97,931,

Masald, T.; Foti R.; Hill, BA.; leezami, Y., Atking, R.C.; Nikolic-
Paterson, D], Kidney Int, 2003, 43, 1256,

Omori, &.; Hida, M.; Fujita, H.; Takahashi, H.; Tanimura, 2;
Kohno, M., Awazn, M7 Am. Soc, Nephwol,, 2006, 17, 1604,
Haneda, M.; Arali, 8 Togawa, M., Sugimoto, T.; [sono, M;
Kildeaws, B. Diabeteas, 1997, 44, 847,

Feliers, D.; Duralsamy, 2., Fauliner, J.L.; Duch, I.; Lee, AV,
Abboud, HE.; Choudhwry, GG, Kasinath, B3, Kidney nt, 2001,
i, 495,

Hamaguchi, A, Kim, 3.; lzami, Y., Iwao, H. J. dm. Soc. Nephwol,
2000, 11, 38,

Hamaguchi, &.; Kim, 2.; Tano, M.; Tamanala, 8.; Iwao, H. J A,
Soe, Mephrol, 1998, 2, 372,

Arany, [; Megyesl, JK.; Kaneto, H.; Price, PM.; Safirstein, RL.
Am. S Physiol. Fenal Physiol, 2004, 287, 343,

Zdnchez-Gonzdlez, B; Vicente-Sdnchez, C; Pérez-Barriocanal, F;
Lépez-Novoa, .M., Morales, &1 Toxicol Lett, 2006, 144, 112,
Schramel, H.; Schumacher, M.; Pfaller, W, Am. J. FPhysiol Renal
Fhiid Electrolpte Phypsiol,, 1996, 271, 423,

[noue, C.N.; Ko, Y.H.; Guggino, W.B.; Forster, H.G.; Epatein, M.
Proc, Soc. Exp. Biol. Med., 1997, 214, 370,

Andersor, BW.; Zhang, XY, Tian, J.; Cormreale, 1.D.; i, 2P
Yang, D, Graf, K., Law, R.E.; Hauch, WA, Eidrey M, 1996, 50,
745

Amemiya, T., Sasamura, H.; Mifune, M.; Kitamura, 7., Hirahashi,
1.; Hayashi M., Saruta, T. Zidnep ot 1999, 54, 2055,
Eodricuez-Barbero, A, Dorado, F, Velasco, 2, Pandiella A
Banas, B.; Lopez-Novoa, .M, Kidngy fnt, 2006, 70, 201,

El-Dahr, 3.3; Dipp, 2., Baricos, W.H. Am. J Physiol Renal
Fhypsiol, 1998, 277, 343,

Grewal, 1.3.; Mukhin, Y.V.; Garnovelcaya, M.N.; Raymond, TR,
Greene, E L, A, J. Physiol Renal Physiol, 1999, 2748, 922,
Huwiler, A.; Pfeilschifter, J. Br. J. Pharmacel, 1994, 113, 1455,
Kusalca, [ Iehikawa, 3.E; Higashiyama, M., Saito, T.; Nagasala,
5. Endocrinology, 1996, 137, 5421,

Yunta, M., Rodricuez-Barbero, A, Arevalo, M.A.; Lopez-Novoa,
IM.; Lazo, PA, Kidrey Int, 2003, 43, 534,

[ghida, T.; Haneda, M.; Masda, 3.; Koya, D.; Kiklawa, R, Digbe-
tes, 1999, 48 593,

[ngram, AJ.; James, L., Ly, H, Thal K., Cal L.; Scholey, J.W.
Eidney I, 2000, 58, 1067,

Kawata, V., Mizukami, Y., Fujil, 2., Sakumura, T.; Yochida, K.
Matsuzall M. J Bio.l Chem., 1998, 273, 169035,

Zentt, B.; Aldlenberg, M. Silverman, M. Exp. Cell Ras, 1998, 240,
134,

[keda, M.; lkeda, U.; Shimada, K.; Fujita, M.; Okada, K.; Saito, T,
Minota, 2. Kane, 8, Bur J. Pharmacol,, 1997, 324, 283,

Yasunari K.; Kohno, M.; Kano, H.; Yokokaws, K., Minami M.
Yoshiliawa, ], Hppartension, 1997, 20, 330,

Haneda, M., Araki 2., Sugimoto, T.; Togawa, M.; Koya, D.;
Kildtawa, B, Kidnep fnt, 1996, 50, 334,

Miralem, T.; Templetory, DM, Biochem, J, 1998, 330, 651,
Matsuo, H., Yamasaldi, H.; Mataumoto, K.; Uctani, 3., Yamaguchi,
Y., Alcazawa, S.; Yamashita, 8. Nagatald, 8. Biochem. Blophys.
Ras, Commun, 1996, 226, 7446,

Matonsovic, K.; Grande, 1B ; Chini, C.C.; Chini, EN.; Dousa, T.E
. Clin, favest, 1995, 24, 401,

Huwiler, &.; Pfeilschifter, J. FEBS Leott, 1994, 14,255,
Huwiler, A.; Pfeilschifter, J. FEBS Latt, 1994, 13, 135,

sehramelk, H.; Sorolkin, A, Watzory E.D.; Duanr, M.J J Cardio-
vase Pharmacel, 1995, 28, 85,

Schramelk, H.; Schumacher, M., Wilflingzader, D.; Oberleithner,
H.; Pfaller, W, Am. J Physiol Cell Physiol, 1997, 272, 383,
Huwiler, A., Fabbro, D.; Pfeilschifter, J. Bur J Biockam., 1995,

55

[63]

[66]

[67]
[62]
[69]
[70]
[71]
[72]
[73]
[74]
[73]
[76]
[77]
[78]
[79]
[80]
[81]

[82]

[a3]
[84]
[85]
[86]
[87]
(8]
[89]
[90]
[¢1]

[%2]

[93]
[94]
[95]
[96]
[97]
(98]
[99]

[100]

Current Medicinal Chemistry, 2008 Vel 15, No. 20 2068

227,208,

Togawa, M., Haneda, M. Arakl 2. Sugimoto, T.; Isono, M.,
Hidaka, H.; Yasuda, H.; Kashiwagi A, Kikkawa, R Eur 7 Phay-
macol, 1997, 334,291,

Gomez-Garre, D, Ruiz-Ortega, M., Crtego, M., Larzo, B, Lopez-
Armada, M. Plaza, 11 Gonzalez, E.; Egido, J. Hypertension,
1996, 27, B33,

Tan, Y., Wang, B.; Keumn, 1.3 Jaffa, 4.4 Am, J Physiol Renal
Fhysiol, 2005, 285, 483,

Lin, L., Wang, FS.; Kuo, YR, Huang, ¥.T; Huang, H.C.; Sun,
T.C; Kuo, TH Bdaey Iat, 2006, 65, 1593,

Border, W.A.; Noble, N.A, Kidney Int, 1997, 51, 1388,

Guo, B.; Inoki, K.; Isono, M.; Mori, H.; Kanazaki, K.; Sugimoto,
T, Akiba, 3 Sate, T.; Yang, B.; Kiltkawa, R.; Kashiwagi 4
Koya, D, Kidnay fnt., 2005, 45, 972,

Riger, B.L.; Cortes, P, Yee, ], Sharba, A K., Asano, K., Rodri-
oiez-Barbero, 4. Maring, R.G. J Am. Soc Nephrol, 1998, @ 327
Tanimura, 2., Chatani, 7., Hoshine, R.; Sato, M., Watanabe, 3.,
Katacka, T.; Makamura, T., Kohno, M. Oncogene, 1998, 17, 57,
Lal, M.A., Proulx, PR, Hebert, R.L. 4m. J FPhysiol Reral
Fhypsziol, 1998, 274, T28,

Cussac, D.; Schaak, 3.; Gales, C; Flordellis, C.; Denis, C.; Parig,
H. Am. I Fhysiol, Renal Physiol, 2002, 232, 943,

Chatterjee, 3,; $hi WY, Wilsory B; Mazumdar, A, 7 Lipid. Res,
1996, 37, 1334,

Dulin, M.O.; SBorokin, &.; Douglag, 1.5 Hepertension, 1998, 32,
1088,

Simm, A.; Munch, G.; Seif, F; Schenk, O.; Heidland, A.; Richter,
H.; Vamwvalias, 3., Bchinzel, R, FEBY Lett, 1997, 410, 481,
Moroolka, H.; Bonventre, 1.V, ; Pombo, C.M.; Kyriakis, 1.M.; Force,
T. . Biol, Chem,, 1995, 270, 30084,

Kramer, HJ.; Hashemi, T.; Backer, A.; Bokemeyer, D. Eidnay
Blood Frass, Res, W02, 25,65

Jo, BK.; Cho, W.Y.; 8ung, 3.4 ; Kim, H.K.; Wor, N.H. Kidnay
int, 2005, 47, 458,

Sarrd, B, Tornavaca, O, Plana, M., Meseouer, & Itarte, E. Kidnap
i, 2008, 73,77,

Li Y. Tamada H,; Kita, ¥.; Kunimi M.; Horita, 2. Suzukl M.
Endo, Y.; Shimizy, T.; 3eki &; Fujita, T. J Am. Soc. Nephrol,
2008, 10,252,

Eeunanery, N.; Foschi, M.; Han, J.; Carl, VK. J. Biel Chem., 2000,
273, 34634,

Martinez-Salgado, <., Fuentes-Calvo, 1; Garcia-Cenader, B
santos, B Lépez-Movoa, LM, Exp. Cell Keas, 2006, 312, 2093,
Strattory, R.; Rajloumar, V., Ponticos, M., Nichols, B.; Shiwen, . ;
Black, C M. Abraham, Dn].; Leask, A, FASEERJ, 2002, 4, 1948,
Heeg, M.H.; Koziolely, M.J.; Vaslo, R.; Schaefer, L.; Sharma, K.;
Muller, G4, Stratz, F Eidaey Mot 2005, 65, 96,

Pat, BE.K.; Cuttle, L.; Watters, D.; Tang, T.; Johnzon, D.W.; Gobe,
GO MNephrology (Carlton), 2003, 8, 196,

Di Marl, 1.E; Davig, R.; Safirstein, E.L. 4m. J Fhysiol, 1999, 277,
1935,

Werner, 5., Groge, R, Phpsiol. Rev, 2003, 83, 835,

Bottinger, E B; Bitzer, M.J. Am. Soc. Nephrol, 2002, 13, 2600,

Li L.H.; Wang, W.;, Huang, ZJE.; Oldfield, M., Schmid, AM.;
Cooper, M.E.; Lan, H.Y. Am. /. Pathol, 2004, J54, 1389,

Wang, W, Huang, 2.R.; Canlag, B Olka K.; Truong, L.I; Deng,
C.; Bhowmicl,, M.A.; Ju, W.; Bottinger, EP; Lan, H'Y. Cire, Res,
2006, 05, 1032,

Ehyu, DV Y; Yang, Y.; Ha, H.; Lee, G.T.; 3ong, J.5,; Ul 2.T.; Les,
HE 7 Am Soc. Neplwol, 2005, I, 667,

Janda, E.; Lehmann, K.; Killisch, [; Jechlinger, M.; Herzig, M.;
Downward, J.; Beug, H.; Grunert, 3. J. Cell Biol, 2002, 154, 299,
Bhowmicle, M.A; Zent, R.; Ghiassi, M.; McDonnell, M ; Moses,
HL J Biol Chem, 2001, 14, 274, 46707

Hocewvar, B.A.; Brown, T.L.; Howe, BH. EMEO ., 1999, 18, 1345,
Schramele, H., Feifel E.; Marechitz, [, Golochtchapova, N,
Gatrammthaler, G.; Montesano, R. Am. J Fhypsiol. Cell Physiol,
2003, 283, 632,

Xie, L., Law, BK., Chytil, A M, Brown, KA., Adkre, ME;
Moses, HL. Neoplasia, 2004, 4, 603,

Eodrignez-Pena, 4,; Grande, M.T.; Eleno, N.; Arévalo, M.; Guer-
rero, O S3antos, E; Lopez-Novoa, J.M, Kidaey Mt 2008 (in press)
Mishina, H.; Makagawa, K., Azuma, N, Katada, T, J. Blol Regul



2069 Carrent Medicinal Chemistry, 2008 Vol 15, No. 14

[103]

[104]

[105]

[106]
[107]

[109]

=
)

[111]

[112]

CoiE

[115]
[116]
[117]
[118]
[119]
[120]
[21]
[122]
[123]

[124]

[125]

[126]

=
2

[129]

[130]
[131]
[132]
[133]
[134]
[135]

[136]

Homeost, Agents, 2003, 17, 295,

Chen, Y.E., Tay, T.H. Oncogene, 1998, 17, 173

Croas, 1V, Deal, J.C.; Rich, EA., Qian, Y., Lewizs, M., Parrott,
L.A; Mochida K. Guatafaon, D.; Vande Pol 3.; Templetor, D.J.
A Biol, Chem, 1999, 274, 31130,

Maroney, 4.C, Finn, 1B, Connors, T.J., Durkin, I.T., Angeles, T.,
Gessner, G, Xu, 2., Meyer, 3L, Savage, MJ, Greene, LA,
Seott, BW,, Vanght, L. J, Biol Chem, 2001, 275, 25302,
Bernett, B.L.; 3asaldd, D.T.; Murray, B.W.; O'Leary, E.C.; Salkata,
3T, W, Proc, Natl dcad, ol US4, 2001, 05, 13681,

Seto, M,; Kim, 3; Voshifusa, H., Makamura, Y.; Masuda, T,
Hamaguchi, A.; Yamanaka, S Iwao, H. J. Am. Soc. Nephrol,
1998, ¢, 1367,

Di Marl, J; Megyesl, J.; Udvarhelyl, M., Price, P; Daviz, R,
Safirstein, R, Am. J Physiol, Renal Fhysiol, 1997, 272,292,
Kunduzova, C.R.; Bianchi, P, Pizzinat, N.; Eacourron, G.; Segue-
lag, M.H,; Parini & Cambon, & F4S5EER 7, 2002, 14, 1125,
[ghizuka, &, Yano, T.; Haglwara, K.; Sone, M., Nihei H ; Ozasa,
H.; Horlleaws, 2. Biochem Biophyps, Kes, Comaln, 1999, 254 BB
Huw, Y., Metzler, B., X, Q.J Biel Chem, 1997, 272, 2113,
Huwiler, & ; van Rogsum, G., Wartmann, M.; Pfeilachifter, J. Eur
. Pharmacol, 1998, 343, 297,

Aralki, 3., Haneda M., Togawa, M., Kikkawa R Eidney Mt
1997, 51, 631

Huwiler, &.; van Rogaam, G., Wartmann, M., Pfeilschifter, 1. Br. ./
Fharmacel, 1997, 124, 807,

Pfeilschifter, 1., Huwilar, A, FERS Latt, 1996, 304, 67,

Yusufi, &M.; Cheng, I; Thompeon, M 4.; Walker, HI.; Gray,
C.E; Wamer, G.M.; Grande, 1B J. Labd, Clia, Med., 2003, 141,
3la

Guo, Y.L.; Bayeal K.; Kang, B.; Yang, LJ.;, Willlameon, J.R. J
Biol. Chem., 1998, 273, 4027

Uclechowskl P, Sallatvala, J.; won der Ohe, K.; Resch, M., Sza-
mel, M.; Kracht, J. FEBS Lett,, 1996, 304, 273

Wilmer, WA, Tan, L.C; Dickerson, 1A, Danne, M., Rovir, B H,
. Biol. Chem., 1997, 272 10877

Kawano, H.; Kim, 3.; Chta, K.; Makao, T.; Miyazaki, H.; Nakatani,
T.; Iwao, H. J. Am, Soc, Nephrol,, 2003, 14, 334,
Martinez-Jalgado, C.; Rodriguez-Barbero, &.; Eleno, MN.; Lopez-
MWovoa, LM Life o, 2005, 77, 2283,

How, C.C; Hung, 3.L.; Kao, 3.H.; Cher, TH.; Lee, H.M. Ann N
¥ Apad Sci, 2005, 1042, 235,

Gorappl, &; Bonventre, 1.V, Kyrlakis, 1M, EMBO J, 2002, 21,
3427,

Zhang, A.; Ding, G.; Huang, 3., Wu, Y.; Pan, ¥ ; Guan, ¥.; Chen,
E., Yang, T. Am. J. Fhysiol Renal Physiol, 2005, 288, 1118,
Maito, T.; Masalci T.; Nilolic-Paterson, DnJ., Tanji, C; Yorioka
M. Kohno, N Am. J Phypsiol Renal Physiol, 2004, 284, 278,
Kishida, M.; Uralcaze, M.; Takata, M., Mobata, ¥.; Yamamoto, N.;
Temarw, R, Sato, A, Yamazaki, K., Nakamura, N, Kobayashi M.
Exp. Clin. Endocrinel Digbetes, 2005, 113, 365,

Lee, M.I; Yang, C.W; Jin, D.C.; Chang, Y.2,; Bang, BIK., Kim,
T2 Dmmunel, 2003, J70, 2557,

Moreno-Manzano, V., lshikawa, V., Lucio-Cazana, 1., Kitamara,
M. T Biol, Chem, 1999, 16, 274, 20251,

[shiliawa, Y., Kitarmara, M, Kidney Jt, 2000, 38, 1073

sohn, M. Tan, ¥, Kleiny B.L.; Jaffa, A4, Kidney Int, 2005, 07,
1238,

Diez-Marques, M.L.; Ruiz-Torrez, M. P, Griera, M.; Lopez-Ongil
3. Saura, M. Rodriguez-Puyol, D.; Rodriguez-Puyol, M. Cardio-
vase Kas, 2006, 50, 338,

Eicardo, 3.D.; Ding, G.; Bufemio, M., Diamond, LR, 4m. J
Flypaiol, 1997, 272,789,

Cachat, F.; Lange-3perandio, B.; Chang, &4.7.; Kiley, 3.C.; Thom-
hill, B.A.; Forbes, M.3.; Chevalier, R L. Eicney fnt, 2003, 63, 564,
Berl, T.; Birtwardana, G.; 4o, L.; Butterfield, L.M.; Heasley, L.E.
Am. J Physiol Renal Physiol, 1997, 272, 305

Zhang, Z.; Coher, DM, 4dm. 7 FPhysiol Renal Fluid Electrolpte
Fhysiol, 1996, 271, 1234,

Zhang, Z., Yang, XY, Cohen, DM, 4m. 7. FPhysiol, Cell Physiol,
1998, 275, 1104,

Wojtaszel, P4, Heasley, L.E; Sriwardana, G, Berl T. J Biol
Chem., 1998, 273, 800,

Meuyen, HT.; Haieh, M.H., Gaborro, 4.; Tinloy, B.; Phillips, C.;

56

[137]
[138]
[139]
[140]

[141]

[142]
[143]

[144]
[145]

[146]

[147]
[148]

[149]

[150]

[151]

[152]

[153]

[154]
[155]

[156]

[157]
[158]
[159]

[160]
[161]

[162]
[163]
[164]
[165]
[166]
[167]
[162]
[169]
[170]

[171]

[172]

[173]

Grande and Lipe-Nevea

Adarn, B.M. Neplwon, Exp. Nephrol,, 2006, 102, 49,

Cui, Z.L.; Douglas, .G, Froe. Matl Acad, Sei. US4, 1997, 24,
I

Matanolca, M.; Iglen, H Bilochem. Biophys. Res. Commun, 1998,
251, 327,

Wang, L.; Matanghita, K. ; Arvalel [ Takeda, M. Nephros, 2002, 27,
142,

De Graauw, M. Tijdens, L; Cramer, E.; Corless, &, Timms, JF;
van de Water, B, J. Biol, Chem., 2005, 280, 29885,

Pontrelli P, Ranieri E, Ursi M., Ghosh-Choudhary, G.; Gesu-
alde, L; Paolo Schena, F,; Grandaliano, G Kidney M, 2004, &3,
2248,

Shintani, Y.; Wheelocle, M.1.; Johngon, K.E. Mol Biol. Cell, 2006,
I9 2965,

Chen, Y.R.; Wang, ¥.; Templeton, D.; Davis, R.J.; Tan, TH. J
Biol Chem., 1996, 271, 31925,

Herlaar, E.;, Brown, Z. Mol Med. Todayp, 1999, 3, 438,

liang, Y.; Gram, H.; Zhao, M., New, L, Gu J.; Feng, L.; Di Pa-
dova, F; Ulevitch, B.J.; Han, 1. J. Biol. Chem, 1997, 272, 30122,
Stamnbe, C.) Atking, R.C.; Tesch, G.H.; Kapoun, A.M,; Hill, BA;
Schreiner, G.F.; Nitolic-Paterzon, D11 J dm. Soc. Nephrol, 2003,
I4, 338

Chashi, R.; Makazawa, T., Watanabe, 2, Kanellis, J.; Almirez,
E.G.; Schreiner, G.F,; Johnson, RJ. Am. J. Pathel, 2004, 164, 477,
De Borat, M.H.; Mavis, G.; de Beer, R4, Huitema, 2 Wis, L.M.;
wvan Gilst, W.H.; van Goor, H, Lab, vest, 2003, 83, 1761,

De Borat, M.H.; van Timmearen, M.M.; Vaidya V.5 Van Dalen,
ME.; Kramer, A.B.; Schuurs, T.4A.; Bonwventre, 1.V.; Mavis, G.;
wvan Goor, H Am. J, Physiol, Renal Fhysiol, 2007, 202, 313,

Sato, H.; Tanalka, T.; Kazai, K.; Kita, T.; Tanala, M. Shock, 2005,
24, 488,

Koshikawa, M.; Mukoyama, M.; Mori, K.; Suganami, T.; Sawal,
K. Yoshioka, T.; Magae, T.; Yokoi, H.; Kawachi, H.; Shimizun, F;
Sngawara, A MNalcao, K. 7. 4m. Soc. Nephrol, 2005, 14, 2690,

Dai, T.; MNatarajan, R.; Nast, C.C; LaPage, 1.; Chuang, P, Sim, J.;
Tong, L.; Chamberling M., Wang, 3.; Adler, 3.G. Kidney Int, 2006,
a8, 808,

Yin, T Sandmy, G Wolfzang, C.D.; Burier, A, Webb, E.L.;
Rigel [.F; Hal, T, Whelar, 1. J. Biol. Chem, 1997, 272, 19943,
Kriz, W.; Gretz, N.; Lemley, K.V, Kidnep Int, 1998, 54, 687,
Schiffer, M.; Bitzer, M.; Roberts, 13, Kopp, L.BE.; ten Dijke, B;
Mundel, P Bottinger, E.P. /. Clin. favast, 2001, 108, 807,

Kang, Y.&8,; Pak, Y.G; Kim, BK.; Han, 3.7.; Jes, Y.H.; Han,
K H,; Lee, M.H.; Song, HK.; Cha D.E.; Kang, 3'W.; Han, D2, J.
Mol Endocrinol, 2006, 34, 377,

Chen, 3., Kasama, ¥.; Lee, I8, Jim, B.; Martin, M.; Ziyadeh, E M.
Diabetes, 2004, 33, 2939,

Kang, 8W., Matarajan, R.; Shahed A.; Nagt, C.C.; Mundel, B,
Kashtan, C.; Adler, 3.G.J. Am. Soc. Mephrol, 2003, 14, 3173,
Martinean, L.C; MeVeich, L1, Jasmin, B.J; Kermedy, C.R. Am.
J. Phypsiol Renal Fhypsiol, 2004, 254, 693,

Zh, T.; Lobie, BE. J Biol Chem., 2000, 273, 2103,

Guay, 1., Lambert, H.; Gingras-Ereton, G.; Lavois, 1.IN.; Huot, 1.5
Landry, J. J. Cell Zei, 1997, 110, 357,

Smoyer, W.E.; Bansom, E.F. F4SER J, 2002, I, 3135,

Mundel, P.; Shankland, 2.1 7 Am. Sec. Nephwol, 2002, 13, 3005,
Zhang, M.; Tang, 1., LL X, Mephwon, Exp Nephrol, 2005, 00, 68,
Cheng, H.E; Zhang, M.Z.; Haris, R.C. Am 7 Fhysiol Reral
Fhysiol, 2006, 200, 1391,

Pafricl, D.M.; Leone, & K.; Shellenberger, J.J.; Dudowicz, K.A.;
King, I.M. BMC Phyaiol, 2006, 4, 2,

2w, Z.; Zimpelmanr, J.; Burne, KD, Kidwey fat, 2006, 62,2212,
Breznicearny, M.L.; Wel C.C.; Fhang, 8.L.; Haiely T.J.; Guo, D.F;
Hebert, M.J.; Ingelfinger, I.E.; Filep, J.G.; Chan, 1.5 Eidnep 1.,
2006, 59, 1977,

EBornatein, B J. Clin Savest, 2001, 107, 929,

Hugo, C.; Shankland, 3.J.; Pichler, R.H.; Couger, W.G.; Johnson,
E.1. Eidney Int, 1998, 53, 302,

Makagawa, T.; Lan, H Y., Glushalkowva, ©.; Zho, H.J.; Kang, D H.;
Schreiner, G.F.,, Bottinger, E.F.; Johngon, E.J.; Sautin, Y Y. J Am
Soc, Mephrol, 2005, 14, 899,

Watts, B.a, II1L; Di Marl JF; Dawis, B.J; Good DWW Am J
Fhysiol, Renal Physiol, 1998, 275, 478,

Padda, E. Wamsley-Davis, A, Guatin M.C., Rosgs, R T, O



Map Hinase Inhiibiters in Renal Disedase

[176]
[177]

[178]

[179]
[180]

[181]

[182]
[183]

[184]

[125]

[186]

[187]

[189]

Sheilkh-Hamad, D, 4. 7 Physiel Remal Physiol, 2006, 201, 874,
T, Ly Hebert, M.C.; Zhang, Y.E, EMECQJ, 2002, 27, 3748,
Eamachandiran, 3., Huang, Q.; Dong, J.; Law, 3.8, Monks, T.J.
Chem. Res. Toxicol, 2002, 13, 1635

Deong, J.; Ramachandiran, 2.; Tikoo, K.; Jia, Z.; Law, 3.3, Monlka,
T.1. Am. J. Physiol. Renal Phypsiol.,, 2004, 257, 1049,

Zhuang, 3., Yar, Y, Han, I Schnellmann, R.G. J Biol Chem.,
2005, 250,21036,

Pralcash, 1.; Sandovicl, M.; 3aluja, V., Lacombe, M.; Schaapveld,
E.0Q.; de Borst, M.H.; van Goor, H.; Henning, E.H.; Proost, J.H.;
Moolenaar, F; Kerl, G Meijer, D.K.; Poelstra, K.; Kok, EJ. 7
FPhaymacol Exp. Ther., 2006, 310, 8,

Jiang, T.; Che, Q.; Lin, Y.; Li H.; Zhang, N. Nephrology (Carlion),
2008, 11, 105,

Chang, BC.; Chen, T.H.; Chang, C.J.; Hou, C.C.; Chan, B, Lee,
H.M. Kidney Int, 2004, §3, 1664,

Hirano, 3.; Sy X DeGuaman, C4 . Rangom, R.F; McLeish
K.R.; Smoyer, W.E,; Shelder, E A Welsh, M.J.; Benndorf, B, Am.
J. Physiol Renal Phypsiol, 2005, 235, 1133,

Huot, J.; Lambert, H.; Lavole, JN., Guimond, A.; Houls, F;
Landry, I. Eur. J. Biochem., 1995, 227, 416,

Wang, L.; Kwalg, 1.H.; Kim, 3.1; He, Y.; Chol ME J Biol Chem.,
2004, 270, 33213,

Cheng, J.; Diaz Encarnacion, M.M.; Warner, G.M.; Gray, CE;
Math, KA., Grande, 1B dm, J, Physiol Cell Fhysiol, 2005, 280,
258,

Wada, T., Faruichi K., Sakai, N.; Hisada, Y., Kobayashi K.
MMukaida, M.; Tomosugl N.; Matsushima, K.; Yolioyama, H Am. 7
Kidnay Dis, 2001, 38, 1169,

[wata, Y.; Wada, T.; Fuaruichi, K.; Sakai, N.; Matzushima, K
Yoloyama, H.; Kobayashi, K. 7. 4m. Soc. Nephwol,, 2003, 14, 57,
Furuichi, K.; Wada, T.; I'wata, ¥.; Sakai, M.; Yoshimoto, ¥.; Koba-
yashi, K.K.; Mukaida, MN.; Mataushima, K., Yoltoyama, H. Nephrol
Dind. Transplant, 2002, 17, 399,

Floege, J.; Burns, M.W.; Alpers, C.E; Yoshimura, A, Prizl P,
Gordory, K., Seifert, RA; Bowen-Pope, D.F.; Couger, W.G.; John-
son, B Kidney Int, 1992, 41,297,

57

[189]

[1%0]
[121]

[192]
[193]
[194]
[195]

[196]

[197]

[198]

[19%]

[200]

[201]

[202]
[203]

[204]

Current Medicinal Chemistry, 2008 Vel 15, No. 280 2070

Lee, 1.D; Ulevitch, R.J.; Han, J. Biockem. Biophps Res. Commun,
1995 273 7135,

Zhou, G.; Bao, 2.Q.; Dixon, LLE. 7. Biel Chem, 1995, 270, 12663,

Kato, ¥.; Kravchenlko, V.WV.; Tapping, R.1; Han, 1., Ulevitch, R.J.;
Les, D EMBO T, 1997, 4, 7034,

Kazler, H.G.; Victoria, I.; Duaramad, O.; Winoto, A, Mel, Cell Biol,
2000, 20, 8382,

Barayte-Lovejoy, D.; Galanis, A.; Clancy, A Sharrocks AD,
Blochem, J, 2004, 38], 693,

Abe, 1) Kumhara, M., Ulsviteh, B, Betls, BE.C.| Lea ID. J. Biol
Chem., 1996, 271, 16584,

Kato, ¥.; Tapping, R.1; Huang, 3., Watson, M.H., Ulevitch, R.J.;
Lee, 1D Watwre, 1998, 305, 713,

Suzaki, Y, Yoshizumi M., Kagami . Nishivama, A, Ozawa, Y.,
Kyaw, M ; Izawa, Y.; Kanematsu, Y.; Tsuchiya, K.; Tamali, T.
Kidnep Int., 2004, 63, 1749,

Dorado, F; Velasco, 8.; Esparie-Ogando, A& ; Pericacho, M., Pandi-
ella, 4. Silva, J, Lépez-Mowvoa, JM.; Rodricuez-Barbero, A
WNephrol Dial Transplant, 2008, (in preas).

Karthaloo, A, O'Rowrke, DUAL Mickel, C; Spokes, K., Cantley,
L.G.J Biol Chem., 2001, 274, 9166,

Wilhelm, 3.; Carter, C.; Lynch, M., Lowinger, T.; Dumas, J.;
smith, RA Schwartz, B, Simantowv, R, Kelley, 2 Nat Rew
Drug, Discow, 2006, 5, 835,

Eain, J; Plater, L; Elliott, M; Shapiroe, M; Hastie, C.J.; McLanchlan,
H.; Klewvernic, 1.; Arthur, 1.3, Alessi, DR, Cohen, B Biochem. 1,
2007, 408, 297,

Fernandez, 4., Sanguino, 4., Peng, 2, Czhark, E, Chen, 1., Cre-
apo, A, Wulf, 3, Bhawin, A, Qin, C, Ma, I, Trent, J,, Lin, ¥,
Han, H.D', Mangala, L3, Bankeon, LA, Gelovani I, Samarel
&, Bormmam, W, Sood, A K, Lopez-Bereatein, G. J. Clin In-
vest, 007, 117, 4044,

Demetrl, G.D. J Clin favest, 2007, 117, 3630,

Arany, 1 Megyesl 1K ; MNeldin, B.D.; Safiratein, R.L. Kidnap Int,
2006, 70, 669,

Eijlar, K.; Takano, T.; Papillon, 1; Khadiy, A.; Cybuldcy, AV
Am.J. Physiol. Renal Physiol, 2004, 280, 255,



Introduccion
|

58



Articulo Il

Revision

“Myofibrobast Activation in Obstructive Nephropathy. A New

Therapeutic Target?”

M. Teresa Grande and José M. Lopez-Novoa

Nature Nephrology Reviews (aceptado)



Introducciéon
|



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-B, 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, a-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-3B, ILK/PINCH, NFxB, Smads, and many others.
Mpyofibroblasts 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 in'?). Furthermore, interstitial fibrosis is a component of normal
structural changes in the aging kidney and it is a hallmark of the chronic allograft
nephropathy, the most common cause of kidney transplant failure within a decade
after transplantation.” 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).’

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 fibrosis> 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.® 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.
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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. a-smooth muscle actin (a-SMA) staining
appears only in the blood vessel wall in the non-obstructed kidney, but in the obstructed kidney,
many o-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 a-smooth muscle actin (a-SMA), play a key
role in the genesis of interstitial fibrosis during ureteral obstruction.” It has been
shown that interstitial fibroblasts in kidney fibrosis derive from several sources’®
(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.’ The activation of resident
interstitial fibroblasts seems to play also a critical role in fibrosis during UUO."
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.!" Endothelial cells can also contribute to the appearance
of fibroblasts during kidney fibrosis via a process called endothelial-to-mesenchymal
transition.'? 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.”"

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 UUO'".

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." 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-B 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 a-smooth
muscle actin (a-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."”>  Another marker used for fibroblast identification has been ecto-5'-
nucleotidase (5'NT) expression,' but it has been also found in the apical membrane
of proximal tubular cells.'” The intermediate filament protein vimentin is regarded as
a marker for cells of mesenchymal origin and is expressed in migrating cells. a-SMA
1s marker of smooth muscle cells and also of cells from mesenchymal origin. Both,

vimentin and a-SMA, have been frequently used as markers of myofibroblasts.
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In normal kidneys, cortical interstitial fibroblast have been identified by their
expression of 5'NT, but no co-expression of 5'NT and a-SMA was observed."”
However, some cells expressing both 5'NT and a-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 a-SMA nor for FSP1 and 5'NT in tubular cells

were observed in the obstructed kidneys.'*'°

This results suggest that FSP1 positive
cells are not myofibroblasts, and it has been suggested that these cells are
leukocytes'® or macrophages.!' Co-expression of 5'NT and a-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 a-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.'® To
our knowledge, the co-expression of vimentin with either a-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 a-SMA expression
in fibroblast, whereas tension release reduced a-SMA expression. Moreover, when
fibroblasts were subjected to mechanical tension, contractility correlated with the
level of a-SMA." Renal fibroblast subjected to cyclic stretch, to mimic the changes
in intrarenal pressure in UUO, produced collagen, laminin, fibronectin and TGF-B.%

However, mechanical stress is not the only environmental factor able to up-
regulate a-SMA production. Cytokines such as TGF-B,*! PDGF,” FGF,” 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.”> TGF-B seems to be the
major growth factor directly promoting myofibroblast development by inducing
expression of 0-SMA.?' UUO induce TGF-P overexpression and activation of the
Smad pathway, which transmits the signaling of TGF-f from cell membrane to the
nucleus. Overexpression of latent TGF-§ reduced the UUO-induced a-SMA positive
cells as well as inhibited the smad2/3 activation observed after UUQ.? Furthermore,
blockade or elimination of smad2/3 pathway reduces interstitial fibrosis after UUO.*’
Also Smad transcriptional co-repressors, SnoN and Ski, are downregulated during
obstructive nephropathy, exhibiting additive effect in abrogating the profibrotic
actions of TGF-B. Moreover, inhibition of degradation of SnoN abolished TGF-§-
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mediated 0-SMA and fibronectin induction.”®** These results suggest TGE-p
promotes fibroblast activation through Smad signaling pathway.

Activin A, a member of the TGF-f superfamily, seems to be also involved in
fibroblast activation. The expression of activin A was found upregulated in kidneys
after UUO.”® Activin A did not induced EMT in tubular epithelial cells but it
promoted cell proliferation, induced the expression of a-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-B induced the expression of activin A. In contrast, blockade of activin
signaling reduced TGF-B effects such as type I collagen synthesis. These results
suggest that activin A is a potent inducer of fibroblast activation in the kidney.*

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-B, 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.’ 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, o-SMA and FSP-1.” 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 er 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.** However, the contribution of EMT to the formation of myofibroblasts may
be less in other experimental models.”

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.*
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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 o-
smooth muscle actin (a-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

> IgA nephropathy,® lupus nephritis,”’ and chronic allograft

nephropathy,’
dysfunction,” using mesenchymal marker proteins such as o-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, a-SMA) and a collagen synthesis marker
(HSP-47) have been reported.”® However, a very recent study suggest that EMT does
not play a major role in the development of early allograft fibrosis.*” Recently, in a
fetal non-human primate model of UUQO, disruption of E-cadherin with concomitant
de novo expression of basolateral vimentin in the obstructed kidney has been
reported.*!

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.*>*** 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 B-catenin, which binds to a-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 rats* and also a
loss of ZO-1 induced by TGF-B in tubular epithelial cells** and an increased
expression of B-catenin on day 7 after UUO in mice.*

Loss of intercellular epithelial adhesion molecules such as E-cadherin and
Z0O-1 is characteristic of the EMT process, but EMT also involves de novo
expression of mesenchymal markers such as vimentin, a-SMA and FSP-1/S100A4,
whose expression is increased in the obstructed kidneys after UUO (figure 3).** 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 a-SMA.*® 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 obstruction®’.
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/Sipl.

Snail (Snaill) 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 UUOQ.?*

Moreover,
Snaill 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.*’

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, a-catenin, B-catenin,
and y-catenin and the expression of fibroblast markers including fibronectin,

vimentin, 0-SMA and N-cadherin was strongly induced.”® 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 a-SMA was observed in interstitial spaces of
UUO kidneys.*

ZEB1 (TCF8/deltaEFl1) and ZEB2 (Smad-interacting protein 1
[SIP1]/ZFXH]1B), 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.”' Both, ZEBI
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.”” Relationship between these
transcription factors and epithelial or mesenchimal phenotype markers is shown in

table 1.
ZEB1 ZEB2
E-Cadherin
Vimentin

Fibronectin

a-SMA

N-Cadherin

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-B, 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 a-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 promoter”® and slug expression™ regulating
repression of E-cadherin.”® Ras also activated the PI3K/Akt pathway, which in turns
regulates the activity of glycogen synthase kinase-3f (GSK-3p) as GSK-3f activity
is inhibited by phosphorylation via the PI3K/Akt signaling.® GSK-3f has been
demonstrated to regulate the Snaill level by regulating the degradation of Snaill
protein. The level of the phosphorylated inactive form of GSK-33 was found to be
increased in the tubular epithelial cells of the obstructed kidney after UUO, and the
elevated level of GSK-3p phosphorylation correlated with Snaill accumulation, since
this inactive form cannot recruit a protein degradation system for Snaill.** The
PI3K/Akt pathway has been reported to be activated in the obstructed kidney after
UUO.” (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 B-catenin is not phosphorylated. Not phosphorylated [3-
catenin is the stabilized form of B-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.”® (Figure
4) This Wnt signaling pathway has been reported to be activated in the obstructed
kidney 7 days after UUO.*

Once initiated cell surface signals, numerous factors are involved in the
regulation of transcriptional factors, such as HSP27, NF-kB activation, integrin-
linked kinase and Smads signaling pathways.

HSP27 is also involved in the pathogenesis of TGF-B-induced EMT and
chronic tubulointerstitial fibrosis. It has been reported that UUO resulted in
significant upregulation of TGF-B, a-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.”
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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, B-catenin and ZO-1, and overexpression of myofibroblasts
markers such as a-smooth muscle actin (a-SMA), vimentin, FSP1 and N-cadherin. EMT is
induced by several cytokines such as TGF-B, 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 NFkB, HIF, Lef, TCF, Snail,
Slug, Twist, and ZEB1 and ZEB2.

The transcription factor NF-kB has been reported to be an essential regulator
of EMT, and it has been suggested that the cooperation of Ras and TGF-f3 depends
on NF-kB activity, probably via Akt signaling.®” Twist proteins are also induced by
cytokine signaling pathway that requires NF-kB activation®’ and by hypoxia
inducible factor-1, HIF-1. Moreover, an in vitro study revealed that over-expression
of the constitutively active p65 subunit of NF-kB, specifically suppressed E-cadherin
expression and induced the expression of the mesenchymal gene vimentin as well as
the expression of ZEBI/ZEB2, genes involved in EMT.* The role of NF-kB
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.®
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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.”> ILK is an intracellular
serine/threonine protein kinase that interacts with the cytoplasmic domains of [-
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.®® 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-B1 treatment in vitro and after obstructive
or diabetic injury in vivo.®” 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-p-mediated EMT.**

Using in vitro approaches, it has been reported that Smads regulates TGF-3
induced EMT through phosphorylation of Smad2/3, which are then imported into the
nucleus with Smad4. ®* %7° 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-B-induced EMT.”" 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.” Transcription factors such as ZEB”
and Snail™ are regulated by TGF-B 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-betal treatment. This induction of
Id1 depended on intracellular Smad signaling. Ectopic expression of Id1 suppressed
epithelial E-cadherin and zonula occludens-1 expression.”” 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.”
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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-B-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.”® 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,

. . .46
and new expression of vimentin.

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 zP4” mice induce blockade of tubular EMT
and protects the kidney from developing fibrotic lesions after obstructive injury.”’
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.”® Others MMPs have been reported to
appear shortly after UUO, including MMP2" and MMP7.*° 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,*' 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.*> p120 catenin, binds the
intracellular cadherin domain tail of E-cadherin at the juxtamembrane domain,
whereas fB-catenin binds the distal domain near the C-terminus. pl20 catenin is
thought to promote cell motility through modulating activities of Rho GTPases in the
cytoplasm. Disruption of E-cadherin-B-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 Racl (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.** p120 catenin increase can also
result in its translocation to the nucleus, where it associates with the transcription
factor Kaiso and modulates gene expression.”” In highly differentiated colon
carcinoma cells (LIM1863 cells) EMT occurs within 24 hours following stimulation

with TGF- and TNF-a. 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.™ 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.* 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 a-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.*> To our knowledge,
neither Cdc42 nor Racl 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 Racl
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, Racl, and Cdc42 activity in HK2 cells.
Moreover, infection with adenovirus expressing constitutively active RhoA, Racl,
and Cdc42 significantly increased the expression of fibronectin and downregulated
expression of E-cadherin and K19.% Constitutively active RhoA activated the Rho
kinase and its downstream effectors, whereas constitutively active Racl and Cdc42
activated the P21-activated protein kinase in epithelial cells.*® These results suggest
that the activation of RhoA, Racl, 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 TGFB3 demonstrate
increased motility when seeded on fibronectin and display a rapid activation of RhoA
followed by a gradual downregulation of Cdc42 and Rac3 activity.*” 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 TGFf3-

induced EMT.?’
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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.
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Since EMT is a developmental process crucial for metastasis of tumors,
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.* 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.”’ 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.” However, inhibitors with broader specificity may offer an improved
therapeutic benefit. Activation of the phosphatidylinositol 3' kinase (PI3K)/AKT-
GSK-3p axis is emerging as a central feature of EMT’' but tyrosine kinases are also
involved. For instance, Apsel et al.’* 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.” Indeed, Sunitinib, another approved multikinase inhibitor, induced
remission in 100% of mice following just 1 week of therapy.” 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-p/Smad’' and TGF-B/ILK™* 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- 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-B-induced
EMT,” 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.” 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

e A leading cause of chronic renal failure in children, obstructive nephropathy
is characterized by inflammation, tubular atrophy and interstitial fibrosis.

e 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 (UUQO) has been the most used method to
study the cellular and molecular mechanisms leading to interstitial fibrosis.

e FEither 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.

e 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.

e Myofibroblast activation and EMT are induced by mechanical forces and
cytokines such as TGF-B, PDGF, FGF, ED-A splice variant of fibronectin
activin A and other chemokines produced by tubular and infiltrated interstitial
cells.

e 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-3, ILK/PINCH, NF«B, Smads, and many others.

e 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-kB 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 Il production, increased oxidative stress and high levels of
proinflammatory cytokines contribute to NF-kB 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-kB 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 (UUQO) in rat and mouse has become the standard
model to wunderstand 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-1f  (IL-1p),
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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 kB (NF-«kB) 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-kB activation.

NF-«B 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-kB controls the expression of genes encoding pro-
inflammatory cytokines (e. g., IL-1, IL2, IL-6, TNF-q, etc.), chemokines (e. g., IL-8,
MIP-1 a, MCP-1, RANTES, eotaxin, etc.), adhesion molecules (e. g., I[CAM,
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-«kB occupies a central

position in the regulation of inflammation (Figure 1).

NF-«kB is activated by several cytokines such as IL-1B3, TNF-a, by oxidative
stress and by other molecules such as Ang II [13]. NF-kB is activated very early
following UUO [14] and it is maintained activated during at least 7 days after UUO
[15]. Furthermore, inhibition of NF-kB activation decreases apoptosis and interstitial
fibrosis in rats with UUO [16]. NF-kB inhibition also diminishes monocyte
infiltration and inflammation gene overexpression after UUO [15]. The
administration of a proteasome inhibitor to maintain levels of I-kB, an endogenous
inhibitor of NF-kB, reduces renal fibrosis and macrophage influx following UUO

[17].
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Renal cortical TNF-a levels increases early after UUO, whereas TNF-a
neutralization with a pegylated form of soluble TNF receptor type 1 significantly
reduced obstruction-induced TNF-a production, as well as NF-kB activation, kB
degradation, angiotensinogen expression, and renal tubular cell apoptosis, thus
suggesting a major role for TNF-a in activating NF-«xB via increased IxB-alpha

phosphorylation [18].
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Figure 1. Schematic representation of some of the signaling intermediates
potentially involved in regulation of inflammatory response after UUO. UUO
induces IL-1B and TNF-a expression, leading to NF-kB activation. Also, UUO also
induces both oxidative stress and increased Angiotensin II (Ang II) levels. Ang II also
activate the transcription factor NF-kB, both directly and indirectly, by promoting
oxidative stress, which in turns activate Ang Il by regulating angiotensinogen expression.
TGF-B activates NF-kB through [-kB inhibition, a mechanism shared by TNF-a. NF-xB
activation concludes in IL-1p and TNF-a expression enhancing NF-kB activation. Also
NF-«B 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-kB-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-kB signaling, as later will be described

[20].

NF-kB 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-«xB, 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-xB 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
INF-o and IL-1

The prototypical pro-inflammatory cytokines, TNF-a and interleukin-1 (IL-
1), play a major role in the recruitment of inflammatory cells in the obstructed kidney
[33-35]. Both TNF-a [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-a in the obstructed kidney [37] and TNF-a 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 I1

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-xB 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-a
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-«xB, a
transcription factor that promotes the expression of proinflammatory genes [14]. In
turn, the angiotensinogen gene is stimulated by activation of NF-xB [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-kB 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-kB 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 ATI KO mice

showed interstitial monocyte infiltration and NF-«kB activation, and both processes

98



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 UUQ. It should be noted that in wild-type mice reconstituted with
marrow lacking the angiotensin ATI 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 Snaill and Snail2/Slug, preceding the
induction of a-SMA and vimentin. In the presence of BX471, the expression of
chemokines, as well as of Snaill 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 a and P subunits. B1-integrin interacts with LDL receptor-related protein
1 (LRP1) to mediate the activity of tPA as a fibrogenic cytokine in obstructed kidney
[69]. B2-integrins, mediate macrophage infiltration in obstructive nephropathy as,
targeted deletion of P2-integrins, reduces early macrophage infiltration following
UUO in the neonatal rat [70]. B2-integrins also mediate macrophage infiltration in
obstructive nephropathy in weanling rats [67]. Also avB5 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 B-chemokines) have two adjacent cysteines near their amino terminal
end, whereas the two N-terminal cysteines of CXC chemokines (or a-chemokines)

are separated by one amino acid, C chemokines (or y chemokines) has only two
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cysteines; one N-terminal cysteine and one cysteine downstream. Finally CX3C

chemokines (or 0-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-1a) 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 CCRS5 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 CCRS, 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-betal (TGF-
B1), 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-B1 is a pleiotropic cytokine involved in a wide range of
pathophysiological processes. Many studies have reported an increase in TGF-1
content after UUO [57]. There is no doubt that TGF-B1 plays a major role in
stimulating ECM production after OUU. The profibrogenic effect of TGF-BI 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-f1 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- Blresults 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- has opposing actions than those of
the proinflammatory cytokines IL-1 and TNF-a in glomerular diseases. Second,
TGF-p 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-f1 expression levels has
been reported in the obstructed kidney [57]. The major origin of increase TGF-B1
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-f1 on skin, high levels of latent TGF-B1
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-kB activation by inducing IkB expression [84]

(Figure 1). Leptin has been suggested as a cofactor of TGF-f 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-f 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-kB signalling through 2 different ways, 1) by
preventing p65 NF-kB 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-3f activity mimicked

HGEF 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-kB 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-kB 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)
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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 (iINOS) overexpression is a characteristic
hallmark of the inflammatory state and activation of the transcription factor NF-kB 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 iINOS expression, while endothelial NOS expression remained
unchanged. Furthermore, the use of NF-kB inhibitors was shown to prevent the
increase in iINOS 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-kB 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-xB 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-kB 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

Macrophage infiltration

TNF-a Renal tubular cell death
ICAM expression
IL-1 Macrophage infiltration
Fibroblast activation
Leukocyte activation
MIF Fibroblast proliferation
Ang 11 Macrophage infiltration
Macrophage infiltration
NF-kappaB Renal tubular cell apoptosis
. Resistance to cell death
iNOS Limit macrophage infiltration
Monocytes/macrophage and T cell infiltration
E,P.L Selectins Tubular apoptosis
Collagen deposition
VCAM, ICAM Interstitial inflammation

Leukocyte infiltration

B-integrins

Macrophage infiltration
Mediates tPA activity as a fibrogenic cytokine

JAMS

Leukocyte recruitment

MCP-1, RANTES, MIP-10

Macrophage recruitment

Leukocyte recruitment

CCR1, CCR2 Interstitial fibrosis
1P-10 Leukocyte recruitment
TGF-B Macrophage infiltration
Supress macrophage infiltration
HGF Inhibit chemokin expression
M-CSF Macrophage inﬁ.ltration, activation and proliferation
Tubular apoptosis
Macrophage infiltration
OPN Interstitial fibrosis

Repress tubular cell apoptosis
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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-f 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-kB and
TNF-0, stimulate tubular cell apoptosis during obstruction. Also TGF-f and
Angiotensin II regulate tubular cell apoptosis in obstructive nephropathy. The effect of
TGF-B 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-
B 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
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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- B signaling pathways

From the first studies published in 1990 demonstrating the fibrogenic effects of
TGF-B, a great body of evidence has been accumulated demonstrating that over-
expression of TGF-f 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-p have been used in animal studies. TGF-f antibodies, antisense oligonucleotides,
soluble TGF-f type II receptor or type III receptor, the TGF-B inhibitor decorin, TGF-
B's latency-associated peptide, the negative regulatory signaling molecule Smad7,
blockade of Smad3 and inhibition of TGF-f activation have all shown therapeutic
efficacy [11]. TGF-B1 expression is increased in the kidney with ureteral obstruction
and TGF-p1 staining is increased markedly in the interstitium of the obstructed kidneys

including human obstructive nephropathy [12]. TGF-f 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-f. 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-f 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- 3, were
protected against development of fibrotic lesions in obstructive nephropathy due to a

decreased rate of collagen I synthesis because of decreased TGF-f activation [16].

Smad proteins are signaling transducers downstream from TGF-B receptors.
TGF-p activate Smad2 and Smad 3 through the TGF-f 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-§ 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-B1-responsive promoter and exhibited additive effect in
abrogating the profibrotic actions of TGF-B1. In vitro knockdown of SnoN expression
in tubular epithelial cells dramatically sensitized their responsiveness to TGF-B1
stimulation. This study suggests increased Smad transcriptional co-repressors
expression may be effective in antagonizing TGF-B1 signaling and thereby blocking the
progression of chronic renal fibrosis [20]. As TGF-B 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-f also act through other signaling pathways, such as
Rho.

Rho and its downstream effector, Rho kinase, have been reported as potential
mediators of TGF-B—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-B1
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-B/Smad signaling pathway in TGF-B—mediated renal interstitial fibrosis in the
UUO model [24].

There is also a close relation between TGF-f and Ras signaling pathways. Ras
activation is mediated by TGF-B1 [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 alphal(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 7™ 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-f during progression of obstructive nephropathy.

Many early papers demonstrate that Angiotensin II (Ang II) seems to play a
major role in TGF- overexpression in chronic kidney disease (reviewed in 12). Ang II
induces up-regulation of TGF- and TGF-B 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-B1, and of related fibrogenic factors [35].
In a recent study, it was demonstrated that Ang II, both via AT; and AT, receptors,
activates NF-kB in response to obstruction in a mouse model [36]. Ang II production is
increased in UUO and Ang II receptor blockers reduce TGF- and TGF-B 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 AT; receptors during nephrogenesis
exacerbates injury to the obstructed kidney and also injures the contralateral kidney, as
AT; 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 AT, 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-f effects and interstitial fibrosis in
vuo

There are many early papers demonstrating that extracellular matrix deposition
was attenuated by inhibition of TGF-f or TGF-B signaling using several
pharmacological or genetic strategies. In the last years, there is growing evidence that
some endogenous molecules modulate TGF-B 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-B1 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-f 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-B1 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-p [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-B-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-f1 is not
completely known, the protective effect of BMP-7 on preservation of TGFp1-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 pSmadl but increased pSmad2 levels,
suggesting that the antifibrotic effect of KCP also included inhibition of TGF-B1
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-B1 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-TGFf1 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 TGFB1-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-B1-induced increase in fibronectin concomitant with a
significant decrease in type I TGF-B receptors (TGF-f RI). Moreover, BMP-2
significantly shortened the half-life of TGF-3 RI by activating its degradation by the
proteasome. Furthermore, t BMP-2 significantly reversed the TGF-1 induced increase
in pSmad2/3 and reversed the TGF-B1 induced decrease in inhibitory Smad7 whereas
Smad7 siRNA abolish the BMP-2-induced decrease in TGF- 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-f1 [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 IIl collagen and TSP-1 production by renal
interstitial fibroblasts [76, 77].

TGF-B1 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-B1-independent factors including high glucose, angiotensin
I1, aldosterone, hypoxia inducible factor-1a, and cyclic mechanical stretch [51]. CTGF
is not only induced by TGF-B1, but it is also a major enhancer of the biological activity

of TGF-B1.

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-B-
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 alphal(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-B 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-f levels and TGF-B-induced activation
Smad?2/3 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 ef 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-B 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-B [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-f signaling play a key role in the regulation of apoptosis occurring in
obstructed kidneys after ureter ligation as treatment with 1D11 (anti-TGF-fB) 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-B1, because absence of
CD44 in vivo diminished HGF-signaling (via its high affinity receptor c-Met) and the
signaling of TGF-B1 (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-kB has been involved in tubular cell apoptosis after UUO
[102]. Proinflammatory cytokines, such as TNF-a, have been also involved in tubular
cell apoptosis after UUO [103]. Moreover, the pro-apoptotic effect of TNF-a in the
obstructed kidneys is mediated by NF-kB activation, as TNF-a neutralization
significantly reduced obstruction-induced TNF-a production, NF-«B activation, [-kB
degradation, angiotensinogen expression, and renal tubular cell apoptosis, suggesting
that TNF-a pro-inflammatory and cytotoxic effects during renal obstruction is mediated
by NF-«kB activation via increased I-kB-a 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-a 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]. Bel-2 immunostaining peaked on day 3 and then
gradually decreased to baseline by day I1lafter UUO [121]. This decrease in Bcl-2
expression is accompanied by increased apoptosis after UUO [122]. Both HGF and
ID11 anti-TGF-B treatment promoted cell survival and enhanced Bcl-2 expression in

the obstructed kidney [14,120], preventing apoptosis after UUQO.

Tranilast, a selective inhibitor of collagen synthesis [123] and Etodolac, a
cyclooxygenase-2 inhibitor, [124] reduce tissue TGF-B and significantly decreased renal
tubular apoptosis in the obstructed kidneys. Furthermore, the treatment with the anti-
TGF-B antibody 1DI11 during UUO, almost completely eliminated renal tubular
apoptosis suggesting that apoptosis in UUO is dependent on TGF-§ [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-y (PPAR-y)
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[132], The administration of dehydroxymethylepoxyquinomicin (DHMEQ), also
decreased tubular apoptosis induced by OUU through inhibition of NF-xB activation
[102]. TNF-a neutralization in mice with UUO also significantly decreased tubular cell

apoptosis [103, 106].
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Figure 1. Signalling of apoptosis in UUO. UUO induce tubular cell damage, increased
angiotensin and TGF-f 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-kB and inflammatory reaction, another anti-inflammatory and anti-apoptotic
approach is the antioxidant therapy. However, administration of antioxidants, including
quercetin [90], vitamin E [133], a-tocopherol and fluvastatin [134], N-acetylcysteine
(NAC), [110] have shown some degree of renal protection in UUQ, 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-kB and p38 MAPK pathways were both affected by SS-31 treatment. This study
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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 AT; [38, 42], and AT,
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-l 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-f 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-f system. Smad, Rho/RhoKinase, Ras/PI3Kinase,
Ras/MAPKinase and JAK/STAT signaling pathways seems to be involved in
profibrotic effects of TGF-f during progression of obstructive nephropathy. Profibrotic
and pro-apoptotic effects of TGF-f 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-kB and
proinflammatory cytokines, such as TNF-a, 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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OBJETIVOS







Los objetivos de este trabajo son los siguientes,

1. Evaluar el papel de la activacion de Ras y de sus efectores MAPK-
ERK1/2 y PI3K-Akt en la fibrosis tubulointersticial, acumulacién de
miofibroblastos, apoptosis, proliferacion y otras alteraciones de la
estructura renal inducida por la obstruccién ureteral unilateral en

raton.

2. Evaluar el papel de las isoformas H-Ras, N-Ras, K-Ras y K-Ras4A
en la fibrosis tubulointersticial, acumulacién de miofibroblastos,
apoptosis, proliferacion y otras alteraciones de la estructura renal

inducidas por la obstruccion ureteral unilateral en raton.
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Chronic unilateral ureteral obstruction is a well characterized
model of renal injury leading to tubulointerstitial fibrosis and
distinct patterns of cell proliferation and apoptosis in the
obstructed kidney. In this study we assessed the contribution
of the mitogen activated protein kinase (MAPK]-ERK1/2

and the phosphatidylinositol 3 kinase (PI3K)-Akt pathways
to early renal changes following unilateral obstruction,
Increased activation of small Ras GTPase and its downstream
effectors ERK1/2 and Akt was detected in ligated kidneys.
The use of specific pharmacological inhibitors to either
ERK1/2 or Akt activation led to decreased levels of fibroblast-
myofibroblast markers in the interstitium while inhibition
of PI3K reduced the number of proliferating cells and

the amount of interstitial extracellular matrix deposition.
Treatment with an ERK1/2 inhibitor diminished the number
of apoptotic tubule and interstitial cells. Our results suggest
a role for the MAPK-ERK1/2 and PI3K-Akt systems in early
changes induced by ureteral obstruction and that inhibition
of these signaling pathways may provide a novel approach
to prevent progression of renal fibrosis.
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End-stage repal disease is one of the most prevalent complica-
tions of hypertension, diabetes, and intrinsic renal diseases.!
Depending on the pathology, progressive accumulation of
extracellular matrix can occur in the glomenuli (glomerulo-
sclerosis) and/or the interstital space (tubulointerstitial
fibrosis). Several studies suggest that it is the severity of
tubuleinterstitial fibrosis that best correlates with the risk for
renal failure progression® Chronic unilateral ureteral obstruc-
tion (UUQ) is a well-characterized model of renal injury
leading to tubulointerstitial fibrosis and distinct patterns of cell
proliferation and apoptosis in the obstructed kidney.” Inter-
stitial proliferation has been related to development of
tubulointerstitial renal fibrosis as obstruction induces differ-
entiation of interstitial fibroblasts into a-smooth musde actin
{a-SMA)-positive myofibroblasts,* the principal effector cells
responsible for the excess of interstitial extracellular matrix
accumulation under pathologic conditions’ Apoptosis of
tubular epithelial cells has been implicated in the progressive
renal atrophy that follows experimental obstruction.®” Both
apoptosis and tubulointerstitial fibrosis culminate in a loss of
renal mass and kidney dysfunction in obstructive nephropathy.”

Mechanisms by which UUO gives rise to renal damage are
gradually being elucidated. They include mechanical stretch
from urine accumulation and subsequent tubular disten-
sion,” hypoxia caused by reduced renal perfusion,” increased
oxidative stress,” and upregulation of inflammatery factors
such as monocyte chemoattractant peptide,'” vasoconstric-
tors including angiotensin II'*'* and endothelin,'” as well as
macrophage-derived cytokines, especially the profibrotic
transforming growth factor-B1," which together contribute
to obstruction-induced renal damage. Most of these factors
mainly act via two types of membrane receptors: G protein-
coupled receptors and tyrosine linase receptors whose
downstream signaling involves a range of effectors, induding
the Ras-mitogen-activated protein kinase (MAPK)/extra-
cellular-regulated signal kinases 1 and 2 (ERK1/2) phos-
phorylation and the phcs?haridyl inositol 3 kinase (PI3K)—
Akt pathway activation.” Once active, ERK1/2 and Akt
control fundamental cellular processes such as the cell cycle
and cell survival.'®"”

Kidney tnternational (2008) 74, 196-209
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It has been demonstrated that ERK1/2 and Akt are activated
in the kidneys of diabetic mice'® and rats with glomerulo-
nephritis."*** Recently, ERX activation has been reported after
UUO in rats™** However, to date no reports have examined
the effect of in vive inhibiting ERK1/2 or Akt activation on
kidneys of mice submitted to obstructive nephropathy.

In the present study, we aimed to test whether ERK1/2 and
Akt are activated in the early phase of an experimental model
of tubulointerstitial renal fibrosis induced by 3 days of UUO
in C57BL/6] mice. In addition, we assessed the contribution
of either Ras downstream pathways, MAPK-ERK1/2 or
PI3K-Akt, to the obstruction-induced renal alterations by
in vivo administration of either U0126 or LY 294002 as
corresponding inhibitors of ERK1/2 and Akt activation.

RESULTS

Early renal changes after UUO in mice

Three days after UUQ, peither contralateral non-ligated (NL)
kidpeys nor sham-operated (SO) kidneys exhibited morpho-
logical alterations. In contrast, ligated (L) kidneys showed
typical features of early hydronephrosis including medullar
compression toward cortex, flattening of both inner medulla
and papillae, together with partial tubular dilation and
flattened epithelium in affected tubules mainly circumscribed
to the outer cortex.

Figure la shows immunohistochemical images for the
early fibrosis marker fibronectin in 8O, L, and NL kidneys.
SO and NL kidneys presented a slight expression of fibro-
nectin that was limited to epithelial basement membranes
and around the endothelium of both large vessels and
capillaries, whereas no staining was found in the tubular
interstitium. Ligated kidneys showed an intense interstitial
expression of fibronectin accompanied by a strong sub-
endothelial and adventitial staining in large vessels. In
agreement with morphometrical quantifying of interstitial
fibronectin expression (Figure 1b}, western blot analysis
revealed significant higher levels of fibronectin in L kidneys
than in NL or SO kidneys (Figure 1c and d).

Figure 2 include immunchistochemical images, morpho-
metrical quantifying, and western blot apalysis for the
extracellular matrix protein collagen type I in SO, L, and
NL kidneys. In SO animals, collagen type [ staining was
restricted to peritubular and adventitial areas of renal cortex
with a very scarce immunostaining detected. Collagen I
distribution in NL kidneys was similar to that in SO Kidneys,
whereas a marked staining was observed in peritubular and
pericapillary interstitial areas of L kidneys (Figure 2a), as
confirmed by quantitative immunchistochemical determina-
tion of interstitial collagen I (Figure 2b}. Western blot
analysis revealed significant higher levels of collagen I in
L kidneys than in NL or SO kidneys (Figure 2c and d).

The presence of interstitial cells expressing mesenchymal
markers such as o-SMA and vimentin has been described as
additional source of generating fibroblast-myofibroblasts
in obstructive nephropathy* The expression of o-SMA was
therefore assessed in renal interstitium (Figure 3) as a marker

Hidney mternational (2008) 74, 106-209

of myofibroblasts, the principal cells involved in extracellular
matrix production under pathological conditions.* Alpha-
SMA immunostaining was restricted to the smooth muscle of
arterial walls and absent in peritubular interstitium of both
SO and NL kidneys (Figure 3a). In contrast, u-SMA staining
was additionally expressed by interstitial cells of L kidneys
(Figure 3a} as confirmed by immunohistochemical quantify-
ing of interstitial o-SMA (Figure 3b). Significant higher levels
of u-SMA were also detected by western blot in L kidneys
when compared with NL or 8O kidneys (Figure 3¢ and d).
As additional feature of the presence of profibrotic cells,
vimentin immunodetection was performed in renal tissues.
In SO and NL kidneys, vimentin-positive immunostaining
was restricted to glomeruli and vascular walls, and no
staining was detected in the renal interstitium (Figure 4a}.
However, like cells expressing o-SMA, numerous vimentin-
positive cells were found in peritubular interstitium of L
kidneys (Figure 4a and b). Western blot analysis also revealed
increased vimentin expression in L when compared with NL
or SO kidneys (Figure 4c and d). In addition, the number of
CD#68-positive cells was determined to assess the contribu-
tion of macrophages to the whole of cellular components in
the interstitial cortex after UUQ. As Figure 5 shows, CD68-
positive cells were almost absent in SO and NL kidneys.
Immunodetection of CD68 was rarely observed in L kidneys,
appearing restricted to perivascular areas and in a markedly
lower number than in o-SMA- or vimentin-positive cells,

Proliferation rate of repal cells was assessed by count of
nuclear immunostaining of Ki-67 protein (Figure 6a and b},
the expression of which is strictly associated with proliferative
process.” Kidneys of SO mice presented scarce positive
Ki-67 nuclei in both tubules and interstitium. Ligated
kidneys showed a significantly higher number of Ki-67-
stained tubular and interstitial cells when compared with
kidneys of SO mice.

Tubular cell apoptosis is a prominent feature of UUQ.®
As caspases serve as effector molecules of apoptotic program,
and activated caspase-3 is well known as the principal
executioner caspase”® with a central role described for this
enzyme in UUO-induced renal cell apoptosis in rats,é we
have assessed the number of renal cells initiating apoptosis by
activated caspase-3 immunostaining. Renal cells stained
with cleaved caspase-3 were almost absent in SO kidneys
{Figure 6a). Several tubules of L kidneys appeared with all
the epithelial cells positive for cleaved caspase-3, usually
coinciding with dilated tubules (Figure 6a}, and counting of
stained tubules revealed a significant increase in relation to
SO animals (7.5 + 0.5 tubules per field in L kidneys vs <0.1
tubules per field in SO animals; P<0.05). When compared
with SO kidneys, an appreciable increase was also detected in
L kidneys for the area occupied by caspase-3-positive
interstitial cells, as confirmed by quantitative immunohisto-
chemical determination (Figure 6c). We have also detected
DNA fragmentation using the terminal uridine deoxynucleo-
tidyl transferase dUTP nick-end labeling (TUNEL) assay.
Tubular cell nuclei stained with this method were almost
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Figure 1|Renal detection of fibronectin 3 days after surgery. (a) Representative images of immunohistochemistry for fibronectin in
kidneys of sham-operated (SO}, contralateral non-ligated (NL), and ligated {L} groups, and (b} corresponding morphometrical quantifying of
fibronectin-immuncstained areas in the renal interstitium. Bar = 50 um in all panels. Bars represent the mean + s.em. of values obtained
after quantitative image analysis {see Materials and Methods). (¢ and d} Representative western blot analysis of fibronectin expression

in kidneys of SO, NL, and L groups. Bars represent the mean + s.e.m. of optical density of signals (n =4 samples per group). Vehicle-control
animals received the solvent dimethyl sulfoxide (DMSO). U0126 and LY 294002 groups respectively received the corresponding inhibitors
of ERK1/2 and Akt activation, both dissolved in DMSO. *P<0.05 vs SO kidneys. "P< 0.05 vs L untreated group.

absent in SO kidneys, where only scarce interstitial-labeled
nuclei were detected (Figure 6a). In contrast, abundant
stained nuclei were found both in tubular epithelia, mainly in
dilated tubules, and in interstitium of L kidneys (Figure 6a).

No changes in fibronectin, collagen type I, o-SMA,
vimentin, Ki-67, or activated caspase-3 expression were
found in kidneys of SO animals receiving the vehicle
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dimethyl sulfoxide {(DMSO) when compared with control
SO kidneys (data not shown). In comparison with UUO non-
treated animals, kidneys of UUO mice treated with DMSO
showed no significant differences for Ki-67 and activated
caspase-3 immunostaining (data not shown) as well as for
fibronectin, collagen type 1, #-SMA, and vimentin expression
(Figures lc,d, 2c,d, 3¢,d and 4c,d, respectively).
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Figure 2 | Renal detection of collagen | 3 days after surgery. (a) Representative images of immunohistochemistry for collagen | in kidneys
of sham-operated (S0), contralateral non-ligated (NL), and ligated (L} groups, and (b) corresponding morphometrical quantifying of collagen
I-immunostained areas in the renal interstitium. Bar =50 um in &ll panels. Bars represent the mean £ s.e.m. of values obtained sfter
quantitative image analysis (see Materials and Methods). {(c and d) Representative western blot analysis of collagen | expression in kidneys of
SO, NL, and L groups. Bars represent the mean £ s.e.m. of optical density of signals (n=4 samples per group). Vehicle-control animals
received the solvent dimethyl sulfoxide (DMSO}. U126 and LY 294002 groups respectively received the corresponding inhibitors of
ERK1/2 and Akt actlvation, both dissolved in DMSO. *P < 0.05 vs 50 kidneys. *P <0.05 vs L untreated group.

Activation of the Ras signaling effectors ERK1/2 and Akt after
uuo

We next assessed, by detection of phosphorylated forms of
ERK1/2 (pERK1/2) and Akt (pAkt), whether the MAP-
K-ERK1/2 and PI3K-Akt cascades initiated by Ras activation
were also activated after UUQ. Phosho-ERK1/2 immuno-
staining was limited to a faint interstitial expression in the

Kidney infernational (2008) 74, 196-209

cortex of SO and NL kidneys (Figure 7a). An intense staining
for pERK1/2 was found in cortical tubulointerstitial areas of
L kidneys (Figure 7a). Western blot analysis supported
immunohistochemical data as it showed the presence of the
active phosphorylated form of ERK1/2 in renal lysates from
all experimental groups, with significant higher levels of
pERK1/2 in L kidneys than in NL or SO kidneys (Figure 7b).
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Figure 3 |Renal detection of a-smooth muscle actin (x-SMA) 3 days after surgery. (a) Representative images of immunohistochemistry
for «-SMA In kidneys of sham-operated (50), contralateral non-igated (NL), and ligated (L} groups, and (b) corresponding morphometrical

quantifying of o-5MA-immunostained areas in the renal interstitium, Bar=50pum in all pane!s Bars represent the mean+ s.em, of
values obtained after quantitative image analysis (see Materials and Methods). (c and d) Representative western blot analysis of o-SMA
expression in kidneys of SO, NL, and L groups. Bars represent the mean + s.em. of optical density of signals {n=4 samples per group).
Vehicle-control animals received the solvent dimethyl sulfoxide {DMSO). U0 126 and LY 294002 groups respectively raceived the
corresponding inhibitors of ERK1/2 and Akt activation, both dissolved in DMSO. *P < 0.05 vs 50 kidneys. *P < 005 vs L untreated group.

Phospho-Akt immunostaining showed a strong granular
expression in proximal convoluted tubule cells with the cyto-
plasmic signal localized to basolateral and medial cell area

tubules. Ligated kidneys showed an intense expression of
pAkt in normal proximal tubular cells, with staining evenly
distributed throughout the cytoplasm in most cases. In

and scarce or absent staining in both distal and collecting
tubules of SO kidneys (Figure 7a). The same pattern of
distribution was observed in NL kidneys but with stronger
cytoplasmic expression than in SO kidneys in proximal

200

contrast, low levels of pAkt expression were detected in
epithelial tubular cells as a typical feature of altered tubules
(Figure 7a). Western blot analysis revealed higher pAkt signal
in L kidneys than in NL or SO lkidneys (Figure 7¢). In

fidney Internanonal (2008) 24, 196-109
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Figure 4 | Renal detection of vimentin 3 days after surgery. (a) Repres
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entative images of immunohistochemistry for vimentin in kidneys

of sham-operated (S0), contralateral nondigated (NL), and ligated (L) groups, and (b) corresponding marphometrical quantifying of
vimentindmmunostained areas in the renal interstitium. Bar =50 pum in all panels. Bars represent the mean  s.e.m. of values obtained

after quantitative image analysis {see Materials and Methods). (¢ and d}
kidneys of 50O, NL, and L groups. Bars represent the mean + s.e.m. of op

animals received the solvent dimethyl sulfoxide {DMSO). UG126 and LY 294002 groups re
inhibitors of ERK1/2 and Akt activation, both dissolved in DMSO. *£ < 0.05 vs SO kidneys.

addition, total Akt levels were higher in L kidneys than in
NL or SO kidneys as demonstrated by western and northern
blot analysis (Figure 8a and b, respectively).

No differences in ERK1/2 or Akt phosphorylation were
detected in kidneys of SO animals receiving DMSO in
comparison with kidneys of control SO animals (data not
shown). The solvent had no significant effects on pERK1/2
renal expression in UUC mice when compared with the

Kidney International (2008) 74, 196-209
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Representative western blot analysis of vimentin expression in
tical density of signals (n =4 samples per group). Vehicle-control
si:ecthvely received the corresponding

P<0.05 vs L untreated group.

respective control non-treated animals (Figure 7b). Admin-
istration of DMSQ reduced the obstruction-induced Akt
phosphorylation (Figure 7c).

As both MAPK-ERK1/2 and PI3K-Akt are downstream
effectors of the small Ras GTPase, we assessed Ras activation
after UUQ. Activated Ras, measured by western blot as
the ratio Ras-GTP/total Ras, was markedly higher in the
L kidneys compared with NL kidneys or kidneys of SO mice
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Figure 5 |Renal detection of CD68 3 days after surgery. Representative images of immunohistochemistry for CDG8 in kidneys of
sham-operated (50}, contralateral non-ligated {NL), and ligated {L) groups. Bar — 20 um in all panels. Vehicle-control animals received
the solvent dimethyl sulfaxide {DMSO). U0126 and LY 294002 groups respectively received the comesponding inhibitors of ERK1/2 and

Akt activation, both dissolved in DMSO.

(Figure 7d). No differences were found between NL and SO
kidneys in terms of Ras activation.

Effect of ERK1/2-activation inhibitor on renal changes after
ureteral obstruction

Our next purpose was to assess whether the inhibition of the
MAPKK (MEK)1/2-ERK1/2 signaling pathway could mod-
ulate the expression of the early fibrosis markers fibronectin
and collagen [ in kidneys submitted to 3 days of obstruction.
Western blot analysis revealed that treatment with U0126
markedly reduced the UUO-induced ERK1/2 activation in L
kidneys (Figure 7b). Administration of U0126 or DMSO did
not significantly modify the UUO-induced increase in
fibronectin levels (Figure lc). Furthermore, immunohisto-
chemistry for fibronectin demonstrated a similar distribution
in tubulointerstitial areas of both DMSO- and U0126-treated
L kidneys (Figure 1a), and immunohistochemical quantifying
also revealed that administration of U0126 does not modify
the amount of interstitial fibronectin staining (Figure 1b).
Similar results were obtained for collagen I detected by
western  blot, immunohistochemistry, or semiquantitative
immunohistochemical analysis (Figure 2).

Administration of U126 prevented the UUO-induced
-SMA upregulation as demonstrated by western blot ana-
lysis (Figure 3c), whereas no significant effect was observed
on animals receiving only DMSO. In agreement, reduced
o-SMA immunostaining was found in the tubulointerstitial
areas of L kidneys of U0126-treated mice when compared

202

with L kidneys of DMSO-treated animals (Figure 3a).
Quantifying of interstitial ®-SMA immunostaining revealed
a significantly reduced staining in L kidneys of animals
treated with U126 when compared to L kidneys of animals
receiving only the vehicle (Figure 3b).

Immunohistochemical analysis demonstrated that the
number of vimentin-positive interstitial cells was markedly
lower in L kidneys of UQ126-treated mice than in L kidneys
of DMSO-treated animals (Figure 4a). Morphometrical
quantifying revealed that vimentin-stained area was signifi-
cantly lower in L kidneys of U0126-treated mice than in
L kidneys of DMSO-treated animals (Figure 4b). Western
blot data show that obstruction-induced increase in vimentin
expression was completely prevented by treatment with
U0126, whereas no effect was observed for the solvent DMSO
(Figure 4c).

We have also evaluated the effect of inhibiting MEK1/2-
ERK1/2 signaling pathway on renal cell proliferation, acti-
vated caspase-3 staining, and TUNEL labeling in obstructed
kidneys (Figure 6). Treatment with U0126 induced a slight
decrease in the number of Ki-67-stained nuclei in obstructed
interstitium whereas the number of stained tubular nuclei
was reduced around 50% in comparison with mice receiving
only the vehicle, though these differences did not reach
statistical significance (Figure 6a and b).

In L kidneys, U0126 induced a significant decrease in the
number of tubules stained with activated caspase-3 when
compared with DMSO-treated animals (3.7 £ 0.4 tubules per

Kidney (nternationat (2008) 74, 166-106
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Figure 6 | Renal detection of Ki-67, cleaved caspase-3, and TUNEL staining 3 days after surgery. (a) Representative renal images of
immunohistachemistry for KI-67, cleaved caspase-3, and TUNEL assay In kidneys of sham-operated {50} and ligated (L} groups. Bar — 50um for
panels of Ki-67 and 20pm for panels of caspase-3 and TUNEL staining. (b) Number of either interstitial or tubular Ki-67-positive cells

in the kidneys of SO and L groups. Bars represent the mean + s.em. of stained cells. {€) Morphometrical quantifying of cleaved caspase-3-
immunostained areas in the renal interstitium. Bars represent the mean + sem. of values obtained after quantitative image analysis (see Materials
and Methods). Vehide-control animals recelved the solvert dimethyl sulfoxide DMSO). U0126 and LY 294002 groups respectively received the
corresponding inhibitars of ERK1/2 and Akt activation, both dissolved in DMSO. *P < 0.05 vs 5O kidneys. *P<0.05 vs L untreated group,

field in U0126-treated animals vs 7.8 £ 0.4 tubules per field in  contrast to L kidneys of DMSO-treated mice showing the
DMSO-treated animals; P< 0.05). This result correlated with ~ whole tubular epithelia of dilated tubuli strongly stained for
TUNEL assays, which confirmed a decrease in the stained cell cleaved caspase-3, stained tubules of U0126-treated mice
nuclei in L kidneys after UD126 treatment (Figure 6a). In  presented only a faint staining (Figure 6a). Furthermore,
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Figure 7 |Renal detection of activated forms of ERK1/2, Akt, and Ras 3 days after surgery. (a) Representative immunohistochemical
images of activated ERK1/2 (pERK1/2) and Akt {(pAkt) in kidneys of sham-operated (SO), contralateral non-ligated (NL), and ligated (L) groups
3 days after surgery. Astenisk indicates the presence of dilated tubules lacking immunostaining. Bar= 50 pm in all panels.

{b-d) Representative western blot analysis of pERK1/2, pAkt, and activated Ras (measured as the ratio Ras-GTP/total Ras) expression

in kidneys of SO, NL, and L groups 3 days after surgery (n =4 samples per group, except for Ras detection where at least seven samples per
group were used). Bars represent the mean + s.em. of the optical density of signals. *P<0.05 vs SO kidneys. Vehicle-control animals
received the solvent dimethyl sulfoxide (DMSO). U126 and LY 294002 groups respectively received the corresponding inhibitors of

ERK1/2 and Akt activation, both dissolved in DMSO.

morphometrical quantifying revealed that L kidneys treated
with U0126 presented a significant lower interstitial area
stained for caspase-3 than L kidneys of DMSO-treated mice
(Figure 6c).

Effect of PI3K pathway inhibition on renal changes after
ligature

To assess the role of Akt activation in obstruction-induced
early renal damage, mice received the specific PI3K inhibitor
LY 294002. Western blot analysis revealed that administration
of LY 294002 markedly reduced the obstruction-induced Akt
activation but not total Akt (Figures 7c and 8a, respectively).
PI3K inhibitor additionally blunted in a significant manner
the ligation-induced increase in both fibronectin (Figure 1d)
and collagen I levels (Figure 2d). Immunohistochemistry, as

204

well as corresponding morphometrical quantifying, revealed
a significantly lower area occupied by interstitial fibronectin
in L kidneys of LY 294002-treated mice than in L kidneys of
DMSO-treated animals (Figure 1a and b}, with similar results
obtained for collagen I expression (Figure 2a and b).
Moreover, administration of LY 294002 blunted the obstruc-
tion-induced o SMA expression in L kidneys to levels
nonsignificantly different from SO mice, as western blot
demonstrated (Figure 3d). Reduced tubulointerstitial areas
stained with «-SMA were also detected in obstructed kidneys
of LY 294002-treated mice when compared with DMSO-
treated animals (Figure 3a and b).

Similar observations were made for vimentin detection
in obstructed kidneys of mice receiving PI3K inhi-
bitor. Immunohistochemical analysis and its corresponding

Kidney intemnational (2008) 74, 196-209
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Figure 8 |Renal detection of total Akt protein and Akt mRNA 3
days after surgery. {a} Representative western blot analysis

of total Akt expression in kidneys of sham-operated (SO},
contralateral non-ligated (NL), and ligated (L} groups 3 days after
surgery. (b} Expression of Akt mRNA detected by northem blot
analysis in kidneys of SO, NL, and L groups. Bars represent the
mean + s.e.m. of the optical density of signals (n=4 and

7 samples per group in westem and northem blot analysis,
respectively). *P< 0.05 vs SO kidneys. Vehicle-control animals
received the solvent dimethyl sulfoxide (DMSO). UD125 and LY
294002 groups respectively received the corresponding inhibitors
of ERK1/2 and Alt activation, both dissolved in DMSO.

interstitial quantifying revealed that the number of vimentin-
positive cells were markedly lower in L kidneys of LY 294002-
treated mice than L in kidneys of DMSO-treated animals
(Figure 4a and b). Western blot also demonstrated that
administration of LY 294002 clearly reduced the vimentin
content in L kidneys, detecting similar levels to those found
in SO animals (Figure 4d).

We have also assessed the effect of inhibiting the PI3K-Akt
pathway on proliferation, caspase-3 activation, and TUNEL
staining in L kidneys. Inhibition of Akt activation signifi-
cantly diminished the obstruction-induced increased number
of both tubular and interstitial Ki-67-stained nuclei with
respect to DMSO-L kidneys (Figure 6a and b). Immuno-
histochemistry for activated caspase-3 showed a similar
number of stained tubules after LY 294002 or vehicle admin-
istration in obstructed lddneys (7.7 £0.4 for LY 294002 vs
7.8+£04 tubules per field for DMSO; nonsignificant).
TUNEL staining did not show differences in the abundance
of tubular stained cell nuclei when images of L kidneys

Kidney International (2008) 74, | 96-209

from DMSO- and LY 294002-treated mice were compared
(Figure 6a). As morphological guantifying demonstrated,
similar interstitial areas occupied by caspase-3 immuno-
staining were detected in obstructed kidneys of DMSC- and
LY 294002-treated animals (Figure 6¢). Though no effects on
the number of tubular and interstitial cells stained for cleaved
caspase-3 were found, caspase-3-stained dilated tubules
showed higher damage degree in kidneys of LY 294002-
treated animals than in kidneys of DMSO-treated mice as
demonstrated by the loss of brush border as well as the
flattened and disorganized epithelial tubular cells with
frequent tubular denudation (Figure 6a).

DISCUSSION

Early renal changes in obstructive nephropathy

In this work, we were interested in the initial mechanisms
related to renal damage induced by UUQ. Previous studies
have already described renal molecular changes as early as
30 min** and 6h'? after ureteral ligation. We have observed
that renal damage is manifested within 3 days post-
obstruction by both tubular and interstitial alterations. At
this early stage, atrophy and tubular dilation, together with
simplification and proliferation of tubular epithelial cells,
appeared as pathological features of certain tubules in
obstructed kidneys. Our data also showed that tubular cell
apoptosis, assessed by TUNEL assay and immunohisto-
chemistry for cleaved caspase-3, was very abundant in
L kidneys, whereas only a moderate but significant increase
in the amount of interstitial cells expressing cleaved caspase-3
was observed in obstructed kidneys. These data are in
agreement with the proposed role for apoptosis in post-
obstructive renal damage.®”

Fibronectin was included as a marker of early renal fibrosis
as previous studies demonstrated that a preformed fibro-
nectin matrix is essential for fibroblasts to form a collagen
network,” and an important role in promoting matrix
assembly has been described for this protein allowing cells to
attach to the matrix.”® The increased levels of fibronectin and
collagen that we have found in obstructed kidneys revealed
that renal changes related to early fibrotic process can be
detected as early as 3 days post-UUQ. By immunodetection
of both -SMA and vimentin, our data also demonstrate that
essential changes associated with fibroblast/myofibroblast
appearance occur in the obstructed interstitium. In contrast
to SO and NL kidneys, where interstitial expression of
vimentin or ¢-SMA was not detected, abundant interstitial
cells expressing vimentin or «-SMA were found in the
interstitium of L kidneys. CD68 immunostaining permitted
to discard macrophages as the mainly interstitial cells indu-
ced by ligature, as only a very small number of these cells
were found positive for CD68. All these data together suggest
that most of interstitial cells appearing 3 days after obstruc-
tion present features of fibroblast-myofibroblasts.

Several works based on different animal models have
previously reported increased ERK1/2 activation in diseased
kidneys.'*?*?7?® Here we provide evidence for the increased
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expression of activated ERK1/2 in interstitial areas of kidneys
submitted to 3 days of UUO as immunohistochemical and
western blot analysis demonstrated. This work alse demon-
strates that ureteral ligation induced a marked upregulation
of both Akt activation and Akt expression, as shown
respectively by western blot quantifying of pAkt, and western
and northern blot quantifying of total Akt. As revealed with
the strong pAlt immunostaining, normal proximal tubular
cell seems to be a main contributor to the obstruction-
induced activation of Alt measured by western blot. Our
findings suggest that the activation of Ras signaling pathway
is likely to be the cause of increased ERK1/2 and Akt
phosphorylation in obstructed kidneys, as we have observed
an increase in the ratio Ras-GTP/total Ras in the L kidneys
when compared with NL or 50 kidneys.

Role of ERK1/2 activation in obstructed kidney
Extra-cellular signal-regulated kinase activation has been
related to proliferative response in rats with experimental
glomerulnnephritis,w’:o’zg as well as early proliferation of
tubular cells in a rat model of UUO* In agreement with
UUO studies performed in rat,*"** we have reported a higher
activation of ERK1/2 in L than in NL kidneys as western blot
analysis demonstrated. Immunohistochemical analysis loca-
lized this pERK increase to cortical tubulointerstitial areas.
This finding is in agreement with a recent report of Zhang
et al*”, describing that transforming growth factor-p induces
ERK1/2 activation in cultured immortalized human proximal
tubular cells. Treatment with the MEK inhibitor induced a
moderate decrease in the number of proliferating interstitial
nuclei in L kidneys when compared with L kidneys of mice
receiving only the vehicle, whereas the number of proliferat-
ing tubular nuclei, though nonsignificant, was reduced to
50%. These data suggest that renal ERK1/2 signaling pathway
may partially contribute to early process of tubular cell
proliferation induced by cbstruction.

In vitro models of oxidative renal injury demonstrated a
rele for ERK activation in apoptosis of renal fibroblasts® but
not in tubular epithelium where it promoted cell survival®®
In contrast with previous results, our data suggest that
ERK activation is involved in ligation-induced tubular cell
apoptosis as it may be deduced from the marked decrease
in the number of TUNEL-positive nuclei and the decreased
number of tubules as well as total interstitial area stained for
activated caspase-3 in L kidpeys of U0126-treated mice. In
addition, affected tubules presented partial lower staining of
epithelial cells and better conservation of tubular structures
in contrast to DMSO-obstructed kidneys. It has been recently
reported that treatment with UD126 is able to decrease
cisplatin-induced tubular cell apoptosis either in vitro™ or
in vivo.” Taking all these data together, it may be suggested
that MEKI1/2-ERK1/2 signaling pathway is involved in
regulation of obstruction-induced tubular cell apoptosis.
Moreover, the reduced levels of interstitial apoptosis that
were detected in L kidneys after U0126 also contribute to
suggest an important role for ERK1/2 activation in initiating
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the apoptotic cascade during early UUO. These data are in
agreement with previous studies demonstrating that inhibi-
tion of ERK1/2 activity in proximal tubular cells prevented
cellular apoptosis induced by deprivation of survival
factors.™

Administration of UD126 gives further proofs of ERK1/2
involvement in UUO-induced renal damage, as demonstrated
by the marked interstitial decrease in o-SMA and vimentin
expression detected in L kidneys treated with UD126 when
compared with L kidneys of untreated animals. Interstitial
cells expressing u-SMA have been related to profibrotic
activated fibroblasts at 3 days of UUO;* however, the effect
of inhibiting ERK1/2 activation did not modify the increase
of interstitial fibronectin or collagen I in L kidneys. The
nonsignificant decrease detected in obstruction-induced
proliferation of interstitial cells after U0126 treatment may
be contributing to this fact. From these data, it could be
deduced that activation of MEKI1/2-ERK1/2 cascade is
implicated in de nove appearance of myofibroblast-related
o-SMA- and vimentin-positive cells in the interstitium
of obstructed kidneys but, apparently, activated ERK1/2
does not modulate the increased interstitial production of
fibronectin and collagen I. Phosphorylation of MAPK-ERK1/
2 pathway seems also to mediate the initial signaling for
apoptotic cascade activation both in interstitium and in
tubular epithelium during early renal damage induced by
ureteral obstruction.

Role of Akt activation in obstructed kidney

Tubular apoptosis constitutes a typical feature of renal
damage in obstructed kidney,” and the pAkt localization that
we have reported here may be associated with PI3K/Akt-
mediated survival mechanisms as the anti-apoptotic role of
Akt is well known.'” Further support to this hypothesis is
given by the fact that dilated tubules of L kidneys presented
reduced activity of Akt and increased staining for activated
caspase-3 as indicative of undergoing apoptosis. Moreover,
in vivo inhibition of PI3K-Akt signaling pathway resulted in
obstruction-induced increased damage of altered tubules,
although no effect on the number of tubular cells stained for
cleaved caspase-3 or in the abundance of TUNEL-labeled
nuclei was detected. In vitro experiments have also demon-
strated that Akt upregulation prevents apoptosis in proximal
tubular cells.* Taking all these data together, it could be
suggested that Akt activation after obstruction plays an
important role against obstructive injury contributing to
survival signaling in repal tubules.

In addition, effects of PI3K inhibition on obstructed
interstitium, including the marked decrease in both o-SMA
and vimentin expression could result in decreased matrix
deposition as suggested by the diminished levels of interstitial
fibronectin and collagen I detected in L ladney. Alt activity
also appears to be implicated in early mechanisms of cell
proliferation in response to renal injury, as decreased levels of
Ki-67-positive stained cells were detected in both tubular
epithelia and interstitium of L kidney after LY 294002

Kidney international (2008) 74, 196-209
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treatment. Further evidences of the involvement of the
PI3K-Akr signaling pathway in UUO-induced renal damage
have been given by a recent study reporting that LY 294002
reduced proliferation and extracellular matrix synthesis
in fibroblasts obtained from rat kidney tissue 3 days after
UUO.* Furthermore, and also in close agreement with our
data, this study also reported that LY 294002 was not able to
modify fibroblast apoptosis.’® Therefore, early pharmaco-
logical downregulation of PI3K-Akt signaling pathway
reduces not only the profibrotic interstitial cells but also
the potential number of tubular cells that have been described
as responsible for excessive interstitial matrix production at
later stages of UUO* All these data suggest that activated Akt
plays an essential role in regulating renal cell proliferation, as
well as fibroblast activation and matrix production in the
interstitium of obstructed kidneys.

Perspectives

Our results identify a discrete pattern of activation of the Ras-
ERK1/2 and -Akt pathways in the kidneys of normal mice and
a marked activation of these pathways in kidneys of mice
subjected to UUQ. As acquisition of mesenchymal features
for interstitial cells, such as ®-SMA and vimentin, has been
relared to production of interstitial matrix components at early
obstruction, the interstiial reduction for these markers
observed after UD126 or LY 294002 treatment indicates that
inhibition of either MAPK-ERKL/2 or PI3K-Alt signaling
pathways could result in an efficent strategy to reduce the
number of profibrotic interstitial cells during early fibrosis
induced by UUOQ. Furthermore, we provide evidence that
inhibition of PI3K markedly reduced the obstruction-induced
increase in both tubular and interstitial proliferating cells,
including the profibrotic fibroblast-myofibroblasts in accor-
dance with decreased levels of fibronectin and collagen I
detected in the renal interstitium of L kidneys in animals
receiving LY 294002. Our study also showed that administra-
tion of MEK inhibitor diminishes the increased levels of
tubular and interstitial cell apoptosis in obstructed kidneys,
and contributes to structural maintenance of renal tubules
providing, therefore, a novel strategy to protect epithelial
tubular cells from apoptotic renal damage and tubular atrophy
induced by obstructive nephropathy.

In conclusion, these results demonstrate that activation of
either ERK1/2 or Akt participates in initial changes during
early obstructive nephropathy. Pharmacological inhibition of
MAPK-ERK1/2 and PI3K-Akr signaling pathways could be a
potential target to reduce extracellular matrix deposition in the
interstitium of damage kidneys and, therefore, contributes to
prevent the development of progressive nephropathy.

MATERIALS AND METHODS
Animals and disease model
Surgical procedures were performed in 2-menth-old C57BL/6] male
mice as previously described.”® Animals were kept under controlled
ambient conditions (Unidad de Experimentaciéon Animal, Univer-
sity of Salamanca, Spain). The first and third day after ligation,

Hidney mternational (2008) 74, 106-209

a group of six animals received intraperitoneal administration of
U0126 (1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)-buta-
diene; LC Laboratories, PKC Pharmaceuticals Inc., Woburn, M4,
USA; no. U-6770; 25 mg/kg/day), which blocks ERK1/2 activation
by inhibiting both active and inactive MEK-1 and MEK-Z.
Akt activation was blocked by intraperitoneal administration of
the PI3K inhibitor LY 294002 (2-(4-morpholino)-8-phenyl-4H-1-
benzopyran-4-one; LC Laboratories, PKC Pharmaceuticals Inc.; no.
L-7962) to a second group of six mice receiving the dose once daily
for 3 days after UUQ (50mg/kg/day). As ~300ul of DMSO was
required to dissolve each inhibitor, two additional groups of SO
(n=3) and UUQ mice (n=4) received final equal amounts of this
vehicle for 3 days. SO animals (n=7) and animals submitted te
3 days of UUO (n=7) were included as respective contral groups.
In all procedures, mice were treated in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
animals.

Renal tissue preparation

Kidneys of SO animals together with L and contralateral NL kidneys
of UTUO mice were recovered 3 days after surgery. Renal samples of
animals destined for protein extraction were frozen in liguid
nitrogen and stored at —80°C until use. Animals destined for
histological stndies were perfused with heparinized saline solution-
4% buffered formalin. Kidneys were removed, halved longitudinally,
fixed for 24h in 4% buffered formalin, and then embedded in
paraffin, Sections 3-pm thick were cut and mounted on glass slides
for immunchistochemical studies and TUNEL assay.

Affinity precipitation of Ras-GTP in renal tissue

Thirty milligrams of powdered kidney was lysed in 500 pl of buffer
containing 25mm  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, pH 7.5; 150mm NaCl, 1% igepal CA-630, 10mm MgCl,,
Imm EDTA, 10% glycerol, I1mm NayViOy 25mm NaF Imwm
phenylmethanesulfonylfluoride, 10pg/ml aprotinin, and 10pg/ml
leupeptin, Lysates were cold centrifuged for 10 min at 4000g and
the supernatant collected. Following measurement of protein
concentration (Biorad, Madrid, Spain), 2mg of the total protein
was added to lysis buffer to yield a final sample volume of 300pl.
Samples were incubated with 20 pg of Raf-l Ras-binding domain
agarose conjugate (Upstate biotechnology, Lake Placid, NY, USA;
ne. 14-278) and gently rocked at 4°C for 30min. The agarose
conjugates were recovered by pulse centrifugation, washed three
times with 500pul of lysis buffer, resuspended in 40pl of Laemmli
sample buffer, and boiled for 5min. Sample supernatants were
caollected for use in western blot detection of Ras-GTP.

Western blot analyses

Affinity-precipitated samples described above were used for
Ras-GTP detection, whereas total kidney protein lysates (30ug)
were employed in the detection of fibronectin, collagen 1, a-SMA,
vimentin, caspase-3, total ERK1/2, pERK, total Akt, pAlt, and total
Ras. Samples were electrophoresed in 15% (Ras), 129% (ERK1/2,
a-SMA), 8% (Akt, vimentin, collagen I). or 6% (fibronectin)
sodium dodecyl sulfate-polyacrylamide gels and transferred to a
nitrocellulose membrane (0.45 pm; BioRad). Membranes were incu-
bated overnight at 4°C with following antibodies: anti-Ras (1:1000
dilution; Upstate Biotechneology; no. 05-516), anti-ERK1 (1:1000
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-94),
anti-pERK1/2 (1:2000 dilation; Santa Cruz Biotechnology; sc-7383),
anti-Akt1/2 (1:1000 dilutior; Santa Cruz Biotechnology; sc-8312),
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anti-pAkt (1:1000 dilution; Cell Signaling Technology Inc., Danvers,
MA, USA; 92718 no. 172), anti o-SMA (1:1000 dilution; Sigma,
St Louis, MO, USA; A 2547), anti-vimentin (1:1000 dilution;
Santa Cruz Biotechnology; no. sc-7557), anti-collagen type I (1:1000
dilution; Chemicon International Inc, Terneculs, CA, USA;
AB765P), and anti-fibronectin (1:5000 dilution; Chemicon Interna-
tional Inc; AB2033). After incubation with the corresponding
horseradish peroxidase-conjugated secondary antibody (1:10,000
dilution; BioRad), membranes were incubated with a chemi-
laminescent reagent (ECL detection reagents, Amersham, Buck-
inghamshire, UK} and developed signals recorded on X-ray film
(Hyperfilm, Amersham) for densitometric analysis (MacBAS, Fuji,
Japan). We have verified by western blot that renal levels of proteins
like B-actin or o-tubulin, usually employed as leading control,
increased in obstructed kidneys following equal loading of total
proteins measured (Supplementary Figure). We have then used total
ERK1/2 as loading control, as no renal changes were detected for
this protein after obstruction.

Northemn blot analysis

Total kidney RNA was isclated using the guanidinium thiocyanate—
phenol<chloroform method, fractionated by electrophoresis (20 pg/
lane) in a denaturing 1% agarose-2.2 mol/l formaldehyde gel, and
transferred to a nylon membrane (Hybond, Amersham}. The cDNA
probe used for Akt was a BamHI/Bglll fragment of murine Akt
inserted into the pSG5 plasmid. Forty nanograms of probe were
radiolabeled with a-*F dCTP (3000Ci/mmel). Results were
expressed as mRNAJZ8S relative optical density ratios.

Immunohistochemical studies

Immunchistochemistry was performed as previously described.*
Primary antibodies were anti-fibronectin (1:100 dilution; Sigma; no.
F 3648), anti-collagen I (1:200 dilution; Abcam, Cambridge, UK; no.
abe308), anti-a-SMA (pre-diluted; DAKD Diagnostics, Copenha-
gen, Denmark; M0851), anti-vimentin (pre-diluted; Abcam; neo.
ab8545), anti-CD68 (1:100 dilution; Clone KP1; DAKO Diagnostics;
no. M0814), anti-Ki-67 (1:100 dilution; Master Diagnostica,
Granada, Spain), anti-cleaved caspase-3 (1:200 dilution; Cell
Signaling Technology Inc.; no. 9661), anti-pERK1/2 (1:300 dilution;
Santa Cruz Biotechnology; sc-7383), or anti-pAkt (1:50 dilution,
Cell Signaling Technology Inc.; 92718 no. 172). Following washes in
phosphate-buffered saline, sections were incubated with DAKO LSAB2
system  + HRP (DAKO), and 3,3-diaminobenzidine (BioGenex,
San Ramon, CA, USA) was used as chromogen. Samples lacking
primary antibody, were processed as negative controls.

Semiquantitative immunohistochemical determinations in
renal sections

Quantification of interstitial Abronectin, collagen 1, o-SMA,
vimentin, or caspase-3 immunostaining was carried eut in a blind
trial by using a computer-assisted method based on Visilog 6.5
Professional Imaging software (Noesis, France). At least, 30
consecutive fields of cortical renal interstitium were processed.
Antomated analysis was performed on individnal images saved as
24-bit RGB TIFF file format at Original magnification x 20 by
using a specific C+ + langnage program. Our software first
transform color images to 256 grey levels, then divide up the image
into several areas using intensity of the immunostaining, and last
quantify those areas. Final score of each sample was calculated as a
mean of the whole scores obtained and expressed in square microns
per field.

08

Counting of renal cells expressing Ki-67 or cleaved caspase-3
The number of tubular or interstitial cells undergoing proliferation
(Ki-67-positive immunostaining) or tubular cells expressing the
principal executioner caspase of the apoptotic program (cleaved
caspase-3-positive immunostaining) was counted under light
microscopy at Original magnification x 200 in 6-10 random fields
of renal cortex.

TUNEL assay in renal sections

TUNEL was performed using an in situ cell death detection kit
(Roche Molecular Biochemicals, Mannheim, Germany) according to
the manufacturer’s instructions. The TUNEL labeling was visualized

under fluorescence microscopy.

Statistical analysis

Statistical differences were analyzed by one-way analysis of variance
using the NCSS 2000 program. Scheffe’s correction test was
employed for multiple comparisons. Data were expressed as
mean t s.e.m., and P<0.05 was considered statistically significant.
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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 Il 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 (a-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 a-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 IT and TNF-a 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]. Rass/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
IT 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 ATI
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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 Experimentacion 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 Il 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 UUQO, 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 -
80°C 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 um
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 pL of buffer containing 25
mmol/L HEPES, pH 7.5; 150 mmol/L. NaCl, 1% igepal CA-630, 10 mmol/L MgCl,, 1
mmol/L EDTA, 10% glycerol, 1 mmol/L NazVOQOy, 25 mmol/L NaF, | mmol/LL. PMSF,
10 pg/mL aprotinin and 10 pug/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 pL. Samples were incubated with 20 pug of Raf-1 Ras
binding domain agarose conjugate (Upstate Biotechnology, Lake Placid, NY; #14-278)
and rocked at 4°C for 30 min. The agarose conjugates were recovered by centrifugation,
washed 3 times with 500 pL of lysis buffer, resuspended in 40uL. 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 (30pg) were employed in the detection of total Ras,
pERK1/2, total ERK1/2, pAkt, total Akt, fibronectin and a-SMA. Samples were
electrophoresed in 15% (Ras), 12% (ERK1/2, a-SMA), 8% (Akt) or 6% (fibronectin)
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SDS-polyacrylamide gels and transferred to a nitrocellulose membrane (0.45 um, Bio-
Rad, Madrid, Spain). Membranes were incubated overnight at 4°C 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-a-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-a-
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.

180



Results

Short term Angiotensin Il 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 AT 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 a-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, a-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 a-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 UUQO

Our next purpose was to assess whether inhibition of Ras activation after UUO
could modulate its downstream effectors, ERK1/2 and Akt, fibronectin, and a-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 pPERK1/2 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 a-SMA than those from
untreated mice (Figure S5F). 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 a-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 a-SMA overexpression.
Our data revealed a lower amount of fibronectin and a-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 a-
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 a-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 ATI receptor
stimulation. As inhibition of obstruction-induced Ras activation by losartan treatment
was accompanied by a markedly reduction of fibronectin and a-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 ATI1 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 UUOQ, 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 a-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 Il (Ang II) upon activation of Ras
signaling pathway in non obstructed (NO) and obstructed (0O) 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 (a-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 (a-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.

191



Ras GTP - — _— pERK1/Z s e b e
TotalRas ™% -« . A » Total ERK1/2 — — ——
500 1 . 160 - §
% § T
& Fia 2 E o120 *
3'5' r-ﬂg
(=] et
. s B
£ & £ g §
G g S 2
a = M‘Em
RN [ ] :
=
o
0 T T 1 0
NO 0 NO O NO (3] NO O
FT1 - - + + FIT - - + +
PAKL o — — — TotalAki s S e
250 § . 200 8§
£ 1 § 3 1 §
= 190 = i
™ E o]
& 150 g
% § 100 |
& 100 ] =
-
5 4 w
s, 0 8
[~
H
0 T T 0
NO 4] NO 0 NO 0 NO 4]
FIl - - + + FI1 - = T +
Fibronectin T GE— — g SMA e G  — —
T 500 ] = 20
VRS
e 400 L g 20 L
of o]
# [
%300' § g 150
a Fan
S’ 5
% 200 < 0
@ =
MiENENs : -
Rt
=1
= 0 T T 1 1] T 1
NO 0 NO O NO 0 NO (4]
FIl - = + + FI1 - - + +

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 (a-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 (a-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, o-
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, a-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-B, 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 pum 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 -80°C until use.

Western blot analysis

To obtain protein extracts from mouse kidneys, tissues were homogenized in
lysis buffer (25mM HEPES pH7,5, 150mM NacCl, 1% Igepal CA-630, 10mM MgCl,,
ImM EDTA, 10% glycerol, 10pug/mL aprotinin, 10pg/mL leupeptin, 100mM PMSF,
25mM NaF, ImM Na3;VO,) and centrifuged at 14,000g for 30 min. Supernatant was
recovered and proteins were quantified. Lysates (60 pg/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 4°C , 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-Aktl1/2 (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 pg) were incubated with 20 pg of Raf-1 Ras binding domain agarose conjugate
(Upstate biotechnology, Lake Placid, NY, USA) and rocked at 4°C 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 (50pg) 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 (50ng) 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 um 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

.. . +/+ +/+ . . /- A . .
was similar in control, H-ras"*/N-ras*"* mice and in H-ras” and N-ras”" mice (Fig. 5b).

a-SMA expression after UUO

Whereas in NO kidneys, a-smooth muscle actin (a-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 a-SMA positive staining,
most probably corresponding to myofibroblasts, were found widely along the renal
interstitium. The number and distribution of a-SMA-positive cells was similar in H-
ras™*/N-ras™", H-ras” and N-ras” mice (Fig. 5a). Western blot analysis reveals that a-
SMA content was significantly higher in O kidneys than in NO kidneys. No significant
differences in a-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),-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, a-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.

a-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 a-SMA abundance
increases early after UUO in mice [10]. The expression of a-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 a-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 a-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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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.

211



PERK o - e

TotalERK1/2 v 00 -
300

# #
i
200
150

100

pPERK (arbltrary units)

50

0

NO O NO O NO O
H-Ras ++ ++ +H+ +H+ - -
N-Ras ++ ++ - - ++ ++

pAkt = -
Total ERK1/2 === === s s o= sus
140 # #
120 w a8 ik #
100 | = =

&

pAkt (arbltrary units)
:

o B &

NO O NO O NO O
H-Ras ++ ++ ++ +H+ - -
N-Ras ++ ++ -~ - +H+ +H+

Total Akt e - W
Total ERK1/2 ST e e e
200 -
180 - #
160 - # €L #
140 - T T

Total Akt (arbltrary units)

NO O NO O NO O
H-Ras +/+ +/+ +/+ ++ - -
N-Ras +/+ ++ - - +H+ ++

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.

212



Resultados y Discusion

®e 3 , .
. A S o0sta™ » + %0 9 V¢
Heas B ..’i,. 2. 8 | 3{}:. * 5 o3"" ot
- . < . . .
ras+ﬂ o 227 ou \&\:.'.&. | Bad g Nef Ay
N-ras . .‘ s .’ o ”. i, \'i‘ oS0 é,." L o V.0 g
NO 2 ~® L5 S ANY - A “-;-"-%'. P LB
- : “<
ol '..._" W . o "'«". : ® "Oi SR TR Y
‘f: " "8 - * ‘,. L ] c. .

:‘;&_ ® : 8%, <, :Q - °' ;" ; . e % ‘r:. < i.g:. :';..

- e o TR NN a2 ae 2.® ©® 4 :

oo : . T « - oy - .-,
et .- a ‘.': ....’.I.!:' '$ .... b - ar.® .‘Q":_

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.
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Fig.4 Hematoxylin-eosin staining of non-obstructed (NO) and obstructed
(0) 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.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-
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corresponding NO kidneys.
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Abstract.

Previous studies reveal that RasGTPases contribute to changes associated to
obstructive nephropathy induced by unilateral ureteral obstruction (UUQO). 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'/ 7) 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 a-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 GSK3p were found in the kidneys from H-ras”
than in H-ras™"and in cultured fibroblasts, in which TGF-B1-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 (UUQ) 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-B1 (TGF-
B1) plays a major role in the origin and maintenance of fibrosis [11, 12] as a
consequence of the regulatory role of TGF-B1 in cell proliferation [13, 14] and in renal
ECM synthesis and degradation [15].

There is a close relation between TGF-f3 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-B1 type II receptor, counteracting TGF-f3 signalling [18], and on the
other hand, TGF-B1 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 o-SMA and vimentin
immunostaining and expression by immunohystochemistry and western blot (Figure 2
A y B). a-SMA and FSP-1 (S100A4) interstitial localization was also assessed by
double immunofluorescence. In the NO kidney, a-SMA-positive cells (green) were
observed only in the blood vessels wall (figure 2B), but in the O kidney, many a-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 a-SMA-
positive cells. No cells showing both a-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 a-SMA and vimentin staining than H-ras™* mice (Figures 2A and B), in O
kidneys. The number of both a-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
a-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
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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 GSK3p, a
substrate of Akt who inhibit the activity of GSK3p through phosphorilation of the Ser9.
Immunohistochemistry revealed that pGSK3f immunostaining was almost absent in NO
kidneys, but many cells positive for pGSK3[ appeared in the O kidney (Figure 5). By

/+

western blot, we observed pGSK3p levels higher in O than in NO kidneys of H-ras"

” mice

mice, but this increment was significantly lower in the kidneys from H-ras’
(Figure 4B). As in the case of total Akt levels, total GSK3p 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 UUQO.

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-f-induced extracellular matrix synthesis

and vimentin and o-SMA expression

Western blot analysis showed that fibronectin expression was higher in H-Ras
KO fibroblasts than in WT fibroblasts; TGF-f1 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-B1 treatment stimulated
collagen type I expression in both WT and H-Ras KO fibroblasts (figure 7B).
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Both vimentin and a-SMA expression were similar in WT and H-Ras KO

fibroblasts either with or without incubation with TGF- B1 (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-B1 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-B1 treatment increased Akt activation only in WT fibroblasts
but not in H-ras™ fibroblasts (F igure 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-pl-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-B1 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 S8E).
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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+ .
" mice. Our

markers (a-SMA, vimentin and FSP-1) in H-ras” than in H-ras"
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 a-SMA, vimentin or
FSP-1 in O kidneys of H-ras” than in those of H-ras™" mice. a-SMA, vimentin or
FSP-1 have been widely used as markers of activated myofibroblasts [28]. Interestingly,
no cells were observed positive for both a-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 a-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 a-SMA and vimentin in fibroblasts from both
origins, either in presence or absence of TGF-f1. 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-

3B phosphorylation, associated with early disruption of E-cadherin-f-catenin membrane

colocalization, with translocation of E-cadherin to endosomes and [-catenin to the
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nucleus, and with an increase in Snail expression. TGF-B1, 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 a-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 a-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

+ .
/ mice

levels were markedly lower in O kidneys from H-ras” compared with H-ras®
after 15 days of ureteral obstruction. This is in agreement with data obtained in cultured
fibroblasts, in which TGF-B1-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 GSK3p inactivation depending
on Ser 9 phosphorilation [43] Glycogen synthase kinase-3B (GSK-3p) regulates the
Snaill level by degrading Snaill protein. The level of the phosphorylated inactive form
of GSK-3P was increased in the tubular epithelial cells of the obstructed kidney [44].
The elevated level of GSK-3B phosphorylation seemed to be correlated with Snaill
accumulation, since phosphorylated GSK-3p is the inactive form and cannot recruit a
protein degradation system for Snaill [44]. In our data, and in accordance with the
changes in pAkt, the levels of pGSK3, 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 8years. 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].

4 1 :
littermates male mice

All studies were performed in parallel in H-ras” and H-ras
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 pm thick were cut and mounted on glass
slides that were used either for hematoxylin-eosin staining or immunohistochemistry.
Additional Spm 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 -80°C until use.

Immunohistochemical studies

Immunohistochemistry was performed on buffered formalin fixed, paraffin-
embedded tissues. Briefly, 5-um sections were cut and stained with Syrius red and 3 pm
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-o 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-3B (#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 Ramoén, 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 um 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-a-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 (50ug) 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 MgCl,, 1mM
EDTA, 10% glycerol, 10ug/mL aprotinin, 10pg/mL leupeptin, 100mM PMSF, 25mM
NaF, 1mM Na3;VO,) and centrifuged at 14,000g for 30 min. Supernatant was recovered
and proteins were quantified. Lysates (60 pg/lane for tissue, 30 pg/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 NacCl, 0.1% Tween 20 plus 2% bovine serum albumin)
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were incubated overnight at 4°C, 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-a-
SMA (1:1000, Sigma, St. Louis, USA), anti-vimentin (1:1000, DAKO, Copenhagen,
Denmark) and anti-phospho-GSK 3 (Ser9) (1:500) and anti -GSK 3B (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), ANTP (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 37; Slug forward, 5"GCCTCCAAGAAGCCCAACTA 37; Slug
reverse, 5'CACAGTGCAGCTGCTTGTGT 3’; RPS13 forward, 5’"GATGCTAAATTC
GCGCTGAT 37 ; 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 37°C in the presence of 5% CO,. When cultures achieved 80-
90% confluence, cells were serum-starved for 24 h and treated with active human

recombinant TGF-B1 (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% CINa, 2.6 mM PO4H;K, 4.1 mM POsHNa,).
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: ImM CaCl,, 1 mM MgSOs, 0.81% CINa, 2.6
mM POsH,K, 4.1 mM PO4HNa,), 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 2uM 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 10° 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. 0 H-ras™" mice m 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 a-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 a-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. o-
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. o H-ras™" mice m H-

ras”” mice. The RT-PCR analysis is representative of 4 independent experiments.
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Figure 6: Effects of deficiency of H-Ras in proliferation after UUQO. 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.

245



e N coece

2
&
&

Total ERK
180 4 300 A
wa 160 1 & * O Hras* , O Hra*
g 140 4 — B Hiyaz+ K 220, 1 B Horas"
= 24
sk a B 150 1
25 0 g
M E 60 - 2 = 100
2 g
g 40 A on
bt o 50 A
B 20 =
B (S
TGFB1 1ng/ml - + - + TGFf1 1ng/ml - + - +
coun - - Viwin W
o o
80t 5 M 175 4
k] O Hoiagt [+ O Hrast
B 125 T =150 4
= B Hoaaz* g i o _T_ B Hoas”
E 100 4 =
5 7 g 100 4
75 1
2 0| E
8 > 50
= =)
s T 5
=4 0 [+
0
TGFpllng/ml - + < + TGFf1 1ng/ml - + - +

E F

e o E—
300 - B
4 . O Hras* s O Horag
250 4 = 400 A
E B Hoag* ﬁ 350 4 * B Hagt
€ o0 | K
= 2 a0
(= * = 250 4
=M 150 A L
& & o ﬁ 200 -
% 100 A L ST £
B o B 100
5 o 50 4
g | g7

TGFf1 Ing/ml - + - + TGFp1 Ing/ml

1
+
1
-+

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-B1 treatment (1 ng/ml) on A)
fibronectin expression, B) collagen type I expression, C) a-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-B1, 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. o H-ras™" fibroblasts m 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-B1 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-p1 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-p1
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-Bl. 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. o H-
ras™" fibroblasts m 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

" mice showed a

ureteral obstruction to analyze early and long-term changes. K-ras"
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 a-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.

Key words

Apoptosis, K-Ras, proliferation, ureteral obstruction, tubulointerstitial fibrosis
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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 um thick were cut and mounted on
glass slides that were wused 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 -80°C

until use.
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Immunohistochemical studies

Immunohistochemistry was performed on buffered formalin fixed, paraffin-
embedded tissues. Briefly, 3 um 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 (50ug) 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 MgCI2, 1mM EDTA, 10% glycerol,
10pg/mL aprotinin, 10pug/mL leupeptin, 100mM PMSF, 25mM NaF, 1mM Na3V04)
and centrifuged at 14,000g for 30 min. Supernatant was recovered and proteins were
quantified. Lysates (60 pg/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 4°C 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

255



(1:2000), anti-phospho-Akt (1:1000), anti-Aktl/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 a-
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 a-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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a-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). a-SMA and vimentin are frequently used as activated fibroblasts. a-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 a-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 wusing 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.
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Figure 2. Activation of Ras isoforms after UUQO. 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) a-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 UUQO. 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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