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1. INTRODUCCIO

La sindrome de la hipertensié portal és la més greu de les complicacions de les
malalties croniques del fetge, com soén la cirrosi hepatica, I'hepatitis cronica, la malaltia
hepatica alcohdlica o el carcinoma hepatocel-lular, i és la primera causa de mort i
trasplantament hepatic entre aquests malalts. La hipertensioé portal també és la causa
principal d’altres complicacions greus de la cirrosi, com I'ascites, la insuficiencia renal o

I'encefalopatia hepatica (1-3).

La hipertensio portal es caracteritza per un increment patologic de la pressidé sanguinia
a la vena porta per damunt del seu valor normal (entre 1 i 5 mmHg). Com en qualsevol
sistema hidrodinamic, la pressi6 portal ve determinada per la interrelacio entre el flux,
en aquest cas el flux sanguini portal, i la resisténcia que s’oposa a aquest flux.
Mitjangant la Llei d’Ohm, podem calcular el gradient de pressi6 entre dos punts en un
vas sanguini amb la seglient equacio:
AP=QxR

On AP seria el gradient de pressio portal, Q, el flux sanguini de tot el territori vends
portal i R, la resisténcia vascular exercida pel sistema portal i pel mateix fetge. Aixi
doncs, un increment en el gradient de pressié portal es pot originar per un augment de
les resisténcies, per un augment de I'aflux sanguini portal o per una combinacié de tots
dos (1-3).

1.1. La resisténcia vascular intrahepatica. Component estructural i component

vascular

El factor desencadenant primari de la hipertensié portal en la cirrosi és 'augment de la
resisténcia vascular exercida pel fetge, que podem atribuir a dos components. En
primer lloc, un component estructural degut a la distorsié de I'arquitectura normal del
fetge, causada per la fibrosi, la cicatritzacié i la formacié de ndduls de regeneracié.
Aquest component estructural es calcula responsable d’'un 60-70% de I'increment de la
resisténcia intrahepatica. Paral-lelament, intervé un component vascular, degut a
I'acci6é d’elements contractils i de substancies vasoactives al fetge, el qual es considera

responsable del 30-40% de l'increment de la resistencia intrahepatica (1-3).



Els principals elements contractils implicats en l'increment de la resisténcia vascular
intrahepatica son les cél-lules de muscul llis vascular (presents en les vénules portals)
i, sobre tot, les cél-lules estrellades hepatiques. Aquestes cél-lules, també conegudes
com a cel-lules d’lto, son pericits especifics del fetge i es troben a I'espai de Disse,
entre les cél-lules endotelials i els hepatocits. Les cél-lules estrellades presenten
extensions citoplasmatiques que envolten els sinusoides, fet que els permet,
mitjangant contraccid, regular el flux sinusoidal. Davant d’'un dany hepatocel-lular es
produeix l'activacié de les cél-lules estrellades, la qual dona lloc a cél-lules amb un
fenotip tipus miofibroblast, amb potencial profibrogénic i gran capacitat contractil. En el
cas que el dany hepatic esdevingui cronic, les cél-lules estrellades es perpetuen en
I'estat activat (4,5).

S’han descrit diverses substancies vasoactives implicades en la regulacié de la
resisténcia vascular intrahepatica (6,7). En la cirrosi es produeix un important
desequilibri entre aquests mediadors, amb elevats nivells de vasoconstrictors
(endotelina, angiotensina Il, vasopressina, norepinefrina o tromboxa, entre d’altres)
acompanyats de nivells anormalment reduits de vasodilatadors (principalment oxid
nitric), que contribueix a lincrement de la resisténcia vascular intrahepatica.
Paral-lelament, el fetge cirrotic presenta hiperresposta als vasoconstrictors i

hiporesposta als vasodilatadors (6,7).

En condicions normals, I'endoteli és capa¢ de produir un estimul vasodilatador en
resposta a un increment de flux, de pressid6 o d’agents vasoconstrictors, perd en
determinades condicions patologiques, entre les quals figura la cirrosi, perd també la
hipertensié arterial o la diabetis, es produeix un desequilibri en aquesta vasodilatacié
dependent de I'endoteli. Aquesta condicio, present en la vasculatura del fetge cirrotic,
es coneix com a disfuncié endotelial (8), i s’atribueix a la reduida biodisponibilitat d’oxid

nitric (NO) i a la producci6 excessiva de vasoconstrictors derivats de I'endoteli.

L’enzim NO sintasa endotelial (eNOS) és el principal productor d’dxid nitric. La reduida
produccié d’oxid nitric (NO) en el fetge cirrdtic té lloc tot i que els nivells d’eNOS sén
normals, fet que indica que la seva activitat esta alterada per modificacions post-
traduccionals, com l'increment en I'expressié de caveolina o defectes en el cofactor
tetrahidrobiopterina (BH4) (9,10).



1.2. Formacio de vasos col-laterals portosistémics

L’'establiment de la hipertensié portal provoca el desenvolupament d’'una série de
vasos col-laterals que deriven la sang des de la vena porta cap a la circulacio
sistemica amb la finalitat de descomprimir el territori portal (2). Aquest fenomen, també
conegut com a shunting portosistémic, en principi beneficiés per la descompressié de
la vena porta, comporta una série de problemes associats, com la formacié de varices
gastroesofagiques. Les hemorragies gastrointestinals per la ruptura d’aquestes varices

resulten dificils d’aturar i, en ocasions, poden ser letals (11,12).

A més a més, els vasos col-laterals portosistéemics impliquen que la sang passi
directament del territori esplancnic a la circulacié sistemica sense passar pel fetge.
Aixd suposa que arribin a la circulacié sistémica particules i substancies que en
condicions normals es metabolitzarien en el fetge, i pot conduir a situacions com la
sépsia i I'encefalopatia hepatica (2). En etapes avancades de la hipertensié portal, la

circulacié col-lateral pot reconduir fins al 90% de la sang que entra al sistema portal.

La formacié dels vasos col-laterals portosistémics s’ha atribuit tradicionalment a un
procés complex que implica la obertura, dilatacié i hipertrofia de canals vasculars
preexistents (13). Més recentment, estudis previs realitzats en el nostre laboratori han
posat en relleu que un procés d’angiogénesi dirigit pel Factor de Creixement de

I'Endoteli Vascular (VEGF) modula la formacio6 de col-laterals (14).

1.3. Circulacié hiperdinamica esplancnica

Tot i la formacié dels vasos col-laterals portosistémics, que descomprimeixen el territori
portal, la pressié portal es manté elevada. El motiu és que, concomitantment, es
produeix un increment en el volum de sang que arriba a la vena porta degut a
'augment del flux sanguini als érgans esplancnics (estédmac, duodg, intesti, mesenteri,
pancrees i melsa). Aquesta situaci® condueix a una circulacié hiperdinamica
esplancnica, i contribueix a mantenir i agreujar la sindrome de la hipertensié portal, en

les seves etapes més avancades (2).

Els mecanismes implicats en I'establiment d’aquesta hiperdinamia esplancnica no sén
ben coneguts, i es considera un fenomen multifactorial, amb implicacié6 de mecanismes

neurogénics, humorals i locals. S’ha descrit una sobreproduccié de vasodilatadors



paracrins circulants i una hiporesposta als vasoconstrictors (2,15,16). Aquesta situacio
resulta en una marcada vasodilatacio arteriolar en els organs esplancnics, la sang dels

quals concorre a la vena porta, mantenint aixi la pressié portal elevada.

La majoria de vasodilatadors implicats en I'establiment de la circulacié hiperdinamica
esplancnica sén molécules que tenen origen en el mateix territori esplancnic i, en
condicions normals, sén metabolitzades al fetge. Aixi doncs, en el context de la cirrosi,
els vasodilatadors s’acumulen a la circulacié sistémica a causa de la reduida

metabolitzacié per part del fetge malalt o del shunting portosistémic.

Diverses substancies, algunes d’elles circulants com el glucagd i els
endocannabinoids, d’altres de paracrines com la prostaciclina (PIG,) o el monodxid de
carboni (CO) s’han descrit com a promotores de la marcada vasodilatacié esplancnica
observada en la cirrosi, perd el mediador més important sembla ser I'dxid nitric (NO)
(1-3).

Estudis realitzats en models experimentals han mostrat un increment de I'expressioé de
la sintasa d’oxid nitric endotelial (eNOS) en artéries mesentériques durant la cirrosi
(17), al contrari que la isoforma induible (iINOS), la qual sembla no tenir una implicacié
en aquesta sobreproduccié de NO. S’ha descrit que els pacients cirrotics i animals
amb hipertensi6 portal experimental presenten elevats nivells plasmatics d’oxid nitric,
principalment en el territori portal, suggerint una producci6 mesentérica d’aquest
vasodilatador (18). A més a més, la inhibicié de la sintesi de NO mitjangant inhibidors
especifics corregeix parcialment l'estat de circulacié hiperdinamica esplancnica
(19,20).

L’excessiva produccié d’oxid nitric en el territori esplancnic és degut a un increment de
I'expressié d’eNOS, perd també a una activitat incrementada d’aquest enzim (17). En
aquest sentit, s’han descrit diversos factors que poden activar eNOS, com l'estrés per
fregament (shear stress), el TNF-o o la presencia de substancies vasoactives
circulants (endotelina, angiotensina Il, vasopressina o norepinefrina), entre d’altres,
perd el mecanisme inicial responsable de la regulacio a l'alga de l'activitat de 'eNOS

en la hipertensio portal sembla ser la fosforilacié de I'enzim per part d’Akt (21).

Es remarcable el fet que l'increment de la sintesi de NO en el territori esplancnic es
produeix al mateix temps que la sintesi reduida d’aquest vasodilatador al fetge, la qual

participa en I'increment de la resisténcia vascular intrahepatica. Aquest fet constitueix



el que s’ha anomenat la “paradoxa de la hipertensié portal” (22), que descriu la situacié
en la que en un territori predomina la vasodilatacié i en I'altre la vasoconstriccio. A
'hora de planificar estratégies terapeutiques cal tenir en compte aquest fenomen, ja
que un tractament beneficiés a nivell hepatic podria resultar perjudicial a nivell

esplancnic i viceversa.

Recentment, estudis del nostre grup han demostrat que en el territori esplancnic de
models animals d’hipertensié portal té lloc un procés de neovascularitzacié estimulat
pel Factor de Creixement de I'Endoteli Vascular (VEGF) que contribueix a I'increment

del flux sanguini als drgans esplancnics (23).

1.4. Hiperdinamia sistémica

En les fases més avancades de la cirrosi, tan pacients com models animals presenten
una circulacié hiperdinamica sistémica. Aquesta es caracteritza per una vasodilatacié
generalitzada acompanyada d’'un descens en la pressio arterial i la resisténcia vascular
periférica, juntament amb un augment de la despesa cardiaca i el volum plasmatic (1-
3).

Aquests canvis hemodinamics a nivell sistémic es produeixen a consequéncia de
'exagerada produccié de vasodilatadors a nivell esplancnic, acompanyada de la
reduida metabolitzacié d’aquests per part del fetge patologic, que ja hem mencionat.
L’acumulacié d’aquests vasodilatadors en la circulacié periferica comporta una
vasodilatacié arterial generalitzada, seguida d’una hipovolémia relativa de la circulacio
arterial. En aquesta situacié es produeix I'activacioé d’'una série de sistemes reguladors,
com el sistema renina-angiotensina o la secrecié de vasopressina, que activen la
retencié d’aigua i sodi per part del rony6, augmentant aixi el volum plasmatic per tal de

mantenir la pressio arterial periferica (1-3).

Aquesta circulacié hiperdinamica és la causant de complicacions associades a la
hipertensié portal en diversos organs, com I'elevada retencié de sodi a nivell renal, la
sindrome hepatopulmonar, la progressié d’encefalopatia hepatica, la sindrome
d’isquémia o I'aparicié d’estrés oxidatiu en diferents teixits. La severitat de la circulacio
hiperdinamica es considera un index de la prognosi i supervivéncia dels pacients amb

hipertensio portal (1-3).



1.5. Angiogénesi

L’angiogénesi es defineix com el procés fisioldgic mitjangant el qual es formen nous
vasos sanguinis a partir de la vasculatura preexistent. Té una implicacié important
durant el desenvolupament embrionari i el creixement, mentre que, en I'edat adulta,
gran part dels vasos sanguinis esdevenen quiescents i I'angiogénesi intervé unicament
en funcions reproductives (durant el cicle ovaric o a la placenta, durant
'embaras)(24,25). De tota manera, les cél-lules endotelials mantenen la capacitat de
dividir-se rapidament en resposta a estimuls concrets, com la hipoxia i, aixi,
'angiogenesi s’activa en la cicatritzacio i la reparacié de teixits danyats, perd també en
processos fisiopatoldgics, com el cancer o processos inflamatoris. El correcte
funcionament d’aquest procés depén, fonamentalment, de l'equilibri entre factors

promotors i inhibidors d’angiogénesi (24,25).

Cal distingir 'angiogénesi de la vasculogénesi, que consisteix en la formaci6é de vasos
sanguinis de novo, a partir d’angioblasts o cél-lules stem (26). Tot i que tradicionalment
s’havia pensat que els processos de vasculogénesi estaven limitats a Il'etapa
embrionaria, quan tenen lloc durant la formacié de l'estructura vascular naixent,
recentment s’ha demostrat que la vasculogénesi també pot tenir lloc en organismes
adults. S’han identificat cél-lules progenitores endotelials circulants que poden ser
reclutades a regions isquémiques o tumors en desenvolupament, on s’incorporen a la

vasculatura promovent vasculogénesi (27).

A finals dels anys 90 es va demostrar que en el mesenteri de les rates amb hipertensié
portal induida mitjangant la lligadura parcial de la vena porta (PPVL) té lloc un procés
angiogenic (28). Es va implantar una matriu de col-lagen en el mesenteri dels animals i
es va observar com en els implants mesentérics de les rates amb hipertensi6 portal es
formaven molts més vasos que en els implants de les rates control (29). Posteriorment,
estudis realitzats en els darrers anys proposen una implicacié de I'angiogénesi en
I'establiment i la progressié de la sindrome de la hipertensié portal, tant a nivell de la
formaci6é de vasos col-laterals portosistémics (14), com de la neovascularitzacié dels
organs del territori esplancnic i el conseqiient increment del volum de sang que arriba
a la vena porta (23). En aquest sentit, els treballs realitzats per part del nostre grup van
posar en relleu que el desenvolupament de la hipertensié portal esta associat a una
sobreexpressio de VEGF, pero l'accié coordinada de diversos altres factors de
creixement podrien estar implicats el control dels processos angiogénics relacionats

amb aquesta sindrome.



S’ha descrit que el VEGF és el principal mediador de les respostes angiogeniques que
tenen lloc al principi del procés de formacié d’un nou vas sanguini a partir d’'un de
preexistent (26). Aixi doncs, el VEGF promouria la vasodilatacié i permeabilitat del vas
preexistent, I'expressié de proteases que dissoldrien la matriu extracel-lular que
envolta el vas i la proliferacié i migracié de les cél-lules endotelials que donarien lloc a

un tabul d’endoteli: el vas naixent (26).

A partir d’'aquest punt, uns altres factors prendrien protagonisme a I'’hora de permetre
I'estabilitzacié i maduracié d’aquest nou vas sanguini. El Factor de Creixement Derivat
de Plaquetes (PDGF) seria el principal encarregat de reclutar cél-lules murals, pericits i
cél-lules de muscul llis vascular, que permeten I'evolucié del vas naixent a un nou vas
sanguini consolidat. Un altre factor que intervindria en aquesta fase és el Factor de
Creixement Transformant B (TGFB), una citocina multifuncional que promou la
maduracié dels vasos estimulant la produccié de matriu extracel-lular i induint la

diferenciacié de cél-lules mesenquimals en cél-lules murals (26).

Les Angiopoietines (Ang-1 i Ang-2) també tenen un paper important en la formacio i
estabilitzacié de nous vasos sanguinis. L’Angiopoietina-1 és sintetitzada, basicament,
per part de les cél-lules murals i té la funcié de facilitar I'estabilitzacié dels nous vasos
promovent les unions entre cél-lules endotelials i cél-lules murals. L’Angiopoietina-2, en
canvi, és sintetitzada principalment a les cél-lules endotelials i té diferents funcions
depenent del context en el qual es troba. En preséncia de VEGF té una activitat
proangiogénica facilitant la ramificacié (sprouting) dels vasos, mentre que en abséncia
de VEGEF té la funcié d’antagonitzar Ang-1, desestabilitzant i regressionant els vasos

sanguinis a través de I'apoptosi de les cél-lules endotelials (26).

1.5.1. EIl procés angiogénic

El procés de formacié d’'un nou vas sanguini a partir d’'un de preexistent, de manera
molt resumida, s’inicia amb un estimul proliferatiu per a les cél-lules endotelials
vasculars. El principal factor responsable d’aquest estimul, com ja s’ha mencionat, és
el Factor de Creixement de I'Endoteli Vascular (VEGF), el qual interacciona amb els
seus receptors situats a la membrana de les cél-lules diana. El receptor VEGFR-2 és el
més important a nivell de cél-lules endotelials, i el principal mediador de la resposta

proangiogénica al VEGF. Es un receptor amb un domini intracellular tipus tirosina



kinasa, que mitjangant la unié de VEGF, dimeritza i s’autofosforil-la, activant-se. El
sistema VEGF/VEGFR-2 produeix multiples efectes proangiogénics a través de
diverses vies de senyalitzacid, com sbén lincrement de la permeabilitat vascular,

vasodilatacio, proliferacio, migracio i supervivencia de les cél-lules endotelials (30).

Les cél-lules endotelials que reben I'estimul angiogénic proliferen i, alhora, comencen
a produir proteases i altres enzims que degraden la matriu extracel-lular, com les
metal-loproteases de matriu (MMPs), per tal de permetre la migracié de les noves
cél-lules endotelials. Aquestes conformaran una estructura tubular, que sera la base
del nou vas sanguini. A continuacio, té lloc I'estabilitzacié d’aquest nou vas mitjancant
el recobriment amb pericits, cél-lules de muscul llis vascular que li donen consisténcia.
El procés consisteix, primerament, en el reclutament de cél-lules mesenquimals per
part del vas en desenvolupament. Aquest reclutament és mediat, principalment, per
I'estimul del Factor de Creixement Derivat de Plaquetes (PDGF). El contacte entre les
cel-lules endotelials i les mesenquimals produeix I'activacié de TGFp, el qual provocara
la diferenciaci6 de les mesenquimals en pericits. A partir d’aquest punt, s’atura la
proliferacid de les cél-lules endotelials, es produeix matriu extracel-lular de suport i es

dona lloc al nou vas madur (30).

1.5.2. EIl Factor de Creixement de I’Endoteli Vascular (VEGF)

El Factor de Creixement de I'Endoteli Vascular (VEGF) forma part d’'una familia que
també inclou el Factor de Creixement Placentari (PIGF), el VEGF-B, el VEGF-C, el
VEGF-D o el VEGF-E. La nomenclatura d’aquests membres més recents ha convertit
el primer VEGF en ser descobert en VEGF-A, tot i que, en general, es denomina
simplement VEGF (31-35).

La isoforma predominant del VEGF, VEGF 45, €s una glicoproteina dimérica de 45 KDa
produida per les cél-lules endotelials, els macrofags o les cél-lules T activades, entre
d’altres, amb efectes proangiogeénics especificament per les cél-lules endotelials.
L’expressié de VEGF esta regulada per una gran diversitat d’estimuls, entre els quals
hi ha la hipoxia, alguns factors de creixement, I'0xid nitric, algunes hormones o els

promotors tumorals (31-35).

El gen del VEGF-A s’organitza en vuit exons separats per set introns i dona lloc a

través de splicing a les diferents isoformes de la proteina: VEGFss5, la isoforma
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predominant, VEGF 121, VEGF g9, VEGF06 i les menys freqUents: VEGF 45 i VEGFg3.
La isoforma VEGF,; és acidica i no s’uneix a la heparina, resultant una proteina
completament soluble, mentre que les isoformes VEGF g9 i VEGF0 sON basiques i
tenen alta afinitat per ’heparina, de manera que es troben quasi totalment retingudes
en la matriu extracel-lular. La isoforma VEGF 45 t€ propietats intermitges: és secretada,
pero al mateix temps una fraccié important es manté retinguda a la superficie cel-lular i

la matriu extracel-lular (36).

Els membres de la familia de VEGF s’uneixen als seus receptors: VEGFR-1, VEGFR-
2, i VEGFR-3 o les neuropil-lines 1 i 2. EI VEGF-A, concretament, s’'uneix a dos
receptors, el VEGFR-1 (FIt-1) i el VEGFR-2 (Flk-1), que s’expressen constitutivament
en les cél-lules endotelials vasculars (tot i que altres tipus cel-lulars també poden
expressar-los), provocant la seva dimeritzaci6é. Aquests receptors son del tipus tirosina
kinasa i s’activen a través d’una transfosforilacié induida per la seva dimeritzaci6 (31-
35).

El receptor VEGFR-2 és el principal mediador de les respostes cel-lulars al VEGF. Un
cop s’ha produit la unié lligand-receptor, el receptor s’activa per transfosforilacié. Ja
activat, VEGFR-2 ofereix llocs d'unié per a proteines adaptadores amb dominis SH2
(com Grb2 o Shb, entre d’altres), les quals iniciaran les diferents cascades de
senyalitzacio induides pel VEGF, o per a proteines tirosina fosfatasa (SHP-1 i SHP-2),
moduladors negatius de la senyalitzacié a través dels receptors tirosina kinasa. Les
funcions del VEGFR-1 no s6n tan ben conegudes, perd hi ha moltes evidéncies que
apunten a que VEGFR-1 actua com a regulador negatiu de VEGFR-2, unint el VEGF
per tal que aquest no s’uneixi al VEGFR-2. Pel que fa al receptor VEGFR-3, les seves

funcions resulten importants per a les cél-lules endotelials limfatiques (31-35).

Les principals respostes que indueix el VEGF en les cél-lules endotelials, a través de
diversos intermediaris intracel-lulars, sén la promocié de la supervivéncia, la induccio
de la proliferacio i la migracié cel-lular o la regulacié de la permeabilitat i I'estimul de la

sintesi de vasodilatadors (31-35).

La promocié de la supervivéncia de les cél-lules endotelials és fonamental en el procés
de formaci6 de nous vasos sanguinis i en la seva integritat. VEGF actua com un factor
de supervivéncia per a les endotelials, inhibint 'apoptosi a través de l'activacié de la
kinasa antiapoptotica Akt/PKB a través de PI3K. A llarg termini, els efectes de VEGF

sobre la supervivéencia probablement sén mediats a través de la regulacié a I'alga de
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components de la maquinaria antiapoptotica cel-lular, concretament de les proteines

Bcl-2 i A1, que inhibeixen I'activacié de les caspases (31,33)

L’estimul proliferatiu de VEGF per a les cel-lules endotelials té lloc, principalment, a
través de l'activacio de les kinases regulades per senyals extracel-lulars (ERKS),
també conegudes com p42/44 MAPK. Hi ha, com a minim, dues vies que porten a
aquesta activacié de les ERKs. Per una banda, la unié de la proteina adaptadora Grb2
al receptor VEGFR-2 activat, la qual, a través de SOS activa la proteina Ras.
Posteriorment, el senyal es transporta via Raf-1 i MEK fins activar les ERKs. D’altra
banda, el VEGF també activa, a través del receptor VEGFR-2, la fosforilacié de la
fosfolipasa C-y (PLC-y), la qual produira diacilglicerol (DAG) i inositol trifosfat (IP3) i la
subsequlent activacié de la proteina kinasa C (PKC), la qual té la capacitat d’'induir
l'activacié de la via Raf-1/MEK/ERK. L’activaci6 de mTOR per part del VEGFR-2 a
través de la via PI3K/Akt també esta implicada en la senyalitzacié proliferativa per a les
cel-lules endotelials induida per VEGF (31,33,37).

El VEGF estimula la migracié de les ceélllules endotelials a través de la kinasa
d’adhesions focals (FAK). La senyalitzaci6 a través de FAK és critica per la
reorganitzacio del citoesquelet i la migracio cel-lular. VEGF provoca la fosforilacié de
FAK i de la proteina adaptadora paxillin, promovent el reclutament de FAK cap a les
noves adhesions focals que s’estableixen entre les céllules endotelials i la matriu

extracel-lular i que permeten la migracié (31,33).

Pel que fa a la permeabilitat vascular, VEGF té la capacitat de modular-la a través
d’induir la fenestracié de I'endoteli. La produccié de vasodilatadors, com I'dxid nitric i la
prostaciclina, esta implicada en la induccié de la permeabilitat. En el cas concret de
I'doxid nitric, I'activacio de I'enzim eNOS té lloc mitjancant la fosforil-lacié directa per
part d’Akt, la qual és activada per PI3K. A nivell de la microvasculatura mesentérica,
s’ha implicat I'activacié de la fosfolipasa C-y (PLC-y), la mobilitzacié de calci i I'activacié
la proteina kinasa C (PKC) com a mediadors dels efectes del VEGF sobre la
permeabilitat vascular. A més a més, a través de la uni6é del VEGFR-2 activat amb la
proteina Src es promou la fosforil-lacié6 de les proteines VE-cadherina i B-catenina,
implicades en les unions cellulars, cosa que es tradueix en una major permeabilitat
(31,33).
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1.5.3. EIl Factor de Creixement Derivat de Plaquetes (PDGF)

El Factor de Creixement Derivat de Plaquetes (PDGF) és una glicoproteina dimérica
d’'uns 30 KDa. Esta composada per dues cadenes A (PDGF-AA), dues cadenes B
(PDGF-BB) o una de cada (PDGF-AB) i és el principal mitdgen per als fibroblasts i les
cel-lules de muscul llis vascular. EI PDGF és expressat per multitud de tipus cel-lulars,
entre els quals hi ha les plaquetes, les cél-lules endotelials, les cél-lules de muscul llis
vascular, els macrofags o els fibroblasts, i la seva sintesi s'incrementa en resposta a
estimuls com la hipdxia, la trombina o diversos factors de creixement i citocines. Un
cop sintetitzat, el PDGF queda retingut en la cél-lula productora o en la seva matriu

extracel-lular, perd un cop madura pot esdevenir difusible (38-41).

Els efectes de les diferents isoformes del PDGF sén induits a través de I'activacié de
dos receptors tipus tirosina kinasa, el PDGFR-o i el PDGFR-B. El receptor o uneix tan
les cadenes A com les B amb alta afinitat, mentre que el receptor B només uneix
cadenes B amb alta afinitat. El fet que el PDGF sigui una proteina dimérica li permet,
com en el cas del VEGF, unir-se a dos receptors i provocar la seva dimeritzacio, fet

que promoura la seva activacié mitjangant una transfosforilaci6 (38-41).

A més a més de diferenciar-se per la seva afinitat per les isoformes del PDGF, els dos
receptors de PDGF també generen respostes cel-lulars diferents. D’aquesta manera, la
resposta d'una cél-lula concreta al PDGF dependra de quin dels dos receptors
expressa. Els fibroblasts i les cél-lules de muscul llis vascular, principals dianes del

PDGF, expressen els dos tipus de receptor, pero principalment PDGFR-f (38-41).

Les principals respostes induides pel PDGF sén de proliferacié cel-lular, quimiotaxi,

migracio i supervivencia i prevencio de I'apoptosi (38-41).

La proliferacié cel-lular induida per PDGF té lloc, principalment, a través de l'activacié
de la via Raf/MEK/ERK. La uni6 de la proteina adaptadora Grb2 al receptor PDGFR-
activat, a través de SOS, activa la proteina Ras, la qual s’'unira a Raf-1 per posar en
marxa la citada via de senyalitzacié. En alguns models s’ha posat en relleu una
implicaci6 de la via de PLC-y/PKC i de la proteina tirosina kinasa Src en la promoci6 de

la proliferacié depenent de PDGF (38).
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PI3K té un paper central en la coordinaci6 de la senyalitzacio6 intracel-lular en resposta
a PDGF. A través de PI3K s’activa Akt/PKB, la qual participa en la supervivéncia
cel'lular degut a la seva capacitat de produir efectes antiapoptotics, aixi com la
proteina Rac, una GTPasa de la familia Rho, important per la reorganitzacié del

citoesquelet que permetra la migracié cel-lular i per la quimiotaxi (38).

1.5.4. Altres factors proangiogénics relacionats amb la hipertensio portal

A més a més del VEGF i el PDGF, la implicaci6 de molts altres factors ha estat
descrita en la hipertensio portal, com el Factor de Creixement de la Placenta (PIGF)
(42), o I'Apelina (45).

El PIGF és, com hem vist anteriorment, un membre de la familia del VEGF que no es
troba sobreexpressat en teixits normals ni durant 'embriogénesi. Unicament exerceix
funcions proangiogéniques durant 'embaras i el cicle ovaric, de manera que en
condicions de salut no té efectes sobre els vasos quiescents. S’'uneix al receptor
VEGFR-1, el qual s’expressa minimament en vasos quiescents pero es regula a l'al¢a
en condicions patologiques, potenciant els efectes de VEGF, fet que fa atractiu el PIGF
com a diana terapéutica, ja que la seva inhibicié no afectaria la vasculatura normal
(42).

A nivell de la hipertensi6 portal, ha estat demostrat recentment en un model de ratolins
amb hipertensi6 portal prehepatica que la neovascularitzaci6 mesentérica s’associa a
una sobreexpressié de PIGF. En els ratolins knockout pel PIGF amb hipertensié portal
es redueix la neovascularitzacié esplancnica i, conseqiientment, es produeix una

millora en les alteracions hemodinamiques provocades per la hipertensio portal (42).

L’Apelina és un péptid identificat recentment. Es el lligand del receptor tirosina kinasa
APJ i la senyalitzacié del sistema Apelina/APJ participa en el control de la pressié
sanguinia (t& efecte hipotensor), aixi com en alguns processos angiogénics, com el
desenvolupament vascular embrionari, la formacié postnatal de vasos a la retina, o en
la vascularitzacié d’alguns models tumorals (43). D’altra banda, un article recent ha
mostrat nivells circulants elevats d’Apelina en pacients cirrdtics i que I'Apelina
endogena podria estar implicada en el remodelat vascular intrahepatic en rates

cirrotiques (44).
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Un treball realitzat en el nostre grup va posar en relleu que existeix una sobreexpressio
d’Apelina i el seu receptor APJ en el territori esplancnic de les rates amb hipertensio
portal prehepatica. La inhibicié especifica del receptor APJ mitjangant 'administracio
del farmac F13A va reduir la neovascularitzacié a nivell esplancnic i la formacié de
vasos col-laterals portosistémics en aquests animals, suggerint una implicacié de

I'Apelina en la regulacié de I'angiogénesi associada a la hipertensié portal (45).

1.5.5. L’angiogénesi en models animals d’hipertensié portal

Els primers estudis realitzats en el nostre grup van posar de relleu I'existéncia d’'un
procés actiu d’angiogénesi en el territori esplancnic de models animals d’hipertensio
portal, tant rates com ratolins, evidenciat per la sobreexpressido del Factor de
Creixement de I'Endoteli Vascular (VEGF), que com hem vist és un potent factor
proangiogénic i del seu receptor 2 (VEGFR-2) (14,23). També es va detectar en
aquests organs un increment en I'expressié de la proteina CD31, un marcador de
cellules endotelials que s'utilitza com a index de vascularitzacié i d’angiogénesi.
Aquests resultats indicaven que en els animals amb hipertensio portal té lloc, a nivell

esplancnic, una neovascularitzacié estimulada per VEGF (14,23).

Com hem vist anteriorment, una de les conseqiiéncies de la hipertensio portal és la
formaci6é d’'una xarxa de vasos col-laterals portosistemics. Tradicionalment, la formacié
d’aquests vasos s’atribuia a I'obertura de vasos preexistents com a consequéncia
mecanica de I'increment de pressidé en el territori portal. Sense descartar la implicacio
parcial d’aquest fenomen en la formacié dels vasos col-laterals, es va demostrar que el
procés actiu d’angiogénesi detectat en el territori esplancnic dels animals amb
hipertensié portal era, si més no en part, responsable de la formacidé d’aquests vasos
(14).

En un estudi posterior, es va examinar la possibilitat que el procés angiogénic actiu
detectat en el territori esplancnic dels models animals d’hipertensié portal estigués
també implicat en l'establiment i el manteniment de la circulacié hiperdinamica
esplancnica, a través de l'increment de la vascularitzacié en aquest territori. Amb
aquesta finalitat es va dissenyar un estudi en el qual, mitjangant 'administracié d’'un
farmac que interfereix la via de senyalitzaci6 VEGF/VEGFR-2, es pretenia atenuar la
circulacié hiperdinamica esplancnica de rates amb hipertensié portal. En aquest cas,

es va administrar als animals el farmac SU5416, el qual té la capacitat d’inhibir
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l'autofosforil-lacié activadora del receptor VEGFR-2, promoguda per la unié de VEGF.
D’aquesta manera, queda interrompuda la senyalitzacié6 de la via VEGF/VEGFR-2.
Mitjangant aquest tractament, es va observar, efectivament, un efecte antiangiogénic
que es va traduir en una millora de la circulacié esplancnica, representada per una
reduccié del volum de sang afluent a la vena porta (portal venous inflow, PVI) i un

increment en la resisténcia arteriolar esplancnica i la resisténcia de la vena porta (23).

Els resultats d’aquests estudis posen en relleu la importancia de I'angiogénesi en la
patogénesi de la hipertensié portal, tant a nivell de la formacié dels vasos col-laterals
portosistémics, com de l'increment del flux esplancnic responsable de la circulacié
hiperdinamica esplancnica, i suggereixen que un tractament antiangiogénic podria ser
una estratégia terapéutica prometedora per tal de prevenir la progressido de la

sindrome de la hipertensi6 portal (14,23).

1.6.  Altres conseqiiéncies de la hipertensio portal

Acompanyant a 'augment de la pressié a la vena porta, I'establiment de la circulacié
hiperdinamica al territori esplancnic i la formacié dels vasos col-laterals portosistémics,
la sindrome de la hipertensi6 portal provoca altres alteracions que cal mencionar, com
I'ascites, la sindrome hepatopulmonar, 'encafalopatia hepatica o I'esplenomegalia (2).
Existeixen multiples treballs que exploren en profunditat gairebé cadascuna d’aquestes
alteracions, perd aquest no és el cas de I'esplenomegalia, un fenomen que roman poc
estudiat (46-48).

La melsa és un organ que presenta una divisio en arees estructurals i funcionals. El
seu parénquima es divideix en zones de polpa blanca, I'area de teixit limfoide de la
melsa on té lloc la formacidé i maduracié de limfocits, incloses en la polpa vermella,
constituida basicament d’una xarxa de sinusoides amb la funcié de filtrar la sang i
retirar les cél-lules sanguinies velles o defectuoses de la circulacio i destruir-les. A més

a més, la melsa actua de reservori de cél-lules sanguinies (49).

L’esplenomegalia, o increment patologic de la grandaria de la melsa, és una
conseqiiencia comu de la hipertensidé portal i les malalties croniques del fetge. En
general resulta assimptomatica, i sovint s’ acompanya d’hiperesplenisme. També
implica un risc de ruptura, ja sigui espontania o deguda a traumatismes, amb

hemoperitoni massiu (46-48). Tradicionalment, I'esplenomegalia associada a la
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hipertensidé portal s’atribueix a I'efecte de la congestié de la melsa producte de
I'increment de la pressié portal, perd el fet que no existeixi una correlacié estricta entre
pressié portal i mida de la melsa suggereix que poden existir altres mecanismes

implicats en aquest fenomen (47).

El tercer treball dels que conformen la present tesi doctoral es va centrar en I'estudi de
I'esplenomegalia associada a la hipertensio portal, de cara a caracteritzar-la en major
profunditat del que s’havia fet anteriorment i determinar quins altres mecanismes, a

més a més de la congestio, intervenen en I'engrandiment de la melsa.

1.7. Models animals d’hipertensio portal

Els models animals permeten l'estudi detallat de les alteracions tipiques de la
hipertensié portal i els mecanismes moleculars que les provoquen. Existeixen models
d’hipertensié portal prehepatica, utils per a I'estudi de les alteracions en la circulacio
esplancnica i la circulacié sistémica, aixi com models de cirrosi, que permeten també

explorar la microcirculacié hepatica (50).

Per a la realitzacio dels tres estudis que formen part d’aquesta tesi s’han fet servir dos
models animals diferents, un d’hipertensi6 portal prehepatica, la lligadura parcial de la

vena porta (PPVL), i un de cirrosi, la lligadura del conducte biliar (CBDL), en rates.

La lligadura parcial de la vena consisteix en practicar una constriccié calibrada de la
vena porta amb una lligadura amb sutura de seda. El procés consisteix, primerament,
en aillar la vena del teixit circumdant i separar-la de I'artéria hepatica. Realitzant un
nus al voltant de la vena porta i d’'una agulla de punta roma i de calibre determinat,
quan retirem I'agulla, obtenim una constriccié de la vena porta al calibre de I'agulla
(50). Una setmana després de la lligadura, les rates han desenvolupat completament
la sindrome de la hipertensié portal, amb vasodilataci6 mesentérica, circulacid
hiperdinamica, increment de la despesa cardiaca i un shunting portosistéemic que
s’acosta al 100% (estimacié del percentatge de sang que passa del territori portal a la

circulacio sistémica a través dels vasos col-laterals portosistémics) (51).
La lligadura parcial de la vena porta s’utilitza freqientment degut a que es tracta d’un

model rapid i senzill per reproduir les alteracions circulatories de la hipertensié portal a

nivell esplancnic i sistémic. A més a més, resulta un model excel-lent per a I'estudi de
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la col-lateralitzacié portosistémica, ja que els animals PPVL desenvolupen gran

nombre de vasos col-laterals d’'una manera molt reproduible.

La lligadura del conducte biliar és un model de cirrosi biliar secundaria que resulta
especialment adient en rates degut a la seva manca de vesicula biliar. La intervencio
consisteix en aillar el conducte biliar o colédoc del teixit circumdant i realitzar una
doble lligadura amb sutura de seda entre el punt on s’uneixen els conductes hepatics i
el punt on s’uneixen els conductes pancreatics. A continuacid, es secciona el colédoc
entre les dues lligadures per evitar possibles repermeabilitzacions. Aquest model té
una taxa alta de mortalitat, sobretot a partir de la cinquena setmana, motiu per el qual
és recomanable I'is profilactic d’antibidtics abans de I'operacié (ampicil-lina en el
nostre cas) i 'administracié setmanal de vitamina K per tal de millorar la supervivéncia
(50). Aquest model desenvolupa una fibrosi/cirrosi biliar, amb hipertensié portal molt
accentuada (sovint amb un component presinusoidal) i ja a partir de les dues
setmanes la pressio portal esta elevada, mentre que a les quatre setmanes els animals
presenten hipertensié portal severa, circulacié hiperdinamica i un valor de shunting

portosistémic proper al 100% (50,52).
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2. JUSTIFICACIO | OBJECTIUS

2.1. Justificacié i objectius generals

Segons les dades del Centro Nacional de Epidemiologia, la cirrosi hepatica va ser la
tercera causa de mort en homes i dones d’entre 45 i 64 anys a Espanya 'any 2007,
unicament per darrera del cancer de pulmé i la isquémia cardiaca (53). La hipertensi6
portal i les complicacions que porta associades (trencament de varices
gastroesofagiques, ascites, sindrome hepatorrenal, encefalopatia hepatica...) son les

causes de mort i trasplantament més rellevants entre els malalts de cirrosi.

La hipertensié portal, com hem vist anteriorment, pot ser provocada per un increment
de la resisténcia vascular intrahepatica, per un augment de l'aflux de sang a la vena
porta o per una combinacié d’ambdés factors, de manera que, aquelles estratégies
que atenuin la circulacié hiperdinamica esplancnica, la resisténcia vascular del fetge o
tots dos factors, es traduiran en un descens de la pressié portal i una consequent

reducci6 del risc de patir complicacions.

Actualment, davant de la inexisténcia d’alternatives terapéutiques segures i efectives,
el tractament de referéncia majoritariament aplicat en els pacients amb cirrosi és I'is
de farmacs beta-bloquejants (propranolol, nadolol, o timolol). Aquest tipus de
tractament té la finalitat de reduir la pressié portal, mitjangant la disminucié del flux
portal i col-lateral, per tal de prevenir les hemorragies variceals. L’administracié de
beta-bloquejants, perd, presenta limitacions, la principal, que una fracci6 dels pacients
tractats sé6n “no responsius” i els beta-bloquejants no assoleixen una reduccié de la

seva pressio portal (54).

Els treballs que conformen la present tesi estan globalment orientats a aportar
coneixement sobre la implicacié dels factors de creixement i de I'angiogénesi en la
hipertensié portal, concretament en el manteniment de la circulacié hiperdinamica
esplancnica, la formacié de vasos col-laterals portosistemics i el conseqtient increment
de la pressi6 portal, subratllant el potencial terapéutic de les estratégies que bloquegen

les vies de senyalitzacié proangiogéniques en el tractament de la hipertensio portal.
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Els estudis realitzats anteriorment per part del nostre grup, com hem vist en la
introduccié, han demostrat que la formacié6 de vasos col-laterals portosistemics i
'augment de flux en el territori esplancnic, factors clau en I'establiment la hipertensio
portal, tenen, en part, origen en un procés angiogenic. Mitjangant la inhibici6 d’aquest
procés des del principi del curs de la hipertensié portal, es corregeix parcialment el

progrés d’aquesta sindrome (11,19).

2.2. Estudi 1: Reversié de la hipertensié portal i la circulacié hiperdinamica
esplancnica mitjangant la inhibici6 combinada de VEGF i PDGF en rates amb

hipertensio portal experimental.

Les estratégies antiangiogéniques emprades anteriorment s’havien aplicat en models
animals mentre la hipertensié portal es trobava en procés de desenvolupament. A
nivell clinic, perd, un hipotétic tractament antiangiogénic seria administrat a pacients
que presentarien una hipertensié portal en etapes avangades, i no en el periode en el
qual la sindrome s’esta establint, com passava en els nostres models animals. Per
aquest motiu, calia confirmar els resultats obtinguts en els estudis de “prevenci6” de la
hipertensié portal en models “terapéutics”, i d’aquesta manera, determinar si els agents
antiangiogénics son capagos, no tan sols de prevenir I'establiment de les anomalies
circulatories associades a la hipertensio portal, sind també de revertir aquestes un cop

ja s’han establert.

D’altra banda, i com hem vist en la introduccio, el procés de formacié de vasos
sanguinis a partir de la vasculatura preexistent consta de dues etapes consecutives
dirigides, principalment, per dos factors de creixement diferents. Primerament, té lloc
una etapa d’activacié, proliferacié i migracié de les cél-lules endotelials, les quals
conformaran l'estructura tubular immadura que esdevindra el nou vas sanguini. El
Factor de Creixement de I'Endoteli Vascular, VEGF, és el principal mediador que
regeix aquesta etapa del procés angiogénic. Posteriorment, i amb la finalitat de donar
consisténcia al nou vas i permetre la seva maduracid, es produeix el reclutament de
cél-lules mesenquimals, que donaran lloc a un recobriment de pericits i musculatura
lisa vascular. El Factor de Creixement Derivat de Plaquetes, PDGF, és, en aquest cas,

el principal responsable d’aquesta segona etapa del procés (26).

Amb aquestes premisses, en el primer dels estudis que conformen la present tesi

doctoral, es va plantejar un tractament antiangiogénic que constava de dos farmacs,
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Rapamicina i Glivec, els quals bloquegen, respectivament, les vies de senyalitzacié de
VEGF i PDGF. D’aquesta manera, s'incidia en la formacié del tubul de cél-lules
endotelials i el seu posterior revestiment de cél-lules de muascul llis vascular per

estabilitzar i permetre la maduraci6 dels nous vasos.

La Rapamicina, o Sirolimus, és un inhibidor de la Mammalian Target of Rapamycin
(mTOR), una proteina serina/treonina kinasa que, com a integrador de diverses vies
de senyalitzacié, regula mecanismes com el creixement, la proliferacié, la migracié i la
supervivencia cellular o la transcripcié proteica. La inhibici6 de mTOR mitjancant
Rapamicina té efectes antiangiogénics a través de la capacitat de Rapamicina
d’antagonitzar VEGF a dos nivells: per un costat, reduint la seva produccié i per altra
banda interferint en la senyalitzacié desencadenada per VEGF a través del receptor
VEGFR-2 i de les vies PI3K i Raf/MEK/ERK (55,56,37).

El Glivec, també conegut com Imatinib, té la capacitat d’inhibir I'activacié de diverses
proteines tirosina kinasa, entre les quals, el receptor 3 del PDGF (PDGFR-), aixi com
la kinasa BCR-ABL i el receptor del factor c-Kit de cél-lules mare. Pel que fa al
PDGFR-B, l'activacio d’aquest receptor per part del seu lligand, en aquest cas el
PDGF, implica una fosforilacié. El Glivec bloqueja el lloc d’'unié de I'ATP al domini
tirosina kinasa del receptor, impedint aixi la seva fosforilacié. L’efecte del Glivec sobre
la kinasa BCR-ABL i el receptor de c-Kit no tindria efectes importants de cara a I'estudi
de la hipertensié portal (57,58).

El tractament dels animals amb hipertensié portal amb aquests farmacs es va dur a
terme seguint dues pautes: una de “prevencio”, similar a 'emprada en els estudis
anteriors, administrant Rapamicina i Glivec des del moment de la induccié de la
hipertensié portal i durant 5 dies, i una altra de “reversié”, en la qual els tractaments es
van iniciar un cop la sindrome de la hipertensid portal ja es trobava plenament
establerta, una setmana després de la seva induccid, i es van administrar durant dues

setmanes.

La finalitat del treball consistia, en primer lloc, en demostrar I'associacid de la
hipertensié portal amb una possible sobreexpressio, no només de VEGF, com ja
s’havia reportat anteriorment, sin6 també de PDGF i, conseqlientment, que el bloqueig
simultani de les vies de senyalitzaci6 de VEGF i PDGF en les rates amb una

hipertensié portal plenament establerta, incidint tan en les cél-lules endotelials com en
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els pericits, produiria una reversié dels canvis en la circulacié esplancnica més

important que el bloqueig de cadascuna d’elles per separat.

2.3. Estudi 2: Efectes beneficiosos de I'inhibidor multikinasa Sorafenib sobre la
circulacié esplancnica, intrahepatica i portocol-lateral en rates amb hipertensio

portal i cirrotiques.

Com a continuacio natural de la feina iniciada en el primer dels treballs presentats es
va plantejar un nou estudi que permetés aprofundir en el coneixement dels efectes
dels agents antiangiogénics en les alteracions associades a la hipertensioé portal, de
cara a definir la viabilitat dels tractaments d’aquest tipus com a estratégia terapéutica

en pacients.

L’objectiu del nou estudi, doncs, va ser el de determinar els efectes de Sorafenib, un
farmac que inhibeix de manera potent les vies de senyalitzaci6 de VEGF, PDGF i
Raf/MEK/ERK (totes elles implicades en la modulacié de I'angiogenesi) (59,60), en
diverses alteracions circulatories associades a la hipertensio portal: alteracié de la
circulacié esplancnica, intrahepatica, sistémica i col-lateral portosistémica. En aquest
cas, el tractament es va aplicar a dos models animals diferents: rates amb hipertensioé
portal prehepatica, induida per lligadura parcial de la vena porta (PPVL) i rates amb
cirrosi biliar secundaria induida per lligadura del conducte biliar (CBDL) i en ambdos
casos, el tractament es va administrar seguint una pauta de tipus terapéutic, és a dir,

iniciant-lo quan la hipertensio portal ja estava plenament desenvolupada (50-52).

En el moment de dissenyar I'estudi, el farmac ja era administrat a pacients humans,
concretament en casos de cancer de céllules clares de ronyé (61) i cancer
hepatocel-lular, aquest darrers, en molts casos, amb hipertensié portal (62). Aquests
fets donarien peu, en cas d’obtenir bons resultats en els estudis en models animals, a
plantejar-se I'aplicacié d’'una terapia antiangiogénica amb Sorafenib en els malalts amb

hipertensié portal

El Sorafenib (BAY 43-9006) basa la seva capacitat antiangiogénica en el bloqueig dels
dominis tirosina kinasa dels receptors VEGFR-2 i PDGFR-B, aixi com en la inhibici6 de
l'activacié de la proteina serina-treonina kinasa Raf-1, la qual transmet I'estimul de
proliferacio cel-lular a través de la via RaffMEK/ERK (59,60).
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Com ja hem dit, mitjangcant aquest treball es perseguia aconseguir un coneixement
sistematic i exhaustiu dels efectes d’'un tractament antiangiogénic sobre les diferents
alteracions circulatories derivades de la hipertensié portal, de cara a definir el potencial
d’aquesta estratégia terapéutica en pacients humans. D’aquesta manera es pretenia
descartar que un tractament que pogués resultar beneficiés a nivell de la circulacio
esplancnica tingués un efecte negatiu sobre la circulacié intrahepatica o la circulacié

sistémica.

2.4. Estudi 3: Importancia de la senyalitzacié per mTOR en la patofisiologia de

I'esplenomegalia associada a la hipertensié portal.

L’esplenomegalia, l'increment patologic de la mida de la melsa, és una conseqiiéncia
comu de la hipertensié portal i les malalties croniques del fetge. Les rates dels models
animals d’hipertensid portal, entre ells la lligadura parcial de la vena porta i la lligadura

del conducte biliar, presenten esplenomegalia.

Degut a que, en general, I'esplenomegalia resulta assimptomatica en els pacients
cirrotics, és un fenomen relativament poc estudiat (46,48). L’observaci6 de
l'esplenomegalia en aquests pacients s’associa amb un major risc de patir
complicacions relacionades amb la hipertensié portal (63). La majoria dels pacients
amb malalties hepatiques que desenvolupen esplenomegalia no presenten simptomes
relacionats amb la mida de la melsa, sind6 amb la seva activitat. La melsa, entre d’altres
funcions, s’ocupa de retenir i destruir les cél-lules sanguinies velles o defectuoses de
la circulacié. L'increment d’aquesta activitat de la melsa s’anomena hiperesplenisme, i
a través de la destruccié rapida i prematura de cél-lules circulants pot comportar
l'aparicié de citopénies. La trombocitopénia especialment pot alterar i limitar les
opcions de tractament dels pacients cirrotics. En termes generals, la major
manifestacié d’'una melsa molt engrandida és el dolor, perd també implica un risc de
ruptura, espontania o deguda a petits traumatismes. A més a més, poden produir-se

episodis d’'isquémia o infarts esplénics (46-48).

Com s’ha mencionat anteriorment, l'establiment de I'esplenomegalia s’atribueix,
principalment, a la congesti6 venosa passiva que té lloc a la melsa com a
consequéncia de lincrement de pressié al territori portal, perd no existeix una

correlacio clara entre la pressié portal i la mida de la melsa (47), fet que indicaria que
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hi hauria altres mecanismes implicats en I'establiment de I'esplenomegalia associada a

la hipertensi6 portal (48).

L’'objectiu de l'estudi, per tant, era el d'estudiar I'esplenomegalia associada a la
hipertensié portal, de cara a caracteritzar-la en major profunditat del que s’havia fet
anteriorment i determinar quins altres mecanismes, a més a més de la congestio,

intervenen en I'engrandiment de la melsa.

Arran d’aquesta caracteritzacié de I'esplenomegalia es van identificar una série de
processos angiogenics, fibrogeénics i de proliferacié del compartiment limfoide, en la
melsa dels animals amb hipertensié portal, fets que van suggerir que la inhibicié de
mTOR podria ser una estratégia terapéutica prometedora per tal de contrarestar les
alteracions que condueixen a I'esplenomegalia. EI motiu és que mTOR, com ja hem
mencionat anteriorment, és una proteina serina/treonina kinasa que s’expressa de
manera ubiqua i esta implicada en la regulacié del creixement i la proliferacio cel-lular,

jugant un paper clau en processos immunologics, angiogeénics i fibrogénics (55,56).
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Reversal of Portal Hypertension and Hyperdynamic
Splanchnic Circulation by Combined Vascular
Endothelial Growth Factor and Platelet-Derived Growth
Factor Blockade in Rats

Mercedes Fernandez,! Marc Mejias,! Ester Garcia-Pras,' Raul Mendez.* Juan Carlos Garcia-Pagan,! and Jaime Bosch®

Vascular cntluthclialgrnwrh factor (VEGF) and pl:tttlct-clcrivtd gmwth factor (PDGEF) p:ll:l'rw:}'s
arc crudial to angiogenesis, a process that contributes significantly to the pathogenesis of portal
hypertension. This study determined the effects of inhibition of VEGF and/or PDGF signaling
on hyperdynamic splanchnic circulation and portosystemic collateralization in rats with com-
pletely established portal hypertension, thus mimicking the situation in paticnts. Portal vein—
ligated rats were treated with rapamycin (VEGF signaling inhibitor), Gleevec (PDVGF signaling
inhibitor), or both simultancously when pertal hypertension was already fully developed. He-
modynamic studies were performed by transit-time flowmetry. The extent of portosystomic
collaterals was measured by radicactive microspheres. The expression of angiogenesis mediators
was determined by Western blotting and immunohistochemistry. Combined inhibition of VEGF
and PDGF signaling significandy reduced splanchnic neovasculanizadon (i, CD31 and
VEGFR-2 expression) and pericyte coverage of neovessels (that is, o-smooth muscle actin and
PDGFR-B expression) and translated into hemodynamic cffects as marked as 2 $0% decrease in
portal pressure, a 30% decrease in superior mesenteric artery blood fow, and a 63% increase in
superior mescnteric artery resistance, vielding a significant reversal of the hemodynamic changes
provoked by portal hypertension in rats, Portosystemic collateralization was reduced as well.
Condusions Our results provide new insights inte how angiogenesis regulates portal hyperten-
sion by demonstrating that the maintenance of increased portal pressure, hyperkinetic circula-
tion, splanchnic ncovascularization, and portosystemic collateralization is regulated by VEGF
and PDMGF in portal hypertensive rts. Importantly, these findings also suggest dhat an extended
antiangiogenic strategy (that is, targeting VEGFendothelium and PDGF/ pericytes) may be a
novel approach to the treatment of portal hypertension, (HEPATOLOGY 2007346:1208-1217.)
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complication of chronic liver diseases and is alead-
ing cause of mortality and liver transplantation

worldwide.' A characteristic feature of the PH syndrome

is development of hyperdynamic splanchnic circulation,

l ) ortal hypertension ('H) is the most important

with an increase in blood flow in splanchnic organs drain-
ing into the portal vein and a subsequent increase in portal
venous inflow.2 Such increased portal venous inflow is a
significant factor in maintaining and worsening portal
pressure elevation. We have recently demonstrated that
an increase in the splanchnic vascular bed size mediated
by a vascular endothelial groweh factor (VEGFi—depen-
dent angiogenic process significantly contributes to
increased owerall blood How in splanchnic tissues of
I'H animals. 3% In addidon, this VEGF-dependent angio-
genesis also plays a crucial role in the formation of portal-
systemic collateral wessels, which include the gastro-
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esophageal wvarices™® Collectively, these prior studies
highlighted the imporrance of angiogenesis in the patho-
genesis of PH and sugpested that antiangiogenic treat-
ment might be a promising therapeutic strategy to
prevent the progression of the PH syndome.

In dinical practice, however, an andangiogenic drug
would have to be given to patients presenting with PH at
rather advanced stages.” Thus, it was imperative to con-
firm our previous prophylactic studies by therapeutic
models that most closely mirrar advanced human PH and
to determine whether antiangiogenic agents could not
only prevent but also get the circulatory abnormalities
associated with PH o revert once they are fully devel-
oped. Therefare, we evaluared long-term antangingenic
treatment in an animal model of established portal hyper-
tension induced by partial portal vein ligation.

Recent studies indicate thar in the process of neovas-
cularization, YEGF plays the predominant role in the
formartion of new blood vessels by activating proliferadon
of endothelial cells and the subsequent formation of an
endothelial rubule, whereas maruration of newly formed
vessels Is mainly medulated by proangiogenic platelet-
derived growth factar (PDWGE), which regulates the inves-
titure of the endothelial mbule with mural cell and
pericyte populadons, thereby stabilizing the vascular ar-
chitecture of the nascent vessel. ™' Thus, it can be hy-
pothesized that established 'H could be associated with
overexpression of 'DGF in splanchnic tissuss and that
reversal of splanchnic circulatory changes associared with
I'H might be greater after the combined blockade of
VEGF and PDGF (i.c., after simultaneous targeting of
endothelial cells and pericytes) than after cither alone,

The purpase of the study was to test this hypothesis.
We used rapamycin and Gleeve as strategies to inhibit
the WEGF and PDGF signaling pathways, respective-
Ly 1318 We chose thess drugs because, inadditicn to being
well-known inhibitors of the VEGF and PDGF path-
ways, they are already broadly used in the treatment of
several human malignancies and have been proven w be
well talerated in these indications. 1318

Ohur study is the Arse to our knowledge to describe the
successful therapeutic use of the combinatdon of raparmy-
cin and Gleeves in an animal model of 'H. We demon-
strate thar treatment with rapamycin plus Gleevec
reversed the hemodynamic and vascular changes pro-
woked by I'H in the partial portal vein ligated rat model.
Taking inte account the limitations of experimental smud-
ies, we believe our findings will si mulate considerarion of
thiz novel therapeutic approach in patients suffering from
advanced 'H, in which VEGF and PDGF signaling path-
ways may be up-regulated, as suggested by the findings in
the currently investigated PH animals.
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Materials and Methods

Materiafs. Rapamycdn (RAPA) was purchassd from
Weth Europe (Berkshire, UK} Gleever was from MNa-
vartls (West Sussext, UK). Palyclonal antibodies against
rat 031 (sc-B306 and sc-1506), VEGFE (5c-507), VEGF
receptor—2 (VEGFR-2; s=-315), PDMGE-BR (sc-7878),
PDGF recepror-B (PDGFR-8 5c-1627), and GAPDH
(5-32233) were from Santa Croz Biotechnology (Santa
Croz., CA). Monoclonal anri—ce-smoeoth muscle actin (-
SMA; A-2547) and anti-ge-tubulin (T-2026) were from
Sigma (St. Louis, MO, Peroxidase-conjugared secondary
antibody was from Stressgen (Sidney, British Columbia,
Canada), "'Cr-labeled microspheres were from Perkin-
Elmer (Boston, MA). A protein assay kit and nitrocellu-
lose membranes were from Bio-Rad (Hercules, CA), All
other reagenes and chemicals were from Sigma.

Ancmicls sind Trentments. Portal hypertension (I'H)
was induced in male Sprague-Dawley rats (300-350 ¢
body weight) by pardal portal vein ligaton (PFYL) as
prcvi-::usl}' described 29 Br'l:ﬂ}', under anesthesia (80
mglkg ketamine plus 12 mg'kg xylacin, intramuoscularly),
calibrated constriction of the portal vein was performed
using a single ligature of 3-0 silk ded around the poreal
wein and a 20-gauge blunt-tipped needle. The needle was
then removed, leaving a calibrared conswiction of the por-
tal vein. In sham-operated {S0)) raws, the portal vein was
isolated and similarly manipulated bur not ligared.

Ina hrst experimental protocol, rars were treated with
the VEGF signaling inhibitor RAPA (2 mg kg~ day™!
i.nrr.lpcrjt:-n::lll]r; 'MWL: n = 12, 50: n = 4),1314 the
PDGF signaling inhibitor Gleeves (20 mg ko=t day™!
intraperitoneally, PPYL:n = 6, 80: n = 5),0%12 a com-
bination of RAPA plus Gleevec (I'PVL: n = 4, 50:n =
4), orvehicle (700 p'.L of MaCl0.9%:; PPVL:n = 13,50,
n = 6} For 5 days starting immediately after PPVL or 50,

In a second promecol, ras were reated with RAPA
(PMVL: n = 9, 50: n = 3), Gleevec (PPVL: n = 9, SO:
n=5), RAPA plus Gleevec (PPVI:n=8.50:n= 3], or
wehicle (PPVL:n = 12, 505 n = 4) over a 2-week period,
commencing | week after PPVL (or S5O in controls),
when portal hypertension was fully established. 34

Drases of RATA and Glesves wers selected on the basis
of earlier work showing that these doses efficiently inhibic
VEGF and PDGF signaling, respectively. 1318 Al| proce-
dures were approved by the Laboratory Animal Care and
Use Commitiee of the Univemsity of Barcelona and were
conducted in accordance with the *Guide for the Care
and Use of L‘!.I:iDml‘ﬂl'}" Animals”™ (NIH J:lul:i“cat'inn 8-
23, revised 1985).

Hemadynamec  Studies. Under anesthesia, PE-50

CE.I'J.'I.E'I.'L‘IS WELE j.Il[Fle.LLCCEI. i.l'.I[D a FCJ'.I.'.ICI.I":!J. arcery E.I'.Id. I'J'.IC'
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portal vein and connected to highly sensitive pressure
transducers to measure arterial pressure (MAD, mm Hg)
and portal pressure (PP, mm Hg), respectvely. Then, a
nonconsrictive perivascular transit-time ultrasonic Aow
probe {Transonic Systems, New York, NY) was placed
around the superior mesenteric artery and connected to a
Howrneter to measure superior mesenteric artery blood
How (SMABF, mL min~! 100 g='). Superior mesenteric
artery resistance (SMAR, mmHg mL~! min~! 100 1)
was caloulated as: (MADP — PI/SMARE 20

Determination of Extent of Paveal-Systemnic Collat-
eral Vessel Formation. The extent of portal-systemic
collateralization was quandfied by injection of ®Cr-la-
beled mlcmsphcrc*s (diameter 15+ 3 jim; spec ific a.crix'jt].r
52,68 mCi/g) into the spleen®® Rats were then sacrificad,
and radicactivity in liver and lungs was determined in a
y-scntillation counter. This enabled quantification of the
degree of collateral formation on a scale from 0% to 1 00%
by this equation: collateralizarion (%6) = (lung radicactiv-
ity/ [lung radicactivity + liver radicactviry]) = 100,

Western Blor Analyses. Tissue samples were homog-
enized in ice-cold lysis buffer containing 50 mdd Tris-
HCI (pH 7.4}, 0.1 mM EGTA, 0.1 mM EDTA, 2 mM
leupeptin, 1 mM phenylmethylsulfonyl Huoride, 1%
Monidet P40, 0.1% sodium dodecyl sulfate, and 0.1%
deoxycholate. Samples were then centrifuged for 30 min-
utes at 10,000 The SUpernatant was collected, and the
protein concentration was measured using a colorimetric
assay. ['roteins (100 and 200 pg) were separared by SD5-
PAGE elecrrophoresis and subsequently transferred to ni-
trocellulose membranes. Membranes were blocked with
5% nonfat dry milk in incubation buffer and incubated
with antibodies against rar CD31, VEGF, VEGFR-2,
PDGE, PDGFR-B, and ce-5MA (1:500 dilution). Bound
antibody was detected with peroxidase-linked secondary
antibody and a chemiluminescence detection system.
Loading accuracy was evaluated by membrane rehybrid-
ization with monoclonal antdbodies against ce-mbulin or
GAPDH -

Dimsenobistockemistry. Immunohistochemical  de-
tection of CD31 and ee-5MA was carried out on sections
from parafhn-embedded mesenteric tissues fixed in 10%
neutral-buffered formalin solution. Endogenous peroxi-
dase activity was blocked using methanol containing
0.3% HyO5. Antigen retrieval for CD31 detectdon was
performed using citrate buffer. Nonspechc antibody
binding was prevented by incubation with 10% normal
horse serum. Sections were incubated with primary anti-
bodies against CD31 (diluted 1:200), and e-ShMA (di-
luted 1:5300), and then the bound antdbodies were
visualized using diaminobenzidine (DAB) as the chromo-
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gen. For the negative contol, phosphate-buffered saline
was used instead of the primary antibody.
Measwrement of Vascular Aveas. Tissue samples

were bixed in 10% neutral-buffered formalin and embed-
ded in parathn. Tissues were sectioned (thickness of 2
), and slides were stained with hematoxylin and ecsin
(H&E) or immunostained for CD31 and e-3MA. Quan-
titative analysis of angiogenesis was performed with the
assistance of Image] version 1.37 software (NIH, Be-
thesda, MDDV} by scanning the entire tissue section and
counting the areas occupled by vascular structures. We
obtained a value from each dssue section (1 section per
rat) and then averaged the results from individual sections
in each experimental group (3-5 sections per group).
Group values reflect the average readings from all sections
in the group. The results of neovascularization measure-
ments are expressed as the mean area (£ SEM; expressed
in square micrometers) occupled by vascular structures in
a tissue field measuring 1 mm?.

Determination of Rapamyern Concentration in
Wihole Blood. Blood rapamycin was measured by high-
performance liquid chromatography (HPLC) coupled
with andem ulwaviclet detection (HPLC-UUV) as previ-
c:us]].-' described .2t In brief, to cach whole-blood sa.mp].c
was added sodium acetate buffer (0.10, pH 4.7), deme-
thomxyrapamycin (2.5 pg/mL), and 1 -chloroburane. After
sample centrifugation, the organic extract was evaporated
at 45°C under nitrogen gas. The dried extracts were re-
constituted with methanol/H;O, and the supernatants
were :1|'L:3J].-1r:d with a n:w:rsc-phas: C18 column at 50°C
under a fow rate of 1.1 mL/min for 30 minutes in the
HI'LC system. Rapamycin was detected by ultraviolet ab-
sorption at 278 nm. The calibration range was 2.5-100

ngfmL.

Stasisercal Analysis. Values are expressed as means *
SEMs and compared using the unpaired Student # test
and AMOWVA analysis. Stadstical significance was estab-
lished at << 0.05,

Results

Increased VEGF and PDGF Expression m PH
Rars. Given the importance of growth factors VEGF and
PDGF invascular formation and maturation, we hypoth-
esized that their expression could be up-regulated in 'H
and that simultaneous inhibidon of both the VEGE and
the PDGF pathways might be expected to show greater
antiangiogenic activity than inhibition of only 1 of these
signaling pathways. To demonstrate this, we first mea-
sured VEGF and PDGF protein expression in intestines
from 50O ratsand also 1,5, 10 and 20 days after induction
of 'H. PIMGF expression was minimal in SO rats (Fig. 1).
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After 'TVL, however, expression of PDNGF increased pro-
grcssi\rd}', with I:h.ch.'lghcsl: cxprtssjnn obserred on da}r 10
(Fig. 1). VEGF expression also increased as the 'H syn-
drome progressed, but peak VEGF expression (on day 5)
preceded the appearance of the PDIGF peak (Fig. 1)

Effects of Angiogencsis Blockade When PH Wis
Actrvely Developrng, Mect, we derermined che offecs of
VEGF andfor PDGF inhibition when 'H was actively
developing in rats. For thar purpose, treatment with
RAPA, Gleever, acombinadon of RAPA plus Gleevec, or
wehicle was started immediately after PIVL or SO and
terminared 5 days later.

BATA effectively prevented increased VEGE expres-
sion (Fig. 24} and the formation of new blood vessels in
the splanchnic territory of PPVL rats, as reHected by sig-
nificant inhibition in the intestinal expression of vascular
endothelial cell markers CI031 and VEGFR-2 IfFlg.
24).1" These findings were further identified on mesen-
teric sections stained with H&E and immunostained for
2031 (Fig. 2B). Chaantitadve analysis confirmed asignif-
icantly (=0 0.05) greater vascular area in PPV L-vehicle
rats than in SO-vehicle rats and a significant decreass in
vascular area after RAP'A ereatment in PPVL raes but not
in 50 rats (Fig, 2C), We also found that expression of the
wascular smooth muscle cell marker ¢e-5MA was not sig-
nifcandy modifed by the BAP'A treatmencin the mesen-
tery from PPVL or 5O rats (Fig. 2D, indicating char, at
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least in the experimental setrings used in this study, RATA
had no significant antiproliferative effects on smooth
muscle. These Western blot resules show that the amount
of e-5MA per cell was not modified by BAPA, although
the net amount of «-SMA in the mesentery tissue was
decreased by BAP'A as a consequence of the overall reduc-
tion in vascularization caused by this treatment, as we
demonstrated by immunchistochemisoy (Fig. 2B).

The BAPA-induced inhibition of splaﬂchmc neovas-
cularization was paralleled by significant prevention of the
hyperdynamic splanchnic cireulation of I'T'VL rats, as in-
dicated by a significant 24% decrease in SMABF and a
G6% increase in SMAR compared with that in wehicle-
treated PPVL rats (Fig. 3), reaching values not signifi-
cantly different from those abserved in RAI'A-treared 50O
rats I‘Flg 3l D‘cspltt the decrease in SMABF, PP was not
reduced by BAPA in PTVL animals. Instead, it increased
comparsd with that in vehicle-treated PPVL raes (P =
019 Fig. 31 Thatwas mose “kd_? aresule of the marked,
67 % reduction in portal-systemic collareral vessel forma-
tion observed in I'T'VL rats after VEGF signaling inhibi-
tion (Fig. 3). MNonbly, the extenc of portal-sysremic
collaterals in PPVL rats after RAPA treatment was not
statistically different from that in RAT'A-treated 500 rats
i’ = 0.12; Fig. 3). In additicn, RAT'A increased MAT,
both in PPVL racs (10868 = 3.70 mm Hg in vehicle vs.
13118 £ 3.33 men He in BAPA:; <2 0.001) and in 50
animals (111,02 * 4,53 mm Hg in vehicle v, 140.73 *
297 mm Hg in RATA; P << 0.01), whereas it did noc
significantly change heart rate compared with the vehicle
(PPVL raws: 34858 & 977 ws. 350,77 = 10,73 bears/
min, rcsp:crjvch = 0.6; 50 pats: 326,00 * 15,11 vs
324.17 * 14.18 beats/min, respectively; ' = 0.9). Values
of P, SMABF, and SMAR and the extent of collateral-
ization were similar when comparing SO rats treated with
BAPA or with vehicle (Fig. 33, Whale-blood RAPA con-
centration in BAPA - treated racswas 46.63 + 3.5 ng.l'rn.T_.

In addition, Gleevec had no significant effects on any
of the hemodynamic parameters studied (Table 1), More-
over, the combination of RAPA +Gleever had hemady-
namic effects that were not significantly different from
those observed after treatment with RAT'A alone (Table
1) In P'PVL rats, the decrease in the extent of portal-
s_‘rsn:mlc collaterals observed after RAPA+Glesvec (78%
decrease) was more pronounced than thar ohserved afeer
RATA alone (67% decreass), bur the difference was not
stal:isr[caﬂ].r signiﬁca.nt (14.77 £ 648% ws 21.64 *=
7.30%, respectively; = 0.6).

Collectively taken, these data indicate thar blockade of
VEGF signaling by EAPA markedly prevents the devel-
splanchnic  circularion,
splanchnic neovascularization, and pertal-sysremic collac-

opment of hyperdynamic
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eral formation when administered at the time of portal
hypertension initiation,

Effects of Angiogenesis Blockade When PH Was
Completely Established. "We then addressed the effects
of inhibiting VEGF signaling, PDIGF signaling, or signal-
ing by both pathways simultanecusly on rars that had an
already established PH syndrome. For this purpose, 7
days afrer inducton of I'H (or after SO, rats were given
RAPA, Gleever, a combination of RAPA and Gleever, or
wehicle over a 2-week period.

Therapy with FAPA alone in PPVL rats was effective
in reducing the intestinal expression of VEGF and rans-
lated inta substantial inhikition of splanchnic necvascu-
larization, as indicared by significant down-regulation of
intestinal CD31 and VEGFR-2 cxpn:ssjnn cm‘npa.rcd
with that in vehicle-treated PPVL rats (Fig. 4A). RAPA
did not significandy  affect expression of TDGE,

PDGER-B, and -SMA in PTVL rats (Fig. 4A). To ex-
amine this further, we identified vascular scrucrures in
mesentery sections by HECE staining and by immunchis-
tochemical staining for CD31 and a-SMA (Fig. 4B
Cluantitarive analysis of neovascularizarion revealed that
vehide-rreated PPVL mesenteries were more anglogenic
than were thase of 30-vehicle and that RAPA treatment
markedly and significantly reduced this neovasculariza-
tion | Fig. 4C),

In PPVL rats, hyperdynamic splanchnic circulation
was also significancly reduced afrer RAPA trearment,
with a 17% decrease in SMABF and a 38% increase in
SMAR (Fig. 5). OF note, ' was significantly decreased
by RATA (by 17%, / <2 0.01; Fig. 5), whereas MAT
increased ccumpar:d with wvehicle (117.93 = 2.32 vs.
104.12 * 3.62 mm Hg, respectively; P <0 0.05), RATA
did neot significandy medify heart rare (351.83 %
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24.14 beats'min in vehicle vs. 316,67 = 17,43 beats!
min in RAT'A; P = 0.3). In contrast to the inhibitory
effect of RAPA on splanchnic neovascularization, PT.
and mesenteric blood How, the degree of portal-sys-
temic collateralization was noc significantdy different
when comparing RATA-treated and wvehicle-treated
rats (Fig, 5}, In 50 rats, BAPA did not significantly
affect any of the hemodynamic parameters studied
iFig. 5). Whole-blood RAPA concencration {steady-
state) in RATA-treated rats was 163 * 1.5 ng/ml,
which vwas in the 10—60 ng/mL range required to get
maximum effectiveness with limited toxicity.??
Treamment with Glesves alone significanty diminished
the intestinal expression of PDWGF as well as that of pericyte-
specific markers ¢-SMA and PDGFR-B in PPV rats com-
pared with wehicle but did not signifcandy modify
splanchnic necvascularie (e, €031 and VEGER-2 ex-
pression), SMABF, SMAR, I'T', and the extent of portal-
systemic collaterals (Figs. 44 and 5). MAD was signihcancly
higher in Gleevec-teated PPVL rats chan in those receiving
vehicle (L1857 + 496 v= 104,12 + 5.62 mm Hg, respec-
tvely: P = 0.05), whereas heart race was similar in both
proups (359,57 * 8.16 vs. 351.83 * 24.14 beats/min, re-

spectively; ' = 0.8). In SO rats, Gleever had no significant
hemodynamic effects (Fig. 5).

Intersstingly, treatment of PPWL rats with a combina-
tion of RAT'A plus Glesvec effectively inhibited expres-
sion of YEGF and PDGF protein and also caused a
marked and significant reduction in the extent of splanch-
nic neovascularizadon (Le., in expression of endothelial
cell markers 31 and VEGFER-2) and in the perivascu-
lar cell coverage of neovessels (i.e., in expression of peri-
cyte markers ee-5MA and PDNGFR-), shown in Fig, 44,
In addidon, this therapy translated into hemodynamic
effects as marked as a 40% decrease in PI' a 30% decrease
in SMABF, and a 63% incease in SMAR (Fig. 5),
whereas MAD'  increased compared with vehicle
(127.05 * 337 vs. 104,12 * 3,62 mm Hg, respectively;
P=l0.01 ), and heart rate was unchanged (366.00 * 6.66
vi, 35183 * 24.14 bears/min, respectively; not signifi-
cant). Importantly, RAPA +Gleevec yielded significandy
greater effects than the addition of the effects of either
drug alone. OF note, the RAPA+ Glecver meatment was
also accompanied by 3 modest but significant decrease in
the degree of portal-systemic collareral vessels (9% de-
crease, & = 0.05; Flg 5). In SO rars, wearment with

Table 1. Hemodmamic Effects of Treatment with Gleevec or Combination of RAPA+ Gleevec for 5 Days Starting Immediately
after Induction of Portal Hypertension or Sham Operation

PP SMAR FAP HR
[mm Hg) {mm Hg mL~" min—? 100 g—Y) [mm Hg) [heaits /min]
PPYL-Vehicle [n = 13) 2=+ 10 144 = 0E ET =37 3558 = 10T
PPYL-Gleeves {n = &) 4.0+ 13 142 + 11 16T =75 3780 & 135
PEYL-RAPA + Glesven n = 4) 15007 19.6 = 18* 1442 = 438* 3E30 =82
Slewshicle (n = &) E.E =+ 05* 207 =17 1110 =45 3242 = 142
ElGlesves no= b) L3+ 03 1B83= 27t 074 =64 344.0 + 154
SD-RAPA+Gleevss (n = d) T2+ 06 250 =45 1230 =122 aMe=x=21

*P = 005 versus PPYLvehicle, 1P = .05 versus PRVL-Gleesas, #P = 0,05 vasus PPYL-RAPA + Gleaves,
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RAPA+Gleevec had no significant hemedynamic effects

iFig. 5).

Discussion

The present study demonstrates that the development
of hyperdynamic splanchnic circulation and splanchnic
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FIg. 4.  Effects of RAPA, Glaaver, of RAPA +Glagye:
an angiogenask mediatos when PH was camplataly
estabiishad, (&) Expression of COS1. VEGF, VEGFR-2,
FOGE, PDGFR-E, and ce-SMA I tha Intestines of PRYL
rats amar treafmant with RAPS, Gleavac, RAPA+Gloaer,
of vehlcie. Reprasantatiia blats 2m shown on the lat, and
qLH-I"H]fHI]ﬂI'I ﬂfmﬂﬂ nommalzed o c-mbulin ard
axpressad 35 perentiges of contmls (PPVL vehlde) k
shyvan 0N the gt (a) P < 0,05 warsiss PPVL-vehicle; ()
B = 005 veBls PPYL-RAPA (B) Repmsantatie mes-
antary photographs and fapresentative histlogkal Im-
ages of mesentery sections stained Wh HAE or
Immuncetained for COE1 and - 5MA fom PRVL and S0
rats treated Wil RAPA af velilde, Original magnifcation,
=40, {C) Quantkative analsk of neovasculaization |n
the mesertery Tom PRYLand S0 rats teated with RARA
or vehicle. [a) B < 0.05 versls PRYL-vehice,

neovasculature and the formation of portal-systernic col-
lateral wessels in 'H racs are in part VEGF-dependent
angiogenic processes that can be significandy prevented
by administration of the VEGF pathway inhibicor BAPA
starcing at the dme of I'H inidacion. This is very much in
line with our recent findings in which other angiogenesis

37



HEPATOLOGY, Vel, 46, Me: 4, 2007

Fortel pressure
{mm Hag}

S0 Rats PPYL Rats

{rm Hg!miimin 100 g b

Superior masenioric artery resisiance

PPVL Rats

50 Rats

| venicie - RAPA

FIg. 5.

FERMNANDEZ ET AL 1215

=
3 &
L")
3
=,
EE‘_
| Py
%E
e
%Ez—
E
]
50 Rats PPVL Rats
3--
L1
g2
gg 2r
1
38t
=4
ED
EE
1]

50 Rals PPVL Rats

] Gieevec [ RePA + Gleeveac

Effects of RAPA, Glogvac, of RAPA+ Glaaves on splanchnlc hemodwnamlc pammates and tha extent of potalsvatamic collateraks whan

PH was cam pataly astablishad, (3) P < 0.0 versus SO-vehicle; (b) 2 < 0,05 versus SO-RAPK (c) P < 0.05 varsts SO-Glaeac; () @ < 0.05
VarsUs SO-RAPA-+Gleaves; (8] & < 0.05 versus FRVLYehlcl; (f) P < 0.01 vorsus PRVL-RAPA,

inhibitors with different modes of action were used in
experimental models of 'H to interfere with the VEGF
signaling pathway. % Aleogether, these results provide ad-
ditional support for the idea that angiogenesis plays a key
rale in the pathogenesis of P'H.

However. the principal novel Bndings of this study
were derived from experiments in which antangiogenesis
treacments were begun when I'H was already fully devel-
oped. The idea was o determine whether antangiogenic
agents could not anly prevent the circulatory abnormali-
ties assoclated with 'H but also ger them to revert once
these were completely established. This is doser to the
dinical situaticn of the 'H patient, wha is usually diag-
nosed and eventually treated when PH s alrcady ad-
wanced and has caused clinical manifestations. Because
YEGF and PD'GF are bath crucial to the angiogenic pro-
cess, conciburing to the formaton, stabilization, and
maturation of newly formed vessels, ®'2 it seems reason-
able to hypothesize that established PH should be assaci-
ared with oversxpression of not only VEGE bur also

PDGF and that greater bencht in reducing circulatory
disorders assoclated with 'H could be obtained by simul-
tancous rargeting of the VEGF and PDGF pathways
rather than by targeting either alone. Indeed, this study
has demonsrated for the first time thar in addidon o
VEGEF, I'H development is associated with progressive
overexpression of PDGF, which reached its peak later in
the canrse of 'H than did VEGF averexpression. In ad-
dition, in rats with fully established PH, a 2-week course
of weatment with RATA induced a significant decrease in
VEGF expression, which was associared writh substantial
attenuaton of the increased splanchnic neovasculariey
(l.e., attenuation of overexpression of endothelial cell
markers £D31 and VEGFR-2 and decrease in vascular
area) and a marked reduction in PI* and splanchnic hy-
peremia, These effects were specific for the necvascularure
of I'H rats because they were not observed in 50 control
animals, We therefore concluded that VEGF signaling is
required not enly for development but alsa for mainee-
nance of the PH syndrome and thac inhibidon of the
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VEGF pathwray resules in significant attenuadon of in-
creased PI" and of hyperdynamic splanchnic dreulation in
rats with advanced PH. However, despite the significant
decreases in P, SMABF, and splanchnic neovasculariza-
tion, the extent of collateralization was unchanged. This
Anding is discussed later.

Treatment with the PDGF inhibitor Gleever alone
had no major effects other than reduced PIMGF expres-
sion and decreased perivascular cell coverage of splanch-
nic neovessels, as indicared by the significanty decreased
expression. of pericyie-specific markers a-SMA and
PDGER-B. However, combined teatment with RATA
and Gleevee resulted in. on top of the expected signifi-
cantly decreased expression of VEGFE, VEGFR-2, CD3l,
PDGE, PDAGFR-B, and a-SMA, virmally complete re-
wersal of the increases in PT' and SMABFE, which were
reduced by 40% and 30%, respectively. Moably, the
magnitude of the effects of the combination trearment
was greater than the addidon of the effects of either drug
alone, suggesting a synergistic regulatory interaction be-
rween the VEGE and the PDGE signaling pathways in
mediating maintenance of the vascular and circulatory
abnormalities observed in PH rats. These Andings also
have important dinical implications; in the absence of
perivascular cells (ie., after PDVGF signaling inhibirion),
the endothelium is more vulnerable to andangiogenic
therapies targeting endothelial cells, such as a VEGF sig-
naling blockade

As already noted. although VEGF inhibitdon sup-
pressed the development of new partal-systemic collateral
wessels, selective VEGF signaling blockade did not have a
significant effect on the extent of already established cal-
lateral vessels. The simultansous inhibiton of VEGF plus
PDGE signaling, despite much greater effects on PI' and
SMAEBF, caused a significant but mild reduction in the
extent of portal-systemic collaterals. Why did theandan-
giogenic therapy prevent the formation of collaterals
when these vessels began to develop but not when collat-
eralization was extensive? A possible explanation is that a
measurable decrease in collateralization may take longer
than the 2-week course of trearment evaluated in this
study, [t should be noted in this regard that parients with
cirrhosis receiving an orthotopic liver transplant maintain
increased portocollateral blood How for months® Aco-
alle, the extent of portal-systemic collaterals decreased
slightly (9% decrease) but significantly (P < 0.05) afer
the combined inhibition of VEGF plus PDGF signaling,
Oin the ather hand, it is also possible that there are intrin-
sic differences in the sensitvity of vessels o the lack of
growth factors or differences in the extent of vessel maru-
ragon. 1" [n chis regard, it is important to note that
collaterals are frequently large-size vessels, sugpesting a

HEPATOLOGY, Ocrober 2007

high degres of vessel maturadon.® Therefors, it could b=
that the dependence on VEGF and PDGF for collateral
wvessel growth and maintenance changes over time and
that on their maturation, portal-systemic collaterals de-
pendence from WVEGE and PDAGE is less accenruated.
Mevertheless, the marked decrease in PP and splanchnic
hyperemia in rsponse to the combined VEGF and
PDIGE signaling inhibition suggests that even ifcollaterals
rernain, the possible risk that they could cause clinical
complicadons could be substandally reduced by this
treatment. 228 Impnrmnrl}', the use of BAPA and Gleevec
as inhibirors of the VEGF and 'DGF signaling pathweays,
respectively, has the additdonal advantages of being sate
and effective in the reatment of several human malignan-
cies, which has -aln:ad}' been IJFD:].d.l_',-" documenred 13-18
Inconclusion, the resules of this study provide newand
important biclogical insights into the role of growth fac-
tors and angiogenesis in PH by suggesting the existence of
a regulatory interaction berween the VEGF and I'DGE
pathwways to mainesin hyperdynamic splanchnic circula-
tion, splanchniz necvascularization, and increased poral
pressure in I'H rats and further underline their potental
importance in therapeuric strategies for patdent treatment

based on the combined blockade of the VEGF and PDGF
5|.gl'.lﬂjj.ﬂ.g Pﬁ.TJ'L‘ﬂ“E.:l"S.
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Beneficial Effects of Sorafenib on Splanchnic,

Intrahepatic, and Portocollateral Circulations in Portal

Hypertensive and Cirrhotic Rats

Marc Mejias,! Ester Garcla-Pras,! Carolina Tianl.! Rosa Miquel 2 Jaime Bosch.! and Mercedes Fernandez!

Portal kypertension, the most important complicarion in patients with circhosis of the liver, is a
serious and life-threatening discase for which there are fow therapeutic options. Because angio-
penesis is a pathological hallmark of portal hypertension, the oal of this study was to determine
the effects of sorafeaib—a potent inhibitor of proangiegenic vascular endothelial prowth fctor
receptor 2 (VEGFR-2), placler-denved growth factor receptor 3 (PDGFR-fF), and Raf ki-
mascs—on splanchnic, intrahepatic, systemic, and portosystemic collateral drculations in two
different experimental models of portal hypertension: rats with prehepatic portal hypertension
induced by partial portal vein ligation and rats with intrahepatic portal hypertension and sec-
ondary biliary cirdhosis induced by bile duct ligation. Sudh a comprehensive approach is noces-
sary for any transhtional research direceed toward defining the efficacy and potential clinical
application of new therapeutic agents. Sorafeatb administered orally ance a day for 2 weeks in
experimental models of portal hypertension and cirthosis cffectively inhibited VEGF, PDGF,
and Raf signaling pathways, and produced several protective effects by inducing an approx-
matcly B0% decresse in splanchnic neovascularization and 2 marked attenusation of hyperdy-
namic splanchnic and systemic circulations, as well as a sipnificant 18% decreasc in the extent of
portosystemic collaterals. In cirrhotic rats, sorafenib treatment also resulted in a 25% reducdon
in portal pressure, as well asa remarkable improvement in liver damage and inteahepatic fibrosis,
inflammation, and angiogenesis. Notably, benefidal cffects of sorafenib against tissuc damage
and inflammation were also observed in splanchnic srgans. Conclusion: Taking inro account the
limitations of transkting animal study results into humans, we believe that our fndings will
stimulate consideration of sorafenib as an cffective therapeutic agent in padents sufferng from

advanced porral hypertension. (Heparorocy 200049 1245-1256.)
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Powerntial coveflice of inmerern Noching o repars

ortal hypertension is the most imporant compli-
cation that develops in patients with cirrhosis of
the liver and rernains a leading cause of morbidigy
and mortality worldwide! The portal hvpertensive syn-
drome is characterized bya pathological increase in porral
pressure and by the development of hyperdynamic
splanchnic circulation. with an increase in blood flow in
splanchnic organs draining into the portal veinand a sub-
sequent elevation in portal venous inflow. Such increased
portal venous inflow is a significant facror maintaining
and worsening portal pressure elevatdon and determining
the formation of ascites. Another characteristic feature of
portal hypertension Is the formation of an extensive net-
work of portosystemic collateral vessels; these include gas-
troesophageal varices, which are prone o ruprure thar can
cause massive, life-threatening gastroesophageal bleeding,
In addidon, collareral vessels result in shunting of portal
blaod inte the systemic circularion and play an importane
role in other major complicarions of chronic liver disease,
including portosystemic encephalopathy and sepsis.!
Unfortunately, the management of parients with por-
tal hypertension seill is a relevane clinical problem, and
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current therapy with nonselective B-adrenergic blockers
has significant limitations due to adverse evenrs and un-
predictable response.® Therefore, it s clear that new creat-
ment strategics are neaded to improve the prognosis of
patients with advanced portal hypertension. Understand-
ing the vascular and molecular alterations occurring in
portal hypertension could contribute to this aim.

Recent studies from our laboratory have highlighted
that angiogenesis, the growth of new blood vessels from a
presxisting vascular bed,? is a pathological hallmark of
portal hypertension. Thus, increased splanchnic neovas-
cularization regulated through the coordinated action of
wascular endothelial growth factor (VEGE) and plateler-
derived growth factor (PDGF) has been found in experi-
mental models of portal hypertension and has been shown
to be a crucial mechanism by which portal hypertension,
hyperdynamic splanchnic circularion, and poreosystemic
collateralization are initiated and stabilized*® Impor-
tantly, these prior studies have made the contral of new
blood vessel formation a promising therapeutic target for
patients suffering from portal hypertension and chronic
liver disease.

Until now, however, investigation of antlangiogenesis
agents focusing simultanecusly on several circularory dis-
turbances associated with the pathophysiology of portal
hypertension idismrbances in splanchnic, intraheparic,
systemic, and portosystemic collateral crculadons) has
not been conducted. Such a comprehensive and system-
atic approach is required for any careful wanslational re-
search directed roward defining the effectveness of new
agents with potential therapeutic applicarion in human
patients. For example, a treatment could have clinizal
bencfit on the intrahepatic circulation but be detrimental
to the splanchnic circulation, and vice versa. In the
present study, we determined the effects of sorafenib, an
crally active multikinase inhibitor, on the splanchnic, in-
trahepatic, and systemic circulations and on portosys-
ternic collateral vessels in two different experimental
models of portal hypertension: rats with prehepatic portal
hypertension induced by partial portal vein ligation, and rats
with intrahepatic portal hypertension and secondary biliary
cirrhosis induced by common bile ducr ligarion. Sorafenib
potently blocks the tyrosine kinases of YEGF receptor 2
(VEGFR-2) and PDIGF recepror B (PDGER-B), as well as
the Raf serinethreonine kinases along the Raffmitogen-ac-
tivated protein kinase kinase (MEK)/exrracellular signal-reg-
ulated kinase (ERK) pathway.'® Intesration of the sgnals
decoded by these different transduction pathways orches-
trates the cellular events acting ar different stages during an-
giogenesis.®  Sorafenib s farthest along in  dinical
development and has been approved in several countries
worldwide for trearment of renal cell carcinoma and hepato-
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cellular carcinoma. " The later s a common complication

of advanced cirthosis, which means that soratenib is cur-
rently being used in patients with portal hypertension.
Hence, evaluaton of the effects of sorafenib in animal mod-

CJS D.FFDIE]J. h}'PCI.'l'CI.'.ISjDH =;ems ti.l.'.l'.l:}_'r" E.I.'.Id. Ptl'ti.l']tl'] L.

Materials and Methods

Materials. Soratenib was purchased from Bayer Phar-
maceuticals (West Haven, CT). Andbodies against CD3L,
VEGE, VEGFR-Z, PDGF, PDGFR-8, lipapolsaccharide-
binding protein (LBIY, interlenkin-13 (IL-18), namor ne-
crosis factor ¢ (TINF-ce), and glyceraldehyde 3-phosphate
dehydrogenase were obtained from Santa Cruz Biotechnol-
ogy (Santa Cne, CA). Anti-endothelial nitric oxide syn-
thase ([0S} antibody was obtained from BD Biosciences
iFranklin Lakes, MJ). Antibodies against herne caypenase-1
(HO-1) and peroxidase-conjugated secondary antbodies
were chtained from Stressgen (Sidney, Canada). Andbodies
against ERK1/2, phospho-ERK1/2, phospho-eMNOS, and
inducible WOS (iINOS) were obtained from Cell Signaling
Technology (Darrvers, MA). Antibody against von Wille-
brand factor (vWE) was obtained from Dako (Carpinteria,
CA), and antbedy against D43 was obrained from Serotec
(Raleigh, NC), *Crlabeled microspheres were obtained
from Perkin-Elmer (Boston, MA). All ather reagents were
obtained from Sigma (5t Louis, MO,

Animals, Studies were performed in male Sprague-
Dawley rats (300 to 350 g). All procedures were approved
by the Laboratory Animal Care and Use Committes of
the University of Barcelona and were conducted in accor-
dance with the Guade for the Care and Use of Labovatory
Amimak {Mational Institures of Health publicatjc-n B6-23,
revisad 19850,

Prehepatic portal hypertension was induced by partial
portal vein ligation (PIVL) as described.'® Briefly, under
anesthesia with a combination of ketamine (100 mg/kg)
iMerial, Lyon, France) plus midazolam (5 mglke) (Bax-
ter, Deerfield, IL), a calibrated constriction of the portal
vein was performed using a single ligature of 3-0 silk ded
arcund the portal vein and a 20-gauge blunt-tipped nee-
dle. The nesdle was then removed, leaving a calibrated
constriction of the portal vein,

Secondary biliary cirrhosis with intrahepatic portal hy-
pertension was induced by common bile ducr ligation
(CBDL) as described.'* While each animal was under
anesthesia, the common bile ductwas occluded by double
ligarure with 5-0 sill thread. The bile duct was then re-
sected between the two ligatures. Two days after surgery,
the presence of bilirubin in the urine rned it a dark

bl'DWl'.I EDJDL. jndicating SLI.CECSS.FLL] J.jgﬂ.ti.l:lﬂ. IJ'L S].'I.E.I'I.'l-DP-
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erated (SHAM) animals, portal vein and common bile
duct were similarly manipulated but not ligaced.

Treatments. Sorafenib (PIVL, n = 7; CBDL, n =
12; SHAM, n = &) or vehicle {0.9% sodium chloride;
PIL,n =& CBDL,n = 8 SHAM, n = 7) was admin-
istered orally by gavage. once a day, for 2 weeks at dose
levels of 2 me/kg/day in PPVL and SHAM ras and 1
mg'kg/day in CBDL animals, Treatments began when
portal hypertension was aleady developed (1 week after
PTVL or 2 weeks after CBDL). %' This is closer to the
clinical situation of the poreal hypertensive patient, who is
usually diagnosed, and eventually treated, when poreal
bypertension s already quite advanced and has caused
clinical manifestations. Dloses and scheduls of adeninisera-
tion of sorafenib were selected on the basis of carlier work
showing thar thess were effcacious in inhibiting angio-
genesis, thatsorafenib has a long half-life (24 to 48 hours),
and thar steady-state concentrations are reached after 7
days. '

Hemodymamie Stwdies. Under anesthesia, PE-30
catheters were introduced into the femoral artery and por-
tal wein te measure mean arterial pressure (MAD) (mm
Hg), heart rate (beas/minute), and portal pressure (P
{mm Hg). A perivascular ultrasonic Aowprobe (Transonic
Systems, INY) was placed around the superior mesenteric
artery to measure superior mesenteric artery blood How

(SMABF) imL -minote=" - 100 g'ljl. Superior mesenteric
artery resistance (SMAR) (mm Hg - mL~! » minue==1 -
100 g~ was caleulared as (MAD — PPVSMABFF Car-
diac surput (ml/minute) was measured using the ther-
modilution technique. Briefly, a thermocouple probe vas
placed in the aortic arch via the carorid artery and con-
nected to a Cardiac Ourpur System (ADInstruments,
Colorado Springs, CO). The thermal indicavor (0.1 mL
of room remperature (1.9% saline) was Injected inwo the
right atrium through a PE-50 catheter placed in the jug-
ular vein,

Determesmation of the Extent of Portosystemic Col-
lateral Vessels. The extent of portosystemic collateral-
imation was quantified by injection of FCr-labeled
m.'u:msph:rcs (diameter, 15 £ 3 L zp:cjﬁc acLivjl:_V,
52.68 mCi/g) into the spleen® as collateralization (24) =
[lungs radicactiviey/(lungs radicactiviey + liver radicac-
tiviey ] = 100,

Western Blot Awalysis. Lysate proteins were separated
viasodium dodecyl sulbate—polyacrylamide gel lectrophaore-
sis, and western blotting was performed using the corre-
sponding primary antibodies and a chemiluminsscence
detection systemn., Loading accuracy was evaluared via mem-
brane rehybridizaton with antbodies against B-actin or
pheeraldehyde 3-phosphare dehydropenase ®

Hi:mfagfcnf J"IHI'U'.I';:PSI.S. TjSELLtE I:m:s:mcr_v. jtiLLl'.ILLI.'.I'L-,

MEJIAS ET AL 1247

or liver) were fxeed in 10% formalin, embedded in paraf-
fin, sectioned, and stained with hemarosylin-cosin
(HaE)# Computer-based quandtating analysis of angio-
genesis was performed in mesenteric sections with the
assistance of Axiovision software (Zeiss, Germany) by
scanning of the entire section and counring areas occu-
picd by vascular seructures. We obrained a value from
cach tissue section (one section per rat) and then averaged
the results from individual sections in each group (sic w
eight animals per group). Group values reflect the average
readings from all sections in the group.”

For semiquantitadve analysis of hepatic brosis, liver
sections were stained with 0.1% Sirius red.”® phora-
graphed, and analyzed using a microscope equipped with
adigital camera. Six felds from each slide were randemly
selected, and the red-stained area per roral area was mea-
sured using AxioVWislon software, Values are expressed as
the mean of 18 to 24 felds taken from three to four
animals per group.

Temmanofbistochemisavy. Immunostaining of paraf-
An-embedded liver sections was performed with ant-
CI43 and and-vWF andbodics dilured 1:300 ar, as a
negative control, with phosphate-buffered saline. Bound
antibodies were visualized using diaminobenzidine as
chramogen, and slides were then counterstained with he-
maroxylin. The numberof CD43- and v -posidve cells
and vessels was quantified using AxicYislon sofrware,

Seatistical Amalysis. Values are expressed as the
mezan * standard error of the mean and compared via an
unpaired Student ¢ test and analysis of variance. Statstical
sig,njﬁcan.ce was established ar P <7 0,05,

Results

Inall the animals studied, the 2-week course of oeat-
mentwith sorafenib vas well tolerated withour any sign of
roxicity, adverse effects (reduced body weight gain, diar-
rhea, or hemorrhage), or drug-induced mortality.

Effeces on Splanchuic Neovascularization. Consis-
rentwith our recent ohservations, ™" overexpression of the
proangiogenic factors VEGE and PDGE, the endothelial
cell markers VEGFR-2 and CD31, and the perivascular
cell markers PDMGFR-A and g-smooth muscle actin (-
SMA) was observed in mesenteries from rats with prehe-
patic portal hypertension induced by PIVL when
compared with SHAM conwol animals (7 < 0.05) (Fig.
LA). OF note, these indings were alse reproduced in the
CBDL model of intrahepatic portal hypertension and cir-
rhosis (Fig. 2A). Interestingly, in both experimental mod-
els, therapy with soratenib was highly effective in reducing
VEGF and PDGF expressions, which translated into sub-
stantial inhibition of splanchnic neovascularization
I:dnum-rcgularinn of CD31 and VEGFR-2 cxprcssicnsj
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FIg. 1. EMects of somEfenib on splanchnlc naovascularization and portosystemic collataralization in PRYL mts. (&) Exprasslion of the proanglogents
factors VEGF and PDGF, the endathalial call markers VEGFR-2 900 CO31, and he parkascular cell mamars POGFR-2 and w-SMA In mesantaries of
‘sofatenit- of vehicle-tragtad PPYL and SHAM rats. (B) Hitologkeal Images of mesenterles fom PRVL rmts (HAE staln; original magnificaion > 40)
and nedvasculaiization quantifcation. (C) Westam blat analysls of phespho-ERKL/2 and total ERKL/2 In Intestines of PRVL rats. (D) Effects o
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Flg. 2. EMacts of sorafanib on splanchnle neovasculanzation and portosystemic collateralization In CBOL rats. (&) Expresshon of the proanglogenic
Tactor VEGF and PDGF, the endothallal call markers VEGFR-2 and CD31, and the parivascular call makars PDGFR-2 and w-5MA In mesantarles of
sorafanib- of vehlde-reated CBOL 3nd SHAM f@is, (B) Histologieal Images of mesantarles om CBOL rats (HAE stain; onginal magnincation » 40
300 neavascilanzation quantmeatian. () Westem biot analysls of phospho-ERKL/2 and twtal ERKL/2 In Intestinas of CBOL rats. () EMects af

sofafanib on potosystamic collatatalzation In CBOL rats. SORA, soratanib; VEH, vehltla,
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Flg. 3. Efacts afsorafenit on hemodynamies and splanchnlc protin axpression of aM0s and HE-1 In PPVL and CBOL rats, (4) Effects of sofafanit
on maan amaral pressune, Reat rate, pomal pressune, and suparar mesenterlc artary Haod Now and reskstance In PRYL, CBDL. and SHAM rats (B)
Westam bt anatysis of phaspho-el0s, total aN0S, and HO-1 In mesenteres of PPVL fats SORA, sorafenit; VEH, vahlcla,

and perivascular cell coverage of neovessels (down-regu-
ladon of ¢-SMA and PDGER-B expressions), compared
with the corresponding vehicle-treated groups (Figs. 1A,
2A). In agreement with these western blot resules, com-
puter-based quantitative analysis of neovascularization in
tissue sections also demonstrated that the vascular area
was markedly reduced by approzimately 80% in mesen-
teries from drug-treated relative to vehicle-treated PIVL
and CBD'L raes (Figs. 1B, 2B). These antd-angiogenic of
Feces of sorafenib were not observed in SHAM rars (Figs.
1A, 2A),

The anti-angiogenic effects of sorafenib can be medi-
ated not only by inhibition of recepror tyrosine kinases
such as VEGFR-2 and PDNGFR-8, but also by blockade of
the ubiquirous RafiMEK/ERK signaling pathway, which
plays 2 major role in the regulation of endothelial cell
proliferation and necangiogenesis.' Therefare, we deter-
mined the effectiveness of sorafenib in inhibiting the Raff
MEK/ERK signaling cascade in porral hypertensive rats
by immuncblotting with antibodies specific for phos-
phorylared ERK-1 and ERK-2 kinases and toral ERE1/2.
Indeed, sorafenib markedly inhibited signaling threugh
the Raf kinase pathway, as evidenced by a decrease in
ERK1:2 phosphorylation in the intestines of sorafenib-
ereaced PPVL and CBDL rats, compared with those re-
ceiving vehicle (Figs. 1€, 2C).

Effeces on Portosystemic Collateral Circulnrion. An
extremely high degree of portosystemic collareral vessels
developed 2 weels after PPVL (98,69 + 0.87%) and 4
weeks after CEDL (98.87 £ 0.37%) in animals receiving
vehide. Sorafenib significantly reduced this portosys-
remic collateralization both in PPYL rats { 18% reduction;
=2 0.05) (Fig. 11 and CBDL raes (18% decrease; P =
0.05) {Fig. 20} compared with their carresponding vehi-
cle-treated groups.

Hemodyname Effects. Both wvehicle-treated PPYL
and CEDL rats exhibited portal hypertension, increased
SMABF, and decreased SMAR and MATD compared with
vehide-treated SHAM animals (Fig. 3A), thus demon-
scrating the hyperkinetic splanchnic circulation characeer-
istic of portal hyperrension.! Values of heart rate were
similar among groups (Fig. 34).

In PTVL rats, soratenib administered as a daily oral
treatment for 2 weeks markedly artenuared the hyperdsy-
namic spla.nchn.i.c circulation, as indicarsd |::r_1'a 17% de-
crease in SMABF (P = 0.012) and a 30% increase in
SMAR (P = 0.004) com pared with vehicle-treared PFYL
rats (Fig. 3A). Despite the decrease in splanchnic bload
Ao, I'T? was not reduced by sarafenib in PT'VL animals,
This was most likely due to the reduction of portosys-
temic collateralizarion observed in PPVL rats following
administration of sorafenib (Fig. 1D}, In addition, sor-
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afenib did not modify MADP (7 = 0.2) or heart rate (=
0.8) in PPVL rats compared with wehicle (Fig. 34), buti
caused a marked and significant 24% decrease in cardiac
cutput (143.4 + 5.9 mL/minute in vehicle-treated PIVL
rats and 1087 * 7.9 ml/minure in sorafenib-treared
PIWL rats [P = 0.040]).

In CBDL rats, the hyperdynamic splanchnic circula-
ton was also reduced after soratenib treatment with a
28% decrease in SMABF (P = 0.0002) and a 39% in-
crease in SMAR (P = 0.022) (Fig. 3A). Unlike what was
observed in the prehepatic portal hypertensive model, the
attenuation of splanchnic hyperemia translated in cir-
rhotic rats inm a marked (25%) decrease in PI' (P =
0.0002) (Fig. 3A), despite the degree of portasystemic
collateral vessels being similarly reduced in both experi-
mental models (Fig. 2I)). Thess findings suggese thar the
intrahepatic vascular resistance of CBDL rats could have
been reduced by sorafenib weatment (see Effects on In-
traheparic Fibrosis section and Discussion below). Sor-
afenib did not modify MAD in CBDL raes (7 = 0.7) buc
induced a significant 11% reduction in heart rate (" =
0.02) (Fig. 3A) and a marked 31% decrease in cardiac
cutput that did not reach statistical significance (156.6 *
14.8 ml/minute in vehicle-treated CBDOL rats; 107.7 +
18.5 mL/minure in sorafenib-treated CBDL rars [ =
0.16]). In SHAM rats, sorafenib had nosignificant hemo-
dynamic effects (Fig. 34).

The sorafenib-induced attenuation of hyperdynamic
splanchnic circulation cbserved in PPVL and CEDL rars
was most [lkely due to inhibiticn of splanchnic neovascu-
larzadon rather than inhibition of vasodilatation, because
no effects were seen after sorafenib on the expression of
eMNO% and HO-1, which catalyze the production of the
wvasodilators nicrc oxide and carbon monoxide, respec-
vively (Fig. 3B).1718

Effects on Imtrabepatic Fibrosiz To evaluate the
possibility that sorafenib decreased hepatic vascolar resis-
tance, we determined the intrahepatc effects of sorafenib
in CBDL rats through a series of complementary experi-
mental approaches. CBDL resulted in distortion of the
normal liver architecture, with a marked proliferation of
bile ductules and an extensive deposition of Abrillar col-
lagen in portal tracts and central veins of the liver, as
idendfied by staining of liver sections with HE&E and
Sirius red (Fig. 4A). Impressively, these histological and
structural changes were substantially decreased in re-
sponse to administration of sorafenib, with 1 49% reduc-
tion in Abrosis (Sirus red staining area) in the liver from
sorafenib-treated CBDL rats compared with vehicle-
ereated CEDL animals (Fig. 44.B).

Because activated hepatic stellate cells are a major con-
tributor to hepatic fibrogenesis,'*!¥ we measured the pro-
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tein expression of a-5MA, which is expressed by hepatic
stellate cells when they pain 2 myofibroblase-like pheno-
type In response to liver injury. ce-3MA expression was
rernackably high in livers from vehizle-treared CBDL rars
compared with SHAM animals, consistent with stellare
cell activation in Bhrotic livers (Fig. 4C). Intersstingly,
sorafenib caused a profound decrease in e-SMA expres-
sion in CBDL rats (Fig. 4C}), suggesdng thar this creat-
ment inhibited activaton of stellate cells. These resules
were further supported by cur findings of an increased
expression of PDIGF, which is the most potent mitogen
for heparic stellate cells,'®1 and its recepror PDGFR-B in
livers from vehicle-treated CEDL rats (Fig. 4C), together
with a marked reduction of these overexpressions by sor-
afenib (P < 0.05) (Fig. 40C).

Effects on Intrabepatic Inflammation. Current evi-
dence suggests that the process of hepatic Abrosis isdriven
primarily by the development of inflammadon in re-
sponse to lver injury.'® Therefore, we determined
whether the sorafenib-stimulated attenuadon of Bbrosis
was also associated with a reduction in infammatory ac-
tivity. Indeed, using histalogical analyses (HAE) as well
as immunchistochemistry with staining for CD43, we
found an increased inflammarory cell inflerate in livers
from CBDL rats, compared with SHAM contral animals,
and attenuadon of this inflammarory infilerarion (24%
decrease) after sorafenib rreamment (Fig. 5AB).

These immunchistwchemical studies were supported
and confirmed via western blot analysss showing an in-
creased protein expression of the proinHammatory medi-
ators [MNF-, LB, and iNOS in livers from vehicle-
treated CBDL rars compared with SHAM animals (Fig.
5C), and a marked reduction of this oversxpression by
sorafenib meatment over a period of 2 weeks (Fig. 3C).

Effeces om Intvabepatic Neovascularizason. Be-
cause liver Abrogenesis and infAammadon are frequently
associated with heparic angiogenesis.*® we also conducred
studies to determine hepatic neovascularization and the
cxpression of anglogenic Factors in livers of sorafenib-
treated and vehicle-weated CBDL rats and in correspond-
ing SHAM-operated contrel animals. Western blot
analysis revealed a marked 200% increase in VEGFR-2
expression in vehicle-treared CBDL rars compared with
SHAM raes (7 == 0.05) (Fig 6A). VEGFR-2 is predomi-
nantly expressed on endothelial cells, and ies expression s
up-regulared during angiosenesis.? Therefore, VEGFR-2
overexpression most likely refleces an increase in intrahe-
patc necvascularization in livers fram CBDL rars. MNota-
Ely, sorafenib decreased the expression of VEGFR-2 in
CBDL rats by 45% (P <2 0.05) (Fig. 6A). Theseresules fir
well with the immunchistochemical scudies of vWE'F pro-
tein expression, a marker of endothelial cells, which con-
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Flg. 4. Efacts of sorfanlb on Intrahepatic Tbrosks In CBOL rats, (&) Histobgleal Images of Ivers (central valn and portal tract amas) stained with
H&E ar Slrius red from sarfenit- of vehicle-traated CBOL and SHAM rats (orlginal magnification «50). (B) QuantMeation of Ihar Throsts {Siius red
atalning area par total araa) In sorafenib- of vehicle-treated CBOL and SHAM rats. {C) Westam biot ana sk of «-5MA, FDGFR-E, and POGF In vars

of CBDL rats, S0RA, somfanily VEH, vanicle,

firmed an increased number of vWF-positive vessels in
livers from vehicle-treared CBDL rats compared with
SHAM animals (322% in.cm}.. and a marked 59% re-
duction of this neovascularization following sorafenib
treatment (Fig. 6B). Ineriguingly, increased incraheparic
anglogenesis in CEDL rats was not associated with VEGE
overexpression. Rather, the expression of VEGF was
lower in CBDL rats than in SHAM animals, and i was
not modified by sorafenik (Fig. GA).

Effeces on Intrabeparic eNOS and HO-I Expres-
sion. To derermine whether the decreass of in tic
vascular resistance in livers from CBDL raes could alse be

assigned to sorafenib-induced wasodilatation, we mea-
sured the protein expression of the vasodilarery enzymaric
systems elOS and HO-1. As expecred,'™'® a robust de-
crease in phosphorylated eMNOS expression, as well as
mrcr:xpmiun of HO-1, was ohserved in livers From ve-
hicle-treared CBDL rars compared with SHAM animals
(Fig, 6C,10. We found no detectable chanpes in the ex-
pression of phospho-eMOS, ol MOS, or HO-1 in
CBDL rats in response to sorafenib (Fig, 6C,100, indicat-
ing that the sarafenib-mediated reduction in intraheparic
vascular resistance s unlikely to be due to nitric axide
and/or carbon monoxide overproduction.
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Flg. 5. EMects of soratenit on Intranepatic Inlammaticn in CBOL mts. (&) Photomilcrographs of histology (HAE Stalr) and Immunanistochamisty
(0043 Immunostaining) o Ives from soratenit- o vehiche-freated CBDL and SHAM rats, showing Increased Innammatory call infitiate {4 moes) in

the hepatic parenchyma of vehlcletreatad CBOL rats ¢

with SHAM anlmats, and 3 maked attenuation of this Inflammatory Infiteatlon attar

soratanib treatment (orginal magnification: a-h, =<200; H, x400). (B) Quantfication of the number of CDA3-pesttive cells In Iars from sorfanib-
o7 vahicia-treated CEDL and SHAM rats, () Westam biot analysis of proinfiam matory med s (INDS, TNF-ce, a0 LBPY In INes of CBOL rats, SORA,

sorafenit; VEH, venlcla,

Effects on  Intestinal  Inflammation. Next,  we
wanted to determine whether sorafenib had anti-inflam-
matory effects, not anly in the liver, butalso in splanchnic
organs. To this end, histological studies using HECE were
performed on portions of the jejunum Fom all experi-
mental groups. Small incestinal mucosa of vehicle-trearad
PTVL rars had decreased intestinal villus heightand abun-
dant inHamrmatory infilerarion com pared with SHAM an-
imals (Fig. 7A). These histological changes were alsas
presentand even more prominent in CBDL animals (Fig.
TAL I.mxrﬁti.ngljr, da.i.[jr treatment with soratenib pro-
duced a marked artenuarion of the intestinal infamma-
ton abserved in both TV and CBDL raes (Fig. 7A). In
addition, the expression of the proinflammarory proteins
THMF-tc and INOS was increased in mesenteries from
PPVL and CBDL rats receiving wehicle, and markedly
reduced by sorafenib (Fig. 7B). Sorafenib also decreased
the IL-18 overexpresion observed in PPVL racs (Fig. 7B
Interestingly, the expression of LBI was also elevated in

PPVL and CEDL rats, as compared with SHAM rats, and
soratenib atenuated this oversepression (Fig. 7B).

Discussion

Remarkable and very promising amelioradon of poreal
hypertension has been observed in animal models with
several antlangiogenic straregles* ™% Our  present
study determined, in a comprehensive and systematic
manner, whether the multiple kinase inhibitor sorafenib
causes beneficial effects on the splanchnic, intrahepatic,
and systemic circulations and on pertosystemic collateral
vessels in rwo different experimental models of poreal hy-
pertension: preheparic portal hypertension induced by
PI'VL and intrahepatic portal hypertension with second-
ary biliary cirrhosis induced by CBDL. This approach,
which focused simultaneously on several pathophysiclog-
ical processes associated with portal hypertension, is
necessary for any careful translarional research directed
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FIg. €. EMects of sorfenib on [er necascularzation and hapatls protaln expression of eNOS and HO-L In CBOL rats. (&) Westemn blot anatsk
of VEGFR-2, VEGF, phosphi-eMOS, total el 0S, and Ho-1 In [ers from sortanib- of vehicle-treatad CBDL and SHAM rats. (B) Imunohistochenm ical
detection of VWF-posttive vassels (amowheads) In INers from sorafenib- or vahile-reated CBDL and SHAM fats. SORA, sarafenid; VEH, vehick,

toward defining the efficacy and potendal clinical ap-  lignancies has been documented.'™'? including renal
plication of new agents. Impormancly, the use of sor-  cell carcinoma and heparocellular carcinoma. The lat-
afenib as an orally active multikinase inhibitor has an ter is a commeon complication of advanced cirrhosis,
additional advantage in that its efhcacy, safety, and  which means that sorafenib is currently being used in
clinical benefit in the reatment of several human ma-  patient= with partal hypertension.

A _ S —

Fig. 7. Efiects of sortanit an imestingl mfiammation In PRYL and CBOL rats. (A) Histological Imagss of Intestines showng Intastinal damags and
abundant Infammatory IfiteEtion In vehkle-treated PPYL and CBDL rats (arowheads), and 3 mamked attenuation of these distubances by soefenit
(HAE staln; orginal magnification =50 [tap row), = 100 [Dottom rw]). (B) Westar it analysls of proiifiammetary mediatars (INGS, TNF-u. LB,
and IL-18) In mesentedas of PEYL and CEOL rats, SORA, sorateni; VEH, vehlele
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Our study demonstrated that sorafenib has several pre-
tective effects an splanchnic, inwahepate, systemic, and
portasystemic collateral crculations in PPVL and CEDL
rats. First, our results indicate that a 2-week coume of
trearmnent with sorafenib administered orally o PPVL
and CBDL raws is efbcacious in interfering with the
WEGF and PDGF signal cansducrion pathways, as wellas
with the Raf/MEKERK signaling cascade, all of whizh
are crucial to the dghth regulated multstep angiogenic
process contributing to the formarion, stabilization, and
maturation of newly formed vessels. *1° Accordingly with
the ability of sorafenib to target several preangiogenic
signaling pathways, it also showed substandal angicin-
h.ibimr}r cfﬁj:a-:_','. J'.nduring an apprﬂxjma[d}r a0% de-
crease in splanchnic neavascularization in both PPVL and
CRDL animals. It is important to note that these effecrs
were not observed in SHAM animals, indicating thar sor-
afenib aces only against migrating and proliferating capil-
larr endothelial cells ar sites of angiogenesis, but it does
not atfect the normal nonproliferadng vessels,

The prolonged suppression of pathalogic neovascular-
ity after sorafenib also translated into 2 marked arcenua-
tion of the hyperdynamic splanchnic and systemic
circuladons, and decreassd the extent of portosystemic
collateral vessels as well. In the PTVL madel, the decrease
in splanchnic blood How caused by sorafenib did not
translate into a significant reducdon in PP That could be
due to the significant decrease abserved in the extent of
portasystemic collaterals after sorafenib weatment, which
increases portocollateral resistance and, therefore, in-
creases the vascular resistance of the portal venous system.
However, in the CBDL model, the sorafenib-induced at-
tenuation of splanchnic hyperemia (28% reducticn in
SMABF and 39% increase in SMAR) resuleed ina 25%
decreass in P, despire a similar decrease in portosystemic
collateralization as in the prehepatic portal hypertensive
model, indicating that the vascular resistance of the cir-
rhotic liver was lowered by sorafenib.

Indeed, we found a remarkable improvement in liver
damage and incrahepatic Abrosis and inflammation in
CRDL rats following sorafenib treatment, which is likely
tr be the basis for the diminished intrahepatic resistance
to portal blood How. Histopathological analyses using
HE:E and Sirius red stainings revealed a robust attenua-
tion in bile duct proliferation, and reduction of Abrillar
collagen accumulation and Gbrosis in livers from sor-
afenib-treated CBDL rats compared with the vehicle-
treated group, Sorafenib also induced a marked decrease
in intrahepatic inHammation, as demonstrated in histo-
logical sections by immunostaining For CD43, which is
typically expressed by infltrating inflammatory cells,'® as
wellas in protein extraces anahzed by western blotting For
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the proinftammarary mediators THF-ge, iNOS, and
LBP.172425 The mechanisms by which sorafenib atrenu-
ares fbrosis and inflammaton are most likely mediated
through inhibition of hepatic stellate cell activation, evi-
denced by strong reduction of a-5MA and PDGER-B
expressions, which are markers of activated stellare
cells.'®1" Of note, sorafenib alse markedly decreased
I'DGF expression, which is the most porent proliferatve
factor for hepartic stellare cells "2 Tt js imporrant o
note that activaton of perisinusoidal hepadc stellare cells
is a critical step in hepatic fibrogenesis.'®" Consistent
with our dara, antifibrotic effectiveness has been also ob-

served with some VEGF and PDGF inhibitors in differ-
ent animal models 213

In the pressnt study, we alse found 1 higher degree of
neovascularizadon in livers from CBDL rats than in
SHAM animals, as evidenced by elevated VEGFR-2 pro-
tein expression and v F-positive vessels. The cccurrence
of hepadc angiogenesis has been frequently described in
chronic liver disease,®" where it appears to play a critical
pathogenic role, either as part of the formation of liver
fibrosis and inflammadon or as 2 com pensatory response
to decreased blood supply in the cirrhotic liver, We ob-
served a marked reduction of this neovascularization fol-
lowing sorafenib treatment. Ineriguingly, the increased
intrahepatic angiogenesis observed in CBDL rats was noc
assoclated with VEGF overexpression. Instead, the ex-
pression of VEGFE was even lower in CBDL rats than in
SHAM animals, and it was not madified by sorafenib.
The reason why VEGF expression is decreased in livers of
CBDL rats despite having increased intrahepatic neovas-
cularization is at present unknown. Notably, reduced
VEGF expression associated with VEGFR-2 overexpres-
sion and increased vascular density has also been found
recently in cirrhotic livers®™*® In addition, smudies in
CBDL rats have shown a transient up-regulated expres-
sion of VEGF in the liver, almost limired to the frst days
after the BDL procedure® It can be praposed, but notver
proven, thar WEGF production increases in the early
stages of cirrhesis to Induce endothelial cell proliferation
and formation of new vessels, whereas in advanced stagss,
stabilizatlon and maturadon of newly formed vessels s
mainly mediated by other growth factors. ™! In any case,
angiogenesis is a multifacrorial, extremely complex pro-
cess invelving a huge number of molecules and cells reg-
ulated at different levels by various factors.? Hence, it is
not surprising that different angiogenic factos may be
observed depending on the Abrosis stage, grade of inflam-
mation, or maturaton of vasculaure,

The protective etfects of sorafenib against tissue dam-
age and inflammation were abserved not only in livers of
cirrhotic rats, bur also in splanchnic organs from both
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PPVL and CBDL animals. Indeed, we found increased
inflammation in the intestines of 'TVL and CBDL rats,
as well as elevated mesenteric expression of the proinfam-
matory mediators THFE-a, IL-18, and iNOS, compared
with the SHAM group.'”™ The LPS-binding protein
LED, which enhances cellular responses to LI'S,*® was also
oversxpressed in PI'WVL and CBDL animals. These dara
suppart that small intestinal bacterial overgrowth and
translocation of bacteria across the intestinal wall play an
important role in the intestinal inAammation associared
with portal hypertension ®™* Interestingly, sorafenib
markedly reduced the splanchnic inAammatory response
in both poreal hypertensive experimental models. In ad-
dition, the Anding that INOS protein expression was in-
creased in mesenteries from PTYL and CBDL s could
suggest thar, although the main enzvmatic source of the
splanchnic WO overpreduction thar conmibutes wa hyper-
dynamic splanchnic circuladon in poreal hypertension is
eNOS T 3 eppall parte of WO derived from iINOS could
also participate in the porral hypertensive splanchnic hy-
peremia.

As noted earlier, sorafenib caused a marked 80% de-
crease in splanchnic neovascularizadon, bat only- a mod-
erate (18%) reduction in the extent of portosystemic
collaterals. It s likely that a greater decrease in collareral-
ization may take longer than the 2-week course of treat-
ment evaluated in this snady. Ir should be noted in this
regard that patients with cirrhosis who undergo orthe-
topic liver rransplantation mainrain an increased poreo-
collateral blood Aow for months. On the other hand, ic
is also possible that there are intrinsic differences in the
sensitivity of vessels to the lack of growth Factors ar dif
ferences in the extent of vessel maturation.® In this re-
gard, it is important to point out that collaterals are
frequently large vessels, supgesting a high degres of vessel
macu ration.*® Therefore, the integrity of marure collareral
vessels may be less influenced by antangiogenic therapy
than that of the newly Formed splanchnic vasculature,
The marked decrease in PP and splanchnic hyperemia in
response to sorafenib is avery relevant effect, because even
if collaterals are still present, their potential risk to result
in clinical complications would be substantially reduced
by this treacment. ¥

In conclusion, our current study provides sz evew evi-
dence thar sorafenib has several beneheal effects in exper-
imental models of portal hypertension by inducing an
approximately 80% decrease in splanchnic neovascular-
ization, which translates into a marked attenuation of the
hyperdynamic splanchnic and systemic circulations, as
well as a significant 18% decrease in the extent of poro-
systemic collateral vessels. Incirrhotic rats, treatmentwith
the multitargered tyrosine kinase inhibitor alsa resulted in
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a 25% reducdon in pnrml pressure and a remarkable im-
provernent in liver damiage and intrahepatic Bbrosis, in-
Harmmation, and angiogenesis. Matably, the beneficial
effects of sorafenib against dssue damase and infamma-
tion were observed not only in livers of cirrhotic rats, bue
also in splanchnic organs from poreal hypercensive and
cirrhotic animals, as described above. Keeping in mind
the limitaricns of rranslating resules in animal meodelsinte
climical practice, we believe that our indings will be stim-
ulating for consideration of this therapeutic approach in
padents suffering from advanced portal hyperrension,

and we predict accelerared progress in this held of re-
search.
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Relevance of the mTOR signaling pathway in the pathophysiology
of splenomegaly in rats with chronic portal hypertension

Marc Mejias', Ester Garcia-Pras’, Javier Gallego!, Raul Mendez?, Jaime Bosch!,
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Background & Aims:Splenomegaly is a frequent hallmark of
portal hypertension that, in some cases, can be very prominent
and cause symptoms like abdomiral pain, splenic infarction,
and cytopenia. This study characterizes the pathogenetic mecha-
nisms leading to spleen enlargement in portal hypertensive rats
and focuses on mTOR pathway as a potential modulator of
splenomegaly in portal hypertension.

Methods: Characterization of splenomegaly was performed by
histological, hematological, immunohismochemical and Western
blot analyses in rats with por@l hypertension induced by porral
vein ligation, and compared with sham-operated animals. The
contribution of the mTOR signaling pathway to splenomegaly
was determined in rats with fully developed portal hypertension
and control rats by treatment with rapamycin or vehicle,
Results: Our results illustrate that splenomegaly in portal hyper-
tensive rats arises as a consequence of the interplay of several
factors, including not only spleen congestion, as traditionally
thought, but alse enlargement and hyperactivation of the splenic
lymiphoid tissue, as well as increased angiogenesis and fbrogen-
esis. Since mTOR signaling plays a central role in immunological
processes, angiogenesis and fibroge nesis, we next determined the
invelvement of mTOR in splenomegaly. Interestingly, mTOR sig-
naling was overactivated in the spleen of portal hypertensive rats,
and mTOR blockade by rapamycin profoundly ameliorated
splenomegaly, causing a 44% decrease in spleen size. This effect
was most likely accounted for the inhibitory action of rapamycin
on lymphocyte proliferation, neovascularization and fibrosis.
Conclusions: These findings shed light on the pathogenesis of
splenomegaly in portal hypertension, and identify mTOR signaling
a5 a potential target for therapeutic intervention in this disease,
& 2010 European Assodation for the Study of the Liver. Published
by Elsevier BV. All rights reserved.
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Introduction

Splenomegaly is a commonly encountered consequence of portal
hypertension and chronic liver diseases that can potentially con-
tribute to morbidity and detriment to patients® quality of life [1].
Splean enlargement can lead to the development of cytopenias
from splenic sequestration, including thrombocytopenia [1,2].
which may impact routine care and limit treatment options of
patients with chronic liver disease [1] The bulk of the spleen
can also result in areas of ischemia and episodes of splenic infarc-
tion | 1]. Very enlarged spleens may also be at risk of spontaneous
rupture or rupture after minor trauma |1 ] In addition, in patients
with cirrhosis, the observaton of enlargement of the spleen dur-
ing the follow-upis associated with increased probability of com-
plications of portal hypertension [3]. To date, there is no specific
medical therapy for splenomegaly.

The precise pathogenetic mechanisms leading © spleen
enlargement in portal hypertension have been poorly character-
ized. Traditionally, splenomesgaly was thought to be due to pas-
sive splenic congestion, as a mere consequence of the rise in
portal venous pressure and the increased resistance to splenic
blood outflow [4]. Mare recently, the role of Gssue hyperplasia
besides congestion has also been suggested | 5], The present study
addresses these questions and demonstrates that the pathophys-
iology of splenomegaly in portal hypertensive rats is complex and
imvolves several complementary mechanisms that, most likely,
act in concert, including, not only blood congestion in the splenic
red pulp, but also a combination of angiogenesis and fibrogenesis,
as well as enlarge ment and hyperactivation of the lymphoid com-
partment of the spleen.

In addition to shedding light on the regulation of splenomeg-
aly development and spleen function in portal hypertension.,
these observations are also suggestve of potential benefits for a
treatment strategy that drives down the aforementioned abnor-
malities observed in the enlarged spleen to mitigate splenomeg-
aly and portal hypertension. An attractive @reget for such
therapeutic strategy could be the mammalian target of rapamy-
cin{mTOR L The rationale for it is that mTOR is an ubiguitously
expressed seringethreonine kinase that regulates cell growth
and proliferation, and plays a pivotal role in immunalogical pro-
cesses |6-8] angiogenesis [9-12], and fibrogenesis (13,14,
which, as we report in the present study, are enhanced in the
spleen of portal hypertensive rats.
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Therefore, a further goal of our study was to determine
whether the mTOR signaling pathway is implicated as a contrib-
utor factor in the pathogenesis of splenomegaly in portal hyper-
tensive rats, and to ascertain whether splenomegaly could be
improved by inhibiting mTOR. To accomplish this goal, we uti-
lized rapamycin, which is a potent and exquisitely specific inhib-
itor of mTOR that has been used clinically in several disease
states | 15-18] Our results demonstrate that the activity of mTOR
signaling is increased in the spleen of portal hypertensive rats,
and that chronic mTOR blockade by rapamycin leads to a dra-
matic regression of splenomegaly in rats with established portal
hypertension, an effect that was maost likely due o the inhibitory
action of rapamycin on cellular proliferation, angiogenesis and
fibrogenesis,

Materials and methods

Mareriak

Rapamycit wis purchasad from Wyeth Bunope {Berkslire. Undoed Kingdoim ) Ant-
tadies agatnat vascwlar endothel izl growth facor { VEGF), VEGFreceptor- 2(VEGFR-
23, platelet-derived growsh factor recepoor-f { PFOGFR-RL tumar necross (sotor-a
{TNF-), CO3, CO45RA thrombapoietin, c-Mpl, and glyceraldehyde 3-phosphate
dehydiogensse (GAPDH) were from Santa Cruz Botechnology (Santa Cruz CA)
Antibodies against heme oxygenage-1 and peroxddase-conjugated secondany antl-
todieswere TromSoressganiSidney, Canada ) Antibodies againsteukaryotc intia-
tion factor AE-binding protein 1 (4E-EP1), 70-kDa dbesamal protein 55 knass
{ PPOSEK) and their plosphonylated fonms were from Cell Signaling Technolgy
{ Danvers, MAL Antibody against O043 was Trom Serotec (Ralefgh, NCLARG-immu-
moglobalin G {15 ) antibady was from Jackson Immanaresesnch Laborabories (West
Genee, PAL Al ot her reagents were liom Sigma {5t Lo, MO

Antmals and ropampcin teanmens schedule

Partal hypertenson was induced in male Sprague -Dawley rats (300-350 g body
weight) by partlal portal vedn ligation (PF%LL 28 previously desoribed [19) Sham-
operated (SHAM) rats underwent the same surglcal procedure, with the ponal
veln  being  isalated  amd  mandpulared,  but onet  ligated  Rapamycin
f2mg kg "day~" PIVL n=7; SHAM: 1 =8) ar vehiclk (0.9% sodiom chlonide;
PIVL: 5= By SHAB: 0 =7 ) was admintstenad inta penitoneally, tver 2 2-wesk par-
lod staming ome week 2lter ligation, when portal hypenension and splenomegaly
are fully estabdished [19] The chaice of rapamycin dase was based an owr earlier
studies that showed inhibidon of VECF prodection and anglogensss in poral
hypertensive rats at this dase |19) and that stesdy-state confentatons are
reached after 7days [20] All animals received humane cae acconding to the
guidelines of the Laboratony Andmal Care and Use Comimittee of the University
of Barcelona

Westem blor analesks

Proteing were separated by SDE-PAGE and Western Wotting was perfrmed using
the corresponding primary antbodies and detected by enhanced chemilomines-
cance Losding acouragy was evaluated by membeane rebybridizadon with ant-
GAMH antibodies [1921]

Histologha! and dmemusoatochendoal analyses

Secthons from paraffin-embedded spleens, fixed in 15 buffered formalin solu-
thon, were stained with hematosylin 2nd eosin (HEE) or Sinus Red or immuna-
stained for detection of CO5. CDMSRA, CDM3, KIGT and o-3MA Sections were
visualized by Bght microscapy and images were acquired using an AxoCam cam-
@ra (Carl Z2iss Vigdon, Gammany ) Analysk of digitalized images was parfoimed
with the assktance of AxloVislon softwares {1921]

Hemaraloghoal analysh

Bload samples were obtained lrom the rats via the lemaral artery. Complata
Wood cell count analysts was peiformed with a hematalogy analyzer.

Sratistical analysis

Values are expresded a8 maznst SEM and compared with Student ©test and
ANOVA followed by the Bondermonds test for multiple comparisons, and with
thee Mann-Whitney U test for nan- parametne data. S@anstoal significamee was
estatflished at p <005,

Results
increased spieen size in portal hy pertension

As expected, portal hypertensive rats exhibited splenomegaly
3 weeks after PPVL Thus, spleen weight was 1,69 £0.12 g in PPVL
rats and 1.01 £ 008 g in SHAM animals {p < 0,01}, The ratio of
splenic weight to body weight, which is a measure of splesn size,
also increased, by 78%, in vehicle-treated PPVL animals, com-
pared with vehicle-treated SHAM rats {p < 0.05; Fig. 1.

Enfargement and hy peractivation of splenic lymphoid fissue in portal
hypertension

To get further insight into the pathophysiclogy of splenomegaly
in portal hypertension, we first focused our attention on the lym-
phoid tissue of the spleen, also known as white pulp. Morpho-
metric quantification on spleen sections stained with H&E
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revealed an evident expansion of the splenic lymphoid region in icantly greater in vehicle-treated PPVL rats than in vehicle-trea-
portal hypertensive rats. Taking into account the increase in red SHAM animals (91% increase; p <005; Fig 2A) The spleen
spleen size, the area cocupied by the white pulp was thus signiF of portal hypertensive rats also had an enhanced immunaological
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function, since the expression of lymphocyte-derived IgG-class
antibodies was clearly higher in the spleen of PRYL rats than in
SHAM animals (p<0.05; Fig. 2B). These findings suggest that
enlargement amd hyperactivation of the white pulp play an
impartant role in the pathogenesis of splenomegaly in portal
hypertensive rats,

Increased splenic angiogenesis and fibrogenesis in porral
hypertension

Recent investigations have demonstrated that necvasculariz ation
isincreased in splanchnic organs in experimental models of por-
tal hypertension and drrhosis, and have highlighted that angio-
genesis is a pathological hallmark of portal hypertension
119,21-24). With this in mind, we next sought to determine
whether angiogenesis was increased in the spleen of porizl
hypertensive rats. Indeed, we detected, using the Western blot
rechnique, a significant up-regulation of the potent angiogenic
factor VEGF in the spleen from vehicle-treated PPVL rats, com-
pared with SHAM animals receiving vehicle (Fig. 3A). In addition,
even though the relative expression of the endothelial cell mark-
ers VEGFR-2 and CD34 per unit of weight was similar in the
spleen from vehicle-reated PPVL rats than in SHAM animals
[Fig 3A], as spleen weight increased greatly in portal hyperten-
siomn, it is plausible to assume that an overall increase in the abso-
lute expression of these endothelial markers may ocur in the
whaole spleen of PPVL rats. By immunoblotting and immunohisto-
chemistry, we also found a robust increase in the expression of
the perivascular cell markers =-SMA and PDGFR-f |2526] in
the splenic red pulp of vehide-treated PPVL rats, compared with
vehicle-treated SHAM animals (p < 0.05; Fig. 3A and B}, Naotably,
the splenic red pulp from vehicle-treated PPVL rats exhibited a
99% increase in KiG7-positive cells (p<0,001; Fig. 3C}), which
are presumed to be proliferating sinusoidal endothelial cells
|27.28] Taken these results together, angiogenesis appears to
be involved in the pathogenesis of splencmegaly in portal hyper-
rensive rats. Since angiogenesis is a proess commonly related to
progressive fibrogenesis |24], we also explored whether spleno-
megaly associated to portal hypertension was also driven by
fibrogenesis. Our results suggest that this could be the case. Thus,
we carried out histomorphological analysis to detect the presence
of fibrosis in the spleen using Sirius Red staining, and found a
considerable amount of fibrosis extending to the entire splenic
parenchyma in vehicle-treated PPVL rats, compared with vehi-
cle-treated SHAM animals (89% increase; p<0.01; Fig. 4A)

Activation of mTOR signaling pathway in portal hypertension

mTOR is the central component of a complex signaling network
that regulates cell growth and proliferation, promating processes
such as immunity, angiogenesis and fibrogenesis |[6-8], which, as
we report in this study, are key processes in splenomegaly pro-
gression during portal hypertension. Therefore, we hypothesized
that the mTOR pathway fould be implicated as a contributor fac-
tor in the splenomegaly secondary to portal hypertension, To
assess this possibility, we performed immunoblots on spleens
from rapamycin-treated and vehicle-eated rats to deted the
expression of 4E-BP1 and p?0SEK, which are two direct down-
stream @rgets of the mTOR kinase and whose phosphorylation
states are a convenient and widely used measure of the activity
of mTOR |B]. Interestngly, we found that spleens from vehicle-

treated PPVL rats exhibited elevated expression of phosphory-
lated p7056K relative to the expression of total pPOS6K, com-
pared to wvehicle-treated 5HAM animals (p<0.05; Fig. 5],
strongly sugeesting that mTOR signaling is overactivated in the
spleen of portal hypertensive rats. The expression of phospho-
4E-BP1, however, was not significantly d ifferent when comparing
PPVL and SHAM animals (Fig. 5). Fhosphorylated forms of p70S6K
and 4E-BP1 can also be distinguished based on altered migration
on immunoblots (slower migrating species),

Effects of mTOR inhibigon on spleen size

To gauge the impact of targeting mTOR pathway on splesn
enlargement, we treated portal hypertensive rats with the mTOR
inhibitor rapamycin for 2 weeks, staring when splenomegaly
and portal hypertension had already set in. Chronic rapamycin
treatment efficiently down-regulated the mTOR signaling path-
way in the spleen of PPVL rats, as shown by the significant reduc-
tion of 4E-BF1 and p70S6K phosphorylation, compared to
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vehicle-treated PPVL animals (p< 0005 Fig. 5). Impressively, rap- ted PPVL animals (p < 0.05; Fig. 1} In SHAM rats, the reduction of
amycin treatment caused a profound amelioration of established spleen size by rapamycin was less pronounced (26% decrease;
splenomegaly in portal hypertensive rats, as demonstrated by the p = 005; Fig. 1) These results indicate that mTOR activation plays
s@tistically significant 44% decrease in spleen size observed a major role in the pathogenesis of splenomegaly in portal hyper-
when comparing rapamycin-treated PPVL rats with vehicle-trea- [ensive rars.
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Effects of mTOR inhibition on splenic immunoarchitecrure and
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mTOR blockade also significantly abrogated the increased splenic
Iymphoid area in PRV/L rats (64% decrease versus vehicle-treated
FPVL animals; p<0.05; Fig. 2A} and caused 2 marked regression
of the various white pulp comparmments. Thus, using immunohis-
rochemistry for specific surface marker proteins, we found that
Ivmphoid follicles and the marginal zone, which are mainly pop-
ulated by CD45RA-positive B-lvimphocytes [ 23], as well as periar-

teriolar lymphoid sheaths, in which CD3- positive T-lymphocytes
predominate | 29], were all markedly reduced after rapamydn in
PPVL rats (Fig. 2C), Notably, rapamycin also significantly atrenu-
ated the overexpression of [gG observed in the spleen of FFVL rats
(p=0.05: Fig 2B} These results indicate that hyperactivation of
mTOK signaling is partly responsible for the excessive white pulp
area and function observed in the spleen of por@l hy pertensive
rars.

Since rapamycin, 25 an mTOR inhibimr, can reduce lympho-
cyte proliferation |7] and induce lymphocyte apoprosis [30], we
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therefore asked whether the reduction of white pulp area, and
the activity observed in the spleen of portal hypertensive rats,
within 2 weeks of rapamycin treatment, was secondary to the
effect of rapamycin on the cellular proliferation and lor activation
of apoptosis of kmphocytes. Cellular proliferation was analyzed
by an immunohistochemical method that detected the expres-
sion of Ki67, a nudear protein that is expressed only in prolifer-
ating cells, but npot in guiescent cells [28]. Treatment with
rapamycin markedly reduced the Ki67-positive cells observed
in the splenic lymphaoid follicles of PPVL rats (p<0.05; Fig. BA),
indicating suppression of lymphocyte proliferation by rapamycin.
Next, apoptosis was quantified by counting apoptotic cells in
H&E-stined spleen sections. We found a significant increase in
the number of apoptotc cells in PPVL rats upon chronic rapamy-
cin treatment (Fig 6B)L. The majority of apoptotic cells were
located in the white pulp (Fig. 6B}, where it was apparent that
the primary cells undergoing apoptosis were lymphoid cells. In
SHAM rats, rapamycin had little proapoptotic effect (Fig. 68). To
confirm the induction of apoptosis by rapamycin, we assessed
the phosphorylation status of the proapoptotic molecule Bad by
Western immunoblotting. When phosphorylated, Bad remains
inactive in the cymsol, but when dephosphorylated, it translo-
cates to the mitochondria, providing proapoptotic effects on cells
|31} We found that rapamycin treatment led to a marked
dephasphorylation of Bad in the spleen of PPVL rats, compared
with vehicle-treated PPVL animals (Fig. 8C). Taken together, these
results indicate that the molecular basis for the rapamycin-
induced attenuation of the excessive white pulp area and func-
rion in PPYL rats invobees reduction of lymphocyte proliferation
and activation, as well as apoptotic elimination of immune cells.

Effects of mTOR inhibition an splenic angiogenssis and fibrogenesis

In addition to lymphocytes, mTOR inhibitors can act antiprolifer-
atively for several other cell types such as endothelial cells and
vascular smooth muscle cells [18.32]. Indeed, there is an exten-
sive literature reporting the regulation of angiogenesis by mTOR
19=12] Based on these considerations, we next determined
whether increased splenic angiogenesis, stimulated by mTOR
activarion, is involved in the pathogenesis of splenomegaly in
portal hypertensive rats, Remarkably, the splenic neovasculariza-
tion abserved in portal hypertensive rats was strongly and con-
sistently suppressed after 2 weeks of rapamycin treatment, as
demonstrated by the down-regulation of VEGF, VEGFR-2, CD34,
a-5MA, and PDGFR-f1 in the spleen of FPVL rats, compared to
vehicle-treated PPVL animals (Fig. 3A and B). Furthermaore, the
up-regulation of the cellular proliferation marker Ki6?. found in
the splenic red pulp of PPVL rats, was barely detectable after rap-
amycin therapy (Fig. 3CL. These rapamycin-induced effects can be
artributed to the ability of this drug to effectively inhibit the
mTOR signaling pathway, suggesting that mTOR-dependent angi-
ogenesis is invalved in the pathogenesis of splenomegaly in por-
tal hypertensive rats. In addition, mTOR blockade by rapamycin
significandy decreased splenic fibrosis in PFVL rats (20% reduc-
tion versus vehide-treated PPVL animals; p < 0105; Fig. 44) This
antfibrotic effect was associated with a reduction in splenic
inflammatory activity. We thus detected by Western blot a
diminished expression of the proinflammatory cytokine THF-2
(p=0.05; Fig. 4B), and by immunchistochemistory for D43, a
decreased inflammatory cell infil trate in the splenic red pulp of
rapamycin-treated PFVL rats as compared o vehicle-treated ani-

JOURNAL OF HEPATOLOGY

mals {25% reduction; p < 0.05; Fig. 4C); these findings highlighted
the therapeutic effectivensss of rapamycin as an antifibratic and
anti-inflammatory treatment strategy in experimental paortal
hypertension |13,14].

Effects of mTOR inhibition on peripheral biood cell counts

Enlarged spleens have an enhanced ca pacity for sequestering cir-
culating bload cells [1.2]. Accordingly, it is expected that agents
that decrease splenomegaly, like rapamycin, will diminish the
splenic blood cell pooling and increase cell counts in peripheral
blood, Indeed, hematological analysis revealed that the reversal
of splenomegaly observed in rapamycin-treated PPVL rats trans-
lated into a significant 29% increase in red blood cell counts,
hematocrit {15% increase} and hemoglobin concentration (15%
increase), compared to wvehicle-treated PPVL rats (p <0.01;
Fig. 7A), probably indicating that erythrocyte sequestration
within the enlarged spleen has been reduced afrer rapamycin
treatment. OF note, the expression of heme oxygenase-1, which
catabolizes heme released after splenic degradation of erythro-
cytes [33], was markedly down-regulated by rapamycin in the
spleen from PPVL rats (p <005; Fig TB], thus Further suggesting
that the presence of increased red blood cell counts after rapamy-
cin was most likely due to decreased podling and reduced
destruction of red cells in the spleen

Platelet counts, however, did not increase but rather
decreased further after rapamycin treatment in PPVL rats, com-
pared to vehicle-treated PPVL animals (20% reduction; p <0.01;
Fig. 7C}. The precise mechanism by which rapamycin decreases
blood platelet counts is not fully understood, but rapamycin-
induced reduction of platelet producton could be invelved. In
support of this possibility, we found that the mean platelet val-
ume, which is a measurement of the average size of the platelets
amd gives information about platelet production, was signifi-
cantly decreased by rapamycin in PPVL rats (p <0,01; Fig. 7CL
Furthermiore, the expression of thrombopoietin and its cell sur-
face receptor c-Mpl, which are the most important physiological
regulatars of platelet formation and are expressed in the spleen
| 34), was significantly down-regulated by rapamydn in PPVL rats
{p <001; Fig. 7D} Therefore, it is possible that a deficient produc-
tion of thrombopoietin secondary to rapamycin treatment may
well contribute to the drop in blood platelet count observed in
PPVL rats. These results suggest that rapamycin, in combination
with a thrombopoietic growth factor that stimulates platelet pro-
duction, may yield augmented benefit in portal hypertensive
patients [ 35]. There were no significant differences in the counts
of leukacytes in peripheral blood between experimental groups
{Fig. 7EL

Discussion

The results of the present study challenge the conventional
hypothesis that splenic congestion is the major player in the
pathogenesis of portal hypertension-associated splenomegaly,
pointing to a cridcal role for angiogenesis, fibrogenesis, and
expansion and hyperactivation of the splenic immune system
as additional key players in splenomegaly. A major finding of this
study is indeed the potential immunologic involvement in the
genesis of splenomegaly in portal hypertension Thus, the size
of the white pulp compartment was significandy increased in
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the spleen from portal hypertensive rats, and the lymphocyte
activity and ability o produce immunoglobulins were potenti-
ated, suggesting that the enlarged spleen in portal hypertension
may still have a relevant immune function It is relatively
straightforward to envisage that under circumstances where
there is an unwanted increase in blood-borne antigens, like in
the portal hypertensive syndrome, it would be highly desirable
to maximize the efficient rapping and clearance of these anti-
gens to re-establish immune homeostasis. Since the spleen plays
a crudal role in this process [29), it seems reasonable to suggest
that splenomegaly could be, in part, the result of 2 compensatory
increase in the immunologic activity of the spleen when faced
with a compromised situation during portal hy pertension

Another important outcome of our study is the presence of
increased angicgenesis and fibrogenesis within the spleen of por-
tal hypertensive rats, and the involvement of these processes in
the pathological splenomegaly associated with portal hyperten-
sion. Thus, our results demonstrate a significant up-regulation
of the powerful angiogenic growth factor VEGF | 36], and the nea-
vascularization markers VEGFE-2, CD34, 2-5MA and PDGFR-p
|25.2636] in the spleen from portal hypertensive rats. [n addi-
tion, the splenic parenchyma of rats with portal hypertension
also contained an abundance of fibrosis, as demonstrated by Sir-
ius Red staining. It is likely that both angiogenesis and fibrogen-
esis progress in a synchronized manner, primarily by the
production of several key proangiogenicfinflammatory media-
tors, like VEGF and TNF-x, occurring in the microenvironment
of the spleen during the portal hypertensive syndrome

This improved understanding of the pathophysiology of
spleen enlargement also led us to the identification of mTOR sig-
naling pathway as a new and atiractive therapeutic target for
splenomegaly in portal hypertensive rats, We thus found that
the expression of phospho-p7I56K, a key molecule activated by
mTOR |B], was higher in spleens from portal hypertensive rats
than in SHAM control animals, supporting a scenario in which
mTOR signaling is fired up under chronic portal hypertension.
In addition, pharmacological inhibition of mTOR by rapamycin
mar kedly attenuated the severity of splenomegaly and increased
red blood cell counts (by 249%] in experimental portal hyperten-
siomn It is warthwhile to mention that these rapamycin-induced
effects accurred in addition to the the recently chserved benefi-
cial actions of rapamycin in portal hy pertensive rats, with reduc-
tien (by 17%) in portal pressure and mitigation of the
hyperdynamic splanchnic circulation {i.e, 17% decrease in supe-
rior mesenteric artery blood flow and 38% increase in the resis-
tance of the superior mesenteric artery} [19]. On the basis of
the findings reported here and in our previous publication | 19],
targeting mTOR signaling could therefore, represent a potentially
effective therapeutic approach for portal hypertension ameliorat-
ing not only splenomegaly, but also the hemodynamic distur-
bances that characterize the portal hypertensive syndrome, In
this context, human studies have demonstrated that rapamycin
is an effective and well-molerated therapy against various ill-
nesses |[15-18] However, the potential benefits of mTOR inhibi-
tion in portal hypertension should be treated with caution since
they were accompanied by a reduction in platelet counts, which
although slight, is of concern in patients that already have low
platelet counts. For this reason, any attempt to use rapamycin
in clinical settings should be very prudent and carefully monitor
platelet counts and, if needed, supplemented by a thrombopoietic
growth factor to stimulate platelet production |35]. In addition, in
patients with massive splenomegaly, in which spleen enlarge-

ment may be responsible for pain or substantial discomfort, a
course of rapamycin may be considerad before a decision for a
more invasive oeatment swch as surgery or splenic artery
embalizaton,
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4. RESUM DE RESULTATS

4.1.

Estudi 1: Reversié de la hipertensié portal i la circulacié hiperdinamica

esplancnica mitjangant la inhibici6 combinada de VEGF i PDGF en rates amb

hipertensio portal experimental.

L’expressié dels factors proangiogénics VEGF i PDGF de les rates amb
hipertensié portal induida per lligadura parcial de la vena porta esta regulada a
l'alga en els drgans esplancnics, concretament en l'intesti prim. L'expressié de
tots dos factors s’incrementa conforme progressa la hipertensio portal, pero el

pic de maxima expressié de VEGF precedeix el de PDGF.

Els tractaments administrats quan la hipertensié portal es troba en
desenvolupament, des del moment en que es lliga la vena porta i durant els
cinc dies posteriors, van produir els seguents resultats:

o ElI tractament amb Rapamicina va disminuir la neovascularitzacio

esplancnica, tal i com mostra el descens de I'area vascular al mesenteri,
a través de la reduccid6 de la sobreexpressio de VEGF i va evitar
I'establiment de la circulacioé hiperdinamica esplancnica, reduint el flux
sanguini i incrementant la resisténcia vascular en el territori esplancnic.
La pressié portal no es va reduir a causa de la drastica reducci6é de
vasos col-laterals portosistémics.

El tractament amb Glivec no va produir cap efecte significatiu en els
parametres hemodinamics examinats.

El tractament combinat de Rapamicina i Glivec va oferir uns resultats
equiparables a la Rapamicina per si sola en tots els parametres, llevat
d’'una lleugera tendéncia a reduir més la formacié de vasos col-laterals

portosistémics.

Els tractaments administrats quan la hipertensié portal es troba plenament
establerta, a partir d’'una setmana des de la lligadura de la vena porta i durant
les dues setmanes posteriors, van produir els segiients resultats:

o ElI tractament amb Rapamicina va disminuir la neovascularitzacio

esplancnica, com demostra la menor area vascular detectada al

mesenteri, a través de la prevencio de la sobreexpressié de VEGF i va
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atenuar la circulacié hiperdinamica esplancnica, reduint el flux sanguini i
incrementant la resisténcia vascular en el territori esplancnic. En aquest
cas, la pressio portal si que es va reduir significativament, en un 17%, ja
que la Rapamicina no va assolir una reduccié de la col-lateralitzacio
portosistémica.

o ElI tractament amb Glivec va ser eficag en la inhibici6 de la
sobreexpressié6 de PDGF, perd aquesta no va traduir-se en una
reduccié de la neovascularitzacié esplancnica. A nivell hemodinamic, el
Glivec no va comportar canvis significatius en cap parametre, tret d’'un
lleuger augment de la pressi6 arterial. Tampoc va alterar la formacié de
vasos col-laterals portosistémics.

o ElI tractament combinat de Rapamicina i Glivec va inhibir la
sobreexpressié tant de VEGF com de PDGF i, conseqlientment, va
produir una reduccié de la neovascularitzacié esplancnica. L’efecte
antiangiogénic es va acompanyar d’efectes hemodinamics, amb una
reduccio important del flux i un increment de la resisténcia vascular a
nivell esplancnic. La pressié portal es va reduir marcadament, en un
40%. La col-lateralitzacié esplancnica va disminuir de manera modesta
pero significativa.

o El tractament combinat amb els dos farmacs, doncs, va oferir efectes

més importants que 'addicio dels efectes de tots dos per separat

- Cap dels tractaments va tenir efectes significatius en els animals control
(sham), als quals se’ls va realitzar una manipulacié quirirgica comparable a la

ligadura de la vena porta perd sense realitzar la lligadura del vas.

4.2. Estudi 2: Efectes beneficiosos de I'inhibidor multikinasa Sorafenib sobre la
circulacié esplancnica, intrahepatica i portocol-lateral en rates amb hipertensio

portal i cirrotiques.
Efectes sobre la neovascularitzacié esplancnica:
- Tant en el model d’hipertensi6 portal prehepatica (PPVL) com el de cirrosi biliar

secundaria (CBDL) es va observar una sobreexpressié en el mesenteri dels

factors proangiogénics VEGF i PDGF, dels marcadors de cél-lula endotelial
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CD31 i VEGFR-2 i dels marcadors de cél-lules perivasculars o-SMA i PDGFR-
B.

- En els dos models, el tractament amb Sorafenib va inhibir la sobreexpressié de
VEGF i PDGF, la qual cosa es va ftraduir en una reduccid de la
neovascularitzacié esplancnica, evidenciada pel descens de l'area vascular al
mesenteri i el descens de lI'expressio dels marcadors de cél-lula endotelial
(CD31 i VEGFR-2) i de cél-lules perivasculars (o-SMA i PDGFR-B) en

comparacié amb els animals que van rebre vehicle.

- El tractament va inhibir la fosforilaci6 de ERK1/2 en els drgans esplancnics,
concretament a lintesti prim, cosa que indica que el Sorafenib va inhibir la
senyalitzacio a través de la via Raf/MEK/ERK en les rates PPVL i CBDL.

- No es va observar cap efecte antiangiogénic del Sorafenib en les rates control

o sham.

Efectes sobre la circulacio col-lateral portosistémica:

- Els models d’hipertensié portal van desenvolupar un grau de col-lateralitzacié
portosistémica molt alt, d’aproximadament el 98% de shunting en ambdos

casos.

- El tractament amb Sorafenib va reduir en un 18% el shunting, tan en els
animals PPVL com els CBDL, indicant una reduccié en la formacié de vasos

col-laterals portosistémics.

Efectes hemodinamics:

- Les rates PPVL i CBDL van presentar les alteracions caracteristiques de la
hipertensié portal, amb una pressi6 portal (PP) elevada, un increment en el flux
de l'artéria mesentérica superior (SMABF) acompanyat d’'una reduccié en la
resisténcia (SMAR) d’aquesta artéria i una baixada de la pressio arterial (MAP)

en comparacioé amb les rates control o sham.
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- El tractament amb Sorafenib en les rates PPVL va atenuar la circulacio
hiperdinamica esplancnica, amb una reduccié del 17% en el flux de l'artéria
mesentérica superior i un increment del 30% en la seva resisténcia, en
comparacié amb els animals que van rebre vehicle. La pressio portal no es va
reduir a causa de la reduccié de vasos col-laterals portosistémics provocada
pel Sorafenib. A nivell sistémic, la pressi6é arterial no es va modificar amb el

tractament, perod si que es va reduir la despesa cardiaca en un 24%.

- El tractament amb Sorafenib en les rates CBDL també va atenuar la circulacié
hiperdinamica esplancnica, amb una reduccié del 28% en el flux de l'artéria
mesentérica superior i un increment del 39% en la seva resisténcia, en
comparacié amb els animals que van rebre vehicle. En aquest cas, la millora en
la circulacié hiperdinamica esplancnica si que es va traduir en un important
descens de la pressio portal, que es va reduir en un 25%, tot i es va inhibir la
formaci6 de vasos col-laterals portosistémics en una magnitud similar que a les
rates PPVL. A nivell sistémic, la pressié arterial no es va modificar amb el
tractament, pero si que es va reduir la despesa cardiaca en un 31%, tot i que

no va ser un canvi estadisticament significatiu.

- Tots aquests efectes hemodinamics del Sorafenib son atribuibles a la inhibicio
de la vascularitzacié esplancnica, descartant els seus possibles efectes sobre
la dilatacié vascular, ja que el tractament no va afectar I'expressié de la sintasa
d’oxid nitric endotelial (eNOS) ni de 'hemoxigenasa-1 (HO-1), principals fonts

dels vasodilatadors oxid nitric (NO) i monoxid de carboni (CO).

Efectes intrahepatics: Unicament es van examinar els fetges dels animals amb
cirrosi biliar, ja que el fetge dels animals amb hipertensio portal prehepatica no és

susceptible de patir alteracions importants.

- El tractament amb Sorafenib en les rates CBDL va reduir en un 49% la fibrosi
hepatica en comparacié amb les rates que van rebre vehicle. Aquest efecte
podria estar mediat per I'atenuacié de l'activacié de les cél-lules estrellades
hepatiques, com indica la menor expressié de a-SMA i PDGFR- detectada en

el fetge.
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- El Sorafenib també va disminuir l'infiltrat inflamatori al fetge, aixi com

I'expressidé de mediadors d’inflamacié com el TNF-a, LBP o0 iNOS.

- Lincrement de la neovascularitzaci6 hepatica que va acompanyar els
processos d’inflamacié i fibrogénesi va ser atenuat pel tractament amb
Sorafenib, amb un descens del recompte de vasos positius pel Factor de Von
Wilebrand (VWF).

- L’expressié6 de VEGF en el fetge, tot i la neovascularitzacié observada, va

resultar menor en els animals CBDL que en els sham.

- Novament, el tractament no va afectar I'expressi6 de eNOS ni de HO-1,
principals fonts dels vasodilatadors NO i CO, indicant que I'efecte reductor de la
resisténcia vascular intrahepatica no va ser depenent de I'efecte de Sorafenib

sobre la producci6 de vasodilatadors.

Efectes sobre la inflamaci6 intestinal:

- El tractament amb Sorafenib va millorar les alteracions provocades per la
hipertensié portal i la cirrosi a nivell de Tlintesti prim (PPVL i CBDL),
concretament va corregir I'estructura andmala de les vellositats intestinals, més
curtes que en les rates sham, i va reduir linfiltrat inflamatori i la producci6 dels
mediadors d’inflamacié TNF-o, LBP o iNOS.

En tots els casos, el tractament de dues setmanes amb Sorafenib va ser ben
tolerat. Els animals no van presentar signes de toxicitat ni efectes adversos
(pérdua de pes, diarrea, hemorragies), ni tampoc es va observar mortalitat deguda

al tractament.

4.3. Estudi 3: Importancia de la senyalitzacio per mTOR en la patofisiologia de

I’esplenomegalia associada a la hipertensio portal.

- Les rates amb hipertensid portal presenten esplenomegalia tres setmanes
després de la PPVL.
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A més a més de la congestio, a la melsa de les rates PPVL tenen lloc altres
mecanismes amb una implicacié en el desenvolupament de I'esplenomegalia:
proliferaci6 i hiperactivacio del teixit limfoide, angiogénesi i fibrogénesi:

o Les melses dels animals PPVL van mostrar una expansié de l'area de
teixit limfoide, la polpa blanca, que es va acompanyar d’'un increment en
la funci6 immunologica, ja que es va observar una major produccio
d’immunoglobulina G.

o La sobreexpressié de VEGF, conjuntament amb la deteccio de cél-lules
en proliferacié en la polpa vermella, indica I'existéncia d’'un procés
angiogenic a la melsa de les rates PPVL. Aquest procés no es va traduir
en una sobreexpressidé dels marcadors de cél-lula endotelial, CD34 i
VEGFR-2, pero si dels marcadors de cél-lules murals, a-SMA i PDGFR-
B. De tota manera, pot assumir-se que l'increment de I'expressio dels
marcadors endotelials hagi quedat emmascarat pel fet que la mida i el
pes de la melsa s’hagin incrementat a causa de la hipertensié portal.

o Les rates amb hipertensié portal van desenvolupar un procés de

fibrogénesi a la melsa, tal com va mostrar la tincié Sirius Red.

La via de senyalitzaci6 de mTOR, que intervé en la regulacié de creixement i
proliferacié cel-lular i esta implicada en processos immunologics, angiogeénics i
fibrogénics, es troba sobreactivada en les rates amb hipertensié portal, com
demostra l'increment de la fosforilaciéo de p70S6K, mediador situat per sota de

mTOR en la seva via de senyalitzaci6 (60,61).

El tractament amb Rapamicina es va traduir en una menor senyalitzacié a
través de la via de mTOR, que es va acompanyar d'una atenuacié de
I'esplenomegalia:

o La mida de la melsa de les rates amb hipertensié portal tractades amb
Rapamicina es va reduir en un 44% respecte les rates que van rebre
vehicle.

o La Rapamicina va reduir 'expansié de l'area de teixit limfoide i la seva
funcié immunolodgica, la qual cosa va suposar una menor produccio
d'immunoglobulina G. Analitzades per separat, la disminuci6é de l'area
de polpa blanca va tenir lloc per igual en les tres regions que la
composen: els fol-licles limfoides i la zona marginal, arees riques en
limfocits B, i la beina limfoide periarteriolar o PALS, rica en limfocits T.

Aquests efectes de la Rapamicina sobre I'area limfoide de la melsa van
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ser mediats a través de dos mecanismes: la reduccié de la proliferacio
cel-lular en aquesta area i la induccid6 de lapoptosi de cél-lules
limfoides.

o La inhibici6 de mTOR va atenuar el procés angiogénic observat en les
rates amb hipertensié portal, regulant a la baixa I'expressié de VEGF i
atenuant la proliferacié cel-lular detectada a nivell de la polpa vermella.
Els marcadors de vascularitzacio, CD34 i VEGFR-2 per a I'endoteli i o-
SMA i PDGFR-B per a les ceéllules murals, van reduir-se
consequentment.

o Les rates amb hipertensié portal tractades amb Rapamicina van
presentar menys fibrogénesi que les rates tractades amb vehicle.

o Els efectes antiangiogénics i antifibrogénics de la Rapamicina es van
acompanyar d’un efecte antiinflamatori, tal i com mostra la reducci6é en

linfiltrat inflamatori i la menor expressié de la citocina TNF-c.

La reducci6 de la mida de la melsa es va traduir en una disminuci6 de la seva
capacitat de segrestar i destruir eritrocits, de manera que el tractament amb
Rapamicina va suposar un increment en el nombre de globuls vermells
circulants. En canvi, el recompte de plaquetes es va veure reduit, probablement

degut a un efecte de la inhibici6 de mTOR disminuint la seva produccio.
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5. DISCUSSIO DE RESULTATS

5.1. Estudi 1: Reversio de la hipertensié portal i la circulacié hiperdinamica
esplancnica mitjangant la inhibici6 combinada de VEGF i PDGF en rates amb

hipertensio portal experimental.

Els resultats de [lestudi mostren que el desenvolupament de la circulacié
hiperdinamica i de la neovascularitzacié esplancnica i la formacié de vasos col-laterals
portosistémics en rates amb hipertensié portal soén deguts, si més no en part, a
processos d’angiogéenesi promoguts pel VEGF, tal i com demostra la seva prevencié
mitjangant I'administraci6 de Rapamicina, un inhibidor de la via de senyalitzacié de

VEGF, durant el periode en el qual la hipertensié portal s’esta desenvolupant.

Aquests resultats estan d'acord amb els obtinguts anteriorment amb altres
metodologies per interferir la via de senyalitzacié del VEGF, afegint consisténcia a la

idea que I'angiogénesi esta implicada en la patogénesi de la hipertensié portal (14,23).

El fet innovador que posa en relleu aquest estudi s’extreu dels experiments en els
quals la terapia antiangiogénica s’administra a models animals amb una hipertensio
portal plenament establerta. Aquesta situacié s’aproxima de manera més precisa al
context dels pacients amb hipertensié portal, els quals, en termes generals, son
diagnosticats quan la sindrome ja es troba en un estadi avangat i presenten
manifestacions cliniques. La idea, doncs, era determinar si una terapia antiangiogénica
podia ser capag, no homés de prevenir les alteracions hemodinamiques associades a
la hipertensio portal, sind també de revertir-les un cop aquestes ja s’havien establert

completament.

Donat que la regulacié6 a l'alga dels factors de creixement VEGF i PDGF resulta
imprescindible en els processos de formacié, estabilitzacié i maduracié de nous vasos
sanguinis a partir de la vasculatura preexistent, sorgeix la hipotesi que tots dos factors
estarien sobreexpressats en la hipertensié portal, i que incidint sobre les dues vies
alhora és factible assolir una major eficacia en la reducci6 de les anomalies
circulatories associades a aquesta sindrome que fent-ho sobre cadascuna d’elles per

separat.
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Aixi doncs, en primer lloc, aquest estudi demostra que en el territori esplancnic de les
rates amb hipertensié portal es produeix, a més a més d’una sobreexpressié de VEGF,

tal i com ja ha estat reportat amb anterioritat, una sobreexpressié de PDGF.

El tractament amb Rapamicina administrat quan la hipertensié portal es troba
plenament establerta, a partir d'una setmana des de la lligadura de la vena porta va
disminuir la neovascularitzaci6 esplancnica a través de la prevencidé de la
sobreexpressié de VEGF i va atenuar la circulacié hiperdinamica esplancnica, reduint
el flux sanguini i incrementant la resisténcia vascular en el territori esplancnic, fets que
van traduir-se en un descens de la pressié portal. Aquests resultats indiquen que la via
de senyalitzacio de VEGF té una implicacié, no només en el desenvolupament de la
hipertensié portal, sin6é també en el seu manteniment. L’efecte antiangiogénic de la
Rapamicina va restringir-se a la neovascularitzacio, ja que el tractament no va produir

cap efecte en la vasculatura normal dels animals control.

El tractament amb Glivec Unicament va oferir efectes a nivell del PDGF, reduint la seva
expressio, i del recobriment dels vasos sanguinis per part de les cél-lules murals, tal i

com indica la menor expressio dels marcadors de pericits a-SMA i PDGFR-f3.

El tractament combinat de Rapamicina i Glivec va assolir una inhibicié tan de VEGF
com de PDGF, aixi com dels marcadors de cél-lula endotelial, CD31 i VEGFR-2, i de
pericits, a-SMA i PDGFR-B. Aquests efectes antiangiogénics es van traduir en una
reversidé gairebé completa de l'increment de la pressio portal i del flux esplancnic,
d’'una magnitud superior a l'addicié dels efectes obtinguts amb cada farmac per
separat, suggerint una interaccié sinergética, entre les vies de VEGF i PDGF, en el

manteniment de les alteracions circulatories associades a la hipertensié portal.

Una altra dada que s’extreu d’aquests resultats és que, en abséncia de cél-lules
perivasculars, en el cas del present estudi quan s’inhibeix el seu reclutament per part
de PDGF, I'endoteli és més vulnerable a estratégies antiangiogéniques que afecten les

cél-lules endotelials, com el bloqueig de la via de senyalitzacié de VEGF.

Un fet que crida I'atencié és que el bloqueig de VEGF amb Rapamicina no va afectar
els vasos col-laterals portosistémics quan aquests ja s’havien format (tractament a
partir d’'una setmana després de la PPVL), i que el tractament combinat de Rapamicina

i Glivec, incidint tant en les cél-lules endotelials com en els pericits, va assolir una
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modesta regressioé dels vasos col-laterals portosistémics, reduint el shunting en un 9%.
El bloqueig de VEGF, en canvi, si que va ser efectiu en prevenir la formaci6 d’aquests
vasos durant el seu desenvolupament. Aquestes observacions donen peu a diverses
especulacions. Per exemple, seria possible que assolir una reduccié mesurable de la
col-lateralitzaci6 requeris d’'un tractament més llarg de dues setmanes. A favor
d’aquesta explicaci6 podem argumentar que els pacients cirrotics que reben un
trasplantament de fetge i que, per tant, normalitzen automaticament la seva
hemodinamica hepatica i esplancnica, mantenen una circulacié col-lateral durant
mesos abans aquesta no es corregeix (66). D’altra banda, és possible que al llarg de
les diferents etapes de la seva maduracid, els vasos col-laterals presentin diferéncies
respecte a la seva dependéncia dels factors de creixement, i que en les seves fases
més madures, aquests vasos siguin poc sensibles a la manca de VEGF i PDGF (67).
De tota manera, tot i que els vasos col-laterals es mantinguin presents, el fet de reduir
drasticament la pressio portal i 'hiperdinamia esplancnica fa que els riscos que porten

associats, sobretot el risc d’hemorragies, es redueixin (68).

5.2. Estudi 2: Efectes beneficiosos de I'inhibidor multikinasa Sorafenib sobre
la circulacié esplancnica, intrahepatica i portocol-lateral en rates amb

hipertensio portal i cirrotiques.

Mitjancant estratégies antiangiogéniques es pot assolir una millora important de la
hipertensié portal en models animals, com ja s’ha observat anteriorment (14,23).
Aquest nou estudi determina que linhibidor multikinasa Sorafenib causa efectes
beneficiosos en la circulacié esplancnica, la circulacié intrahepatica i també la
circulacio sistémica, aixi com en els vasos col-laterals portosistémics de dos models
diferents d’hipertensié portal: rates amb hipertensié portal prehepatica i rates amb

cirrosi biliar secundaria.

La recerca translacional és una manera de dissenyar i dirigir la recerca cientifica per
tal que els resultats d’aquesta siguin traslladables a la practica clinica (69). Aquest
treball té la intencié d’aportar informacié sobre I'eficacia terapéutica dels agents
antiangiogénics, en aquest cas l'inhibidor multikinasa Sorafenib, en les alteracions
associades a la hipertensio portal, de cara a definir la viabilitat dels tractaments

d’aquest tipus com a estratégia terapéutica en pacients, i per tant, s’han explorat els
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efectes d’aquest farmac sobre diferents processos fisiopatologics associats a aquesta

sindrome.

Els resultats del treball mostren que el Sorafenib té efectes protectors a nivell de la
circulacié esplancnica, la circulacié intrahepatica i també la circulacié sistémica, aixi
com en els vasos col-laterals portosistemics en rates PPVL i CBDL. El tractament va
ser eficac interferint la senyalitzacié per part del VEGF i el PDGF, aixi com la via
Raf/MEK/ERK, crucials per al procés de formacié, estabilitzacié i maduracié de nous
vasos sanguinis. L’efecte antiangiogenic del Sorafenib es va traduir en una disminucio
d’'un 80% de la neovascularitzacié esplancnica, tant en el model PPVL com el model
CBDL. A més a més, aquests efectes no es van observar en els animals sham,
indicant que els efectes del Sorafenib es van limitar a la vasculatura en proliferacié
sense afectar els vasos quiescents. La inhibici6 de la neovascularitzacié es va
acompanyar d’una atenuacié en la circulacié hiperdinamica esplancnica i sistémica,

aixi com una reduccio en la col-lateralitzaci6é portosistémica.

La reduccio6 del flux esplancnic provocada per Sorafenib no va comportar una baixada
de la pressi6 portal en les rates PPVL. Aquest fet es pot atribuir a la inhibici6é parcial de
la col-lateralitzacié portosistémica, la qual cosa suposaria una menor descompressio
del territori portal a través de la derivacié del flux a través dels vasos col-laterals. En
canvi, en el model CBDL, I'atenuaci6 de la hiperdinamia esplancnica va resultar en una
reduccié del 25% de la pressido portal, tot i que el Sorafenib va reduir la circulacié
col-lateral portosistéemica en la mateixa magnitud que en el model PPVL. Aquestes
dades apunten a un efecte del Sorafenib reduint la resisténcia vascular a nivell del
fetge cirrdtic dels animals CBDL. En aquesta linia, es va observar una important
atenuaci6é del dany hepatic, a nivell estructural amb una reduccié de la fibrosi i la
proliferacié dels conductes biliars tipica del model CBDL i a nivell de la inflamacié amb
una reduccié de linfiltrat inflamatori i de I'expressi6 de INOS i de citocines
proinflamatories (TNF-o, LBP). El mecanisme responsable de Il'atenuacio de la
inflamacié i la fibrosi sembla ser la inhibicié6 de I'activacio de les cél-lules estrellades
hepatiques, tal com evidencia la marcada reduccié de I'expressié dels marcadors de
cel-lula estrellada activada o-SMA i PDGFR-B, aixi com de PDGF, el principal factor de
proliferacidé per aquestes ceél-lules (70). El present resultat esta en consonancia amb
d’altres que ja han mostrar anteriorment la capacitat antifibrotica de certs inhibidors de
VEGF i PDGF en diferents models animals (71-73).
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A nivell hepatic també es va observar un major grau de neovascularitzacio en les rates
CBDL, la qual va ser marcadament reduida mitjancant el tractament amb Sorafenib.
L’angiogénesi intrahepatica ha estat descrita anteriorment en les malalties croniques
del fetge, i sembla estar implicada en la resposta compensadora a la manca de flux
sanguini al fetge cirrotic, associant-se, a més, amb la fibrogénesi i la inflamacio (74).
Aquesta neovasculatura té una estructura molt diferent dels sinusoides hepatics, ja
que té un endoteli continu i no fenestrat, fet que la fa molt menys permeable i empitjora
la difusié d’oxigen de la sang als hepatdcits. La formacié de nous vasos sanguinis,
unida a la capil-laritzacié que experimenten els sinusoides, sén alteracions implicats en

I'empitjorament de la funcié hepatica (74,75).

El fet que el procés angiogénic detectat en el fetge no s’associi a una sobreexpressié
de VEGF, sind més aviat a una menor expressié d’aquest factor de creixement, no té,
de moment, una explicacié. De tota manera, aquesta observacio esta d’acord amb
altres que s’han reportat recentment a nivell de fetge cirrotic, amb preséncia de
neovascularitzacidé associada a una expressio reduida de VEGF i una sobreexpressio
de VEGFR-2 (76,77). D’altra banda, en el model CBDL s’ha descrit una
sobreexpressio de VEGF a nivell hepatic limitada als primers dies després de la
lligadura del colédoc (78). Aixd podria indicar que la produccié de VEGF durant els
primers dies de I'establiment de la cirrosi contribuiria a la proliferacioé de les cél-lules
endotelials, mentre que en etapes més avancgades, I'estabilitzacié i maduracié dels

vasos nouformats estaria mediada per altres factors.

Els efectes protectors del Sorafenib davant la inflamacié i els danys estructurals dels
teixits no es va limitar al fetge, sin6 que també va ser observada en organs
esplancnics, tan de rates PPVL com CBDL. A nivell de l'intesti prim es va observar
inflamacié acompanyada de I'expressié elevada de mediadors proinflamatoris, com
'enzim iINOS o les citocines TNF-o, IL-1 o LBP. Aquesta darrera, la proteina que
s’uneix a LPS, suggereix la preséncia d’'un procés d’un sobrecreixement bacteria a
nivell de I'intesti prim i la translocacié bacteriana a través de la paret intestinal, la qual
té una forta implicacié en la inflamacié intestinal associada a la hipertensio portal (79).
El tractament amb Sorafenib va reduir marcadament la resposta inflamatoria en les
rates PPVL i CBDL. Paral-lelament, tot i que eNOS, la forma constitutiva de I'enzim
sintetitzador d’oxid nitric, és la principal font d’aquest vasodilatador contribuent a la
hiperdinamia esplancnica, la sobreexpressié de iINOS observada suggeriria una
participacié de I'0xid nitric produit per la forma induible en la circulacié hiperdinamica

esplancnica.
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Com ja hem mencionat, el tractament amb Sorafenib va produir una disminucié de la
neovascularitzacié esplancnica d’'un 80%, mentre que la reduccié de la vasculatura
col-lateral portosistémica va ser tan sols d’'un 18%. Tal i com ja s’especulava en la
discussid de I'estudi anterior, aquesta diferéncia en la resposta dels vasos col-laterals
portosistémics i la neovasculatura mesenterica al tractament antiangiogénic podria
explicar-se per les diferéncies intrinseques entre els diferents tipus de vasos a la
privacié de factors de creixement o a les diferéncies entre el grau de maduraci6 dels
dos llits vasculars (67). En aquesta linia, possiblement un tractament de dues
setmanes sigui suficient per regressar els neovasos formats a nivell mesentéric, pero
no per afectar de la mateixa manera els vasos col-laterals, els quals s6n, generalment,
vasos relativament grans amb un alt grau de maduracio, cosa que els faria menys

sensibles a la terapia antiangiogénica.

Cal destacar que la dosi administrada als models animals, tant PPVL com CBDL, va
ser, en proporcid, molt menor que la que s’administra als pacients humans amb cancer
hepatocel-lular. Aixo explicaria el fet que no s’observessin signes de toxicitat ni efectes
adversos (pérdua de pes, diarrea, hemorragies), ni tampoc mortalitat deguda al
tractament en els animals, cosa que contrasta amb els nombrosos efectes adversos,
de naturalesa gastrointestinal, constitucional o dermatologica, reportats en els assaigs
clinics del Sorafenib en humans, com la diarrea, la pérdua de pes, reaccions cutanies,

al-lopécia, anoréxia, etc (62).

Tenint sempre presents les limitacions a I'’hora de traslladar les dades obtingudes en
models animals als humans, els resultats obtinguts en aquest estudi reforcarien la idea
de considerar l'aplicacié d’'una terapia d’aquest tipus com a eina terapéutica en
pacients amb hipertensié portal (80). En referéncia a un hipotétic tractament de tipus
antiangiogénic en pacients amb hipertensié portal caldria realitzar una dosificacio
acurada per tal d’assolir eficacia tenint en compte la tolerabilitat i la seguretat d’un
tractament cronic d’aquest tipus, és a dir, que el tractament fos efectiu reduint la
neovascularitzacié patologica perd no afectés la vasculatura normal. Aixi com en el
cas dels pacients amb cancer hepatocel-lular es va utilitzar la dosi maxima tolerable
(62), és factible que la dosi necessaria per modular la fibrosi i les alteracions

hemodinamiques de la hipertensié portal fos molt menor (80).
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5.3. Estudi 3: Importancia de la senyalitzaciéo per mTOR en la patofisiologia de

I’esplenomegalia associada a la hipertensio portal.

Els resultats obtinguts en aquest treball complementen la hipdtesi convencional que
assenyala la congestidé esplénica com a principal responsable de I'esplenomegalia
associada a la hipertensio portal, afegint altres mecanismes com I'angiogénesi, la
fibrogénesi o I'expansid i hiperactivacidé del compartiment limfoide de la melsa,

implicats en I'engrandiment de la melsa.

Un dels principals fets posats en relleu en el present estudi és la potencial implicacié
del sistema immunologic en l'origen de I'esplenomegalia associada a la hipertensio
portal. En aquest sentit, es va observar I'expansi6 de la polpa blanca en la melsa de
les rates amb hipertensié portal, aixi com la potenciacié de la capacitat d’aquesta per
produir immunoglobulines, indicant una funcié immune de l'esplenomegalia en la
hipertensié portal. En un context en el qual es produeix un increment d’antigens
circulants, com és la hipertensio6 portal, sembla logic que I'eficiéncia a I'hora de retenir i
eliminar aquests antigens es trobi augmentada. Donat que la melsa té un paper
important en aquesta mena de processos (49), no és d’estranyar que durant la
hipertensié portal tingui lloc un increment compensador de I'activitat immune d’aquest

organ.

Un altre fet innovador proposat en aquest estudi és la preséncia de processos
angiogeénics i fibrogénics implicats en I'engrandiment de la melsa de les rates amb
hipertensié portal. Els resultats mostren proliferaci6 associada amb una
sobreexpressio de VEGF, aixi com dels marcadors de cél-lula endotelial, CD34 i
VEGFR-2 (no en valor absolut, perd si en relacié a I'increment de la mida de la melsa),
i de cél-lula mural, a-SMA i PDGFR-B. A més a més, el parénquima esplénic de les

rates PPVL va presentar abundant dipodsit de fibra de col-lagen.

Aquests resultats indiquen el progrés en parallel de I'angiogénesi i la fibrogénesi
estimulats per la sobreproducci6 de diversos mediadors proangiogenics i
proinflamatoris, com sén VEGF o TNF-o, en la melsa de les rates amb hipertensio

portal.

El fet d’aprofundir en el coneixement de la patofisiologia de I'esplenomegalia va
permetre assenyalar la senyalitzacid6 a travées de mTOR com a diana terapeéutica

atractiva (81,82). Per aquest motiu, es va explorar I'estat d’activacié d’aquesta via,
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detectant un increment en la fosforilacié de p70S6K, de la qual és responsable mTOR
(64,65), donant peu a afirmar que la senyalitzaci6 a través de mTOR es troba
incrementada en el context de la melsa de les rates amb hipertensio portal.

La Rapamicina, com a inhibidor especific de mTOR, va ser capa¢ d’atenuar les
manifestacions de I'esplenomegalia en les rates PPVL, cosa que va comportar un
increment del recompte d’eritrocits circulants. Aquests resultats, sumats als obtinguts
en el primer dels estudis presentats, en els quals el mateix tractament administrat en
aquest cas va assolir una reducci6 de la pressié portal i una reduccié de la
hiperdinamia esplancnica, indicarien que incidir en la senyalitzacié a través de mTOR
pot representar una prometedora estrategia de cara a millorar les alteracions
hemodinamiques de la hipertensié portal a nivell clinic. Per altra banda, a I'hora
d’aplicar una terapia d’aquest tipus caldria tenir en compte el fet que la inhibicié de
mTOR es va acompanyar d’'una reduccié en el recompte de plaquetes, que tot i ser
lleu seria important en uns pacients que ja presenten un recompte baix de plaquetes.
Per aquest motiu qualsevol hipotétic tractament amb Rapamicina en pacients amb
hipertensié portal s’hauria d’'acompanyar, per una banda, d’'un seguiment precis dels
nivells de plaquetes circulants, i d’altra banda, s’hauria de complementar amb algun

factor trombopoiétic capag d’estimular la produccié de plaquetes.
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6. CONCLUSIONS

6.1.

Estudi 1: Reversi6 de la hipertensié portal i la circulacié hiperdinamica

esplancnica mitjangant la inhibici6 combinada de VEGF i PDGF en rates amb

hipertensio portal experimental.

6.2.

El desenvolupament de la hipertensi6 portal esta associat a una

sobreexpressio progressiva tant de VEGF com de PDGF.

Quan la hipertensio portal s’esta desenvolupant, la inhibicié de la via de VEGF
redueix la neovascularitzacio i millora la circulacié hiperdinamica, a nivell

esplancnic, i atenua la formacié de vasos col-laterals portosistémics

Quan la hipertensié portal ja esta plenament establerta, la inhibici6é de la via de
VEGF millora la circulacié hiperdinamica esplancnica i redueix la pressié portal.
Si inhibim les vies de VEGF i PDGF alhora, els efectes s6bn molt més
importants que inhibint cada via per separat, revertint la circulacié
hiperdinamica, reduint la neovascularitzacié esplancnica i abaixant la pressié

portal de forma molt significativa

Aquests resultats suggereixen una interaccié entre les vies de VEGF i PDGF
en el manteniment de la circulacid hiperdinamica i la neovascularitzacié
esplancniques i de la pressié portal elevada en les rates amb hipertensié portal

prehepatica.

Estudi 2: Efectes beneficiosos de I'inhibidor multikinasa Sorafenib sobre la

circulacié esplancnica, intrahepatica i portocol-lateral en rates amb hipertensio

portal i cirrotiques.

El Sorafenib ofereix, mitjancant la inhibicié dels processos angiogénics,
fibrogénics i inflamatoris, efectes beneficiosos en el tractament de la
hipertensié portal i la cirrosi a diversos nivells: la circulaciéo esplancnica, la
circulacio col-lateral portosistémica, la circulacié sistémica i la microcirculacié

intrahepatica.
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- El tractament produeix una important disminuci6 de la neovascularitzacié
esplancnica que s’acompanya d’una atenuacié de la circulacié hiperdinamica
esplancnica i sistémica. El Sorafenib també és capa¢ de reduir la

col-lateralitzacié portosistémica.

- En les rates cirrdtiques, el tractament va resultar en una considerable reduccié
de la pressié portal, d’'un 25%, a través d’'una remarcable millora de la fibrosi,

'angiogenesi i la inflamacié hepatica.

- Els efectes beneficiosos del Sorafenib sobre les lesions estructurals dels teixits
i la inflamacié no es van limitar al fetge, sin6é que també van tenir lloc en organs

esplancnics com l'intesti prim.

- Sempre tenint en compte les limitacions a I'hora de traslladar les dades
obtingudes en models animals als humans, els resultats obtinguts en aquest
estudi reforgarien la idea de considerar I'aplicacié d’una terapia d’aquest tipus

com a eina terapéutica en pacients amb hipertensio6 portal.

6.3. Estudi 3: Importancia de la senyalitzacié per mTOR en la patofisiologia de

I’esplenomegalia associada a la hipertensio portal.

- Els resultats de I'estudi posen en relleu la implicacié d’altres mecanismes, a
més a més de la congestid, en el desenvolupament de I'esplenomegalia
associada a la hipertensio portal: 'expansié i la hiperactivacié del teixit limfoide

esplénic, I'angiogénesi i la fibrogénesi.

- La via de senyalitzaci6 de mTOR, implicada en la regulacié de proliferacié i
creixement cel-lular, es troba hiperactivada a la melsa de les rates amb

hipertensié portal i t&€ un paper important en la esplenomegalia.

- La inhibicié de la via de mTOR mitjangant 'administracié de Rapamicina es
tradueix en una millora de I'esplenomegalia, reduint la mida de la melsa i la
seva capacitat de retenir i destruir eritrocits. Aquesta millora s’atribueix a I'accid
inhibidora de la Rapamicina sobre la proliferacié cel-lular, I'angiogénesi y la

fibrogénesi.
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Considerant els resultats obtinguts anteriorment en rates amb hipertensio6 portal
tractades amb Rapamicina (reduccié de la pressidé portal i atenuacié de la
circulacié hiperdinamica esplancnica), la inhibici6 de mTOR podria representar

una estratégia terapéutica prometedora per a la hipertensié portal.

La principal reserva a I'’hora de considerar aquesta estratégia és I'efecte de la
Rapamicina sobre la producci6é de plaquetes, fet que obligaria a considerar la
possibilitat de suplementar el tractament amb un factor estimulador de la

trombopoiesi.
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