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INTRODUCCIO

La hipertensié portal és la sindrome clinica caracteritzada per un
increment patologic de la pressid hidrostatica del sistema vends
portal per sobre del seu valor normal que oscil-la entre 1-5 mmHg.
Aguest increment origina la formacié d’'una extensa xarxa de venes
col-laterals porto sistemiques que deriven part del flux sanguini portal
cap a la circulacié sistémica, evitant el seu pas pel fetge. Bona part
de les complicacions derivades de la cirrosi hepatica, com
I'hnemorragia digestiva causada pel trencament de varius esofagiques,
I'encefalopatia hepatica, l'ascites o la insuficiencia renal, estan
directament relacionades amb la preséncia d’hipertensiéo portal
clinicament significativa, definida per un gradient de pressi6 portal
minim de 10mmHg. Donada la gravetat d’aquestes complicacions, la
hipertensi6 portal representa la primera causa de mort i

transplantament hepatic en malalts cirrotics (1).
1. Bases fisiopatologiques de la hipertensio portal

Com en qualsevol sistema hidrodinamic, la pressid6 portal ve
determinada per la relacid entre el flux sanguini portal i la resisténcia
que s’oposa a aquest flux. D'acord amb la Llei d’'Ohm, el gradient de

pressid entre dos punts en un vas sanguini queda definit com:
AP=Q xR

On AP és el gradient de pressid portal (la diferéncia entre la pressio
de la vena porta i la pressié de la vena cava inferior), Q , el flux
sanguini de tot el sistema vends portal (que en la patologia inclou el
flux de la vena porta i el corresponent de les venes col-laterals porto
sistemiques) i R, la resisténcia vascular exercida pel sistema vends

portal, per les venes col-laterals i pel mateix fetge (2).
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La resisténcia que s’oposa al flux sanguini s’entén millor quan els
factors que influeixen en ella es relacionen mitjancant la llei de

Poiseuille:
R=8nL/r*

On n és el coeficient de viscositat de la sang, r el radi del vas i L la
seva longitud. Ateés que la longitud dels vasos normalment no es
modifica i la viscositat de la sang es manté relativament constant, el
factor determinant de la resisténcia vascular és el radi del vas.
D’aquesta manera, una disminucié del radi del vas pot provocar un
augment important de la resistencia vascular i, per tant, un augment

del gradient de pressidé portal.

Aquests fets han permeés arribar a la conclusié que hi ha dos
mecanismes basics en lI'augment de la pressié portal: I'augment del
flux sanguini i I'augment de la resisténcia vascular hepatica. En la
majoria dels casos el desenvolupament i manteniment de la malaltia
és degut a una combinacié d’ambddés mecanismes, és per aixd0 que
s’han convertit en components claus d’estudi pel tractament de la

hipertensid portal.
1.1 Resisténcia Vascular Intrahepatica

L'augment de la resisténcia vascular intrahepatica constitueix el
fenomen fisiopatologic primari de la hipertensié portal. En la cirrosi
aguest augment te lloc, principalment, en el sinusoide hepatic
(hipertensid portal sinusoidal). Aquesta situacié és variable en funcié

de l'etiologia i la fase de la malaltia (3, 4).

Inicialment es va considerar que l|'elevada resisténcia vascular
intrahepatica era conseqiéncia, uUnicament, de la distorsié de
I'arquitectura vascular del fetge cirrotic causada per la malaltia

(fibrosi, noduls de regeneracié, trombosi intravascular...) (5, 6).
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Pero a lI'any 1985 Bathal i Grossmann van demostrar que una part
d’'aquest augment es podia modificar mitjancant farmacs (7).
Actualment esta completament acceptat que una part significativa de
la resisténcia vascular intrahepatica en la cirrosi és modificable
farmacoldogicament i es coneix com a “component dinamic” el qual
pot arribar a representar fins el 40% de la resistencia vascular
intrahepatica total. Aquesta troballa s’ha evidenciat amb la utilitzacié
d’agents farmacologics que modulen el component dinamic de la
resisténcia vascular intrahepatica (8, 9). No obstant, recentment s’ha
avancat en el coneixement de la fibrogénesi hepatica, suggerint que
el component fix de la resisténcia vascular intrahepatica és també

potencialment reversible (10-13).

.1.1 Component estructural de la resistencia vascular intrahepatica

El component estructural de la resisténcia vascular intrahepatica ve
determinat principalment per les modificacions estructurals del
parénquima hepatic a causa de la fibrosi. La fibrosi és el resultat d'un
procés de reparacié tissular en resposta a un dany hepatic cronic
(14). Un dany agut, esta associat a una resposta inflamatoria i una
limitada produccié de matriu extracel-lular que pot finalitzar amb una
regeneracié hepatica de cel-lules apoptotiques o necrotiques. En canvi
si el dany es perpetua, com és el cas de la cirrosi, la regeneracio
hepatica no s’assoleix i els hepatocits sén substituits progressivament
per matriu extracel-lular formada principalment per col-lagen tipus I,

III i IV, fibronectina, laminina, acid hialurdnic i proteoglicans (12).

.1.2 Component dinamic de la resisténcia vascular intrahepatica

Amb l'objectiu de caracteritzar el component dinamic de la resisténcia
vascular intrahepatica, diferents estudis han cercat quins son els
elements contractils intrahepatics i, si en la cirrosi, existeixen

anormalitats en la regulacié dels mecanismes de contraccié cel-lular.
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Fins l'actualitat s’han descrit diversos tipus de cel-lules hepatiques
amb capacitat contractil com els miofibroblasts portals, septals i de
les venules portals (15), perd majoritariament s’ha postulat que les
principals cél-lules involucrades en la regulacié del to vascular hepatic

son les cél-lules hepatiques estrellades (HSC) (16).

a) HSC responsables de I'augment de la resisténcia vascular

intrahepatica

Les HSC també conegudes com a cél-lules d'Ito o lipocits representen
aproximadament el 5% del total de les cel-lules hepatiques i son el
principal magatzem de vitamina A de |'organisme. Es troben situades
a l'espai de Disse (espai virtual entre les cél-lules endotelials i les
cel-lules hepatiques) i presenten extensions citoplasmatiques que
envolten els sinusoids, caracteristica que permet regular el flux
sinusoidal per contraccié. En condicions normals les HSC secreten
guimiocines inflamatories, molécules d’‘adhesié que regulen la

formacio de la matriu extracel-lular i modulen l'activacio leucocitaria.

=7 S B e XS Hepatocyte S S Lossof hepatocyte
= b T, )' = \ LT, microvilli

< L b ) E ] et ::'_" ---.. -, " ~ }‘_f R > .-?:::1;.- =
B \ st ) ANl L E —

Deposition .
of scar ECM Activated
Kupffer cell

Figura 1: Desenvolupament de I'activacio de les HSC en el sinusoide hepatic. ECM (matriu
extracel-lular). Adaptada de Iredale JP, J Clin Invest. 2007.
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En situacions de dany hepatocel-lular, les HSC adquireixen
rapidament un fenotip “activat” adquirint propietats profibrogéniques,
proinflamatories i proliferatives perpetuant-se en aquest estat i

comportant-se com a miofibroblast (Figura 1) (16-18).

b) Substancies vasoactives, reguladores de Ilincrement de Ila

resistencia vascular intrahepatica.

Un ampli ventall de molecules amb capacitat vasomotora s’ha descrit
com a moduladores de la resistencia vascular intrahepatica en Ia
cirrosi (19). Aquestes substancies poden procedir de la circulacid
sistémica (com l'angiotensina II o la vasopressina), poden originar-se
a l'endoteli i actuar de forma paracrina (com l’'0oxid nitric (NO), la
prostaciclina (PGI,) o I'endotelina) o poden tenir un origen neuronal

(com la norepinefrina).

Independentment del seu origen, un fet ben conegut i caracteristic de
la cirrosi és el marcat desequilibri en la produccié i concentracié
d’aquests mediadors vasoactius. En la circulacié hepatica, durant la
cirrosi, es troben elevats nivells de substancies que actuen com a
vasoconstrictors (com I|‘endotelina o el prostanoid derivat de la
ciclooxigenasa 1 (COX-1): tromboxa A;) i reduides quantitats de
substancies que actuen com a vasodilatadors (com principalment
I’'NO) (20-23). A més, s’ha demostrat que els fetges cirrotics
presenten una hiperresposta als estimuls vasoconstrictors i una
hiporesposta als vasodilatadors (24-29), inclinant encara més la
balanca a favor de la contraccid, actuant sobre elements contractils,
com les HSC del sinusoide hepatic i, en conseqiéncia, sobre la

resisténcia vascular intrahepatica.
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Tromboxa A, (TXA:)

Aguesta molécula que consta de 20 atoms de carboni és un metabolit
derivat de l'acid araquidonic (AA) per acci6 dels enzims
ciclooxigenasa (COX) i tromboxa sintasa (TXAS). Té un gran poder
com agent vasoconstrictor que promou l'‘agregacido plaquetaria, la
mitogénesi i esta implicat en nombroses patologies cardiovasculars
(30, 31). Els primers estudis que van involucrar el TXA; en la
hipertensié portal varen demostrar, mitjancant diferents models
experimentals de cirrosi (lligadura del conducte biliar i inhalacié de
CCly), que els fetges de rates amb hipertensié portal sintetitzen
majors quantitats de TXA,, a nivell basal i estimulant la circulacio
intrahepatica amb un agonista a-1-adrenérgic (metoxamina) (26) i a
més, que aquest augment en la sintesi de TXA, s‘acompanya d’un
increment significatiu en la pressié portal (26, 32). Estudis posteriors
van ampliar aquest coneixement demostrant que la modulacié del to
vascular hepatic cirrotic per l'accié de prostanoids vasoconstrictors
(principalment TXA;) era depenent de la isoforma 1 de la COX (COX-
1) i, que les cél-lules endotelials sinusoidals (CES) podrien ser les
responsables de la seva sintesi (33). Uns anys més tard, el nostre
laboratori va demostrar que les CES jugaven un paper clau en la
producci6 de prostanoids, principalment el TXA, (22). Més
recentment, s’ha demostrat que I'enzim Tromboxa Sintasa (TXAS),
responsable de la sintesi del TXA,, es troba expressat a l'alca en les
CES (34). A més, el blogueig del receptor comuU per TXA; i
prostaglandina H, (PGH,) comporta una disminucid en la pressid
portal disminuint la resisténcia vascular intrahepatica (35). Tots
aquests fets demostren la importancia del TXA; com a modulador de

la resisténcia vascular intrahepatica en la cirrosi.
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Oxid Nitric (NO)

L'0xid nitric és una molecula gasosa fonamental en diversos
processos biologics que ha estat definit com el vasodilatador més
important d’origen endotelial. Dins del camp de la hipertensié portal
s’han publicat nombrosos estudis avaluant el seu paper en la
regulaci6 i modulacid del to vascular hepatic. L'Oxid nitric és
sintetitzat com a subproducte de la formacié de L-citrul-lina per part
de tres isoformes de I'enzim sintasa d'NO (NOS), la forma neuronal
(nNOS), la forma induible (iNOS) i I’endotelial (eNOS) (36). La
produccié hepatica fisiologica d’'NO per part de les CES és derivada de
I’eNOS en resposta a estimuls com l'estrés de fregament (shear
stress) i la presencia de vasoconstrictors (37, 38). El seu mecanisme
d’accié és paracri, promovent l'activaciéo de la guanilat ciclasa soluble
que estimula la formacié de monofosfat ciclic de guanosina (cGMP)
(39). La diana més important del cGMP és una proteina cinasa cGMP-
depenent (PKG) que fosfori-la nombroses proteines involucrades en la

2*), entre les quals trobem el

regulacié de la homeostasi del calci (Ca
receptor inositol 1,4,5-trifosfat. Aquesta fosforilaci6 comporta una
disminucié de la concentracié de Ca®* intracel-lular que produira la

relaxacié de les HSC i la vasodilatacid (40).

El paper de I'NO en un fetge sa és de compensacié enfront estimuls
vasoconstrictors i, per tant, la seva biodisponibilitat és suficient i
efectiva (41). Pel contrari, en un fetge cirrotic on hi ha un augment
del to vascular, s‘observa una marcada disfuncid endotelial
caracteritzada per la incapacitat de I’endoteli per a respondre a
estimuls vasodilatadors i per una resposta augmentada a estimuls
vasoconstrictors. Aquest fenomen ha estat atribuit, entre d’altres
factors, a una disminucid en la biodisponibilitat d’'NO tant en I'endoteli

com en el teixit total (42-44), la qual cosa es considera un factor
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fonamental que promou l'augment de la resisténcia vascular

intrahepatica.

Aquesta menor biodisponibilitat d'NO en els fetges cirrotics es
produeix, malgrat que I'eNOS, com a enzim principal encarregat de la
sintesi d’'NO, es troba en quantitats equivalents a la dels fetges sans
(45). Fins l'actualitat, moltes han estat les hipotesis que expliquen
aquest fet. En primer lloc, cal destacar l'existéncia de diferents
desregulacions posttraduccionals de |'enzim eNOS entre les quals
trobem: un augment de la seva interaccié amb proteines inhibitories,
com la caveolina (46, 47), la NOSIP (48) o la NOSTRIN (49, 50), la
disminucio de la seva fosforilaci6 depenent d’Akt (45) i el
desacoblament de I'enzim a causa de la deficiencia d’alguns dels seus
cofactors, com la tetrahidrobiopterina (BH4) (51, 52). Més endavant,
es va demostrar que la interaccié d’un inhibidor de la senyalitzacid
dels receptors acoblats a proteina G (GRK-2) amb la proteina Akt
provoca una reduccid en l'activacio de I'enzim eNOS (53). A més, s’ha
descrit la presencia d’un inhibidor endogen de I'’eNOS, la dimetil
arginina asimeétrica (ADMA), implicat en la disminucié de la seva

activitat enzimatica en fetges cirrotics (54).

El déficit d'NO ha proporcionat la base racional pel tractament de la
hipertensié portal amb donants d’NO, en un inici no selectius (55, 56)
i més recentment fetge selectius (57-59), per tal d’evitar la
hipotensid arterial causada pels primers. Fins a dia d’avui s’han dut a
terme molts estudis, els quals han aconseguit incrementar Ila
producci6 hepatica d'NO reduint aixi la resisténcia vascular
intrahepatica i la pressid portal de rates cirrotiques sense modificar la
pressid arterial. Entre els diferents estudis podem trobar estrategies
com la transferéncia genica al fetge amb adenovirus codificant per la
nNOS (60) o per I'eNOS (61, 62) o I’Akt constitutivament activa (45).
Tot i el seu exit aquests estudis no s’han aplicat clinicament perd han

demostrat que aquesta estrategia és adient per augmentar els nivells
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d’NO hepatics. Més recentment s’han fet diferents tractaments amb
estatines (63, 64) o amb el cofactor de I'eNOS: la BH4 (51, 52).

.1.3 El flux portal

El segon factor que contribueix a agreujar la sindrome de la
hipertensié portal és I'augment del flux vends portal. Aquest augment
és el resultat d’'una marcada vasodilatacié arteriolar esplancnica, la
qual produeix un increment en el volum sanguini que arriba al fetge
mitjancant la vena porta. Aquesta situacid és causada per un
alliberament exagerat de vasodilatadors endogens i circulants i per

una hiporesposta als agents vasoconstrictors (65).

S’han descrit diverses substancies vasodilatadores com el glucagd
(66, 67), la PGI, (68, 69) o el monoxid de carboni (CO) (70, 71) com
a causes de la vasodilatacid esplancnica de la cirrosi, pero el

mediador més important sembla ser I'NO.

S’ha investigat el possible paper de I'NO com a regulador del to
vascular esplancnic i els seus mecanismes d’accié. Pacients amb
cirrosi i models experimentals d’animals amb hipertensié portal
mostren nivells plasmatics d’NO elevats, principalment en la zona
portal, suggerint una produccié d’NO esplancnica. A més, s’ha vist
que la produccié d’NO esplancnica en rates cirrotiques és superior a la
de les controls, i la inhibici6 de la seva sintesi redueix el flux de
I'arteria mesenterica superior, el grau de col-lateralitzacié i prevé
parcialment el desenvolupament de la circulacié hiperdinamica tipica

de la hipertensié portal (72-76).

S’han descrit diversos mecanismes que explicarien [|'‘excessiva
produccié d’NO en el territori esplancnic. En fases inicials de la
malaltia I'augment de produccié d’'NO és causat per un augment de
fosforilacido de I'eNOS per part de I'enzim Akt (77). Posteriorment, es

produeix un increment d’expressié i activitat de I'enzim
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eNOS (78, 79), i en fases més avancades s’han descrit diversos
factors que la poden activar entre ells, I'estres per fregament (shear
stress), la translocacié bacteriana i els nivells elevats de citosines pro
inflamatories com TNF-a (75, 80, 81).

L'NO té un paper antagonic en la cirrosi. En la circulacié intrahepatica
existeix un deéficit en la seva produccié el qual provoca una alteracio
del to vascular hepatic. En canvi, en la circulacid esplancnica i
sistemica, la produccido d'NO es troba augmentada, la qual cosa
condueix a una forta vasodilatacido arterial i a una hiporesposta a
vasoconstrictors. Aquest fenomen es coneix com la “paradoxa de la
hipertensiéo portal” (40). Aquestes dues situacions contribueixen a
mantenir i empitjorar la sindrome de la hipertensié portal, la qual
impedeix el tractament amb donants d'NO no-selectius de fetge ja
que redueixen la resisténcia vascular intrahepatica i la pressié portal,
pero alhora augmenten la vasodilatacid periférica que s’‘acompanya

d’una disminucid de la pressid arterial sistémica (82).
1.2 Circulacioé hiperdinamica

Els pacients en fases avancades de cirrosi presenten la sindrome
anomenada circulacié hiperdinamica de la hipertensié portal. Aquesta
es caracteritza per una vasodilatacié generalitzada acompanyada d’un
descens en la pressié arterial i en la resisténcia vascular periféerica
juntament amb un augment en la despesa cardiaca i volum plasmatic
(83).

Aqguests canvis hemodinamics a nivell sistemic son derivats de
I'exagerada vasodilatacié esplancnica tipica de la cirrosi. Es creu que
part dels vasodilatadors esplancnics passarien a la circulacié general
(ja sigui per no haver estat degradats hepaticament o per haver
evitat el fetge al circular per venes porto col-laterals) conduint a una

vasodilatacié arterial generalitzada, seguida d’una hipovolémia
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relativa de la circulacié arterial. En aquest punt l'organisme activa
una serie de sistemes reguladors, com el sistema renina-
angiotensina, el sistema nerviés o la secrecié de vasopressina els
quals activen la retencid d’aigua i sodi per part del ronyd,
augmentant aixi el volum plasmatic per intentar mantenir la pressio

arterial periférica (83-86).

Com a consequliencia d’aquesta adaptacio, I'alteracié de la funcié renal
més preco¢ i comu dels pacients amb hipertensié portal és I'elevada
retencio de sodi. A més, diverses complicacions en altres organs
s’han relacionat amb la sindrome de la circulacié hiperdinamica, com
la sindrome hepatopulmonar, la progressié d’encefalopatia hepatica,
la sindrome d‘isquémia i formacié d’estrés oxidatiu en diferents
teixits, etc... (87, 88). Diversos autors han relacionat la severitat de
la circulacié hiperdinamica amb la prognosi i supervivéncia dels

pacients amb hipertensio portal (89).

2. Estrés oxidatiu

Les especies reactives de I'oxigen (ROS) sén ions o petites molécules
organiques i inorganiques que presenten alta reactivitat i es generen
com un subproducte del metabolisme normal de l'oxigen. Les ROS
inclouen radicals lliures (especies amb un o més electrons
desaparellats) com l’'anié superoxid (0°;") o l'anié hidroxil (OHY), i
especies no radicals com el peroxid d’hidrogen (H.0,), entre d’altres.
Un excés de produccié de ROS pot derivar de multiples tipus cel-lulars
com les cel-lules endotelials, les cel-lules musculars llises, les cel-lules
inflamatories i els macrofags. Nombrosos sistemes enzimatics
d’aquestes cel-lules tenen el potencial per generar ROS. Entre els més
destacats trobem la xantina oxidasa (XO) (90), la nicotinamida
adenina dinucleotid fosfat (NADPH) oxidasa (91), la COX (92) i el
citocrom P450 (93). Les ROS modulen processos de creixement,

proliferacié i mort cel-lular (94-96).
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Les ROS també poden afectar a la biodisponibilitat d’'NO per la seva
capacitat d’oxidar i, per tant, d’inactivar el cofactor de I'eNOS: la BH4
(97). Aquest cofactor és de gran importancia en la transferéncia
d’electrons del grup prostétic hemo de la NOS a L-Arginina. En
abséncia de BH4 activa, la NOS és incapac¢ de transferir electrons i
utilitza oxigen com a substrat donant lloc a la formacié de O°,” enlloc
d’'NO, situacié que s’ha anomenat: “desacoblament de I'eNOS” (98-
100). Aquest fenomen ha estat descrit en diferents patologies entre
les quals s’inclouen la diabetis (101), la hipercolesterolemia (102) i la

hipertensid (97).

L'elevada exposicid a radicals lliures de diverses fonts ha conduit als
organismes a desenvolupar diferents mecanismes de defensa com
son els sistemes antioxidants, que en situacions normals es troben en
equilibri amb la generacié de ROS, mantenint aixi un balang en |'estat

redox cel-lular (103).

Per altra banda, en situacions patoldogiques existeix una pertorbacid
d’aquest equilibri a causa d’un augment en la produccié de ROS i/o
una disminucid dels sistemes antioxidants. Aquesta situacié es coneix
com: “estrés oxidatiu”, el qual ha estat implicat en I'augment del to
vascular observat en la hipertensio (104, 105), l'arteriosclerosi (106)
i la diabetis (101), entre d’altres. En aquests trastorns, el factor
principal que promou l'augment de to vascular és una disminucié en
la biodisponibilitat d’'NO endotelial (107), la qual pot venir tant per
una disminuciéo en l'activitat de I’ eNOS com per la capacitat del
mateix NO a reaccionar amb 1'0°,” donant lloc a la formacié de
peroxinitrit (ONOO") (108) (Figura 2). El radical ONOO™ té gran
capacitat per unir-se als residus de tirosina de les proteines en un
procés que rep el nom de nitrotirosinacidé proteica el qual ha
esdevingut un important marcador de la reaccié entre I'0%;" i I'NO
(109, 110).
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NADPHox
X/X0
CcoX

unc eNOS

Figura 2: Principals fonts de ROS, enzims antioxidants i mecanisme de reduccio de la
biodisponibilitat d’NO per excés d’anié O°,.

SOD, superoxid dismutasa; CAT, catalasa; NADPHox, nicotinamida adenina dinucleotid fosfat
oxidasa; COX, ciclooxigenasa; unc eNOS, descacoblament de I’eNOS.

2.1 Estrés oxidatiu i malalties hepatiques.

L'estrés oxidatiu s’ha suggerit com un factor important en la
progressié fisiopatologica de diverses malalties hepatiques com
I’'hepatitis C cronica (111), l'esteatohepatitis no alcohdlica (112), la
malaltia alcoholica hepatica (113, 114), la isquémia/reperfusié (115,
116) i la fibrosi hepatica (93, 117). En totes aquestes malalties
s’observen dos fendomens: per una banda hi ha un clar augment
plasmatic i tissular de diferents marcadors d’estres oxidatiu com és el
cas del malondialdehid (MDA) i del ONOO™ ,entre d’altres i, per una
altra banda es detecten baixos nivells hepatics i plasmatics de
diversos antioxidants com la superoxid dismutasa (SOD), la catalasa
(CAT) i les vitamines A, E i C.

El complex enzimatic NADPH oxidasa és una font important d’estrés
oxidatiu en diferents patologies cardiovasculars (91, 118, 119). El
nostre grup va demostrar que aquest complex era un factor clau en el
desenvolupament de |'angiogenesi esplancnica (120) no obstant, en

contra del que es pensava, a nivell intrahepatic el complex NADPH
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oxidasa no és responsable de l'increment d’estrés oxidatiu, de la
disfuncié endotelial ni de l'augment de la resisténcia vascular
intrahepatica (121).

En canvi, l'activitat disminuida de I'enzim SOD, aixi com I'augment en
I"activitat dels sistemes COX i XO serien els responsables de |'elevada
produccié de ROS pel fetge cirrotic, el qual segresta una significativa
part de I'NO disponible (44).

2.2 Antioxidants

Els agents antioxidants sén un conjunt de compostos quimics o
biologics que inhibeixen de forma directa o indirecta els efectes
nocius de les ROS. L‘organisme posseeix una varietat d’agents
antioxidants que poden contrarestar |'estrés oxidatiu en cas de
malaltia. Segons el seu mecanisme d’accid aquests agents es poden

classificar en dos grups.
2.2.1 Antioxidants enzimatics.

En aquest grup principalment s’hi troben la CAT, la glutatio
peroxidasa (GSH-PX), la tioredoxina peroxidasa i la SOD (122).

La SOD és el principal enzim que metabolitza I'0O°,” per formar H,0,.
Existeixen tres isoformes de la SOD: la coure-zinc-SOD (CuZnSOD),
I'extracel-lular SOD (ecSOD) i la manganes-SOD (MnSOD), aquesta
ultima es troba localitzada en el mitocondri i és I’ isoenzim clau en la

detoxificacio de I'anid O°,".
2.2.2. Antioxidants no enzimatics

En aquest grup s’inclouen aquells agents antioxidants exogens que
per terapia o bé per ingesta amb la dieta, milloren |'estres oxidatiu en

la malaltia. Alguns d’ells sén: I'acid ascorbic (vitamina C), I'acid lipoic,
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I'a-tocoferol (vitamina E), el glutatio (GSH), els carotenoids i els
flavonoids (122).

2.2.3 Tractament amb antioxidants

En la hipertensié portal els primers en atorgar un paper dels
antioxidants a la malaltia van ser Moore i els seus col-laboradors, els
quals van administrar |'antioxidant N-acetilcisteina a rates amb
lligadura parcial de la vena porta. Les rates tractades amb l'‘agent
antioxidant no van desenvolupar circulacié hiperdinamica,
contrariament al que va passar a les rates tractades amb vehicle.
Aqguest fet es va associar amb una reduccié de marcadors d’estrés
oxidatiu i de la pressid portal, atribuida a una disminucié del flux
portal (123). El mateix grup va estudiar els efectes amb I’acid lipoic i
els resultats obtinguts foren similars (124). Recolzant aquests fets,
un estudi amb pacients cirrotics dut a terme a la nostra unitat, va
demostrar que I'administraciéo aguda d‘altes dosis de vitamina C, com
agent antioxidant, comporta una reduccié en els nivells plasmatics de

MDA i millora la disfuncié endotelial intrahepatica (125).

Més recentment, un treball realitzat al nostre grup va demostrar, per
primer cop, que l'activitat de I'enzim SOD es troba significativament
disminuida en els fetges cirrotics respecte els fetges control,
probablement per una disminucié en l'expressié proteica de les
isoformes citoplasmatica i mitocondrial (44). Aquest estudi va donar
peu a un segon treball, el qual va demostrar que l'administracié
d’adenovirus ecSOD a rates cirrotiques produia una disminucio
significativa dels nivells de O°; intrahepatics. Aquestes rates, a més,
varen presentar una disminucio de la pressié portal sense modificacid

de la pressié arterial (126).

En els darrers anys l'estudi dels polifenols presents a la dieta ha

generat un gran interés per les seves propietats antioxidants,
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antimutageniques, anticarcinogeniques i antiinflamatories (127). Un
dels més estudiats és la isoforma trans del Resveratrol (3,5,4'-
trihydroxystilbé) donat que és el polifenol més ampliament distribuit
a la natura. De la mateixa manera, l'interés per I'is d’antioxidants
catalitics exogens ha permes enfocar I'Us de mimetics de l'enzim
SOD, com és el Tempol com agent quimiopreventiu pel tractament de
varies malalties associades als efectes nocius del antioxidants (128-
132).

a) Tempol

El  tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) es
classifica dins el grup dels nitroxids, coneguts també com aminoxils o
nitroxils. La familia dels nitroxids son radicals lliures que
comparteixen un grup nitroxid reduit (°*°N-O) com a part d’un anell de
cinc o sis atoms de carboni. Els grups metil (-CH3) presents a
I'estructura impedeixen la seva reaccié amb altres radicals de manera
gue els hi confereixen una gran estabilitat. La diferéncia entre tots
ells ve determinada segons la naturalesa del grup que ocupi la posicio
“R”. En el cas del tempol el grup R correspon a un grup hidroxil OH)
(Figura 3).

oH o
CONH;
CH, CH, CH, CH, CH, CH,
CH, T CHy CHy T CH, CHy N CH,
o o é-
Tempol 4-oxo-tempo
(4-Hydroxy-2,2 6 B-tetramethylpiperidine-1-oxyl) (4-0xy-2,2 6 B-tetramethylpiperidine-1-oxyl) 3-CP
{3-Carbomoyl-proxyl)
CH,
|
NH, CHy;— N—CH,
COOH
CH,, GH,
CHy CHy GH, CH, CHy CH,
CH, N CHy CH, i CH, 'l“‘
|, | o
o o
4-amino-tempo CAT-1 3-CTPY
(4-Amine-2,2,6,6-tetramethy Ipiperidine-1-oxyl) {4-trimethylammonium-2,2,6,6- (3-Carboxy-proxyl)
tetrameathylpiperidine-1-oxyl iodida)

Figura 3: Diferents exemples de la familia dels nitroxids. Adaptat de Wilcox et al. 2008.

32



INTRODUCCIO

El tempol és un potent agent antioxidant de baix pes molecular
permeable a les membranes bioldogiques, mimetitza l'activitat de
I'enzim SOD i elimina el O°; tant in vitro com in vivo (133). Esta
descrit com el nitroxid més potent en protegir cél-lules i teixits de les
ROS (134, 135). L'accié dels nitroxids per metabolitzar les ROS té lloc
mitjancant un intercanvi ciclic d’electrons entre tres estats d’oxidacio

diferents: catido oxo-amoni, radical nitroxid i hidroxilamina (Figura 4).

*N=0 Oxo-ammonium
cation

Nitroxide N* ] 2e
radical

< N==0H Hydroxylamine

Figura 4: Equilibri redox entre les formes oxidades i reduides dels nitroxids. Adaptat de Wilcox
et al 2005.

&

7

Els nitroxids, in vivo, es troben en equilibri entre la forma de radical
nitroxid i la forma d’ hidroxilamina. Aquest equilibri depen de I'estat
REDOX cel-lular i, per tant és un equilibri reversible (136). En
condicions patologiques l'intercanvi d’electrons té Illoc molt
rapidament i s’ha demostrat que la forma hidroxilamina és qui
posseeix |'activitat antioxidant (133, 134, 137). La reaccié contraria
pot tenir lloc també amb la presencia d'H,0, o altres agents oxidants
com els metalls de transicid (138) (Figura 4). Els nitroxids poden
unir-se covalentment a proteines i altres agents com la hemoglobina i
la CAT. D’aquesta manera, poden donar lloc al corresponent catid
oxoamoni (137) i a partir d’aleshores es poden sotmetre a reaccions
rapides d’un electré per tornar a la forma de radical nitroxid o bé
interaccionar amb la NADPH oxidasa i 2 electrons per donar la forma

hidroxilamina (Figura 4).
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Fins I'actualitat, el tempol s’ha utilitzat com l’alternativa més senzilla
a la transfeccié de I'enzim SOD per prevenir el dany cel-lular causat
per les ROS en diferents situacions patologiques com: la inflamacié
(139), la radiacio (140), la hipoxia (141, 142) i la isquemia/reperfusio
cardiaca i hepatica (143, 144). A nivell tissular, el tempol ha adquirit
un paper important per la seva capacitat a reduir els nivells de ROS
(133), millorar la disfuncié pancreatica en la insulino resisténcia

(145), i protegir el fetge del dany hepatic (146).
b) Resveratrol

El Resveratrol (3, 5,4'-trihydroxystilbe) és un polifenol natural
present en més de 70 espécies de plantes. També es pot trobar en
diferents tipus de fruites, fruits secs, nous i sobretot en el raim i els

seus derivats (147).

La seva sintesi té lloc a partir de la I'aminoacid: phenylalanina (Phe) i
I'enzim catalitzador estilbé sintasa (STS). A més, esta condicionada
per factors d’estres, ja siguin climatics, per elevades concentracions
d'0zd, radiacié ultraviolada o infecci6 per fongs (148). La seva
estructura presenta dos anells benzénics units per un pont etilé i tres
grups hidroxil. A la natura, el podem trobar en dos isomers: la
isoforma "cis-" i la isoforma “"trans-" no obstant aquesta darrera és la

gue presenta més estabilitat (149) (Figura 5).

3 _OH
(; -.v-"‘ I A
| 3
—d .

HO A A V/ \ AN
g - /] \ ;’ A\
HO < Y | )

\ )f( \ !

- Y oo \ .f

N {\. {

A \

{L—( oH OH
frans-resveratrol clis-resveratrol

Figura 5: Estructura quimica de les isoformes del Resveratrol. Adaptada de Gambini J, et al. Rev
Esp Geriatr Gerontol. 2013.
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Les cultures orientals han estat pioneres en |'Us de plantes que
contenen Resveratrol per la seva medicina tradicional. Perd no va ser
fins al 1989, on va esdevenir de gran importancia com a possible
agent terapeutic. Aquest mateix any, es va publicar un estudi on
s'observava que l'index de mortalitat per malalties cardiovasculars
era inferior a Franca que a altres paisos industrialitzats, com ara els
Estats Units o el Regne Unit. En canvi, el consum de grasses
saturades, les concentracions de colesterol al serum i altres factors
de risc com la pressio arterial, I'index de massa corporal i el consum
de tabac no eren inferiors als dels altres paisos. Els investigadors
varen associar la reduccido de mortalitat amb el major consum de vi a
la poblacié francesa (150). Aquests resultats foren coneguts com la
“paradoxa francesa” i es va concloure que hi havia una relacid inversa
entre el consum moderat de vi negre i la incidéncia de malalties
cardiovasculars. Aquell mateix any es van detectar quantitats de
Resveratrol al vi negre, confirmant aixi el possible efecte
cardioprotector del vi, el qual podria ser el responsable de la menor
mortalitat. A partir d’aguest moment, es van incrementar els estudis
destinats a esbrinar les possibles propietats beneficioses del raim i el

vi negre aixi com les del Resveratrol (151-153).

Fins l'actualitat, diferents estudis han demostrat la importancia del
Resveratrol per les seves propietats antioxidants, antineoplasiques,
antiinflamatories i antiplaquetaries (153-156). En diferents models
experimentals s’ha demostrat que el Resveratrol millora la disfuncio
endotelial. Aquest efecte se li ha atribuit a la seva capacitat per reduir
I'estres oxidatiu mitjancant I'augment d’expressié i activitat de I'eNOS
i la inhibicié de l'activitat de la COX-1 (157-160). Les seves propietats
com agent antioxidant en lesions hepatiques s’han evidenciat amb
casos experimentals d’isquémia/reperfusié¢ o amb I|'administracio

d’etanol on s’ha demostrat un augment en |'activitat dels enzims SOD
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i CAT (161, 162). Per altra banda, lesions hepatiques induides amb

CCl4 han demostrat la seva accié antifibrogenica (163).
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JUSTIFICACIO I OBJECTIUS

La cirrosi hepatica segons la seva etiologia és una malaltia freqient a
nivell mundial. L'alcoholisme, el fetge gras i I'hepatitis cronica virica
representen gairebé el 90% dels casos de cirrosi en els paisos
occidentals. La cirrosi hepatica és més freqlient en homes d’entre 40-
50 anys no obstant, també hi ha casos juvenils i fins i tot infantils
(164, 165).

La hipertensio portal i les seves complicacions (trencament de varius
esofagiques, ascites, sindrome hepatorrenal, encefalopatia
hepatica...) sén la principal causa de mort i transplantament en
malalts cirrotics (1). Es per aixd que s’han destinat nombrosos
esforcos en investigacid clinica i basica per determinar els

mecanismes implicats en el desenvolupament d’aquesta sindrome.

La hipertensié portal pot apareixer per un augment de la resisténcia
vascular intrahepatica, per un augment del flux portal o per un
augment d’ambdos factors. Tanmateix, I'augment de la resistencia
vascular intrahepatica és el factor fisiopatologic primari i, per tant,
aquelles terapies que aconsegueixin disminuir la resisténcia vascular
intrahepatica produiran un descens de la pressid portal i reduiran el

risc de patir complicacions.

Actualment la principal terapia utilitzada en pacients cirrotics és I'Us
d’agents B-bloquejants, els quals redueixen la pressié portal
disminuint el flux vends portal, que comporta un descens en la
despesa cardiaca i una vasoconstriccié esplancnica (166-168). En els
darrers anys s’ha demostrat que és possible manipular
farmacoldogicament la resisténcia vascular intrahepatica sense
necessitat de modificar el flux portal (125, 169). A data d’avui no es
coneixen encara tots els mediadors vasoactius implicats a l'increment
de la resisténcia vascular intrahepatica ni els mecanismes que

regulen la seva accié.
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Com ja s’ha esmentat anteriorment, |'estrés oxidatiu juga un paper
important en la progressio de les malalties hepatiques (170, 171). La
seva preséncia implica un augment de les ROS que, al reaccionar
amb I'NO dona lloc a la produccié de ONOO™ contribuint aixi a una
baixa biodisponibilitat d’'NO. El coneixement d’aquests mecanismes ha
permes dirigir la recerca actual cap a noves terapies dirigides a
augmentar la seva biodisponibilitat en el teixit hepatic, modulant el
cofactor de I'eNOS: tetrahidrobiopterina (BH4)(51), administrant
adenovirus ecSOD (Ad ecSOD) com agent antioxidant (126) i
augmentant |'activitat de I'eNOS amb simvastatina (63, 169). Aquesta

recerca també s’ha dut a terme en malalts cirrotics (125, 172, 173).

Els treballs de recerca de la present tesi doctoral estan globalment
orientats a ampliar el coneixement dels mecanismes moleculars
responsables de I'augment del component dinamic de la resisténcia
vascular intrahepatica en la cirrosi, concretament el paper de I'estres

oxidatiu i el seu possible tractament amb I’Us d’agents antioxidants.
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2.1 Estudi 1: Tempol administration, a superoxide dismutase
mimetic, reduces hepatic vascular resistance and portal

pressure in cirrhotic rats

En els fetges cirrotics, com en altres malalties vasculars, s’ha
demostrat que l'estrés oxidatiu contribueix a la baixa biodisponibilitat
d’NO a causa de l'elevada produccié d'O°,” per part de diversos
sistemes enzimatics com la COX i la XO (90, 92) i, per una reduccio
de l'activitat enzimatica i els nivells proteics d'un dels principals
sistemes enzimatics encarregats de metabolitzar-lo: I'enzim SOD (44,
174).

L'augment de la biodisponibilitat intrahepatica d’'NO, la disminucid de
produccié d’O°®;” i la disminucié de la pressié portal sén objectius

d’estudi pel tractament de la hipertensid portal en la cirrosi.

Al nostre laboratori es va dur a terme un estudi dirigit a disminuir la
produccié d'O°,” en els fetges de rates cirrotiques mitjancant
I'administracié d’adenovirus codificant per ecSOD. Aquest estudi,
efectivament va disminuir els nivells d'O,” intrahepatics, va
augmentar la biodisponibilitat d’'NO, va millorar la disfuncié endotelial
i, el més important va disminuir la pressid portal (126). Aquests
resultats recolzen la idea que les terapies antioxidants podrien ser
una bona alternativa pel tractament de la hipertensié portal en la
cirrosi. Malauradament, les terapies virals presenten controversies en
els éssers humans i els seus efectes s’extingeixen al cap de poques

setmanes de la seva administracio.

Amb aquests fets, la hipotesi del present estudi fou trobar una altra
estratégia que permetés reduir els nivells d’O°,” intrahepatics,
augmentant aixi la biodisponibilitat d’'NO pero que es pogués aplicar a

I'ambit clinic.
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Per tant, els objectius del present estudi van ser avaluar si
I'administracié sistemica de Tempol, com a mimétic de I'enzim SOD,
comporta una reduccié dels nivells d’0O®," intrahepatics, augmenta la
biodisponibilitat d'NO i, com a conseqiéncia millora el to vascular

hepatic i redueix la pressio portal en rates cirrotiques amb hipertensié
portal.
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2.2 Estudi 2: Resveratrol improves intrahepatic endothelial
dysfunction and reduces hepatic fibrosis and portal pressure

in cirrhotic rats.

L'augment de la resisténcia vascular intrahepatica és el factor inicial
que determina l'aparicié de la hipertensié portal. Aquest augment no
és només per canvis morfologics com a resultat de la inflamacié
hepatica i la fibrosi, sind també per alteracions funcionals que regulen
el to vascular hepatic com I'exagerada resposta a agents
vasoconstrictors i la deficient resposta a agents vasodilatadors (175).
La baixa biodisponibilitat d'NO i I'augment dels prostanoids derivats
del metabolisme de COX-1 juguen un gran paper en l|'alteracié del to

vascular hepatic i el desenvolupament de la hipertensio portal.

El Resveratrol és una fitotoalexina present al raim i als seus derivats
com el vi i el most, perd també en els cacauets i les nous, al qual se li
ha atribuit un paper important com a protector cardiovascular (147).
En canvi, en diferents models experimentals el Resveratrol ha millorat
la disfuncid6 endotelial, ha reduit l'estrés oxidatiu, ha augmentat
I'activitat enzimatica i I'expressié de I'eNOS i ha inhibit l'activitat
enzimatica de COX-1 (157-160). Addicionalment, se li han atribuit
propietats antioxidants en models experimentals de dany hepatic per
isquemia/reperfusid o ingesta d’etanol el qual ha conduit a un
augment de [‘activitat els enzims SOD i CAT (161, 162).
Concretament, en la cirrosi hepatica el Resveratrol ha atenuat el

desenvolupament del procés fibrotic (163).

Aixi doncs, tenint en compte els efectes directes com agent
antioxidant, la seva capacitat per modular vies de senyalitzacio
involucrades en regulacio de la biodisponibilitat d’'NO i de la fibrosi, la
hipotesi del seglient estudi fou que el Resveratrol podia exercir
efectes beneficiosos en els mecanismes implicats en el

desenvolupament de la hipertensi6 portal en la cirrosi.
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L'objectiu del present estudi fou investigar els efectes de
I'administracié cronica de Resveratrol en la disfuncié endotelial, en la

biodisponibilitat d’'NO i en el procés fibrotic de rates cirrotiques amb

hipertensid portal.
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Tempol administration, a superoxide dismutase mimetic,
reduces hepatic vascular resistance and portal pressure
in cirrhotic rats

Héctor Garcia-Calderd’, Aina Rodriguez-Vilarrupla’, Jorge Gracia-Sancho', Marta Divi,
Barbara Lavifia, Jaume Bosch, Joan-Carles Garcia-Pagan®

Hepatic Hemodynamic Laboratory, Liver Unit, Hospital Clinic de Barcelona, Institut d'Investigacions Biomédiques August Pi i Sunyer
(IDIBAPS), Centro de Investigacién Biomédica en Red de Enfermedades Hepdticas y Digestivas (CIBERehd), University of Barcelona, Spain

Background & Aims: Increased superoxide in cirrhotic livers, by
reducing nitric oxide bioavailability, contributes to increase intra-
hepatic vascular resistance to portal blood flow and as a conse-
quence portal pressure. We aimed to evaluate whether a strategy
directed to reduce superoxide using tempol, a small membrane
permeable SOD-mimetic, is able to modulate intrahepatic nitric
oxide content and reduce portal pressure in cirrhotic rats.
Methods: Superoxide and nitric oxide were evaluated in control
sinusoidal endothelial cells (SEC) pre-treated with the pro-oxi-
dant diethyldithiocarbamate (DDC) and in CCl,-cirrhotic rat livers
treated with tempol or vehicle. Mean arterial pressure, portal
pressure, and portal blood flow were measured in control and cir-
rhotic rats treated with tempol (180 pmol/kg/h; via ileocholic
vein) or vehicle. In a subset of animals, hemodynamic measure-
ments were performed after NO-inhibition with 1-NAME.
Resuits: Tempol reduced superoxide content and increased NO
both in SEC and cirrhotic livers. In cirrhotic rats, but not in con-
trols, tempol significantly reduced portal pressure, and increased
portal blood flow, which most likely reflects a reduction in intra-
hepatic vascular resistance. Tempol significantly reduced mean
arterial pressure. .-NAME prevented all these effects.
Conclusions: Tempol reduces superoxide, increases nitric oxide,
and reduces portal pressure in sinusoidal endothelial cells and
in cirrhotic livers. These results confirm that oxidative stress
has a role in the pathogenesis of portal hypertensien and sup-
ports the use of antioxidants in its treatment. However, when

Keywords: Nitric oxide; Superoxide, Sinusoidal endothelial cells; Portal
hypertension.
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considering the use of antioxidants as additional therapy to treat
portal hypertension, the potential to produce deleterious effects
on systemic hemodynamics needs to be carefully evaluated.

@ 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Increased hepatic vascular resistance to portal blood flow is the
main cause of portal hypertension in cirrhosis and is the result
of the structural changes inherent to cirrhosis and an increased
hepatic vascular tone [1]. Insufficient nitric oxide (NO) availabil-
ity in the liver circulation is considered as a major pathegenic fac-
tor increasing hepatic vascular tone in cirrhosis |2-4], which has
been attributed to a decreased endothelial NO synthase (eNOS)
activity due to alterations in its posttranslational regulation
[5,6]. In addition, scavenging of NO by increased levels of super-
oxide (0, ) is another factor that has been shown to reduce NO
bicavailability |7.8].

In cirrhotic livers there is an increased O, production due to
both anincreased O, release by enzymaticsystems, suchas cyclo-
oxygenase (COX) and/for xanthine oxidase (X0), and a reduced
expression and activity of superoxide dismutase (SOD), a critical
enzyme that metabolises O, [9,10]. We have recently demon-
strated that the increased O, levels found in cirrhotic livers, fur-
ther contribute to reduce NO bioavailability within the liver by
scavenging NO, in a reaction in which O, reacts with NO to form
peroxynitrite (ONOO™)[9,11]. Supporting such arole for oxidative
stress in reducing hepatic NO availability in patients with cirrhosis,
the acute administration of high doses of the antioxidant vitamin C
reduces MDA levels, a plasma marker of oxidative stress, and
improves intrahepatic endothelial dysfunction [12]. Importantly,
a recent study from our laboratory further reinforces the role of
0, moedulating NO bioavailability by demonstrating that increas-
ing SOD activity by transfecting adenovirus encoding extracellular
SOD gene, reduces O, content, increases hepatic NO bioavailabil-
ity, improves intrahepatic endothelial function, and reduces portal
pressure in cirrhotic rats with portal hypertension [11].

Tempol (4-hydroxy-2,2,6,6-tetramethylpiperdine-N-oxyl) is a
potent antioxidant of low molecular weight that permeates
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biolegical membranes, mimics SOD activity, and scavenges 0~
anions in vitro and in vive [13]. Tempol has been used to prevent
0, -induced damage in different conditions, such as inflamma-
tion [14], radiation [15], and cardiac ischemia/reperfusion injury
[16] with the advantage of an easier applicability compared to
SQD-transfection.

The aims of the present study were to evaluate the efficacy,
increasing NO bioavailability, and reducing portal pressure, and
safety, modifying systemic hemodynamics, of intravenous admin-
istration of tempol, a cell-membrane permeable SOD mimetic, in
an animal model of cirrhosis and portal hypertension.

Material and methods
In vitro experiments

Evaluation of NO bioavailability and O, ™ in sinusidal endothelial cells (SEC) from
contral rats treated with the S0D inhibitor diethyldithiocarbamate (DDC).

In order to generate increased 0y levels, SEC isolated from control rat livers
were incubated for 6 h with the specific SOD inhibitor, diethyldithiocarbamate
[DDC, 25 uM). Then, in situ Ox™ content and NO bioavailability were evaluated
in SEC-DDC treated alone or in association with tempol (DDC + Tempol,
50 M), as described below.

Isolarion and aulture of liver SEC

SEC were isolated from control rat livers, as described previously [17,18]. Cells
were cultured for 12 h (37 °C, 5% CO,) in Roswell Park Memorial Institute (RPMI)
1640 media. Almost 93% of these cells were SEC, as assessed by specific immuno-
cytochemical marking using rat endothelial cell antigen 1[9,19], and they had a
viability above 95% (assessed by trypan blue exclusion). All studies were per-
formed on cells at the first passage, 12 h after SEC isolation, to preserve their typ-
ical phenotype.

Measurement of NO bioavailability

In situ NO levels in SEC were assessed with 4-amino-5-methylamine-2 7'~
difluorofluorescein diacetate (DAF-FM-DA; Invitrogen, Eugene, OR, USA) as pre-
viously described [9]. Freshly isolated SEC were washed in RPMI 1640 media
without phenol red and loaded with DAF-FM-DA (final concentration 10 puM,
20 min, 37°C). Then, SEC were rinsed with phosphate-buffered saline (PBS),
kept in the dark, and maintained at 37°C with a warm stage on a laser scan-
ning confocal microscope (model TCS-SL DMIREZ, Leica, Wetzlar, Germany) and
images were obtained with a 488-nm [excitation) and 505- to 530-nm (emis-
sion) filter set for DAF-FM-DA, with a 40x 1.3 oil objective. Quantitative anal-
ysis was obtained by averaging the peak relative fluorescent intensity (optical
density arbitrary units) of each image (Image | 1.33u software, National Insti-
tutes of Health) and normalizing the fluorescent result to the total number of
cultured cells counted from each corresponding digitalized phase contrast
microscope image [9].

Measurement of 05~ generation in SEC

The generation of in situ O~ levels was evaluated in freshly isolated SEC with the
oxidative fluorescent dye dihydroethidium (DHE), as previously described [9].
Fluorescence images were obtained with a laser scanning confocal microscope
[TCS-5L DMIREZ, Leica) using 488 nm as the excitation wavelength and the emis-
sion spectrum of 610 nm. Quantitative analysis was performed with Image |
1.33u soltware (National Institutes of Health), as described above,

In vivo experiments

Induetion of cirrhosis by carbon tetrachloride (CCly)

Male Wistar rats weighing 50-75 g underwent repeated inhalation exposure to
CCly. Phenobarbital (0.3 g/L) was added to the drinking water as previously
described [20.21]. A high yield of micronodular cirrhosis was obtained after
approximately 11-14 weeks of CCl; inhalation. When the cirrhotic rats developed
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ascites, administration of phenobarbital was stopped, and the subsequent exper-
iments were performed 1 week later, Control animals received only phenobarbi-
tal. The animals were kept in environmentally controlled animal facilities at the
Institut d'investigacions Biomédiques August Pi i Sunyer. All experiments were
approved by the Laboratory Animal Care and Use Committee of the University
of Barcelona and were conducted in accordance with Cuide for the Care and Use
of Laboratory Animals (National Institutes of Health, NIH Publication 86-23,
revised 1985},

In vive hemadynamic study

Rats were anesthetized with Ketamine (100mglkg body weight, Imalgene
1000; Merial, Lyon, France) plus Midazolam (5 mg/kg body weight, Laboratorio
Reig Jofré, S.A., Barcelona, Spain) and maintained at a constant temperature of
37 £0.5°C (continuously monitored during the entire experiment). A tracheot-
omy and cannulation with a PE-240 catheter (Portex, Kent, UK) was performed
in order to maintain adequate respiration during the anesthesia, and fastened
to a surgical board. Indwelling catheters made of polyethylene tubing (PE-50;
Portex, Kent, UK) were placed into the femoral artery and the ileocolic vein to
continuously monitor mean arterial pressure (MAP; mmHg) and portal pres-
sure (PP; mmHg) [22), by using two independent pressure transducers. Portal
blood flow (PBE, ml/min~") was measured with a non-constrictive peri-vascu-
lar ultrasonic transit-time flow probe (2PR, 2-mm diameter. Transonic Systems
Inc., Ithaca, NY, USA) placed around the portal vein just before its entrance in
the liver avoiding the measurement of most portal-collateral blood flow. The
flow probe and the pressure transducers were connected to a Powerlab (45P)
linked to a computer using the Chart v5.0.1 for Windows software {ADInstru-
ments, Mountain View, LA}, Intrahepatic vascular resistance [IVR) was calcu-
lated as: PP/PBF.

After 10 min of stabilization, tempol {180 pmol/kg/h) [23] (n =8 control rats
and n =13 cirrhotic rats) or saline (n =7, control rats and n =10, cirrhotic rats)
was administered for 30 min through the ileacolic catheter. Intravenous infusion
of 1% albumin dissolved in 0.154 mol/l. NaCl solution was infused at 2 mi/h into
the femoral vein to maintain euvolemic state [23],

Hemodynamic measurements were done before tempol (pre-treatment data)
and 10 min after the 30 min tempol infusion {post-treatment data).

In-addition, in order to assess whether the effects of tempol were mediated by
NO, the same designed experiment was conducted in an independent group of
rats (n=5) after pre-treatment with the nitric oxide synthase inhibitor --NAME
(15 mg/kg, i.v.) [24].

Measurement of the O,~ content in liver tissue

In situ 0y levels were evaluated in fresh liver cryosections (10 pm) obtained
from cirrhotic rats treated with tempol (180 pmolfkg/h: n = 3) or vehicle (saline;
=2 [23] using the oxidative fluorescent dye DHE, as described above.

Nitric oxide bioavailability

Measurements of cGMP, a marker of NO bicavailability, were performed in rat
liver homogenates from cirrhotic rats treated with tempol (n=8) or vehicle
(n=48) by enzyme immunoassay, as previously described [9,11,24].

Drugs and chemicals

Tempol (4-hydroxy-2.2,6,6-tetramethyl-piperidine 1-oxyl), 1-NAME, DDC, DHE,
and other chemical reagents were purchased from Sigma (Tres Cantos, Madrid,
Spain). Mouse anti-rat endothelial cell antigen 1 monoclonal antibody was
obtained [rom Serotec (Oxford, United Kingdom). Collagenase 1 was from Roche
Diagnostics (Mannheim, Germany). Percoll was from Amersham Biosciences
(Uppsala, Sweden). Reagents for cell culture were provided by Biological Indus-
tries, Ltd, (Kibbutz Beit Haemek, Israel). cGMP enzyme immunoassay was sup-
plied by Cayman Chemical Co. (Ann Arbor, M1, USA).

Statistical analysis

Statistics were performed using the SPSS 14.0 for Windows statistical package, All
results are expressed as mean £ SEM, Comparisons between groups were per-
formed using the Student’s I-test or the non-parametric test for related (Wilco-
%on) and unpaired data (Mann-Whitney) when adequate. Significance was
established at the 0.05 level.

661



COPIES DELS ARTICLES ORIGINALS

Research Article

Results

Effect of tempol on O, levels and NO bioavailability in SEC from
control rat livers treated with the SOD inhibitor DDC

Control SEC treated with the SOD inhibitor DDC displayed a
marked and significant increase in O, , as shown by DHE stain-
ing, in comparison with vehicle-treated SEC (Fig. 1). This increase
in 0, was associated with a significant reduction in NO bioavail-
ability, as evidenced by DAF-FM-DA staining (Fig. 1). Tempol co-
administration produced a marked and significant attenuation of
the increase in 0y~ levels, which was associated with a partial but
significant increase in NO bioavailability, revealing that tempol is
able to scavenge 0, and therefore, modulate NO bioavailability
in SEC (Fig. 1).

Effect of tempol on 0™ levels and NO bioavailability in cirrhotic rat
livers

We assessed whether tempol is able to modulate NO bioavailabil-
ity by decreasing the elevated O, content of cirrhotic rat livers.
Tempol treatment produced a marked and significant reduction
in 0y~ levels in cirrhotic rat livers (Fig. 2) that was associated
with a significant increase in hepatic cGMP levels (a surrogate
marker of NO bioavailability) (124 + 0.2 vs. 19.7 £ 1.1 pmol/ml;
p <0.05) (Fig. 3).

Effects of tempol on systemic and hepatic hemodynamics in control
and CCly cirrhotic rats

Cirrhotic rats showed arterial hypotension and portal hyperten-
sion in comparison with control rats (Table 1). Tempol had no
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Fig. 2. Representative confocal microscopy images of in situ detection of 0,
with the oxidative dye dihydroethidium (DHE) in fresh liver sections from
cirrhotic rats treated with vehicle (Veh) or with tempol (bar, 10 pm). Bottom
panel: DHE fluorescence intensity analysis showed that tempol significantly
reduced intrahepatic O, content in cirrhotic rats treated with tempol (n=3) vs.
those treated with vehicle (n=2) (Values represent normalized arbitrary units).
<001

significant effects on hepatic and systemic hemodynamics in con-
trol rats (Table 1). By contrast, in cirrhotic rats, tempol produced
a significant reduction in PP (from 15.8 mmHg to 14.6 mmHg;
p <0.05; mean decrease 7.5%). This reduction was associated with
a significant increase in PBF, which suggests a reduction in intra-
hepatic vascular resistance. In addition, tempol significantly
reduced MAP (Fig. 4, Table 1).
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Fig. 1. In situ superoxide (0,) detection by dihydroethidium (DHE) staining and nitric oxide (NO) quantification by DAF staining in sinusoidal endothelial cells
freshly isolated from control rat livers treated with the specific superoxide dismutase inhibitor diethyldithiocarbamate (DDC) alone or in association with tempol
(DDC + Tempol). Top panels, representative images of DHE and DAF staining of SEC treated as described above, Bottom panels, fluorescence intensity of DHE and DAF in
arbitrary units normalized to the total number of cells from ten different replicates (DHE: 1424 individual SEC-Veh, 1287 DDC-SEC, and 1193 DDC + Tempol-SEC; DAF: 1652
individual SEC-Veh, 1046 DDC-SEC, and 1558 DDC + Tempol-SEC). +p <0.01 vs. veh, *p <0.05 vs. DDC.
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Fig. 3. Intrahepatic cGMP levels in cirrhotic rats treated with vehicle (Veh) or
with tempol. cOMP levels were significantly increased in tempol rat livers (n=8
per group). =p <0.05.

To explore whether the hemodynamic effects of tempol in cir-
rhotic rats were mainly mediated by NO, experiments were done
after NO synthase inhibition by .-NAME administration. .-NAME
completely prevented the effects of tempol on hepatic and sys-
temic hemodynamics suggesting that these effects were NO
dependent (Table 2).

Discussion

Increased hepatic vascular resistance in cirrhosis has been related
to reduced NO bioavailability within the cirrhotic liver. To date,
attempts to correct intrahepatic NO deficiency in experimental
cirrhosis have been based on interventions aimed to increase
NO, among other strategies, by over-expressing NO synthases
|25-27] or enhancing its activity [24,28,29).

Recently, we have demonstrated that in cirrhotic livers, as it
occurs in other vascular disorders, the increased O, reacts with
NO and contributes to further decrease of NO bioavailability [9].
0, content in cirrhotic rat livers is increased because of an
enhanced generation by COX and XO and to a reduced metaboli-
zation by SOD [9,10]. In that regard, transfection, of cirrhotic rats
with portal hypertension, with an adenovirus coding for extracel-
lular SOD, resulted in a marked reduction in Oz, enhancing NO

JOURNAL OF HEPATOLOGY

Table 1. Effects of tempol on systemic and hepatic hemodynamics in control
and cirrhotic rats.

Characteristic CT preT CTpostT CHpreT  CH postT
MAP (mmHg) 12491164 1157+160 941+175" 845+204"
PP (mmHa) 79+14 1712 168+29° 146+39"
PBF (ml/min) MA1+£28 117424 152:50% 188+55°
VR (mmHg/mimin™) 10.6+25  10.3+3.1  124+£13" 954467

Effects of tempol (180 pmol/kg/h) on mean arterial pressure (MAP), portal pres-
sure (PP), portal blood flow (PEF), and intrahepatic vascular resistance (IVR) in
control (CT) and cirthotic (CH) rats. Measurements were obtained at baseline
(preT) and 10 min after tempal infusion through the ileocolic vein {postT). Data
are presented as mean 25D (CT, n=10; CH, n=13). *p <0.05 vs. CT prel and
*n <0.05 vs CH preT.

Table 2. Effects of :--NAME on hepatic and systemic hemodynamic responses
to tempol.

Characteristic preLN postLN postLN-postT
MAP (mmHg) 89.1+18 1202+ 116%  1299+154°*"
PP (mmHg) 157+19  134+10 16,0441
PBF (ml/min) 1M.1+£42 B8+22 9.1+£31
VR (mmHg/mimin™)  14.0+£19 148+62 178199

Effects of --NAME (15 mg/kg) administration prior to tempol (180 pmol/kg/h) on
mean arterial pressure [MAP), portal pressure (PP), portal bloed flow [PBF}, and
intrahepatic vascular resistance (IVR) in cirrhotic (CH) rats. Measurements were
obtained at haseline (prelN), after .-NAME administration (postLN), and after
tempol infusion (postLN-postT). Data are presented as mean=5D (n=5 per
group). #p <0.05 vs. prelN, *p <0.05 vs. postLN,

bioavailability (as estimated by the hepatic levels of cGMP), thus
reducing portal pressure and improving endothelium-dependent
hepatic vasodilatation. This study provided evidence in vivo that
decreasing O, levels by increasing SOD activity may represent
an effective strategy for improving NO bioavailability within
the liver [11]. After adenoviral transfection, approximately 90%
of the adenoviral vector is localized in the liver, therefore, this
may explain its beneficial effect on the hepatic circulation with-
out affecting arterial pressure and would be a theoretical advan-

Control Cirrhosis Cirrhosis + Tempol
65 NO NO NO Oy NO NO 0, NO NO
NO NO 0; NO 0;
0, Gl
< ? ONOO
TEMPOL

Vasodilatation

Decreased
vasodilatation

Vasodilatation

Fig. 4. Tempol vasodilatory effects in the cirrhotic liver. Left panel. control livers exhibit low levels of superoxide radical (0y") and normal nitric oxide (NO)
hioavailability, inducing proper vasodilatation. Middle panel, in the circhotic liver, increased levels of 05~ react with NO to form peroxynitrite (ONOO™ ), further reducing
the already diminished hepatic NO bioavailability. Right panel, tempol administration to cirrhotic livers, by metabolizing O3~ to form Ha0a, reduces hepatic 04~ content,

thus increases NO bivavailability and improves hepatic vasodilatation.
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tage over other strategies aimed at increasing NO availability by
administering non-selective NO-donors that carry the risk of
worsening the hyperdynamic syndrome of cirrhosis. Although it
is a valuable research tool, the use of adenovirus-based gene
therapies is highly controversial in humans [30]. In addition,
the effect vanishes after weeks. To further explore the approach
of increasing NO bioavailability by means of reducing 0; levels
by restoring SOD activity, we used the systemic administration of
tempol. Tempol is a stable low molecular weight cell permeable
antioxidant, mimicking SOD, very effective scavenging intra and
extracellular 0, that has been shown Lo effectively improve
pathological conditions associated with marked oxidative stress
[11,14-16].

Our study clearly demonstrates that tempol is able to effec-
tively decrease O, content in cirrhotic rat livers, an effect asso-
ciated with a significant improvement in NO bioavailability.
These results confirm the concept that it is possible to increase
hepatic NO bioavailability by reducing intrahepatic O~ levels.
The extent of the reduction of O, and of the increase in NO bio-
availability (assessed by changes in ¢cGMP) caused by tempol
administration was similar to that observed in our previous study
using EcSOD transfection [11], demonstrating that tempol effi-
ciently reached cirrhotic rat livers. The high antioxidant capacity
of tempal was also demonstrated by the observation that tempol
attenuated the increase in O, levels and partially restored the
insufficient NO bioavailability induced by the SOD inhibitor,
DDC, in sinusoidal endothelial cells.

The molecular effects of systemic tempol on the cirrhotic liver
nitric oxide bioavailability promoted a significant reduction in PP.
This was associated with a significant increase in PBF, suggesting
that the mechanism for such reduction was a decrease in the [VR
caused by tempol, Our finding showing that pre-treatment with
I-NAME completely prevented the effects of tempol, indicating
that these effects are NO mediated.

In the design of our in vivo measurements of PEF we were very
cautious to place the flow probe as close as possible to the liver,
therefore avoiding most portal-collateral circulation, and exclud-
ing possible interference from portal blood flowing through
shunts. Thus, measured PBF is what goes through the liver and
makes our estimation of IVR convincingly accurate. Although
in situ liver perfusion experiments are also a good choice for eval-
uating IVR, in the present study we chose in vivo estimation due
to the extremely short half life of tempol and as a consequence
the uncertainty of achieving steady and reliable tempol concen-
trations in the perfusion buffer.

The observed increase in PBF, and more importantly, the
reduction in arterial pressure, suggest that the effects of tem-
pol were not only limited to hepatic circulation but also
extended to the systemic circulation. We cannot rule out,
together with increased systemic NO availability, that systemic
H,0, accumulation could be implicated in the decreased arte-
rial pressure observed in tempol-treated cirrhotic animals. In
fact, it is well known that H,0, may produce vasodilation or
vasoconstriction depending on the vascular bed and experi-
mental conditions [31,32]. Different studies have postulated
that tempol can transiently increase vascular H,0; leading to
vasodilation [32,33]. Hence, tempol may exacerbate the hypo-
tension associated with the hyperdynamic syndrome of cirtho-
sis and portal hypertension, reinforcing the idea that therapies
aimed at increasing liver NO availability should be liver-selec-
tive [2,24,3435].

In conclusion, the current study demonstrates that adminis-
tration of tempol to cirrhotic rats reduces hepatic oxidative stress
and increases NO availability, which is associated with a reduc-
tion in PP secondary to an improvement in the intrahepatic circu-
lation, confirming that oxidative stress is one of the multifactorial
causes worsening portal hypertension in cirrhosis. However, tem-
pol, as a non liver-selective agent, has the potential of producing
deleterious effects on systemic hemodynamics. This needs to be
carefully evaluated when considering the use of antioxidants as
additional therapy to treat portal hypertension in cirrhosis.
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Resveratrol improves intrahepatic endothelial dysfunction
and reduces hepatic fibrosis and portal pressure in cirrhotic rats
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Background & Aims: Resveratrol, a polyphenol found in a variety
of fruits, exerts a wide range of beneficial effects on the endothe-
lium, regulates multiple vasoactive substances and decreases oxi-
dative stress, factors involved in the pathophysiology of portal
hypertension. Our study aimed at evaluating the effects of resve-
ratrol on hepatic and systemic hemodynamics, hepatic endothe-
lial dysfunction, and hepatic fibrosis in CCly cirrhotic rats.
Methods:; Resveratrol (10 and 20 mg/kg/day) or its vehicle was
administered to cirrhotic rats for two weeks and hepatic and sys-
temic hemodynamics were measured. Moreover, we evaluated
endothelial function by dose-relaxation curves to acetylcholine,
hepatic NO bioavailability and TXA; production. We also evalu-
ated liver fibrosis by Sirius Red staining of liver sections, colla-
gen-1, NFiB, TGF mRNA expression, and desmin and s-smooth
muscle actin (2-SMA) protein expression, as a surrogate of hepa-
tic stellate cell activation,

Results: Resveratrol administration significantly decreased portal
pressure compared to vehicle (12.1+0.9 vs. 14.3 £+ 2.2 mmHg; p
<0.05) without significant changes in systemic hemodynamics.
Reduction in portal pressure was associated with an improved
vasodilatory response Lo acetylcholine, with decreased TXA; pro-
duction, increased endothelial NO, and with a significant reduc-
tion in liver fibrosis. The decrease in hepatic fibrosis was
associated with a reduced collagen-1, TGFj}, NFicB mRNA expres-
sion and desmin and 4-SMA protein expression.

Keywords: Oxidative stress; Endothelial dysfunction; Nitric oxide; Thromboxane.
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PP, mmHg, portal pressure; PBF, mlmin~?, portal blood flow; SMABF, ml min~",

superior mesenteric artery blood flow: Mtx, methoxamine; Ach, acetylcholine;
TXB,, thromboxane By 05, superoxide; DHE, dihydroethidium; ¢GMP, cyclic
guanosine monophosphate; P-eNOS, phosphorylated eNOS; »-SMA, 2 smooth
muscle actin.
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Conclusions: Resveratrol administration reduces portal pressure,
hepatic stellate cell activation and liver fibrosis, and improves
hepatic endothelial dysfunction in cirrhotic rats, suggesting it
may be a useful dietary supplement in the treatment of portal
hypertension in patients with cirrhosis.

© 2013 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

In cirrhosis, the initial factor determining the onset of portal
hypertension is the increase in intrahepatic vascular resistance.
This is not only due to morphological changes resulting from
chronic liver inflammation and fibrosis, but also to reversible
functional alterations, including an exaggerated response of the
porto-hepatic vascular bed to vasoconstrictors and a deficient
response to vasodilators [1]. A decreased nitric oxide (NO) avail-
ability and an increase in cyclo-oxygenase-1 (COX-1)-derived
prostanoids within the liver play a major role in the pathogenesis
of these dynamic alterations |2-5].

Reduced NO availability has been shown to be in part due to
an increase scavenging by superoxide (0, ) and different strate-
gies aimed at reducing 05 levels [6,7), such as superoxide dismu-
tase (SOD) gene transfer, are able to reduce portal pressure in
experimental models of cirrhosis in the rat.

Resveratrol (3,5,4'-trihydroxystilbene) is a natural polypheno-
lic flavonoid found in a large amount of plant species, including
grapes and their derivatives, berries and nuts. It has been sug-
gested to have important health benefits attributed to its demon-
strated anti-oxidant, anti-neoplastic, anti-inflammatory and anti-
platelet aggregation activities [8-11]. Specifically, in different
experimental models, resveratrol improves vascular dysfunction,
an effect that is attributed to its ability to reduce oxidative stress,
to upregulate endothelial nitric oxide synthase (eNOS) expression
and activity, and to inhibit COX-1 activity [12-15].

Resveratrol has been shown to exert anti-oxidant effects in
experimental models of liver injury induced by ischemia/reperfu-
sion and ethanol by inducing the enzymatic activity of SOD and
catalase [1617], and to attenuate fibrosis development when
co-administered with CCly to rats [18}. Additionally, resveratrol
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reduces the hepatotoxicity induced by acetaminophen, ethanol
and carbone tetrachloride (CCly), and prevents liver damage
due Lo ischemia-reperfusion, irradiation, and high-fat diet [19].
Overall, we hypothesized that resveratrol may exert beneficial
effects in the pathophysiological mechanisms involved in the
development of portal hypertension in cirrhosis.

Therefore, the aim of the present study was Lo investigate the
effects of chronic administration of resveratrol in CCly-cirrhotic
rats with portal hypertension.

Materials and methods
Induction of cirrhosis by CCly and resveratrol administration

In male Wistar rats (50-75 g}, cirthosis was induced by inhalation of CCl, three
times a week, and phenobarbital {0.3 g/L) was added to the drinking water as pre-
viously described [6]. When cirrhotic rats had developed ascites, after approxi-
mately 12-15weeks of CCly inhalation, administration of CCly and
phenobarbital was discontinued. One week later, the animals were randomized
to receive resveratrol (10 mg/kg body weight (bw); Sigma, Tres Cantos, Madrid,
Spain) or its vehicle (carboximethylcellulose 0.7%) daily by gavage for two weeks.
Resveratrol or its vehicle was prepared and administered by a third person and,
therefore, the investigators performing the experiments were not aware of the
treatment received by the rats. Experiments were initiated 1 h after the adminis-
tration of the last dose of resveratrol or vehicle, The dose of 10 mg/kg bw/day of
resveratrol has been shown to reduce liver oxidative damage after bile duct liga-
tion [20] and to decrease acute liver damage induced by acute CCly intoxication
[21]. To evaluate a possible dose-dependent effect of resveratrol, an additional
group of rats were treated with resveratrol at 20 mg/kg bw/day{n = 10) or its cor-
responding vehicle (n=8), The animals were kept in environmentally controlled
animal facilities at the Institut d'investigacions Biomédiques August Pi y Sunyer
[IDIBAPS). All procedures were approved by the Laboratory Animal Care and
Use Committee of the University of Barcelona and were conducted in accordance
with European Community guidelines for the protection of animals used for
experimental and other scientific purposes (EEC Directive 86/609.

In vivo hemodynamic studies

Rats were anesthetised with ketamine hydrochloride (100 mg/kg; Merial Labora-
tories, Barcelona, Spain) plus midazolam (5 mg/kg: Laboratorios Reig Jofré, Barce-
lona, Spain) intraperitoneally. A tracheostomy was performed and a polyethylene
tube PE-240 was inserted into the trachea to ensure a patent airway. PE-50 cath-
eters were introduced into the femoral artery to measure mean arterial pressure
{MAP; mmHg) and into the ileocolic vein to measure portal pressure (PP, mmHg).
Perivascular ultrasonic flow probes connected to a flow meter [ Transonic Systems
Inc,, Ithaca, NY, USA) were placed around the portal vein, as close as possible to
the liver to avoid portal-collateral blood flow, in order to measure portal blood
flow (PBF; ml min~") going through the liver, and at the superior mesenteric
artery fo measure superior mesenteric artery blood flow (SMABF; ml min~").
Blood pressures and flows were registered on a multichannel computer-based
recorder {Powerlab; AD Instruments, Colorado Springs, CO). The temperature of
the animals was maintained at 37 £ 0.5 °C and hemodynamic data were collected
after a 20 min stabilization period.

Evaluation of endothelial function

Alter in vivo hemodynamic measurements, livers were quickly isolated and per-
fused by a flow-controlled perfusion system as previously described [22]. The
perfused rat liver preparation was allowed to stabilize for 20 min before vasoac-
tive substances were added. The intrahepatic microcirculation was preconstricted
by adding the ¥-adrenergic agonist methoxamine (Mtx; 107* mol/L; Sigma) to
the reservoir. After 5 min, concentration-response curves to cumulative doses
of acetylcholine (Ach; 1077, 107°, and 107> mal/L; Sigma) were evaluated, The
concentration of Ach was increased by 1log unit every 1.5 min interval, Responses
to Ach were calculated as the percentage change in portal perfusion pressure [5].
The gross appearance of the liver, stable perfusion pressure, bile production over
0.4 ul/min/g of liver and a stable buffer pH (7.4 £ 0.3) were monitored during this
period. If any viability or stability criteria were not satisfied, the experiment was
discarded,
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Measurement of 0, content.

To evaluate if resveratrol is able to reduce intrahepatic 07 levels, livers from cir-
rhotic rats treated with resveratrol (n=2) or vehicle (n=2) were promptly
removed after the hemodynamic measurements and in situ O; content was eval-
uated in fresh liver cryosections (10 pm) stained with the oxidative fluorescent
dye dihydroethidium (DHE) (Molecular Probes, Eugene, Oregon USA), as previ-
ously described [2324].

50D acrivity,

Total S0D activity was measured in liver homogenates obtained from CCly-cir-
thotic rats treated with resveratrol or vehicle (n=9 per group), using a commer-
cially available immunoassay (Sigma). The assay is based on the competition
reaction between the sample-containing SOD and the highly water-soluble tetra-
zolium salt (WST) that produces a water-soluble formazan dye upon reaction
with 0;. Briefly, livers were homogenized in buffer containing 20 mM Hepes,
1 mM EDTA, 210 mM mannitol and 70 mM sucrose. After centrifugation at
1500g for 5 min at 4 °C, the supernatant was collected and protein concentration
was quantified. 50D activity assay was performed according to manufacturer's
instructions.

Evaluation of NO' pathway

Nitric axide bioavailability,

Measurements of cyclic guanosine monophosphate (cGMP), a marker of NO bio-
availability, were performed in liver homogenates from cirrhotic rats treated with
resveratrol (n=8) or vehicle (n=8) using an enzyme immunoassay (Cayman
Chemical Company, Tallin, Estonia), as previously described [7,25).

eNOS and P-eNOS protein expression,

Total eNOS and P-eNOS protein expression was determined by Western blot in
liver homogenates [rom cirrhotic rats treated with resveratrol (n = 4) or vehicle
(n=4) as previously described |7]. Antibodies against phosphorylated eNOS
(Ser1176; Cell Signaling Technology, Beverly, MA) and total eNOS (BD Bivsci-
ences, San Jose, CA) were incubated for 16 h at 4 °C, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies (Stressgen, Victoria, BC,
Canada) for 1 h at room temperature. Blots were revealed by chemiluminescence.
Protein expression was determined by densitometric analysis using Science Lab
2001, Image Gauge (Fuji Photo Film Gmbh, Diisseldorl, Germany). Quantitative
densitometry values of eNOS and P-eNOS were normalized to GAPDH.

Measurement of thrombaxane A,

In liver-perfusion experiments, samples of the perfusate were obtained before
Mtx administration and after the dose-response to Ach, The samples were stored
at ~80°C, and thromboxane By (TXB,), the end metabolite of thromboxane A,
(TXA,), was quantified in duplicate using a commercially available enzyme
immunoassay (Cayman) [2627). TXB, production was expressed as absolute
increment after dose-response curve to Ach over baseline before Mix administra-
tion [28],

Effects of resveratrol on sinusoidal endothelial cells

Isolation of simusoidal endothelial cells.

Sinusoidal endothelial cells were isolated from control and cirrhotic rats as pre-
viously described [24), Briefly, after collagenase perfusion of the livers and iso-
pycnic sedimentation of the resulting dispersed cells through a two-step
density gradient of Percoll, pure monolayer cultures of SEC were established by
selective attachment on a substrate of rat tail collagen type 1. Alterwards, cells
were cultured in Roswell Park Memorial Institute (RPMI)-1640 and studies were
performed on cells from the first passage, 12 h after their isolation, to preserve
their typical phenotype.

Measurements of NO levels and TXA; production in SEC.

To determine whether resveratrol administration could increase NO bioavailabil-
ity in SEC isolated from five cirrhotic rat livers (CH-SEC), CH-SEC were incubated
for 24 h at 37 °C with resveratrol (50 uM) or with vehicle (ethanol). Then, nitric
oxide levels were assessed with DAF-FM-DA as previously described [29]. In addi-
tion, nitrites/nitrates (NOx) production was assessed in aliguots of SEC superna-
tants using specific microelectrodes (Lazar Laboratories, Los Angeles, CA)
according to manufacturer's instructions,
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SEC isolated from cirrhotic rats were treated with resveratrol or vehicle for
24 h, and afterwards arachidonic acid (40 uM) was added for 20 min in order
to stimulate prostanoid production. Then, the supernatant was collected and
TXAy determined as described above:

Evaluation of hepatic fibrosis

Sirius Red staining.

Livers from cirrhotic rats treated with resveratrol (n=8) or vehicle (n=9) were
fixed in 10% formaldehyde, embedded in paraffin, sectioned and stained with
0.1% Sirius Red, photographed, and analyzed using a microscope equipped with
a digital camera [29,30]. Eight fields from each slide were randomly selected,
and the red-stained area per total area was measured using AxioVision software.

Tmmunohistochemistry of 1-SMA and desimin,
Immunostaining of paraffin-embedded liver sections was performed with mouse
anti-y=smooth muscle actin (¥-SMA) antibody (1:1000; Sigma) and mouse anti-
desmin antibody (1:50; DAKO, Denmark) or, as a negative control, with' phos-
phate-buffered saline. Bound antibodies were visualized using with Dako Real
Envision Detection System Peroxidase/ DAB+ and slides were then counterstained
with hematoxylin.

4-SMA and desmin relative volume was determined by point-counting mor-
phometry on immunoperoxidase-stained sections, using a point grid to obtain the
number of intercepts over 2-SMA and desmin positive cells over the tissue, Four-
teen fields were counted in each liver (n=6 per group). All measurements were
performed by two blinded observers, The relative volume was calculated by
dividing the number of points over that particular cell type by the total number
of points over liver tissue. Results are normalized to vehicle.

Fibrosis markers expression,
Hepatic protein expression of 4-SMA was determined by Western blot in hepatic
samples using 4 mouse antibody against 4-SMA (Sigma).

Coflagen [, 7-SMA, TGFf, NFxB, MMP2, MMP9, TIMP1 and TIMPZ gene expression,
Hepatic gene expression of all genes was assessed by real time quantitative
reverse transcriptase-polymerase chain reaction using predesigned gene expres-
sion assays obtained from Applied Biosystems (AB, Foster City, CA) according to
the manufacturer's protocol and reported relative to endogenous control GAPDH,
All PCR reactions were performed in duplicate and using nuclease-free water as
no template control,

Effects of resveratrol on #-SMA and procollagen | gene expression, and Bad protein
expression in hepatic stellate cells

To study the effect of resveratrol treatment on HSC, we used the immortalized
humane stellate cell line 1X2 (kindly provided by Dr, Bataller), which has been
previously well characterised [31]. LX2 were seeded onto p35 plates at density
of 150,000 per plate in Dulbecco'’s minimal essential medium supplemented with
10% fetal bovine serum, 1% penicillin, and 1% streptomycin and cultured over-
night. Resveratrol was added at concentration of 10 or 50 pM to subconfluent cul-
tures of LX2 for 24 h.

%-5MA and procollagen | gene expression was determined by real-time PCR
using predesigned gene expression assays obtained from Applied Biosystems
according to the manufacturer's protocol and reported relative to endagenous
control 185 as indicated above,

Protein expression of Bad, a proapoptotic member of the Bcl-2 gene family,
which is invalved in initiating apoptosis, was determined by Western blot using
a rahbit antibody against Bad (Cell Signaling Technology).

Effects of resveratrol on CD8 expression in cirrhotic rat livers

Livers were fixed in 10% formalin, embedded in paraffin, sectioned and stained
with hematoxylin-easin (H&E]. For CDG8, that is typically expressed by infiltrat-
ing inflammatory cells [32], immunostaining of paraffin-embedded liver sections
was performed with a mouse anti-CD68 antibody diluted (1:100; Serotec, Kid-
lington, UK), as described above. The number of CD68-positive cells was quanti-
fied using AxioVision software.

Statistical analysis

Statistics were performed using the 5PSS 19.0(IBM) for Windows statistical pack-
age. All results are expressed as mean £ SD unless otherwise specified in figure
legends. Comparisons between two groups were performed with the Student t-

test for unpaired data, or Mann-Whitney test when assumptions of normality
could not be verified. The ANOVA test for repeated measurements was used if
appropriate. Significance was set at the 0.05 level.

Results

Effect of resveratrol on hepatic and systemic hemodynamics in
cirrhotic rats

Cirrhotic rats receiving long-term treatment with resveratrol
(10 mg/kg bw/day) had a significantly lower PP than cirrhotic
rats treated with vehicle (12.1£09 vs. 143 +2.2mmHg;
p=0.02), corresponding to a PP reduction of 15%. No significant
changes in PBF, SMABF, MAP or HR were observed (Table 1).
Intrahepatic vascular resistance was lower in resveratrol-trea-
ted rats, although the difference did not reach statistical
significance.

Effect of resveratrol on endothelial function in cirrhotic rat livers

To further characterize the effects of resveratrol on liver vascu-
lature, livers from cirrhotic rats treated with resveratrol or
vehicle were isolated and perfused. As expected, livers from
cirrhotic rats treated with vehicle exhibited endothelial dys-
function, as shown by the reduced vasorelaxation in response
to 1077M Ach and by a paradoxical vasoconstriction at the
107°M, and 107° M dose, Resveratrol administration impraved
hepatic vasorelaxation, indicating an amelioration of endothe-
lial dysfunction (Fig. 1A).

Effect of resveratrol on O levels in cirrhotic rat livers

Resveratrol administration produced a significant decrease in 0,
levels, as shown by DHE fluorescence, demonstrating its antioxi-
dant effect. To evaluate whether part of this effect was due to an
upregulation of the reduced SOD activity of cirrhotic rat livers,
SOD activity in vehicle and resveratrol-treated cirrhotic rats
was measured. No differences in SOD activity were observed
between both groups (Fig. 1B).

Effect of resveratrol on TXB3 production

Resveratrol resulted in a significant decrease in hepatic TXB, pro-
duction compared to vehicle (0.15£0.05 vs. 1 £ 0.6 normalized
arbitrary units; 85% reduction; p <0.01) (Fig. 1C),

Effect of resveratrol on NO pathway

No significant differences in eNOS expression and eNOS phos-
phorylation at Ser 1176 were observed among livers [rom cir-
rhatic rats treated with resveratrol or vehicle. Moreover, no
significant differences in cGMP content (a marker of NO bioavail-
ability) were observed (Fig. 1D).

Effects of resveratrol in sinusoidal endothelial cells

Resveratrol administration promoted a significant increase in NO
in CH-SEC (Fig. 2A). On the other hand, resveratrol significantly
attenuated the increase in TXA; levels induced by AA administra-
tion in CH-SEC (Fig. 2B).
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Table 1. Effects of resveratrol (10 mg/kg bw/day) administration on hepatic hand, no differences in MMP2, MMP9, TIMP1 and TIMP2 were
and systemic hemodynamics in cirrhotic rats, observed among hoth groups [Fig. 3B, bottom pane]}.

Paraimeter Vehicle Resveratrol p value To further explore the role of resveratrol on hepatic stellate
n=8 n=8 cells, we performed in vitro experiments with LX2. As shown in
PP (mmHg) 143222 121%09° 002 Fig. 4, resveratrol produced a significant reduction in procollagen
MAP (mmHg) 04+18 04+ 16 0.08 :aagd I—SMAI gen;exz}r}e\smon in LX2 (Fig. 4A) and an increase in
PBF (miimin) 129442 12931 099 ad-expression (g, 45)
SMABF (miimir) (16410 418821 057 All together, these results support that resveratrol markedly
kT AT ; reduces hepatic stellate cell activation and hepatic fibrosis.

HR (beats/min) 31356 32640 0.59

Rﬁu:;;;m G e Effects of resveratrol on CDG8 expression in cirrhotic rats

PP, portal pressure; MAP, mean arterial pressure; PBF, portal blood flow; SMABF,

superior mesenteric artery blood flow; HR, heart rate. Using histological analyses as well as immunohistochemistry for

(D68, we found that resveratrol attenuated the inflammatory
infiltration (34% decrease) in cirrhotic rat livers (Supplementary
Fig. 1).

Effect of resveratrol on hepatic fibrosis and hepatic stellate cells
Effects of 20 mgfkg bw/day of resveratrol

As expected, cirrhotic rats had a marked architectural distortion

with abundant fibrosis. Rats receiving resveratrol exhibited a sig- Cirrhotic rats treated with a double dose of resveratrol also
nificant reduction in hepatic fibrosis, as proved by a decreased showed a significantly lower PP than cirrhotic rats treated with
fibrosis area on Sirius Red stained liver sections (Fig. 3A). This vehicle (11.6 £2.2 vs. 14.7 £ 1.8 mmHg, p <0.05), similar to what
was associated with a significant reduction in collagen | and observed in rats treated with the 10 mg/kg bw/day dose. Treat-
the profibrogenic factors NFxB and TGFfi mRNA expression ment with 20 mg/kg bw/day of resveratrol also did not reduce
(Fig. 3B top panel). Moreover, a marked decrease in 2-SMA, a sur- MAP (90 + 15 mmHg vs. 91 £ 20 mmHg in rats treated with vehi-
rogate marker of hepatic stellate cell activation, gene (Fig. 3B) cle) (Table 2).

and protein (Fig. 3A and C) expression was observed together Rats receiving 20 mg/kg bw/day of resveratrol exhibited a
with a profound decline in desmin expression (Fig. 3A), thus sug- marked and similar reduction in collagen deposition, collagen |
gesting that the decrease in HSC activation may be mostly due to mRNA expression and x-SMA protein expression to those receiv-

the consequence of apoptosis of activated HSC. On the other ing the 10 mg/kg bw/day dose (Supplementary Fig. 2).
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Fig. 1. Effect of resveratrol on endothelial dysfunction. (A} Endothelium-dependent vasorelaxation to acetylcholine (Ach) in isolated and perfused livers from CCly-
cirrhotic rats. Animals were treated with 10 mgfkg bw(day of resveratrol (n = 6) or vehicle (n = 7). Results are expressed as the percentage change of PP in response to Ach
and presented as mean £ SEM. Resveratrol administration significantly improved the impaired vasodilatory response to Ach in CCly-cirrhotic rat livers. (B} Effect of
resveratrol on superoxide levels in CCly-cirrhotic rats. (Left panel) Representative confocal microscopy images of in situ intrahepatic detection of 0; with dihydroethidium,
in fresh liver sections from cirrhotic rats treated with resveratrol {10 mg/kg bw/day: n=2) or vehicle (n = 2). [Right panel, left) DHE fluorescence intensity analysis showed
a marked and significant reduction in intrahepatic O, in cirrhotic rats treated with resveratrol. Values are represented as arbitrary units (AU} normalized to vehicle
livers + SEM. (Right) Total SOD activity determined in liver homogenates from cirrhotic rats treated with resveratrol or vehicle. (C) TXB, production in resveratrol (n = 6) or
vehicle-treated (n=7) CCly-cirrhotic rat livers. Values represent mean £ SEM. (D) Effect of resveratrol on NO pathway. (Right panel) Representative Western blot image of p-
eNOS and total eNOS in CCly-cirrhotic rat livers treated with vehicle or resveratrol. (Left panel) Densitometry analysis of eNOS and p-eNOS (n=4 per group). Values
represent arbitrary units normalized to GAPDH fvehicle livers. Intrahepatic cGMP levels in cirrhotic rats chronically treated with resveratrol or vehicle. Values represent
arbitrary units normalized to vehicle livers. No significant differences in cGMP levels were observed (n =8 per group). (This figure appears in color on the web.)
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Fig. 2. Effects of resveratrol in sinusoidal endothelial cells. (A} (Left panel)
Fluorescent detection of intracellular nitric oxide (NO) in sinusoidal endothelial
cells (SEC) isolated from cirrhotic rat livers (CH-SEC). Fluorescence intensity of
DAF-FM-DA in arbitrary units was normalized to the total number of cells. The
data shown are from 4888 individual resveratrol- and 4081 vehicle-treated CH-
SEC obtained from three different experiments. (Right panel) NOx production in
SEC supernatants (n=12 per group). Resveratrol promoted a significant increase
in NO bioavailability. *p <0.01 vs. vehicle-treated CH-SEC. (B) Thromboxane
(TXA;) production by SEC from circhotic rats stimulated with AA in the presence
or absence of resveratrol (n=12 per group). In SEC-CH, resveratrol treatment
produced a significant decrease in TXA (—80%). *p <0.05.

Discussion

In cirrhosis, an increase in hepatic vascular resistance to portal
blood flow is the primary factor in the development of portal
hypertension |3]. Therefore, it is of great interest to develop ther-
apeutic strategies aimed at decreasing portal pressure by reduc-
ing hepatic vascular resistance.

Resveratrol is a natural substance with many biological func-
tions; among others, it induces antioxidant enzymes, increases
NO bioavailability and inhibits the production of inflammatory
factors [33].

The main finding of the present study is that in established
cirrhotic rats with severe portal hypertension, the oral adminis-
tration of resveratrol for two weeks reduces portal pressure,
without affecting portal blood flow, indicating an effective reduc-
tion in hepatic vascular resistance. This beneficial effect on portal
pressure was confirmed when a double dose of resveratrol was
used. Remarkably, the beneficial effect of resveratrol on portal
pressure occurred in the absence of deleterious effects on sys-
temic hemodynamics, as shown by the absence of significant
changes in mean arterial pressure, heart rate and superior mesen-
teric artery blood flow.

Our results further suggest that the reduction in hepatic resis-
tance induced by resveratrol was the result of both amelioration
of the liver architectural abnormalities and an improvement in
endothelial dysfunction. Indeed, resveratrol significantly reduced
liver fibrosis, as shown by the reduction in fibrosis area on Sirius
Red stained liver sections and the decrease in collagen | mRNA
expression, an effect that was not observed in cirrhotic rats trea-
ted with vehicle, demonstrating that this was due to an enhance-
ment by resveratrol of the regression of fibrosis that occurs after
ceasing CCl, administration. Our results showing a decline in
both desmin and %-SMA expression in liver tissue suggests that
a decrease in HSC activation may be mostly due to the conse-
quence of apoptosis of activated HSC. This suggestion is further
supported by our findings in LX2 cells showing that resveratrol
significantly decreases collagen [ and z-SMA gene expression in
association with an increase in Bad protein expression, a marker
of apoptosis induction.

It has been well documented that a reduction of oxidative
stress can deactivate mechanisms leading to liver fibrosis [34].
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Fig. 3. Effect of resveratrol (10 mg/kg bw/day) on hepatic fibrosis in CCly
cirrhotic rats. (A) (Top panel) Representative histological images (staining with
Sirius Red) and immunehistochemistry (2-SMA and desmin staining) of liver:
from resveratrol- or vehicle-treated CCly-cirrhotic rats. (Bottom panel) Quantifi
cation of liver fibrosis (Sirius Red staining area per total area, and %-SMA an¢
desmin relative volume) in cirrhotic rats treated with resveratrol or vehicle
Values represent arbitrary units normalized to vehicle livers. (B) »-SMA, Collal
INFicB, TGFf, MMP2, MMP9, TIMPT and TIMP2 mRNA expression levels in livers fron
cirrhotic rats treated with resveratrol or vehicle. Values are normalized to thi
expression of vehicle-treated livers. (C) (Left panel) Representative Western blo
analysis for 4-SMA in livers from vehicle (n = 7) or resveratrol-treated (n=7) CCly
cirthotic rats. (Right panel) Densitometry guantification of %-SMA in cirrhoti
livers treated with resveratrol and vehicle, Values represent arbitrary unit
normalized to vehicle livers. *p <0.05. (This figure appears in color on the web.)
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Fig. 4. Effects of resveratrol on hepatic stellate cells in vitro. (A) Relative 3-SMA
and Collal mRNA levels in X2 treated with resveratrol (n=12) or vehicle
{n=12) normalized to an endogenous reference gene { 185). Values (mean + SEM)
are normalized to vehicle-treated LX2 cells, (B) (Left panel) Representative
Western blot analysis for Bad in X2 treated with resveratrol (n=7) or vehicle
{n=T7). [Right panel) Densitometry quantification of Bad in circhotic livers treated
with resveratrol and vehicle, Values represent arbitrary units normalized to
vehicle livers, 'p <0.05.
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Table 2. Effects of resveratrol (20 mg/kg bw/day) administration on hepatic
and systemic hemodynamics in cirrhotic rats,

Parameter Vehicle Resveratrol p value
n=8 n=9

PP (mmHg) 147£17 11621 0.01

MAP (mmHg) 91+21 89+15 0.86

HR (beats/min) 31617 347 £ 40 0.06

Results are expressed as mean 5D,
‘p=0.01.
PP, portal pressure; MAP, mean arterial pressure; HR, heart rate.

Therefore, we could speculate that, in our setting, the antifibrotic
effect of resveratrol may be due, at least partly, to its anti-oxidant
activity [35]. Indeed, it has been shown that resveratrol inhibits
the activation of NF-kappaB, which promotes the transcription
of several cytokines, including the pro-fibrogenic TGFf
[18,36,37). In that regard, we have also demonstrated that resve-
ratrol treatment produces a significant reduction in NFB and
TGFf gene expression, suggesting that resveratrol is able to
reduce fibrosis by reducing profibrogenic stimuli in cirrhotic rat liv-
ers, Whatever the mechanism, these effects on liver fibrosis were
not boosted by higher doses of resveratrol, since similar reductions
in fibrosis were observed with 10 and 20 mg/kg bw/day.

Cirrhotic livers of rats treated with resveratrol had a reduction
in 0; levels. Resveratrol itself, as a polyphenolic compound, has
been shown to scavenge hydroxyl, O, and other radicals
|38,39]. Moreover, resveratrol has also indirect antioxidant
effects by upregulating different endogenous cellular antioxidant
systems, such as SOD, catalase, and glutathione peroxidase, and
by inhibition of enzymatic systems involved in ROS formation,
like NAPDH oxidase [40,41]. Although decreased scavenging of
0; by diminished SOD activity has been reported as one of the
causes of the increased oxidative stress in cirrhotic livers [24],
we did not find any effect of resveratrol treatment on SOD activ-
ity. Therefore, we think that what observed is a direct antioxidant

JOURNAL OF HEPATOLOGY

effect of resveratrol although we cannot exclude that other mech-
anisms, different from SOD activity increase, could be implicated.

Resveratrol administration also improved endothelial dys-
function. We have previously demonstrated that reduced NO bio-
availability and a COX-1-dependent increase in TXA; are the
main factors mediating the endothelial dysfunction of cirrhotic
rat livers | 542,43, Resveratrol has been shown to act as a perox-
idase-mediated inactivator of COX-1 [15] and, in agreement with
that, we found that resveratrol markedly inhibited TXA, produc-
tion in whole tissue. We also observed that resveratrol could
attenuate the increase in TXA; levels induced by AA administra-
tion in SEC-CH, confirming the role of COX-1-derived prostanoids
in the improvement of endothelial dysfunction by resveratrol. In
addition, resveratrol treatment promoted a significant increase in
NO bicavailability in endothelial cells isolated from cirrhotic liv-
ers. Taken together, these results suggest that resveratrol may
improve endothelial dysfunction by increasing endothelial NO
and reducing endothelial TXA,. Besides, it is highly likely that
the improvement in liver fibrosis produced by resveratrol itself
may play a major role in the recovery of endothelial function.

Furthermore, we herein show that resveratrol reduces the
number of CD68-positive cells (34% decrease) in cirthotic livers.
This finding is in agreement with a published study showing that
resveratrol may attenuate inflammatory infiltration [37], an effect
that may represent an additional benefit of resveratrol treatment.

In conclusion, our data show that chronic resveratrol adminis-
tration to cirrhotic rats reduces portal pressure both by causing a
regression of liver fibrosis and by correcting hepatic endothelial
dysfunction, without affecting systemic hemodynamics. Due to
these properties and its low toxicity, resveratrol, which is widely
available, may be a useful supplement in the treatment of
patients with cirrhosis and portal hypertension.
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4.1 Estudi 1: Tempol administration, a superoxide dismutase
mimetic, reduces intrahepatic vascular resistance and portal

pressure in cirrhotic rats.

e Les CES (cel-lules endotelials sinusoidals) de rates control tractades
amb un inhibidor especific de I’enzim SOD, presenten elevats
nivells d’estrés oxidatiu que provoquen una disminucié en la
biodisponibilitat d'NO endotelial. Aquest fet és parcialment

restaurat tractant-les amb Tempol.

e Les rates cirrotiques tractades amb Tempol presenten una
disminucio de l'estres oxidatiu i un augment en la biodisponibilitat
d’'NO.

> L'administracid6 in vivo de Tempol a rates cirrotiques
disminueix la pressié portal. Aquesta disminucié s’associa a
un augment del flux vends portal, que suggereix una
disminuci6 de la resisténcia vascular intrahepatica.
Malauradament la PAM (pressié arterial mitja) es troba

significativament disminuida.

> L'administracié previa de L-NAME, inhibidor especific de NOS,
elimina completament els efectes del Tempol, suggerint que el

seu mecanisme d’accié depen de la via de I'NO.
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4.2 Estudi 2: Resveratrol improves intrahepatic endothelial
dysfunction and reduces hepatic fibrosis and portal pressure

in cirrhotic rats.

e L'administraci6 de Resveratrol durant 15 dies amb una dosi de
10mg/kg/dia a rates cirrotiques amb hipertensié portal produeix un
descens significatiu del 15% en la pressido portal sense cap
modificacié en el flux portal, suggerint una disminucié de la

resisténcia vascular intrahepatica.

» El tractament no produeix canvis significatius a nivell
sistemic. Aquests efectes es confirmen per un grup addicional
de rates que va ser tractat durant 15 dies amb doble dosi de

Resveratrol de 20mg/kg/dia.

> Es produeix una millora significativa de la disfuncié endotelial,
avaluada per dosis creixents del vasodilatador depenent
d’endoteli: Ach (acetilcolina) i disminueix marcadament la

produccié hepatica de TXA; (tromboxa).

e L'administracié¢ de Resveratrol comporta una disminucio
significativa de |'estrés oxidatiu hepatic, tot i que no es veu
acompanyat d‘un augment en la biodisponibilitat d'NO ni es
produeixen canvis significatius en la seva via de sintesi. Per altra

banda, |'activitat de I'enzim SOD tampoc es veu modificada.

e El tractament amb Resveratrol disminueix la fibrosi hepatica i

I'activacié de les HSC (cel-lules hepatiques estrellades).

> Aquests efectes s’han confirmat en una linia cel-lular de
cel-lules estrellades humanes activades (LX2) i amb un grup
addicional de rates que va ser tractat durant 15 dies amb

doble dosi de Resveratrol de 20mg/kg/dia.
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> L'administraci6 de Resveratrol provoca un descens del 34%

del infiltrat inflamatori produit durant el procés fibrotic.

e En CES (cél-lules endotelials sinusoidals) de rates cirrotiques
I'administracid de Resveratrol produeix un augment significatiu en

la biodisponibilitat d’NO i atenua la produccid de TXA,.
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L'augment de la resistencia vascular intrahepatica es considera el
principal factor que contribueix al desenvolupament de la hipertensié
portal en la cirrosi hepatica. Durant molt de temps, aquest augment
ha estat considerat com la Unica conseqiéncia en la distorsido de
I'arquitectura vascular hepatica causada per la malaltia, perd fa uns
anys es va demostrar que wuna part d'aquest augment era
manipulable mitjancant farmacs (7). La disfuncié endotelial és un dels
mecanismes implicats en aquest augment i la baixa produccido d'NO
per les CES (cel-lules endotelials sinusoidals) sembla ésser el principal
factor involucrat (43). Per tant, estrategies dirigides a augmentar la
produccié d’NO s’han demostrat que milloren la disfuncié endotelial
en animals (51, 52, 60-64) i en pacients cirrotics (125, 169, 176).
Malauradament, els elevats nivells de ROS (espécies reactives
d’oxigen) que acompanyen a la malaltia contribueixen a mantenir
I'escassa produccido d’'NO (44, 177). El nostre laboratori va realitzar
un estudi on per primer cop, es va demostrar que |'administracio
d’adenovirus ecSOD a rates cirrotiques amb hipertensié portal
produia un augment en l'activitat de I'enzim SOD, el que conduia a
una disminucié dels nivells d’O®%;" intrahepatics i un augment en la
biodisponibilitat d’'NO, aixi com una disminucié en la pressié portal
(126). Tot i aix0, les terapies virals presenten controversies en els
éssers humans i els seus efectes s’extingeixen al cap de poques
setmanes de l'administracié. No obstant, aquest estudi va suggerir
que una terapia antioxidant podria ser utilitzada com alternativa

interessant per a tractar la hipertensio portal en la cirrosi.

Conseglientment, els objectius dels treballs d’investigacidé presentats
en la present tesi doctoral es varen enfocar en cercar estrategies
antioxidants alternatives amb aplicacié clinica i avaluar el seu paper
en altres mecanismes fisiopatologics implicats en el desenvolupament

de la hipertensié portal com és el procés fibrotic.
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Els resultats del primer estudi demostren que I'administracié aguda
del mimeétic de I'enzim SOD: Tempol és capag de disminuir els nivells
d’'O*;” en els fetges cirrotics i, aquesta disminucié va acompanyada
d'un augment en la biodisponibilitat d’NO. Aquests resultats sén
similars als obtinguts en l'estudi previ on es va administrar
I’'adenovirus codificant per la isoforma ecSOD a rates cirrotiques amb
hipertensié portal (126), demostrant aixi I'eficacia del tempol en els
fetges cirrotics. De la mateixa manera, resultats similars s’han descrit
en la diabetes mellitus (145), en la insulino-resisténcia (129), en
patologies cardiovasculars (131, 178) i en casos d’'isquemia-
reperfusio cerebral (130, 132, 179, 180).

El gran poder antioxidant del Tempol es va demostrar amb la inhibicid
especifica de I'enzim SOD en CES ja que va ser capac de disminuir els

nivells d'O°®," i, restaurar parcialment, la biodisponibilitat d'NO.

En aquest estudi es demostra que en rates sanes el Tempol no
provoca canvis sistemics ni hemodinamics. Pel contrari, en rates
cirrotiques amb hipertensié portal I'administracié aguda de Tempol
condueix a una disminucid significativa de la pressié portal associada
amb un augment significatiu del flux portal suggerint aixi, la
disminucido en la resisténcia vascular intrahepatica. De la mateixa
manera, s'observa una disminucid significativa de la pressio arterial
sistemica que, juntament amb l'augment del flux portal suggereix
que el Tempol no només juga un paper important a nivell
intrahepatic, sind que també ho fa a nivell sistemic. Els efectes del
Tempol queden totalment anul-lats quan s’inhibeix NOS amb
I'inhibidor especific: L-NAME demostrant aixi, que els efectes

observats depenen de la via de I'NO.

Es coneix que I'H.0, pot actuar com agent vasodilatador o
vasoconstrictor segons el territori vascular i les condicions

experimentals (181, 182) i que l'administraci6é de Tempol pot
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augmentar transitoriament els nivells vasculars d'H,O, que
afavoreixen la vasodilatacié (182, 183). Per tant, no es pot obviar
que l'augment en la biodisponibilitat d’'NO i l'acumulacié d’ H,0;
puguin estar implicats en la disminucié de la pressid arterial sistémica
gue s’observa en les rates cirrotiques tractades amb Tempol. Tenint
en compte aixo, el Tempol podria estar afavorint la hipotensio arterial
que, juntament amb la circulacié hiperdinamica associada a la cirrosi i
la hipertensid portal reforca la idea que les terapies adients per
augmentar la biodisponibilitat d'NO han d’anar dirigides
exclusivament al teixit hepatic (40, 63, 184, 185).

El segon estudi s’ha dut a terme amb un compost d’origen natural
amb un elevat potencial antioxidant anomenat Resveratrol. Es pot
administrar facilment per via oral i actua sobre diferents mecanismes
fisiopatologics involucrats en el desenvolupament de la hipertensié
portal (148).

L’administraci6 de Resveratrol en rates cirrotiques amb hipertensid
portal durant dues setmanes ha produit una disminucié en la pressié
portal sense cap modificacid en el flux portal, suggerint aixi una
disminucio en la resisténcia vascular intrahepatica. Cal destacar, que
aquests efectes beneficiosos s’han produit en abséncia de canvis
significatius a nivell sistemic (pressié arterial, ritme cardiac i flux

esplancnic).

El tractament ha reduit significativament la fibrosi hepatica, ja que els
fetges d’aquelles rates que han rebut Resveratrol presenten menys
quantitat de fibra respecte els fetges de les rates tractades amb
vehicle. A més, aquest fet s’associa amb la reduccid de |'expressid
genica de col-lagen I i els factors pro-fibrogenics NFkB i TGF-B. Per
altra banda, la disminucié en I'expressio genica i proteica del principal
marcador d’activacié de les HSC (cel-lules hepatiques estrellades):

a-SMA i, al mateix temps, la disminuci6 del marcador endogen

75



DISCUSSIO DE RESULTATS

d’'HSC: desmina, suggereix que la reduccidé de fibra i components de
fibrogenesi pot ser conseqlieéncia de |I'apoptosi de les HSC que estan
activades. Aquest resultat es confirma in vitro amb LX2, una linia
cel-lular immortal creada a partir de HSC humanes que presenten un
fenotip similar a les HSC activades in vivo (186). En aquestes
cel-lules s’‘observa que aquelles tractades amb Resveratrol presenten
una disminucid significativa de |'expressié geénica de col-lagen I i a-
SMA respecte les tractades amb vehicle que s’associa amb un
augment del marcador d’apoptosi cel-lular: Bad. Per altra banda, el
tractament amb Resveratrol també millora la inflamacié hepatica
causada pel desenvolupament de la malaltia, tal com demostra la
disminucié del marcador d’inflamacié CD68 (187). Per tant, es pot
hipotetitzar que la regressié en la fibrosi hepatica i la millora de la
disfuncié endotelial podrien explicar la disminucié de la resisténcia
vascular intrahepatica provocada pel tractament. En tot cas, |'efecte

observat no es potencia amb el doble de dosi.

El Resveratrol, com a polifenol, elimina I'anié O°,” i altres radicals
(188, 189) pero a més, indirectament produeix un augment en
I'activitat dels principals sistemes antioxidants: SOD, CAT, glutatio
peroxidasa (GSH) i la inhibicié de sistemes enzimatics implicats en la
generacié de ROS com és la NADPH oxidasa (190, 191). En aquest
estudi, el Resveratrol ha confirmat el seu poder antioxidant
disminuint els nivells intrahepatics d’0®,”, no obstant aquest resultat
no s’‘acompanya d’un augment en l'activitat enzimatica de l’'enzim
SOD tal com fins ara, s’havia demostrat al nostre laboratori (44).
Aix0 fa pensar que, donat el seu ampli espectre d’accid, altres
mecanismes diferents que contribueixen a l'augment de l'activitat

enzimatica de la SOD, hi puguin estar implicats.

Estudis pioners del nostre laboratori han demostrat que la reduida
biodisponibilitat d’'NO i I'augment en els nivells de tromboxa (TXA,),

produits per la via de COX-1, son els principals factors que modulen
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la disfuncié endotelial en els fetges de rates cirrotiques amb
hipertensié portal (43, 192, 193). Per altra banda, el Resveratrol s’ha
demostrat que inhibeix l'activitat peroxidasa de COX-1 (158). El
tractament cronic amb Resveratrol ha produit una disminucid
intrahepatica i cel-lular dels nivells de TXA,, confirmant el paper de
COX-1 en la produccié de prostanoids i en la millora de la disfuncio
endotelial. A més, cal remarcar que el Resveratrol ha produit un
augment cel-lular en la biodisponibilitat d'NO endotelial. Per tant,
aquests resultats suggereixen que el Resveratrol millora la disfuncio
endotelial augmentant la biodisponibilitat d'NO i disminuint la sintesi

de tromboxa.

El tractament cronic ha demostrat una millora generalitzada en la
hipertensié portal i al mateix temps ha confirmat la relacid entre els
sistemes COX i NO (34). Pero el fet més destacat és la notable millora
de I'endoteli vascular reduint el procés fibrotic i provocant un
augment en la biodisponibilitat de I'NO endotelial. Es pot especular
gue la inhibicié del procés fibrotic estigui mediat, en part, per
I'activitat antioxidant del Resveratrol (194). No obstant, recolzant
aquests resultats, un estudi posterior dut a terme al nostre laboratori,
ha demostrat que la millora de I'endoteli també comporta una millora
en les cel-lules hepatiques estrellades de forma paracrina, provocant

una millora en la fibrosi hepatica (195).

Els resultats d’aquest estudi demostren per primer cop, que
I'administracié cronica de Resveratrol a rates cirrotiqgues amb
hipertensié portal aconsegueix disminuir la pressid portal mitjancant
la regressido del procés fibrotic i millora la disfuncié endotelial
augmentant la biodisponibilitat d'NO sense produir canvis a nivell

sistemic.
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L'administraci6 de Tempol a rates cirrotiques amb hipertensio
portal disminueix |'estrés oxidatiu i augmenta la biodisponibilitat

intrahepatica d’'NO.

El tractament amb Tempol produeix un descens significatiu en la
pressido portal com a conseqiiéncia d’'una millora en la circulacio

intrahepatica.

El tractament amb Tempol ha produit efectes sistémics demostrant

gue no actua exclusivament a nivell intrahepatic.

El tractament cronic amb Resveratrol a rates cirrotiques amb
hipertensié6 portal disminueix la pressié portal provocant la

regressié en el procés fibrotic i inflamatori.

L'administraci6 del Resveratrol produeix una millora en el to

vascular hepatic sense canvis a nivell sistémic.
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Ens els darrers anys s’han dut a terme un gran nombre d’estudis que
han permes identificar diferents mecanismes implicats en el
desenvolupament de la hipertensié portal. Malauradament, a data
d’avui la Unica cura definitiva segueix essent el transplantament
hepatic en casos d’extrema gravetat i, I'administracié d’agents B-
bloquejants per prevenir complicacions de la malaltia com el sagnat
per varius esofagiques. En la darrera década s’ha postulat
I'administracié d’estatines per la millora de I'endoteli vascular hepatic
mitjancant el factor de transcripcido: KLF2, el qual es troba
ampliament expressat en el fetge cirrotic i regula un gran nombre de
mecanismes (196, 197). La simvastatina en concret ha demostrat
aquest fet, (63, 198) mitjancant la millora del fenotip endotelial i la

desactivacio de les cel-lules hepatiques estrellades (195).

Per altra banda, l'interés en els flavonoids i les seves propietats
antioxidants ha anat agafant forca en el camp de la hipertensio
portal. En la present tesi doctoral s’ha estudiat el Resveratrol, un
polifenol natural que s’obté principalment per la ingesta de fruita,
raim i els seus derivats i, fruits secs. Altres flavonoids com els del
cacau, presents a la xocolata negra, també han demostrat una

millora en els malalts cirrotics (199).

Tot i que encara no es pot parlar d’'un Unic farmac per curar la
malaltia, els treballs englobats en la present tesi doctoral i, els que
han estat publicats paral-lelament suggereixen que el tractament
adient pels malalts cirrotics podria ser aquell en que es combinés
agents B-bloquejants amb estatines i, com a complement, una dieta

sana i equilibrada rica en agents antioxidants.
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