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INTRODUCCIO






1) MALALTIA INFLAMATORIA INTESTINAL

La Malaltia Inflamatoria Intestinal (MIl) és un terme que s’utilitza de manera genérica per a referir-se a
malalties de presentacié cronica que tenen un curs recurrent i sén d’etiologia desconeguda. Inclou una
amplia gamma de manifestacions cliniques, la caracteristica principal de les quals és una inflamacié
cronica en algun punt del tub digestiu. El terme MIl engloba basicament la colitis ulcerosa (CU) i la malaltia
de Crohn (MC), encara que hi ha altres malalties que cursen amb inflamacié intestinal i poden tenir

manifestacions cliniques similars (Figura 1).

MALALTIA INFLAMATORIA INTESTINAL (MIl)

Malaltia de Crohn Colitis Ulcerosa

Colitis No Classificable

Figura 1. Malaltia Inflamatoria Intestinal

En el curs clinic de la malaltia, la cronicitat consisteix en I'alternanca de periodes d’inactivitat, fases de
remissié, amb periodes d’activitat clinica de diferent intensitat, brots o recidives. La CU és una inflamacio
de la mucosa del colon que afecta al recte en el 95% dels casos i s’extén de manera proximal i continua

en una longitud variable, pot afectar tot el colon (Figura 2).

PROCTITIS COLITIS ESQUERRA PANCOLITIS

Figura 2. Zones d’afectaci6 de la Colitis Ulcerosa. Adaptat de http://www.accurioja.com/colitis.html
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La MC pot afectar qualsevol zona del tracte digestiu, encara que de manera predominant apareix en el
segment intestinal que envolta la valvula ileo-cecal o en lintesti gruixut (Figura 3). Sol afectar diferents
segments del tracte gastro-intestinal entre els que hi ha zones histoldgicament normals. A diferéncia de la
CU en qué hi ha afectaci6 localitzada a la lamina propria, en la MC I'afectacio de l'intesti és transmural i

per tant afecta totes les capes de l'intesti.

Figura 3. Zones de més afectacié en la Malaltia de Crohn.

http://www.fascrs.org/patients/conditions/spanish_brochures/enfermedad_de crohn/

2) MALALTIA DE CROHN

Es una malaltia amb una incidéncia d’antre 1 i 10 casos cada 100.000 habitants. El diagnostic de la
malaltia és molt rar abans dels 10 anys d’edat i té pics d’incidéncia maxima al voltant de la 2a i 3a década
de vida. La distribucié per sexes és similar’. La inflamacié intestinal apareix com a conseqtiéncia d’'una
resposta immunologica anormal a components de la llum intestinal en individus genéticament
predisposats. Al ser una malaltia d’afectacié transmural, la inflamacié pot localitzar-se a tot el gruix de la
paret intestinal. Hi ha afectacié de la mucosa, la submucosa, la muscularis propia, la subserosa i el greix

mesenteéric (Figura 4).



Mucosa

Tunica
Muscu-
laris

Serosa

Figura 4. Estructura de la paret intestinal

http://alexandria.healthlibrary.ca/documents/notes/bom/unit_4/unit%204%202005/Images%202005/lec%2015-%20fig%201.gif

El comportament clinic de la malaltia es presenta en diferents patrons, aquests patrons no sén estables

siné que al llarg del temps es poden presentar tots ells en un mateix pacient i sén? (Figura 5):

Patré inflamatori: preséncia d’ulceres superficials, que es poden convertir en més profundes, i
inflamacié.

Patr6 fibro-estenosant: la estenosi es defineix com un estretament de la llum intestinal degut al
procés inflamatori de llarga evolucio, mentre que la fibrosi resulta d’'un procés anomal de reparacié
del teixit i es caracteritza per la preséncia d'un teixit cicatricial. Es caracteritza per una pobra
resposta al tractament medic i requereix un procés quirurgic.

Patré perforant o fistulitzant: la inflamacié en Tili pot evolucionar cap a unes estructures
transmurals, les fistules, que poden causar perforacié de l'intesti 0 comunicacions amb altres

organs.



Inflammation
30%

- distended
ileum

Figura 5. Comportament clinic de la Malaltia de Crohn.

http://www.hopkins-gi.org/GDL_DiseaseLibrary.aspx?SS=&CurrentUDV=31

En els pacients amb un patré fibro-estenosant es déna una reduccié de la llum que dificulta el transit
intestinal. Aquest fet condiciona l'aparicié de dolor abdominal amb distensié abdominal, nausees i vomits,
molts cops en abséncia de simptomes i parametres analitics suggestius d’activitat inflamatoria. El
desenvolupament d’un fenotip fibrotic doncs, condiciona de manera molt important la qualitat de vida
d’aquests pacients, ja que, a més dels simptomes mencionats, és causa de repetits ingressos hospitalaris
deguts a episodis d’oclusio intestinal.

En el moment del diagnostic tan sols el 10% dels pacients amb MC presenten un patré fibro-estenosant,
en el transcurs de la malaltia el desenvolupament de fibrosi és freqlent i pot afectar al 32% dels pacients
amb MC?. Es creu que el desenvolupament de fibrosi intestinal és consequiéncia d’un procés d’inflamacio
cronica i una reparacié anomala del teixit afectat, aixd explicaria perqué alguns pacients inicialment
diagnosticats amb un patrd inflamatori de la malaltia desenvolupen un patré fibro-estenosant en un
periode de 10 anys. Cal tenir en compte perd que a pesar dels avengos terapéutics en el tractament de la
MC la incidéncia del patré fibro-estenosant no ha canviat significativament, per tant el control de la
inflamacié a nivell clinic no sembla que tingui cap efecte en el procés fibrogeénic.

A dia d’avui no hi ha disponible cap tractament médic especific per a aquesta complicacié i en molts casos

I'dnic tractament possible és la reseccié quirdrgica del segment intestinal afectat. Aquesta opcid, a més,
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presenta I'inconvenient de no ser una soluci6é definitiva ja que la malaltia reapareix en un gran nombre
d’aquests pacients, pocs anys després de la primera intervencié i un 40% d’aquests pacients requereixen

una segona intervencié quirdrgica.

3) FIBROSI
Els drgans afectats per un procés inflamatori responen previsiblement intentant guarir el dany tissular
provocat pels mediadors de la inflamacié. Si la inflamacié ha estat transitoria i moderada el restabliment de
larquitectura normal del teixit és complert. En els processos que cursen amb inflamacié cronica, com la
MC, la severitat i I'abast de la lesid pot excedir la capacitat regenerativa del teixit afectat, el qual es
defensa desenvolupant una resposta fibrogénica que resulta en la formacié de teixit cicatricial, un procés

conegut com a fibrosi. Aquest teixit cicatricial fa que I'’dérgan funcioni anormalment.

3.1. Factors genétics associats al desenvolupament del patré fibro-estenosant en la MC

L’any 1996 es va identificar per primer cop un locus de susceptibilitat per la MC localitzat a prop de la regio
centromeérica del cromosoma 16, concretament en 16g21*°. Mitjancant analisis posteriors d’aquesta regio
es va trobar una forta associacié amb el gen NOD2 (de I'anglés nucleotide-binding oligomerization domain
containing 2) també conegut com a CARD15 (de I'anglés caspase recruitment domain family, member 15).
Aquest gen forma part de la superfamilia de reguladors de I'apoptosi Apaf-1/CED-4 (de I'anglés apoptotic
protease activating factor 1 i cell death protein 4). La proteina és d’expressio intra-cel-lular en monocits i
macrofags, cél-lules en les que sembla que funciona com a sensor de productes bacterians. S’ha
demostrat expressio d’aquesta proteina també en fibroblasts intestinals®, un tipus cel-lular amb un paper
clau en el desenvolupament de la fibrosi intestinal.

S’han descrit tres polimorfismes en NOD2 implicats en MC i que condicionen un patré fibro-estenosant de
la malaltia’. Es coneixen com a SNP8, SNP12 i SNP13 i corresponen a les mutacions puntuals 2104C>T,
2722G>C i 3020insC que resulta en un cod6 stop prematur i una proteina de 1007 aminoacids enlloc de
1040. En poblacié caucasica no jueva s’ha demostrat que aquestes variants tenen un odds ratio de 2,2
(95% CI: 1.84-2,62), 2,99 (95% CI: 2,38-3,74) i 4,09 (95% CI: 3,23-5,18) respectivament per a la

presentacié de la malaltia. Per a portadors de dos al-lels, la odds ratio és de 17,1 (95% CI: 10,7-27,2). A
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més, aquestes variants condicionen un increment moderat en el risc de presentar un patr6 fibro-
estenosant amb una odds ratio de 1,94 (95% CI: 1,61-2,34)8.

Més recentment, s’ha implicat un altre gen en el desenvolupament de la MC. Es el receptor de fractalquina
CXC3R1 (de langlés chemokine (C-X-C motif) 3 receptor 1), concretament s’han descrit dos
polimorfismes en el gen d’aquest receptor de citocina, 249l i 280M, associats al patré fibro-estenosant en
la MC®'™. Aquests polimorfismes son funcionalment rellevants ja que disminueixen [I'afinitat lligam-
receptor'"'2. Una de les funcions de la fractalquina és inhibir I'expressié de TIMP-1 (de I'anglés, Tissue
Inhibitor of Metalloproteinases 1), una proteina que com veurem més endavant t& un paper en el
desenvolupament de la fibrosi en diferents teixits. Els polimorfismes en el receptor de fractalquina
mencionats més amunt dificulten la uni6é de la fractalquina al receptor conduint a una major produccié de
TIMP-1"3, fet que podria explicar I'associacié entre aquests polimorfismes i el patré fibro-estenosant en la

MC.

3.2. Sintesi de col-lagen

El desenvolupament de fibrosi és el resultat d’'un desequilibri entre la deposicié de matriu extra-cel-lulari la
seva degradacio. L’increment en la produccio de col-lagen i altres components de la matriu extra-cel-lular
(MEC) pot venir donat quan les cél-lules productores, fibroblasts i miofibroblasts, en produeixen més
quantitat o bé hi ha un major nombre de cél-lules productores o bé per una combinaci6 dels dos factors.
En la fibrosi tissular incrementa el nombre de cél-lules productores de matriu extracel-lular, aquest
increment és secundari a una major proliferacié d’aquestes cél-lules i a una disminucié en la mort cel-lular
programada.

En la paret intestinal afecta de pacients amb MC fibro-estenosant s’ha comprovat la preséncia de nivells
elevats de mARN i proteina pels col-lagens tipus I, lll, IV i V'*. La citocina TGF-B (de I'anglés transforming
growth factor-8) té un paper molt important en el desenvolupament de fibrosi i especialment en la
regulaci6 de I'expressio de proteines de la matriu extracel-lular a través de la senyalitzacié per Smad3. Es
interessant destacar que la regié promotora dels gens COL1A1, COL1A2, COL3A1, COL5A2, COL6A1 i
COLBA3, tots ells codifiquen per diferents tipus de col-lagen, conté elements d’unié a Smad3'®.

S’ha vist que els fibroblasts intestinals aillats de zones fibro-estenotiques tenen una expressio de TGF-31

molt elevada i com a conseqiiéncia d’aix0 les arees de l'intesti afectades de fibrosi contenen alts nivells
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d’aquesta citocina®. A més, també s’ha demostrat la sobre expressié dels receptors per TGF-B en l'intesti
de pacients amb MC"".

S’ha proposat el segiient model sobre el paper del TGF-B en el desenvolupament de fibrosi intestinal.
Quan hi ha un dany en el teixit es dona la degranulacié de plaquetes. Les plaquetes alliberen grans
quantitats de TGF-B, aquest actua com a factor quimiotactic per macrofags, monocits i fibroblasts. Un cop
al teixit els monocits també alliberen TGF- que actua sobre els fibroblasts i acaba conduint a la produccio
de col-lagens i altres proteines de la matriu extra-cel-lular'® (Figura 6).

Plaquetes

pany | — C D
}

PN

Monocits/Macrofags @ Fibroblasts

- N

TGF-B

v

. 2

Col-lagen

Figura 6. Paper del TGF-( en la fibrosi intestinal.

El TGF-B es troba en I'espai inter-cel-lular en forma inactiva unit al complex LAP-LTBP (de l'anglés
Latency-Associated Peptide — Latent TGF-B-binding protein). Aquest associacié impedeix la unié de TGF-
B al seu receptor. L'activacié del TGF-8 requereix el seu alliberament del complex LAP-LTBP procés que
pot ser mediat per varies proteases com la plasmina, MMP-2 i MMP-9° (de l'anglés matrix
metalloproteinases 2 i 9) o bé Tsp-1*" (de I'anglés thrombospondin 1).

La uni6 de TGF-B al seu receptor indueix la fosforilaci6 de Smad2 i Smad3, aquestes un cop fosforilades

s’uneixen a Smad4 i transloquen al nucli on estimulen I'expressié de gens de matriu extra-cel-lular. La
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senyalitzacié per Smad3 esta regulada negativament mitjangant les Smads inhibitories, Smad6 i Smad7,

que competeixen amb Smad3 per la unié al receptor | de TGF-p# (Figura 7).

@ TGF-B latent

( ‘/i Tsp-1, MMP-2, MMP-9, plasmina

TGFBRII
TGFBRI

/ Smad2/3 O \

Smad6, 7 04| l

Smad4 O_P
0 S
0

L » Sintesi de matriu extracel-lular

Figura 7. Via de senyalitzacié del TGF-B. Adaptat de Leask 2004.

3.3. Metaloproteinases i degradacio de la matriu extracel-lular

El paper del TGF- en la fibrosi no es limita a I'activacié de la sintesi de MEC sin6 que a més, inhibeix la
degradacié de la matriu mitjangant la regulacié negativa en I'expressié de MMPs, els enzims responsables
de la degradaci6é de MEC, i la regulacié positiva en I'expressi6 dels inhibidors de les MMPs, els TIMPs.

Alguns estudis suggereixen que I'efecte del TGF-B en la regulacié del sistema MMP-TIMP també podria
ser depenent de la via d’'Smad3. Aixi s’ha vist que en fibroblasts aillats de pell, el TGF-B regula
negativament I'expressié de MMP-1 i que aquesta regulaci6 esta mediada per Smad3? i que la inducci6
en l'expressié6 de TIMP-1 també és depenent d’'Smad3?. En aquest sentit, DiSabatino i cols. van

demostrar I'any 2009 major preséncia de TGF-B, Smad3 fosforilada i nivells més elevats de TIMP-1 en
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arees de fibro-estenosi intestinal en pacients amb MC. A més, van demostrar que aquestes zones
afectades de fibro-estenosi tenen una menor expressié de Smad7, MMP-12 i MMP-3%°,

En els teixits, de manera fisioldgica, hi ha un equilibri entre la sintesi i la degradacié de col-lagen i altres
components de la matriu extra-cel-lular. Les metaloproteinases s6n un nombros grup d’enzims implicats
en aquest procés. Les MMPs son una subfamilia d’enzims dependents de zinc i calci. En I'espécie
humana s’han descrit 23 MMPs diferents. Totes elles contenen un péptid senyal a 'extrem N-terminal que
dirigeix I'enzim cap a la via secretora, un pro-domini que confereix laténcia a I'enzim i un domini catalitic
amb unié a zinc. La majoria de MMPs sén secretades com a pro-enzims i la seva activaci6 té lloc en
I'espai extra-cel-lular mitjangant una reaccié proteolitica®.

En el seu conjunt les MMPs tenen la capacitat de degradar la majoria de proteines de la matriu extra-
cel-lular’”. A més, també poden processar un gran nombre d’altres proteines com factors de creixement,
citocines, quimiocines, receptors i altres MMPs?®. L’expressié de la majoria de MMPs en teixits normals és
baixa i la induccié es déna quan és necessaria una remodelaci6 de la matriu extra-cel-lular (MEC).

S’ha demostrat que TNF-a (de l'anglés tumor necrosis factor-a) estimula I'expressi6 de MMP-1 en
fibroblasts?®. En el nostre grup hem pogut observar que TNF-a també té un paper en la induccié de MMP-
3 en fibroblasts intestinals humans (FIH).

L’acci6 de les MMPs és inhibida pels inhibidors tissulars de metaloproteinases, TIMPs. Els TIMPs

interaccionen amb el domini actiu de les MMPs bloquejant la seva activitat®’

. El paper dels TIMPs en el
desenvolupament de la fibrosi podria ser doble. Per una banda inhibeixen I'accié de les MMPs i per tant
inhibeixen la degradacié de MEC i la conseqiient acumulacié de fibra. D’altra banda TIMP-1 podria regular
la divisié cel-lular i 'apoptosi. S’ha demostrat que TIMP-1 suprimeix I'apoptosi de cél-lules estrellades
hepatiques, responsables de la fibrosi hepatica, a nivell in vitro i in vivo®. Es interessant destacar que el
paper de TIMP-1 en la inhibicid de I'apoptosi de cél-lules estrellades hepatiques és mediat via MMPs.
Intentant explicar aquesta troballa els autors formulen dues hipodtesis, d’'una banda expliquen que la MEC
conté multiples llocs d’unié per a citocines pro-apoptotiques que serien alliberades gracies a I'accié de les
MMPs, a I'estar aquestes inhibides per TIMP-1 no es donaria I'alliberament d’aquestes citocines protegint
la vida cel-lular. D’altra banda, hipotetitzen que una MEC intacta proporciona a les cél-lules senyals de

supervivencia cel-lular ja que la MEC proveeix aquestes cél-lules amb llocs d’'uni6é on les cél-lules poden

adherir-se i proliferar.
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En aquest sentit cobra importancia una proteina present en la MEC anomenada fibronectina (FN). La FN
promou la supervivéncia de fibroblasts®'*, la proliferacié® i la migracié a través d’una xarxa tridimensional
de MEC*. Aquestes accions requereixen la unidé dels receptors d’integrina en la membrana dels
fibroblasts a la xarxa de FN a través de la seqiiéncia Arg-Gly-Asp en la desena repeticio de FN tipus I11*°,
Recentment, s’ha demostrat que la FN conté tres llocs d’unié al factor de creixement derivat de plaquetes-
BB (PDGF-BB, de l'anglés platelet derived growth factor-BB) que é€s un potent factor mitogénic per a
fibroblasts i és important per la seva supervivéncia®®. Basant-se en les seves troballes, els autors
proposen un model per explicar el paper de la FN en la proteccié davant 'apoptosi dels fibroblasts. En
aquest model la integrina a5B1 de la membrana del fibroblast s’uniria als dominis centrals de la FN.

Aquesta uni6 estaria flanquejada per receptors de PDGF i altres receptors de factors de creixement, els

quals estarien units als seus respectius lligams i alhora units a la molécula de fibronectina (Figura 8).

¥ PDGFR

Figura 8. Paper de la fibronectina en la supervivéncia de fibroblasts.

http://www.nature.com/jid/journal/v131/n1/fig_tab/jid2010253f9.htmIi#figure-title

3.4. Mediadors cel-lulars de la fibrosi
Es ben sabut que diferents tipus de cél-lules mesenquimals, com els fibroblasts, els miofibroblasts i les
cél-lules musculars llises, juguen un paper fonamental en el desenvolupament de la fibrosi en diferents
teixits. En lintesti inflamat, les cél-lules mesenquimals locals es diferencien i des diferencien entre els tres
fenotips cel-lulars. Aquests fenotips estan caracteritzats per la preséncia o abséncia de actina de muscul

llis a (a-SMA, de I'anglés smooth muscle actin-a), vimentina i desmina (Taula 2).
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TAULA 2. Fenotips cél-lules mesenquimals

CEL:-LULA MESENQUIMAL ﬂ VIMENTINA W

FIBROBLAST
MIOFIBROBLAST SI SI NO
C. MUSCULAR LLISA Si NO Si

Quan els fibroblasts intestinals sén exposats a factor de creixement similar a insulina | (IGF-I, de I'anglés
insuline like growth factor I), factor de creixement basic de fibroblasts (bFGF, de I'anglés basic fibroblast
growth factor), PDGF i a les citocines pro inflamatories interleucina-1$ (IL-18) i TNF-a, aquestes cél-lules
esdevenen activades i es multipliquen®’.

Altres molécules presents en la MC com soén la FN, PDGF, IGF-lI i TGF-B1 actuen com a factors

quimiotactics per a fibroblasts®®*°

provocant 'acumulacié de fibroblasts activats en el lloc de la lesié.

Altres cél-lules importants en el desenvolupament de la fibrosi en diferents 6rgans soén les cél-lules
estrellades (SC, de I'anglés stellate cells). Aquestes ceél-lules sén precursors de cél-lules mesenquimals i
contribueixen a la fibrosi, en particular a la fibrosi hepatica i pancreatica, ja que tenen la capacitat de

diferenciar-se a fibroblasts activats*®*’

. Existeix poca informacié sobre aquestes cél-lules en lintesti
encara que s’ha vist que cél-lules estrellades derivades de mucosa afecta de pacients amb MiIl es
diferencien a fibroblasts activats i produeixen col-lagen en major mesura que cél-lules aillades de
controls*.

Una font important de fibroblasts son els fibrocits, pericits i cél-lules epitelials (Figura 9).

Els fibrocits son progenitors mesenquimals circulants derivats de medul-la dssia. Aquestes ceél-lules
produeixen col-lagen tipus | i es diferencien a fibroblasts in vitro i in vivo****. S’ha vist que els fibrocits

contribueixen a la poblacio de fibroblasts en diferents patologies***’

encara que es desconeix la seva
contribuci6 a la Mil.
Els pericits son cél-lules d’origen mesenquimal que en el teixit se situen properes a capil-lars i petits

vasos sanguinis on controlen I'angiogénesi*. Els pericits també es poden diferenciar a fibroblasts i podrien

contribuir a la fibrosi intestinal encara que no existeixen estudis en aquest sentit.
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Un fenomen que esta cobrant protagonisme en els Ultims anys és la transicié epiteli-mesenquima (TEM).
Es caracteritza per una transformaci6é dramatica en el fenotip i la funcio cel-lular. En el procés de TEM, les
cél-lules epitelials adopten una morfologia en agulla, perden els marcadors de cél-lula epitelial, guanyen
marcadors tipics de fibroblast i desenvolupen la capacitat de produir col-lagen i fibronectina®®. Aquest

fenomen ha estat implicat en el desenvolupament de fibrosi en diferents organs®°".

Fibroblastactivat

Cel-lula epitelial

Figura 9. Cél-lules precursores de fibroblasts.

3.5. Models experimentals de fibrosi
Existeixen pocs models experimentals especificament dissenyats per a reproduir la fibrosi intestinal.
Aquest fet ha limitat la recerca i desenvolupament de noves estratégies de tractament anti-fibrogénic a
nivell intestinal. L’any 2005, Vallance i cols. van descriure un model basat en la transfeccié d’un vector
adenoviral que contenia TGF-B1 d’activacié espontania administrat en forma d’énema. Els autors van
observar que la transfeccio provocava I'aparicié de fibroblasts activats i una major produccié de col-lagen

|52

a nivell intestinal que va causar obstruccié intestinal®™. Aquest treball no només proporciona un nou model

experimental de fibrosi intestinal sind que, a més, demostra el paper clau del TGF-( en la fibrogénesi.
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Anteriorment a aquest treball, Lawrance i cols. van descriure un model de fibrosi intestinal en ratoli. En
aquest cas, la fibrosi es va induir mitjangant I'administracio intra-colonica repetida i a dosis creixents de
'hapté TNBS (de I'anglés trinitrobenzene sulfonic acid). Aquest model consistia en la modificacié d’'un
model molt utilitzat durant anys en l'estudi dels processos inflamatoris que es donen en la MIl i que es
basa en I'administracié d’'una dosi alta de TNBS®. Mitjancant I'administracié repetida de dosis més baixes
de TNBS els autors van aconseguir instaurar en el ratoli un grau constant i important de fibrosi intestinal®*

(Figura 10).
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Figura 10. Model de fibrosi per TNBS en ratoli.

El model classic d’administracié intra-colonica d’'una dosi de TNBS és capac¢ de desenvolupar un cert grau

de fibrosi intestinal en la rata tal com demostren alguns estudis®°.

3.6. Mecanismes de resolucio de la fibrosi
Durant molts anys, la fibrosi s’havia considerat un procés irreversible. Diversos estudis centrats en el
proceés de fibrosi hepatica demostren que podria no ser aixi. L’administracié intra peritoneal de CCl, durant
quatre setmanes és capag d’induir fibrosi hepatica en la rata. Aquest tractament provoca un augment en la
produccié i deposicio de fibronectina, col-lagen I, col-lagen IV i laminina® i un augment en el nombre de

cél-lules amb una morfologia tipica de fibroblasts®® en el fetge dels animals tractats.
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L’any 1998 lIredale i cols.®® van analitzar animals tractats amb CCl, als 3, 7 i 28 dies d’haver acabat el
tractament. Van observar que després de 28 dies sense rebre tractament amb CCl, el fetge de la rata
tenia uns nivells de col-lagen i una histologia molt semblants als animals control, no tractats amb CCl,.
Van demostrar que la transformacié del teixit fibrotic a teixit normal era deguda a I'apoptosi de cél-lules
estrellades hepatiques (HSC de I'anglés hepatic stellate cells) alhora que veien una rapida disminucié en
I'expressio de TIMP-1 i TIMP-2, mentre que I'activitat de la MMP-13, coneguda també com a col-lagenasa,
es mantenia constant. Els autors conclouen que I'apoptosi de les HSC és el pas clau per a la resolucié de
la fibrosi hepatica en aquest model encara que aquest fet per si sol no és suficient ja que cal la degradacié
de la MEC acumulada, aix0, en aquest estudi, van demostrar que era degut a la inhibicié en I'expressi6 de
TIMP-1 i TIMP-2 sense afectar I'activitat de MMP-13.

Temps més tard, es va confirmar que I'apoptosi de HSC és un pas clau en la resolucié de la fibrosi
hepatica. Wright i cols. van demostrar que la gliotoxina és capag¢ d’induir apoptosi de HSC in vitro a baixes
concentracions i que la injeccié de gliotoxina en rates tractades amb CCI, accelera la recuperacié de la
fibrosi hepatica®.

El factor de creixement d’hepatocits (HGF de I'anglés hepatocyte growth factor) redueix la fibrosi pulmonar
en models murins®®®’. Se sap que HGF és un potent inductor de les MMPs®? i que aquestes indueixen
I'apoptosi de fibroblasts activats mitjancant la degradacié de fibronectina®.

Aixi doncs la inducci6é d’apoptosi de les cél-lules responsables de la fibrosi en diferents drgans sembla ser
un mecanisme clau en la resolucié de la fibrosi. En aquest sentit, els tocotrienols han atret I'atenci6 dels

investigadors degut al seu potencial anti-fibrogénic.

4) FRACCIO RICA EN TOCOTRIENOLS

La vitamina E és un fito-nutrient molt important present en olis comestibles. El terme vitamina E agrupa 8
isomers, 4 tocoferols (alfa, beta, gamma i delta) i 4 tocotrienols (alfa, beta, gamma, delta). La diferéncia
entre tocoferols i tocotrienols és que aquests ultims tenen tres dobles enllagos en la cadena lateral mentre
que els tocoferols no en tenen cap. La diferéncia entre les isoformes alfa, beta, gamma i delta és la

presencia o no de grups metil en les posicions R1, R2 i R3, tal com es detalla en la figura 11.
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Figura 11. Composici6 de la Vitamina E.

Adaptat de: http://www.tocotrienol.org/index.php?option=com_content&view=article&id=84&ltemid=75

Els olis comestibles que s’originen a partir de plantes s6n font de tocotrienols. En concret, 'oli que
s’origina a partir del fruit de la palma és especialment ric en aquests compostos. La fraccidé rica en
tocotrienols (FRT) conté una barreja de tocotrienols i tocoferol extrets i concentrats a partir de I'oli de
palma mitjangant un procés patentat per Carotech (Figura 12). També conté altres fito-nutrients com fito-

esterols, coenzim Q10 i una barreja de carotenoides.

TOCOFEROLS TOCOTRIENOLS
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Figura 12. Composici6 de la Fraccié Rica en Tocotrienols.
La proteina transportadora de tocoferol (TTP de I'anglés tocopherol transport protein), és una proteina

1. Aixo ha fet que

soluble de 32 kDa d’expressio hepatica que uneix i transporta selectivament a-tocofero
la investigacio en tocotrienols hagi quedat a 'ombra de la investigacié duta a terme amb els tocoferols,
principalment I'a-tocoferol. De fet, la investigaci6 amb tocotrienols representa I'1% de tota la investigacié
en vitamina E publicada a PubMed®®. Tot i la controvérsia en referéncia a la bio-disponibilitat dels
tocotrienols de la dieta, els coneixements actuals han fet canviar radicalment la visi6 de qué els
tocotrienols no sén absorbibles. Aixi s’ha vist que els tocotrienols de la dieta s’absorbeixen, arriben a
nivells mesurables en plasma® i arriben a distribuir-se en teixits com el cervell, teixit adipés, pell o
glandules mamaries® ",

Els tocotrienols han atret I'atencié dels investigadors degut a qué han demostrat tenir multiples propietats
beneficioses per la salut. L’evidéncia acumulada ens suggereix que els tocotrienols sén bons agents
antineoplastics, neuro- i cardio-protectors i poden disminuir els nivells de colesterol’"°°.

Els isoprenoides, com els tocotrienols perd no els tocoferols, sbn molécules amb un gran potencial
antitumoral ja que inhibeixen el creixement i indueixen I'apoptosi in vitro de cél-lules canceroses’.
Concretament, les isoformes y- i &-tocotrienol sén les més potents en la induccié d’apoptosi de cél-lules
tumorals.

L’any 2007, Rickmann i cols.” van demostrar que aquests compostos, la FRT, també tenien efectes anti-
proliferatius i pro-apoptotics, no només en cél-lules tumorals siné també en cél-lules estrellades
pancreatiques (PSCs, de I'anglés pancreatic stellate cells). Les PSCs son cél-lules d’origen mesenquimal
similars als fibroblasts que han estat identificades com a les responsables de I'expansié de la matriu
extracel-lular en la fibrogénesi pancreatica.

D’aquest estudi és interessant destacar que els efectes de la FRT sobre PSCs sén deguts a les isoformes
B-, y- i &-tocotrienols. A més, la FRT té efectes anti-proliferatius, pro-apoptotics i pro-autofagics sobre
cél-lules activades perd no sobre cél-lules quiescents.

Aixi doncs aquest estudi obra la porta a una possible terapia anti-fibrogénica no només en pancrees siné

també en altres teixits i malalties que cursen amb aquesta manifestacioé clinica.
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HIPOTESI:

La Fracci6 Rica en Tocotrienols té un potencial antifibrogénic.

PRIMER OBJECTIU:
Esbrinar els efectes de la fraccio rica en tocotrienols sobre la proliferacidé i I'apoptosi de fibroblasts

intestinals humans in vitro.

SEGON OBJECTIU:
Estudiar els efectes de la fraccio rica en tocotrienols sobre la matriu extracel-lular en fibroblasts intestinals
humans in vitro.

- Avaluar la producci6 de proteines de matriu extracel-lular.

- Avaluar la produccio6 de proteines reguladores de la degradacié de la matriu extracel-lular.

TERCER OBJECTIU:
Estudiar la utilitat de la fracci6 rica en tocotrienols com a tractament antifibrogénic en un model de fibrosi
intestinal en la rata.

- Establir i caracteritzar un model de fibrosi intestinal basat en 'administracié de TNBS.

- Estudiar I'efecte del pretractament amb fraccié rica en tocotrienols en aquest model de fibrosi

intestinal
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1) Primer treball

Tocotrienols have potent antifibrogenic effects in human intestinal fibroblasts.

L’excessiva acumulacié de fibroblasts i produccié de MEC sén fets clau en el desenvolupament de la
fibrosi intestinal associada a la MC. Els tocotrienols sén components de la Vitamina E que han demostrat

posseir efectes antifibrogénics “in vitro” en fibroblasts aillats del pancreas de la rata.

L’'objectiu d’aquest estudi és investigar els efectes dels tocotrienols sobre la proliferacid, apoptosi,

autofagia i sintesi de MEC en fibroblasts intestinals humans.

La FRT redueix la proliferacié dels fibroblastes intestinals humans de manera basal i també disminueix la
proliferacié induida pel factor basic de creixement de fibroblast en aquells fibroblasts aillats de pacients

amb MC i CU pero no en fibroblasts control.

La FRT promou I'apoptosi i autofagia en FIH. L’administracié de l'inhibidor de caspases Z-VAD-fmk va
bloquejar I'apoptosi perd no I'autofagia, en canvi, 'administracié de ciclosporina A va ser eficag prevenint
tant I'apoptosi com l'autofagia induida per la FRT, demostrant I'important paper del mitocondri en aquests

dos tipus de mort cel-lular.

La FRT disminueix la producci6 de proteines de la MEC, com ara procol-lagen | i laminina y.






ORIGINAL ARTICLE

Tocotrienols Have Potent Antifibrogenic Effects in Human

Intestinal Fibroblasts
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and Miquel Sans, MD, PhD*

Background: Excessive fibroblast expansion and extracellular
matrix (ECM) deposition are key events for the development of
bowel stenosis in Crohn’s disease (CD) patients. Tocotrienols are
vitamin E compounds with proven in vitro antifibrogenic effects
on rat pancreatic fibroblasts. We aimed at investigating the effects
of tocotrienols on human intestinal fibroblast (HIF) proliferation,
apoptosis, autophagy, and synthesis of ECM.

Methods: HIF isolated from CD, ulcerative colitis (UC), and nor-
mal intestine were treated with tocotrienol-rich fraction (TRF) from
palm oil. HIF proliferation was quantified by *H-thymidine incorpo-
ration, apoptosis was studied by DNA fragmentation, propidium
iodide staining, caspase activation, and poly(ADP-ribose) polymerase
cleavage, autophagy was analyzed by quantification of LC3 protein
and identification of autophagic vesicles by immunofluorescence and
production of ECM components was measured by Western blot.

Results: TRF significantly reduced HIF proliferation and pre-
vented basic fibroblast growth factor-induced proliferation in CD
and UC, but not control HIF. TRF enhanced HIF death by promot-
ing apoptosis and autophagy. HIF apoptosis, but not autophagy,
was prevented by the pan-caspase inhibitor zZVAD-fmk, whereas
both types of cell death were prevented when the mitochondrial
permeability transition pore was blocked by cyclosporin A, demon-
strating a key role of the mitochondria in these processes. TRF
diminished procollagen type I and laminin y production by HIF.

Conclusions: Tocotrienols exert multiple effects on HIF, reduc-
ing cell proliferation, enhancing programmed cell death through
apoptosis and autophagy, and decreasing ECM production. Con-
sidering their in vitro antifibrogenic properties, tocotrienols could
be useful to treat or prevent bowel fibrosis in CD patients.
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C rohn’s disease (CD) is a very heterogeneous condition
and more than one-third of CD patients will develop a
fibrostenosing phenotype, characterized by progressive nar-
rowing of the intestinal lumen. In these patients abnormal
bowel fibrogenesis is due to chronic transmural inflamma-
tion and impaired wound healing, which result in massive
fibroblast proliferation and an excessive deposition of ECM
in the bowel wall. Ultimately, abnormal contraction of the
ECM will also contribute to tissue distortion and intestinal
obstruction.

Relatively minor progress has been made, to our
knowledge, into the molecular mechanisms that lead to
bowel fibrosis, as compared to liver, lung, kidney, or skin
fibrosis.' Several molecules have been shown to be involved
in the abnormal bowel fibrogenesis that takes place in sten-
osing CD patients. Among them, basic fibroblast growth fac-
tor (bFGF) and insulin-like growth factor 1 (IGF-1) seem to
play a key role in that process. They are upregulated in
bowel strictures of CD patients where they promote both
fibroblast proliferation and ECM production.?

More important, no medical treatment for bowel
fibrosis has become available to date, in spite of the re-
markable success of the new, antiinflammatory therapies
recently developed for inflammatory bowel disease (IBD).*
Due to the lack of medical therapies for bowel fibrosis,
most CD patients with a stenosing phenotype will require
surgical resection of the involved bowel segment, either
once or, often, more times during their lives.

In that regard, a variety of natural dietary constitu-
ents, including vitamin E, have recently attracted research-
er’s attention for their health benefits and harmless con-
sumption profile. In nature, eight substances have been
found to have vitamin E activity: a-, b-, c-, and d-tocoph-
erol; and a-, b-, ¢-, and d-tocotrienol. To date, most efforts
have been devoted to a-tocopherol, due to its abundance in
the human body and potent antioxidant activity.” However,
dietary tocotrienols are well absorbed, easily distributed
throughout the body tissues, and could provide greater
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health benefit than a-tocopherol, due to their antiproliferative,
neuroprotective, and cholesterol-lowering properties.” The
suppressive effects of tocotrienols on tumor growth are attrib-
uted to their ability to induce both cell cycle arrest and apo-
ptosis in transformed cells.*® On the contrary, a-tocopherol
is not effective in inducing apoptosis in cancer cells.’

A previous study from our group demonstrated that
tocotrienols can induce apoptosis and autophagy in rat pan-
creatic fibroblasts in vitro.'"” The purpose of the present
study was to characterize the effect of tocotrienols in
human intestinal fibroblast (HIF) obtained from CD
patients in order to ascertain whether tocotrienol-rich frac-
tion (TRF) has an antifibrogenic effect on intestinal fibro-
blasts and could constitute a potential therapeutic approach
for bowel fibrosis in CD patients.

MATERIALS AND M ETHODS

Reagents and Antibodies

Cell culture flasks and clusters were from Corning
(New York, NY). [methy1-3H]—Thymidine was from Amer-
sham (Buckinghamshire, UK). Recombinant human tumor
necrosis factor-a (TNF-a) was from Millipore (Billerica,
MA). bFGF was from Sigma (St. Louis, MO). Antivimen-
tin, and antidesmin were from Novocastra Laboratories
(Newcastle, UK), antismooth muscle a-actin (a SMA) was
from Sigma-Aldrich. Rabbit anti-b-actin was from Affinity
Bioreagents (Rockford, IL). Horseradish peroxidase (HRP)-
conjugated antibodies were from Pierce (Rockford, IL).
zVAD-fmk was from Bachem (Bubendorf, Switzerland).
Cyclosporin A (CsA) and propidium iodide were from Cal-
biochem (La Jolla, CA). Caspase-3, -8, and -9 Fluorometric
kits were from R&D Systems (Minneapolis, MN). Invitro-
lon polyvinylidene difluoride (PVDF) membranes and
NuPage gels were from Invitrogen (Carlsbad, CA). Rabbit
poly (ADP-ribose) polymerase (PARP) antibody was from
Cell Signaling (Danvers, MA). Goat procollagen Ial anti-
body and mAb to laminin y were from Santa Cruz Bio-
technology (Santa Cruz, CA). Rabbit antimicrotubule-associ-
ated protein light chain 3 (LC3) was from MBL (Naka-ku
Nagaya, Japan). Goat antirabbit Alexa Fluor 488 was from
Molecular Probes (Eugene, OR). All other chemicals were
obtained from Sigma-Aldrich.

Isolation and Culture of HIF

HIF were isolated from full thickness intestinal sam-
ples obtained from ileal, stenosing CD and ulcerative coli-
tis (UC) patients undergoing surgical bowel resection, as
well as from noninvolved, normal colon segments of
patients undergoing resection due to colorectal cancer. Most
CD patients requiring bowel surgery had received intense
medical treatment and the decision to proceed to surgery was
based, in most patients, on persistence of symptomatic bowel

obstruction in the absence of significant inflammatory signs.
All diagnoses were confirmed by clinical, radiologic, endo-
scopic, and histological criteria. HIF were isolated and cul-
tured as previously described.™®  All experiments were
per- formed with subconfluent cells at passage four or five.
The project was approved by the local ethical committee and
per- formed in accordance with the principles stated in the
Decla- ration of Helsinki (Update October 1996).

Immunofluorescence Characterization of HIF

To characterize the phenotype of in vitro cultured
HIF, cells were grown on coverslips and fixed in methanol
at 20 C for 10 minutes, blocked in phosphate-buffered
saline (PBS) containing 2% fetal bovine serum (FBS) and
0.1% bovine serum albumin (BSA) for 1 hour, and incu-
bated with primary antibodies, antivimentin (1:50), anti-
smooth muscle a-actin (a-SMA) (1:200), or antidesmin
(1:50) overnight. Then cells were incubated with fluorescent
secondary antibody for 1 hour and mounted in Vectashield
mounting medium with DAPI (Vector, Burlingame CA).

Treatment of HIF with TRF

TRF from palm oil (Tocomin 50%) was purchased
from Carotech (Wendover, UK). Tocomin 50% is an oil sus-
pension obtained from crude palm oil, which is extremely
enriched in tocotrienols having the following vitamin E con-
tent: 11.1% a-tocotrienol, 2.1% B-tocotrienol, 20.8% y-toco-
trienol, 6.7% d-tocotrienol, and 10.2% a-tocopherol.

Tocomin 50% was dissolved in ethanol to reach a
0.1% ethanol concentration in culture medium. Control cells
were treated with 0.1% ethanol as vehicle. Twenty-four
hours prior to commencing the experiments culture medium
was replaced by Dulbecco’s modified Eagle’s medium
(DMEM) medium with 0.3% FBS. Cyclosporin A, TNF-a,
and cycloheximide were added at a 10 puM final concentra-
tion. zVAD-fmk was added at a 100 paM final concentration.

Proliferation Assay

Cells were plated in 12-well plates. After 24 hours,
culture medium was replaced by serum-free medium con-
taining the appropriate treatment and 0.25 1Ci/mL [methyl-
*H]thymidine for an additional 24 or 48 hours. After this
time, cells were washed twice with cold PBS and DNA
was precipitated with ice-cold 5% trichloroacetic acid
(TCA) for 15 minutes. Precipitates were dissolved in 0.5 M
NaOH/0,1% SDS buffer and counted in a liquid scintilla-
tion analyzer.

DNA Fragmentation Assay

The extent of apoptosis in HIF was determined af-
ter 48 hours of treatment by the Cell Death Detection
ELISA™Y  assay from Roche (Mannheim, Germany)
fol- lowing the manufacturer’s instructions.
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Cell Cycle Analysis

Cells were treated for 48 hours and then harvested,
washed in PBS, and fixed for 30 minutes in 70% ice-cold
ethanol. After washing in cold PBS, cells were incubated
in propidium iodide (PI) staining buffer (100 1g/mL PI,
250 1g/mL RNase A) for at least 30 minutes at 4 C and
then analyzed by flow cytometry.

Caspase Activity Assay

Caspase activity was measured after 24-hour treat-
ment with Caspase Fluorometric Assay kit (R&D Systems)
following the manufacturer’s instructions. Briefly, cells
were harvested and lysed. After a 10-minute incubation at
4 C protein content was quantified with Bio-Rad Protein
Assay (Munich, Germany) and 200 pirg of protein per reac-
tion were loaded. Reaction buffer was added with specific
fluorogenic substrates for caspase-3 (DEVD-AFC), -8
(IETD-AFC), and -9 (LEDH-AFC). Caspase-dependent
cleavage of 7-amino-4-trifluoromethyl coumarin (AFC) was
measured in a Fluostar Optima microplate reader (BMG
Labtechnologies, Offenburg, Germany) at Ex/Em 355/520
at 37 C for 2 hours.

Preparation of Whole Cell Lysates for Cytosolic
Protein Detection

Cells were harvested with Trypsin-EDTA, washed
with cold PBS, and lysed in ice-cold TLB buffer (20 mM
Tris pH 7.4, 1% Triton X-100, 10% glycerol, 137 mM
NaCl, 2 mM EDTA) with Complete Protease Inhibitor
Cocktail (Roche-Boehringer Mannheim, Germany) for 30
minutes. Cell lysates were centrifuged at 8500 rpm for 5
minutes and supernatants obtained for PARP, LC3, procol-
lagen I al, and laminin y measurement.

Western Blot Analysis

Cell lysates were separated in a Nu-PAGE 3%-8%
Tris-acetate gels with Tris-acetate SDS running buffer (for
PARP, laminin y and procollagen type I detection) or
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FIGURE 1. Immunofluorescence staining for (A) vimentin, (B) a-actin, and (C) desmin in cultured HIF cell lines.

12% Bis-Tris gels with 2-(N-morpholine)ethane sulfonic
acid (MES-SDS) running buffer (for LC3 I/Il) and trans-
ferred to PVDF membranes. The membranes were blocked
and probed with antibodies against PARP (1/1000), laminin
v (1/100), procollagen type 1 (1/100), LC3I/II (1/2000),
and B-actin (1/5000) with an overnight incubation at 4
°C and with HRP-conjugated antibodies for 1 hour at room
temperature. Blots were developed using the Pierce Super-
Signal WestFemto Maximum Sensitivity Substrate and
bands were visualized using a Fujifilm Image Reader LAS-
3000 phosphoimager (Fujifilm Photo Film, Tokyo, Japan).
Quantification of protein expression was determined by
densitometry of digitized images using Image Gauge V4.0
(Fujifilm Photo Film).

Detection of Autophagic Vacuoles

A total of 30,000 cells per well were plated onto 12-well
plates and treated with TRF for 48 hours. After this time cells
were fixed with 4% paraformaldehyde (PFA) for 20 minutes,
blocked for an additional 20 minutes, and incubated overnight
with the primary anti-LC3 antibody (1/500 dilution in blocking
buffer). Then cells were incubated with ALEXA 488 goat anti-
rabbit (1/1000 dilution in blocking buffer) for 30 minutes and
observed under a Nikon fluorescence microscope.

Statistical Analysis

Statistical analysis was performed using the Mann—
Whitney test for nonparametric data and results are
expressed as mean &= SEM. A P-value <<0.05 was considered
significant.

RESULTS

Immunofluorescence Characterization of HIF

Since various types of mesenchymal cells have been
described in the intestine, we first aimed at describing the
morphological characteristics of the HIF cell lines derived
from surgical specimens (Fig. 1A—C). Using immunofluo-
rescence to identify the presence of the cytoskeletal
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markers vimentin, o-actin, and desmin, we could demon-
strate that most cells (>95%) had a myofibroblast (vimen-
tin, o-actin, desmin) phenotype, whereas almost no cells
(<1%) had a smooth muscle phenotype (vimentin, a-actin,
desmin) (Fig. 1A-C). No significant differences were
observed in cell phenotype between normal, CD, and UC-
derived HIF.

Spontaneous and bFGF-induced HIF Proliferation
Is Reduced byTRF

To study the effect of TRF on HIF proliferation, a se-
ries of dose-response studies was carried out using [methyl-
*H] thymidine incorporation to the DNA. As shown in
Figure 2A, treatment with 1 paM TRF had no effect on HIF
proliferation. On the contrary, doses between 10 and 1000
1M TREF significantly reduced HIF proliferation with a pla-
teau effect observed starting at 20 paM TRF. Results
obtained with normal, CD, and UC HIF were identical and,
therefore, combined results are displayed on Figure 2A, to
underline the influence of TRF doses on HIF proliferation.

Next we investigated the ability of TRF to prevent
bFGF-induced HIF proliferation. Interestingly, pretreatment
with TRF 20 paM had a specific inhibitory effect on
CD and UC, but not on control HIF proliferation (Fig. 2B).

TRF Induces HIF Apoptosis

Having demonstrated the effect of TRF on HIF pro-
liferation, we next aimed at investigating whether TRF
could also influence HIF apoptosis. First, we analyzed the
ability of TRF to induce DNA degradation, using a DNA
fragmentation assay. As shown in Figure 3A, TRF mark-
edly increased DNA degradation in HIF, an effect of a sim-
ilar magnitude as that induced by TNFoa-Cycloheximide
(CHX), a well-known proapoptotic stimuli. Similar results
were obtained when HIFs were stained with PI and ana-
lyzed by flow cytometry (Fig. 3B,C). No significant differ-
ences on induction of cell apoptosis by TRF were observed
between control, CD, and UC HIF (Fig. 3A,C).

TRF Induces Caspase Activation in HIF

Proapoptotic signals can be driven through the extrin-
sic and the intrinsic apoptotic pathways, which are governed
by different patterns of caspase activation. To investigate the
contribution of each of the main caspases to TRF-induced
HIF apoptosis, we quantified activated caspase-3, -8, and -9
before and after exposure of HIF to TRF.

As shown in Figure 4, while unstimulated HIF dis-
played a very low degree of caspase activation, a marked
activation of caspase-8 (Fig. 4A), caspase-9 (Fig. 4B), and
caspase-3 (Fig. 4C) was observed in HIF upon TRF stimu-
lation. Activation of caspase 3 can also be indirectly dem-
onstrated by measuring PARP cleavage. PARP is involved
in DNA repair in response to environmental stress'' and is
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FIGURE 2. TRF inhibit proliferation of HIF. (A)Percentage of
inhibition of proliferation with respect to unstimulated
when cells were treated to different doses of TRF (1-1000
1M) as measured by [methyl-*H] thymidine incorporation to
the DNA following 24 hours treatment. Overall data are
expressed as mean+SEM. (B) [methyl-*H] Thymidine incor-
poration when cells were pretreated with TRF 20 puM for
1 hour following treatment with or without bFGF (10 ng)
for an additional 24 hours. Data are presented as percentage
of untreated cells and expressed as meantSEM. *P < 0.05
versus unstimulated, **P < 0.01 versus unstimulated, ##P <
0.01 versus bFGF, §P < 0.05 versus control cells, §§P < 0,01
versus control cells; n=4.

one of the main cleavage targets of caspase-3 in vivo.'?
HIF-induced PARP degradation was apparent at 24
hours, peaked at 48 hours, and disappeared at 72 hours
(Fig. 5A,B). As shown in Figure 5C, a similar degree of
PARP degradation was observed between normal, CD,
and UC HIF.
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2) O] Next, we undertook a series of experiments pretreat-
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FIGURE 3. TRF induces apoptosis in cultured HIFs.(A) Cells
were treated with TNF+CHX (10 paM) for 48 hours as a
posi- tive control for apoptosis; alternatively, cells were
treated with 20 paM with or without zVAD-fmk (100 peM)
and CsA (10 pM) as potential apoptosis inhibitors. Data
are pre- sented as mean+SEM and presented relative to
unstimu- lated cells. *P << 0.05 versus unstimulated cells,
**P < 0.01 versus unstimulated cells, #P < 0.05 versus
TRF; n=5. (B) Graphic representation of apoptotic cells
showing the effect of TRF, zVAD-fmk, and CsA on DNA
degradation in different subpopulations of HIF. Data are
presented as percentage of untreated cells and expressed
as meantSEM. *P << 0.05 versus unstimulated cells, #P <
0.05 versus TRF, ##P < 0.01 versus TRF; n=4.

Effect of zZVAD-fmk and CsA on HIF Apoptosis and
Caspase Activation

To demonstrate that TRF-induced apoptosis is a cas-
pase-dependent process, we investigated the effect of the
pancaspase inhibitor zZVAD-fmk on each of the apoptosis-
related outcomes described so far. zZVAD-fmk was able to
completely prevent both TRF and TNF+CHX-induced
DNA degradation on normal, CD, and UC HIF as shown
by the DNA degradation assay (Fig. 3A,C). Similarly,
zVAD-fmk also completely abrogated TRF-induced cas-
pase-8, -9, and -3 activation (Fig. 4), as well as TRF-
induced PARP degradation in all types of HIF (Fig. 5B,C).
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mitochondrial permeability transition pore. Interestingly,
CsA only prevented TRF-induced HIF apoptosis but not
TNF+CHX-induced HIF apoptosis, which is developed
through the extrinsic pathway (Fig. 3A,C). This selective
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FIGURE 4. TRF activates extrinsic and intrinsic pathways of
apoptosis. (A) Caspase-8, (B) caspase-9, and (C) caspase-3
measured, after 24 hours treatment, by fluorogenic assays
in cell lysates using specific substrates as described in Mate-
rials and Methods. *P < 0.05 versus unstimulated cells, #P
< 0.05 wversus TRE ##P < 0.01 versus TRF. Data
are expressed as mean+SEM; n=3.
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FIGURE 5. TRF triggers cleavage of PARP in a time-depend-
ent manner. (A) Representative immunoblot analysis of
PARP cleavage at the stated times. B-Actin is shown to dem-
onstrate equal protein loading. (B) Representative immuno-
blot of PARP cleavage with the indicated treatments for
48 hours. (C) Graphic representation of PARP cleavage
normal- ized with b-actin as determined by densitometry
analysis of immunoblot for every HIF phenotype. Data are
expressed as mean+SEM; n=3. *P < 0.05 versus unstimulated
cells,**P < 0.01 versus unstimulated cells, #P < 0.05 versus
TRF, ##P < 0.01 versus TRE.

effect suggests that the mitochondrial intrinsic apoptotic
pathway plays a key role on TRF-induced HIF apoptosis.

TRF Induces HIF Autophagy

We investigated whether, in addition to HIF apopto-
sis, TRF was also able to induce HIF autophagy, an alter-
native type of programmed cell death. We used the micro-
tubule-associated protein LC3 as a marker of HIF
autophagy. Endogenous LC3 I, present in the cytoplasm, is
processed to LC3 II and bound to the autophagosome
membrane during the autophagy process. As shown by im-
munoblotting, TRF resulted in a pronounced accumulation
of LC3 II clearly shown after 48 hours of HIF treatment
(Fig. 6A,B). Analysis of control, CD, and UC HIF revealed
no differences between these groups in response to TRF
treatment (Fig. 6D). Induction of autophagy by TRF was
also investigated using immunofluorescent detection of

LC3, which demonstrated the presence of autophagic
vacuoles on the cytoplasm of TRF-treated control, UC, and
CD HIF, but not on untreated cells (Fig. 7). Of note, treat-
ment of HIF with CsA completely prevented both LC3
maturation (Fig. 6C) and autophagic vacuole formation on
HIF cytoplasm (Fig. 7), pointing to a critical involvement
of the mitochondrial permeability on TRF-induced HIF
autophagy. On the contrary, the pan-caspase inhibitor
zVAD-fmk failed to prevent LC3 maturation and autopha-
gic vacuole formation (Figs. 6, 7), thus proving that TRF is
able to trigger caspase-dependent and -independent cell
death pathways.

TRF Decreases HIF Matrix Protein Production

Increased production of ECM proteins is a key fea-
ture of the abnormal bowel fibrosis present in some CD
patients. To investigate whether TRF treatment is also
effective in preventing ECM deposition, we analyzed the
production of procollagen type I and laminin 7y before
and after exposure of HIF to TRF, for different periods of
time. As shown in Figure 8A,C, a marked reduction in
both procollagen type I and laminin 7y content was
observed in HIF at 24 and 48 hours after TRF addition,
being the reduction maximal at the later timepoint. TRF-
induced reduction in ECM content was similar in control,
CD, and UC HIF (Fig. 8B and 8D).

DISCUSSION

In this study we demonstrate that TRF can exert mul-
tiple effects on cultured HIF, including inhibition of cell
proliferation, induction of programmed cell death through
apoptosis and autophagy, and reduction of ECM produc-
tion. Taken together, these effects point towards a potent
antifibrogenic capacity of TRF that might be beneficial to
treat bowel fibrosis or prevent its development in CD
patients.

In the setting of persistent bowel inflammation, as in
IBD, gut fibroblasts expand in number, contributing to the
development of bowel fibrosis."> One of the key mediators
that promote fibroblast proliferation is bFGF.'*"®  1In the
present study, TRF significantly reduced both spontancous
and bFGF-induced HIF proliferation. Interestingly, the in-
hibitory effect exerted by TRF was stronger in IBD than in
control HIF. Moreover, TRF was able to completely abro-
gate bFGF-induced proliferation in UC and CD HIF, but
not in control HIF. Considering that bFGF has been abun-
dantly found in the colonic mucosa of IBD patients,'*'?
the ability to selectively inhibit bFGF-induced proliferation
in inflamed HIF suggests a potential therapeutic benefit of
TRF as an antifibrogenic drug.

It is well known that an exquisite equilibrium
between cell proliferation and cell death is required to
maintain physiological homeostasis. In that regard, the

737



Luna et al Inflamm Bowel Dis  Volume 17, Number 3, March 2011

A) Oh 24h 48h 72h © TRF
CsA - - + .
Y AED-fmk - ; . +
LC3l B
Lcan —» I ] 18KDA— — — — <
16kDa—» - - < Lest
40kDa
BACTIN e SN S S > G S S i,
B) D)
7 - ] unsTiMuLATED
B 6 o [l TRF20uM
b ]
5 5 g9
c r
z ¢ g4
B o 3
o 27 =2
o o
- 1 p 31
Oh 24h 48h 72h Csa e e e e e A e e e .
ZVADfmk - - - + - - - 4+ - - - 4
Control CD uc

FIGURE 6. TRF induces HIF autophagy. (A) Representative immunoblot analysis of LC3-I (cytosolic form) and LC3-II (mem-
brane-bound form) expression in cell lysates at the stated times. f-Actin is shown to demonstrate equal protein loading. (B)
Graphic representation of LC3-II normalized with B-actin as determined by densitometry analysis of immunoblot shown in
panel A. (C) Immunoblot showing the effect on LC3 maturation of zVAD-fmk and CsA on TRF-treated cells and (D) graphic
quantification of LC3-Il. Data are expressed as meantSEM; n=4. *P << 0.05 versus unstimulated cells, **P < 0.01 versus
unstimulated cells, #P < 0.05 versus TRF, ##P < 0.01 versus TRF.

excessive amount of fibroblasts observed in bowel fibrosis  proapoptotic signals, such as Fas, nitric oxide, or IL-2 de-
could result not only from increased cell proliferation but  privation, leads to massive infiltration of the bowel wall by
also from defective fibroblast apoptosis. In fact, the same T lymphocytes in IBD patients.'®

concept has been proven for T lymphocytes in IBD. Exces- Interestingly, TRF was able to markedly enhance HIF
sive proliferation of T cells combined with a marked resist-  apoptosis. Proapoptotic signals can be driven through two
ance of these cells to undergo apoptosis upon exposure to main apoptotic routes. The extrinsic pathway requires the

.0 . ’!d'/’ o L Phase contrast

FIGURE 7. In vivo identification of LC3 II-labeled autophagolysosome vacuoles by fluorescence microscopy. Punctuate cyto-
plasmic vacuoles are observed in TRF and TRF+zVAD-fmk treated cells, whereas a diffuse background staining without
cytoplasmic vacuoles is observed in untreated cells and TRF+CsA treated HIF (original magnification, 20).
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FIGURE 8. TRF decreases production of ECM proteins. (A) and (C) representative immunoblot and graphic representation
showing a decrease in production of procollagen lal and laminin y at stated times. (B,D) Procollagen lol and laminin y
production after 48 hours of TRF treatment in each studied group of HIF. Data are expressed as mean+SEM. *P << 0.01 ver-

sus unstimulated cells, **P < 0.001 versus unstimulated cells.

binding of the proapoptotic agent to its membrane receptor,
leading to caspase 8 activation, whereas the intrinsic path-
way requires the participation of the mitochondria with
release of mitochondrial cytochrome c¢ and activation of
caspase-9."” Both the extrinsic and intrinsic pathways con-
verge in the activation of the effector caspase-3.'"'® In
addition to the existence of mono- and oligonucleosomes
in the cytoplasm, the strong activation of caspases-3, -8,
and -9, and the complete abrogation of HIF apoptosis by
the pan-caspase inhibitor zZVAD-fmk clearly demonstrated
that TRF-induced apoptosis of HIF is indeed a caspase-de-
pendent process.

In an attempt to dissect the specific contribution of
each apoptotic pathway to TRF-induced HIF apoptosis, we
undertook a series of experiments pretreating HIF with
CsA, an inhibitor of the mitochondrial permeability transi-
tion pore that prevents the release of mitochondrial cyto-
chrome ¢ and the subsequent activation of caspase-9."” The
TRF-induced marked activation of caspase-3, -8, and -9
was completely prevented by pretreatment of HIF with
CsA, clearly demonstrating that TRF-induced apoptosis
of HIF is predominantly mediated by the mitochondrial,

intrinsic apoptotic pathway. In that regard, it is important
to take into account that caspase-8, besides its orthodox
activation by ligands of the TNF receptor family, can also
be retroactivated by caspase-9 by means of a mitochondrial
apoptotic loop.® This concept has been proven in different
studies showing the inhibition of caspase-8 activation when
cells were treated with CsA,?'** as in our study. Finally,
activation of the effector caspase-3 was further demon-
strated by measuring PARP cleavage. PARP, a 116-kDa
nuclear poly (ADP-ribose) polymerase, is involved in DNA
repair in response to environmental stress'' and is one of
the main cleavage targets of caspase-3 in vivo,'? therefore
resulting in a surrogate marker of cell apoptosis. As
expected, addition of the pancaspase inhibitor zVAD-fmk
to HIF completely prevented TRF-induced activation of
caspases-3, -8, and -9, PARP cleavage, and cell apoptosis
in HIF.

The capacity of inducing fibroblast apoptosis is likely
to be essential for the efficacy of any antifibrogenic treat-
ment. This notion is supported by the fact that most effica-
cious drugs to treat bowel inflammation, such as steroids,
azathioprine, methotrexate, infliximab, and adalimumab,
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have been shown to be potent inductors of immune cell ap-
optosis.”**  In keeping with this concept, it has
been recently shown that apoptosis of activated hepatic
stellate cells, the functional equivalent to intestinal
fibroblasts, is required to achieve regression of liver
fibrosis.***’ These results constitute the rationale
supporting the provocative view that tissue fibrosis might
be a reversible state and has motivated intense research
efforts aimed at identifying new molecules capable of
promoting fibroblast apoptosis.

One of the most relevant findings of our study was
the demonstration that TRF, in addition to apoptosis, can
also induce autophagy in HIF. Exposure of HIF to TRF
resulted in a markedly increased expression of LC3 II, a
membrane-bound protein used to monitor autophagy that is
involved in the generation of autophagosomes™ and also in
the number of autophagic vacuoles in HIF cytoplasm, as
demonstrated by fluorescent microscopy. Interestingly,
TRF-induced HIF autophagy was completely prevented by
pretreatment of HIF with CsA, but was unaffected when
HIFs were pretreated with the pan-caspase inhibitor zVAD-
fmk, demonstrating that TRF-induced HIF autophagy is a
caspase-independent process. Autophagy is a constitutive
process required for proper cellular homeostasis and organ-
elle turnover.”’ However, the true relevance of
autophagy in CD pathophysiology has been very recently
unveiled by genome-wide  association scan  studies
(GWAS). Several GWAS studies have found a strong
association between genetic variants in two autophagy
genes, ATGI6L1 and IRGM, and an increased risk to
develop CD.**?

Along with fibroblast accumulation, an excessive
deposition of ECM is also a hallmark of abnormal tissue
fibrosis. TRF markedly decreased the amount of procolla-
gen type I and laminin c-1 in HIF, two main components
of ECM that have been found abundantly expressed in
bowel strictures of CD patients.'”*?* Interpretation of the
global impact of TRF on ECM production by HIF is com-
plex. Induction of programmed cell death through apoptosis
and autophagy could, by itself, reduce the amount of ECM
produced by HIF. However, it must be underlined that dur-
ing these processes HIFs were still able to upregulate the
expression of certain proteins, such as caspases or LC3II,
whereas the ECM components procollagen type I and lami-
nin c-1 were downregulated. Therefore, it is likely that
both the reduction in HIF number combined with specific
downregulation of ECM components would contribute to
the marked decrease in ECM deposition by HIF, enhancing
the antifibrogenic potential of TRF.

In the present study we found relatively few differen-
ces among CD, UC, and control HIF in response to TRF.
Although we demonstrated indeed a selective capacity of
TRF to prevent bFGF-induced proliferation only in CD and
UC, but not in control HIF, no differences were observed
among the three cell types in other outcomes. The notion

that TRF predominantly exerts its antiproliferative and
proapoptotic effects on activated cells is at present widely
accepted and has been previously demonstrated by our
group'® and others.”*>*® Underlying the influence of the
degree of cell activation on TRF effects, it has been
recently reported that TRF inhibits proliferation and indu-
ces apoptosis in the human colon carcinoma cell line HT-
2936 We hypothesized that the experimental setting
used

has contributed to the lack of differences among the three
HIF groups. A prolonged period of time, ranging between
1 and 2 months, is required to obtain primary cultures of
HIF from intestinal samples and it has been demonstrated
that during this process fibroblasts experience a significant
degree of activation.’’

In our study we could not study the effects of TRF
on freshly isolated intestinal epithelial cells. It is well
known that, upon detachment from the basal membrane, in-
testinal epithelial cells undergo apoptosis very rapidly,
which made impossible the study of proliferation, apopto-
sis, or autophagy in these cells. However, in a previous
study our group demonstrated that TRF does not induce
any type of programmed cell death in quiescent, acinar
pancreatic cells, a type of epithelial cells isolated from the
rat pancreas, whereas TRF was able to induce apoptosis in
pancreatic fibroblasts isolated from the same animals.'” In
conclusion, our study demonstrates that TRF has multiple
antifibrogenic effects on HIF, derived from its capacity to
reduce cell proliferation, induce programmed cell death,
and inhibit ECM production by HIF. Considering also its
excellent safety profile, TRF represents a promising thera-
peutic strategy to treat bowel fibrosis or to prevent its de-
velopment in CD patients.
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2) Segon treball

Palm oil tocotrienol rich fraction reduces extracellular matrix production by

inhibiting transforming growth factor-1 in human intestinal fibroblasts

El TGF-B té un paper molt important en el desenvolupament dels processos que cursen amb
fibrosi, ja que promou la sintesi de MEC alhora que n’inhibeix la seva degradaci6. L’objectiu
d’'aques estudi és esbrinar els efectes de la FRT en la sintesi de MEC i en la producci6é de
proteines que en regulen la degradacié com MMP-3 i TIMP-1 per part dels FIH, i si els efectes

de la FRT estan mediats mitjangant la inhibici6 de la senyalitzacio per TGF-f3.
La FRT disminueix significativament la produccié de pro-col-lagen 1i 3 en FIH.
La FRT incrementa la produccié de MMP-3 encara que no modifica la produccié de TIMP-1.

El pre-tractament de FIH amb FRT disminueix la fosforilacié de Smad3 i minimitza I'increment

en la produccio6 de col-lagen 1 i 3 causat per TGF-1.
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Abstract

Background & Aims: Extracellular matrix deposition is key event for the development
of bowel stenosis in Crohn’s disease patients. Transforming growth factor-§ plays a key
role in this process. We aimed at characterizing the effects of tocotrienol rich fraction
on ECM proteins production and molecules that regulate the synthesis and degradation
of extracellular matrix, matrix metalloproteinase-3 and tissue inhibitor of
metalloproteinases-1, in human intestinal fibroblasts, and at elucidating wether the
effects of tocotrienol rich fraction (TRF) are mediated through inhibition of TGF-B1.
Methods: HIF were isolated from colonic or ileal tissue from Crohn’s disease patients
and control subjects, and were treated with TRF from palm oil either alone or in
combination with TGF-B1. Procollagen 1, procollagen 3, TIMP-1 and MMP-3
production, and Smad3 phosphorylation were analized by Western-blotting. Results:
TREF significantly diminished pro-collagen 1 and 3 synthesis in HIF. Treatment of HIF
with TRF increased MMP-3 production but did not modify TIMP-1. TGF-B1 induced
Smad3 phosphorylation and enhanced procollagen 1 and 3 and TIMP-1 production. Pre-
treatment of HIF with TRF prevented Smad3 phosphorylation and minimized the
increase in collagen 1 and 3 production caused by TGF-B1. Conclusions: TRF has
antifibrogenic effects on HIF, decreasing ECM production and increasing its
degradation. This effect is mediated, at least in part, by inhibition of TGF-B1.

Key Words: inflammatory bowel disease, fibroblasts, tocotrienol rich fraction.



Introduction

Crohn’s disease (CD) is a very heterogeneous condition and approximately half of CD
patients will develop a stenosing phenotype, characterized by progressive narrowing of
the intestinal lumen'. In these patients abnormal bowel fibrogenesis is due to chronic
transmural inflammation and impaired wound healing, which result in massive
fibroblast proliferation and an excessive deposition of extracellular matrix (ECM) in the
bowel wall. Ultimately, abnormal contraction of the ECM will also contribute to the
tissue distortion and intestinal obstruction.

No medical treatment for bowel fibrosis has become available to date, in spite of the
remarkable success of the new, anti-inflammatory therapies recently developed for
inflammatory bowel disease (IBD)>. Due to the lack of medical therapies for bowel
fibrosis most CD patients with a stenosing phenotype will require surgical resection of
the involved bowel segment, either once or often more times during their live.
Relatively minor progress has been made in our knowledge of the molecular
mechanisms that lead to bowel fibrosis, as compared to liver, lung, kidney or skin
fibrosis’. Several molecules have been shown to be involved in the abnormal bowel
fibrogenesis that takes place in stenosing CD patients. Among them, transforming
growth factor-B (TGF-P) seems to play a key role in this process’. TFG-p is highly
expressed in areas of intestinal stricture and is overproduced by fibroblasts isolated
from enteric strictures’. In particular, the TGF-B1 isoform has been specifically
implicated in fibrosis through its ability to promote ECM synthesis and fibroblast
contraction®. Both TGF-p and its receptors are overexpressed in the intestine of patients
with CD’, and their binding induces the activation of the Smad transcriptional proteins.

TGF-B receptor I kinase directly phosphorylates Smad2 and Smad3 that then bind to the



common mediator Smad4 and translocate to the nucleus to regulate gene transcription.
The inhibitory Smad proteins, Smad6 and Smad7, compete for the TGF-§ receptor I
kinase and inhibit Smad3 phosphorylation. Moreover, TGF-B1 may facilitate the
fibrogenic process by stimulating tissue inhibitor of metalloproteinases-1 (TIMP-1)
production or inhibiting matrix metalloproteinases (MMP) expression®. Excessive
synthesis and deposition of ECM components by intestinal myofibroblasts, as well as
inhibition of ECM degradation, due to an imbalance between MMPs and their
inhibitors, TIMPs, are thought to be involved in bowel fibrogenesis’.

A variety of natural dietary constituents, including vitamin E, have recently attracted the
researcher’s attention for their potential health benefits and harmless consumption
profile. In nature, eight substances have been found to have vitamin E activity: a-, B-, y-
and d-tocopherol; and a-, B-, y- and d-tocotrienol. Dietary tocotrienols are well absorbed
and easily distributed throughout the body tissues. These vitamin E derivatives could
provide health benefits due to their antiproliferative, neuroprotective, and cholesterol-
lowering properties'®'%. The suppressive effects of tocotrienols on tumour growth are
attributed to their ability to induce both cell cycle arrest and apoptosis in transformed
cells”. On the contrary, o-tocopherol is not effective in inducing apoptosis in cancer
cells'*. Two previous studies from our group demonstrated that tocotrienols can induce
programmed cell death through apoptosis and autophagy in rat pancreatic stellate cells'’
and human intestinal fibroblasts (HIF), in vitro'®.

The purpose of the present study was to characterize the effects of tocotrienols on ECM
production by HIF and to investigate whether such effects are mediated by inhibition of

the TGF-B1 profibrogenic effects on these cells.



Materials and Methods

Reagents and antibodies

Cell culture flasks and clusters were from Corning (New York, NY). Tocotrienol Rich
Fraction from palm oil (Tocomin 50%) was kindly provided by Carotech Ltd

(Wendover, UK). Rabbit anti-B-actin and recombinant human TGF-B1 were from
Sigma-Aldrich (St. Louis, MO). Monoclonal TGF-f1 antibody, rabbit pSmad3
antibody, mouse monoclonal Smad7 antibody and goat matrix metalloproteinase-3
(MMP-3) antibody were from R&D Systems (Minneapolis, MN). Monoclonal TIMP-1
antibody was from Calbiochem (Nottingham, UK). Invitrolon polyvinylidene difluoride
(PVDF) membranes and NuPage gels were from Invitrogen (Carlsbad, CA). Mouse

monoclonal Smad3 antibody, goat procollagen 1al antibody, rabbit procollagen 3al

and horseradish peroxidase (HRP)-conjugated antibodies were from Santa Cruz

Biotechnology (Santa Cruz, CA). All other chemicals were obtained from Sigma-

Aldrich (St. Louis, MO).

Isolation and culture of HIF

HIF were isolated from intestinal segments of patients with stenosing CD undergoing
surgical bowel resection, as well as from non-involved, normal colon segments of
patients undergoing resection due to colorectal cancer. All diagnoses were confirmed by
clinical, radiologic, endoscopic, and histological criteria. HIF were isolated and cultured
as previously described'’. All experiments were performed with subconfluent cells at
passage five. The project was approved by the local ethical committee and performed in

accordance with the principles stated in the Declaration of Helsinki (Update October

1996).



Treatment of HIF with TRF

TRF is an oil suspension obtained from crude palm oil, which is extremely enriched in
tocotrienols having the following vitamin E content: 11.1% a-tocotrienol, 2.1% pB-
tocotrienol, 20.8% y-tocotrienol, 6.7% d-tocotrienol, and 10.2% a-tocopherol. TRF was
dissolved in ethanol to reach a 0.1% ethanol concentration and a 20 uM concentration
of TRF in culture medium. TRF dose was chosen according to our previous
publications'> . Control cells were treated with 0.1% ethanol as vehicle. Experiments
were performed in DMEM medium with 0.3% FBS. Recombinant TGF-f1 was added at

a 10 ng/mL final concentration.

Preparation of Whole cell lysates for cytosolic protein detection

Cells were harvested with Trypsin-EDTA, washed with cold PBS, and lysed in ice-cold
TLB buffer (20 mM Tris pH 7.4, 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2mM
EDTA) with Complete Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktail
(Roche-Diagnostics, Mannheim) for 30 min. Cell lysates were centrifuged at 8500 rpm
for 5 min and supernatants obtained for pSmad3, Smad3, Smad7, TIMP-1, MMP-3,

procollagen 1al and procollagen 3a1 measurement.

Western Blot Analysis

Cell lysates were separated in a Nu-PAGE 3%-8% tris-acetate gels with tris-acetate

SDS running buffer (for procollagen type I and procollagen type III detection), 4-12%
Bis-Tris gels with MOPS-SDS running buffer (for pPSMAD3, SMAD3, SMAD7 and

MMP-3 detection) or 12% Bis-Tris gels with MES-SDS running buffer (for TIMP-1

detection) and transferred to PVDF membranes. The membranes were blocked and



probed with antibodies against pSmad3 (1/500), Smad3 (1/200), Smad7 (1/500), MMP-
3 (1/2500), TIMP-1 (1/250), procollagen type 1 and type 3 (1/100) and B-actin (1/5000)
with an overnight incubation at 4°C and with HRP-conjugated antibodies for 1 hour at
room temperature. Blots were developed by using the Pierce SuperSignal WestFemto
Maximum Sensitivity Substrate (Pierce, Rockford, IL) and bands were visualized by

using a Fujifilm Image Reader LAS-3000 phosphoimager (Fujifilm Photo Film Co.,

Tokyo, Japan). Quantification of protein expression was determined by densitometry of
digitalized images by using Image Gauge V4.0 (Fuyjifilm Photo Film Co., Tokyo,

Japan).

Statistical Analysis
Statistical analysis was performed using the Mann-Whitney test for non-parametric
data, and results are expressed as mean = SEM. A P value <0.05 was considered

significant.



Results

TGF-f1-mediated HIF intracellular signalling

In most cell types TGF-B1 intracellular signalling is driven by the phosphorylation of
Smad3, which results in the activation of this pro-fibrogenic mediator, and its negative
regulator, Smad7. When HIF were exposed to TGF-B1, strong Smad3 phosphorylation
was induced, with a peak of activation observed 6 hours after TGF-B1 treatment. Smad3
phosphorylation remained up-regulated at 24 and 48 hours, compared to baseline.
Paralleling Smad3 phosphorylation, total Smad3 decreased upon TGF-B1 treatment. The
inhibitor of Smad3 phosphorylation, Smad7, was only slightly up-regulated after 6
hours of TGF-B1 treatment, but its levels were rapidly normalized at later time points

(Fig. 1A and 1B).

Effect of TRF on TGF-f1-mediated HIF intracellular signalling

Having shown that TGF-B1 induces a marked activation of Smad3, which will
ultimately lead to its pro-fibrogenic effects, we next aimed at studying the ability of

TREF to interfere with that process. Treatment with TRF alone had no effect on Smad3
activation, but increased the levels of the inhibitory regulator Smad7 in HIF, compared
to unstimulated cells. Pre-treatment of HIF with TRF, prior to TGF-B1 stimulation, was
able to markedly reduce TGF-B1-induced Smad3 phosphorylation, without modifying
Smad7 expression (Fig. 1C and 1D). When TRF and TGF- B1 were simultaneously

administered no effect of TRF on TGF-Bl-induced Smad3 phosphorylation was

observed (data not shown).

TGF-p1-induced TIMP-1 and MMP-3 production by HIF



TGF-B1 is able to influence the expression of both metalloproteinases and their
inhibitors in various cell types, usually favouring the deposition of extracellular matrix.
TGF-B1 significantly increased TIMP-1 production in HIF, without altering the levels
of MMP-3 over time, therefore shifting the MMP-3 / TIMP-1 ratio towards a lower

metalloproteinase production (Fig 2).

Effect of TRF on TGF-f1-induced TIMP-1 and MMP-3 production by HIF

We next aimed at ascertaining whether the changes induced by TRF on the Smad3 /

Smad7 HIF intracellular signalling, shown above, have an influence on MMP-3 and

TIMP-1 production by HIF. Interestingly, treatment of HIF with TRF alone
significantly increased MMP-3 production whereas TIMP-1 levels remained unchanged
(Fig 3A), thus increasing the ratio MMP-3 / TIMP-1 and favouring the extracellular

matrix degradation. Moreover, when used in combination with TGF-1, TRF was also
able to markedly increase MMP-3 expression without changing TIMP-1 expression,

therefore counterbalancing the pro-fibrogenic effects of TGF-f1 on the MMP-3 / TIMP-

1 ratio in HIF (Fig 3).

TRF decreases TGF-f1-induced ECM protein production

TGF-B1 is a key regulator of ECM production, favouring its deposition. Treatment with
TGF-B1 promoted indeed procollagen type 1 and procollagen type 3 synthesis in a time
dependent manner in HIF (data not shown). Notably, treatment of HIF with TRF was
able to completely abrogate TGF-B1-induced procollagen type 1 up-regulation (Fig 4).
TRF also tend to have an inhibitory effect on TGF-B1-induced procollagen type 3
production, but differences did not reach statistical significance (Fig. 4). Finally, HIF

derived from fibrotic areas of CD patients showed higher procollagen type 1 production



than control HIF upon TGF-B1 stimulation (Fig. SA). No differences were observed in
the case of procollagen type 3 production (data not shown). Interestingly, TRF was also
able to completely abrogate TGF-f1-induced procollagen type 1 up-regulation in CD

HIF, resulting in procollagen type 1 levels similar to those of untreated, control HIF

(Fig. 5B).



Discussion

In this study, we demonstrate that TRF have profound effects on HIF, attenuating TGF-
B1-mediated Smad3 phosphorylation, up-regulating MMP-3 production and inhibiting
TGF-B1-mediated collagen type 1 and 3 synthesis by these cells. Taken together, these
effects may shift the balance between ECM production and degradation by HIF,
counteracting the pro-fibrogenic effects of TGF-B1 and favouring ECM degradation.
TGF-B is a multifunctional cytokine regulating a variety of biological responses
including cell growth and differentiation, apoptosis, cell migration, immune cell
function and extracellular matrix production'®. Many fibrotic pathologies, including
CD, are associated with increased levels of TGF-f3 which result in fibroblast recruitment
in injured tissues and subsequent fibroblast stimulation and ECM production. We have
shown for the first time that TRF has the ability to influence TGF-f1-mediated
intracellular signalling in HIF. TRF markedly decreased the activation of Smad3, a key
mediator of TGF-B1 pro-fibrogenic effects. On the contrary, TRF did not affect Smad?7
production. Smad?7 is an inhibitory Smad that binds to the Type I receptor preventing
recruitment and phosphorylation of Smad3, and results in a net inhibition of TGF-B1-
mediated signalling. The relevance of these effects is underlined by the observation that
deletion of Smad3 completely abrogates TGF-p1-mediated production of different types
of collagen by fibroblasts'” . Our results are in keeping with previous studies,
demonstrating that certain vitamin E derivatives, such as a-tocopherol, may influence
cell signalling by inhibiting protein kinase C in vascular smooth vascular cells*" %,
Similarly, a-tocopherol has also been shown to regulate Akt/PKB activation®. The
ability of TRF, a-tocopherol and other vitamin E derivatives to influence cell signalling

is related to their hydrophobic properties that determine their location in the cell



membranes where they form complexes with lipid rafts, cholesterol and sphingolipid

enriched microdomains, serving as a platform for signalling complexes.

TRF was also able to enhance MMP-3 without altering TIMP-1 synthesis by HIF,

therefore shifting the balance between these two key regulators of ECM content towards
ECM degradation. Metalloproteinases and their inhibitors are a family of proteins with
a key role governing the synthesis and degradation of ECM in various tissues. In a

murine model of chronic intestinal inflammation, fibrosis was associated with an
increase in TIMP-1 expression which resulted in inhibition of MMP-mediated ECM

degradation®. Increased TIMP-1 has also been shown in collagenous colitis and colonic

6 27 two entities characterized by marked intestinal fibrosis.

diverticular disease
Furthermore, in strictured intestinal segments of CD patients TIMP-1 expression has
been found up-regulated and MMP-3 and MMP-12 down-regulated, compared to non
strictured areas™®.

In sharp contrast to our results, another vitamin E derivative, a-tocopherol, diminished
collagenase gene transcription without altering the level of its natural inhibitor, TIMP-1,
in human skin fibroblasts*, and down-regulated MMP-19 in myeloid cells™.

Along with fibroblast accumulation, an excessive deposition of ECM is also a hallmark
of abnormal tissue fibrosis. TRF was also able to profoundly modify TGF-f1-mediated
ECM production of procollagen type 1 in HIF, two main components of ECM that have
been found abundantly expressed in bowel strictures of CD patients™ *>'. Accumulation
of ECM in fibrotic diseases usually results from elevated mRNA levels of fibrillar
collagens due to increased transcriptional activation. The fibrotic mucosa of patients
with IBD shows increased levels of mRNA and protein of collagen types I, III, IV and

V32, TGF-B plays a central role in modulating ECM gene expression through Smad3

signalling. A number of collagen gene promoters are induced by TGF-B1 and are



dependent upon Smad3 in dermal fibroblasts. These include COLI1A1, COL1A2,
COL3A1, COL5A2, COL6A1 and COL6A3™.

One of the most relevant findings of our study is the demonstration that HIF isolated
from CD strictures produce more procollagen type 1 than control HIF upon TGF-$1
stimulation. Interestingly, TRF was able to completely abrogate TGF-B1-mediated
procollagen type 1 upregulation in CD and control HIF. As recently shown by our
group, TRF is also able to markedly reduce proliferation and enhance programmed cell
death through apoptosis and autophagy in HIF, which ultimately will also contribute to
the anti-fibrogenic potential of TRF 1516 The impact of TRF on the number of HIF
could, by itself, reduce the amount of ECM produced by these cells. However, it must
be underlined that upon treatment with TRF HIF are still able to up-regulate the
expression of certain proteins, such as MMP-3, whereas the ECM components
procollagen type 1 and procollagen type 3 are down-regulated. We therefore conclude
that both, a reduction in HIF number resulting from a decreased proliferation and an
increased programmed cell death and the specific down-regulation of ECM
components, contribute to the observed TRF-induced reduction in ECM deposition by
HIF.

Furthermore, dietary vitamin E supplementation in human subjects and animal models
has an antioxidant and antiinflammatory effect. Supplementation decreases C-reactive
protein (CRP) and release of proinflammatory cytokines”.

The present work completes our previous description of the “in vitro” effects of TRF on
HIF. Thus, while in our previously published paper we basically described a
quantitative anti-fibrogenic effect or net reduction in the number of HIF cells resulting
from combined reduction of HIF proliferation with enhancement of HIF programmed

cell death through both apoptosis and autophagy, in the present work we characterize a



more qualitative antifibrogenic effect, inhibiting TGF-f1-mediated signalling and
profibrogenic effects.

In conclusion, our study demonstrates that TRF has multiple anti-fibrogenic effects in
HIF, derived from its capacity of inducing ECM degradation through the MMP / TIMP
system and counteracting TGF-B1 pro-fibrogenic actions. Considering also its excellent
safety profile, TRF represents a promising therapeutic strategy to treat bowel fibrosis or

to prevent its development in CD patients.
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Figure legends

Figure 1. (A) Time-course of transforming growth factor-fl1 (TGF-B1) mediated
intracellular signalling on human intestinal fibroblasts (HIF). HIF were stimulated with
10 ng/mL over time. Phosphorylation of Smad3 and total amounts of Smad3, Smad 7
and B-actin were determined by Western blot analysis. Blots are representative of three
independent experiments. (C) Effect of tocotrienol rich fraction (TRF) on transforming
growth factor-f1 (TGF-B1) mediated intracellular signalling in human intestinal

fibroblasts (HIF). HIF were pretreated with 20 uM TRF for 24 hours and with TGF-1
for 6 hours. Unphosphorylated and phosphorylated Smad3 and Smad7 were assessed by
Western blot. All blots are representative of three independent experiments. (B) and (D)
Quantification of pSmad3, Smad3 and Smad7, normalized by B-actin as determined by
densitometric analysis of each immunoblot. Data are expressed as mean + SEM; n > 3.
*P < 0.05 vs. unstimulated cells, #P < 0.05 vs. TGF-B1.

Figure 2. Effect of transforming growth factor-f1 (TGF-B1) on tissue inhibitor of
metalloproteinases-1 (TIMP-1) and matrix metalloproteinase-3 (MMP-3) production by
human intestinal fibroblasts (HIF) over time. (A) Representative immunoblot of TIMP-
1 and MMP-3 production by HIF upon TGF-B1 stimulation. (B) Quantification of
TIMP-1 production by HIF, normalized by B-actin as determined by densitometric
analysis of each immunoblot. Data are expressed as mean £ SEM; n > 3. *P < 0.05 vs.
unstimulated cells.

Figure 3. Effect of transforming growth factor-f1 (TGF-f1) on tissue inhibitor of
metalloproteinases-1 (TIMP-1) and matrix metalloproteinase-3 (MMP-3) production by
human intestinal fibroblasts (HIF). HIF were stimulated with 20 uM of TRF for 24

hours and TGF-B1 for 48 hours. (A) Representative immunoblot of TIMP-1 and MMP-3



production by HIF upon TGF-B1 stimulation. (B) Quantification of TIMP-1 production
by HIF normalized by p-actin as determined by densitometric analysis of each
immunoblot. (C) Quantification of MMP-3 production by HIF normalized by B-actin as
determined by densitometric analysis of each immunoblot. Data are expressed as mean
+ SEM; n > 3. *P < 0.05 vs. unstimulated cells, #P < 0.05 vs. TGF-p1.

Figure 4. Effect of tocotrienol rich fraction (TRF) on transforming growth factor-f1
(TGF-B1) mediated production of procollagen type 1 and type 3 by human intestinal
fibroblasts (HIF). HIF were treated with TRF and TGF-B1 for 48 hours. (A)
Representative immunoblot of procollagen type 1 and type 3 production by HIF upon
TRF and TGF-B1. (B) Quantification of procollagen type 1 production by HIF
normalized by B-actin as determined by densitometric analysis of each immunoblot. (C)
Quantification of procollagen type 3 production normalized by B-actin as determined by
densitometric analysis of each immunoblot. Data are expressed as mean + SEM; n > 3.
*P < 0.05 vs. unstimulated cells, **P < 0.01 vs. unstimulated cells, ***P < 0.001 vs.
unstimulated cells, #P < 0.05 vs. TGF-B1.

Figure 5. Differential effect of transforming growth factor-f1 (TGF-B1) on procollagen
type 1 production in Crohn’s disease (CD) and control human intestinal fibroblasts
(HIF). HIF were treated with TGF-B1 for different periods of time (A) and with TRF
and TGF-B1 for 48 hous (B). (A) Quantification of procollagen type 1 production upon
TGF-B1 stimulation by CD and control HIF. (B) Quantification of procollagen type 1
production showing the effect of TRF on TGF-f1-induced synthesis of procollagen type
1 in CD and control HIF. Data are expressed as mean = SEM; n > 3. §P < 0.05 vs.

normal HIF, *P < 0.05 vs. unstimulated cells , #P < 0.05 vs. TGF-B1.
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3) Tercer treball

Treatment of intestinal fibrosis with tocotrienols in an optimized rat model

Com ja hem demostrat en els dos anteriors treballs, la FRT té un potencial antifibrogénic “in vitro” en FIH.
L’objectiu d’aquest nou treball és avaluar la utilitat de la FRT “in vivo” com a tractament antifibrogénic en un
model optimitzat de fibrosi intestinal en la rata basat en 'administracié repetida de TNBS.

La optimitzacié del model ha permés determinar que la dosi de 10mg/setmana de TNBS és la dosi que
indueix un major grau de fibrosi intestinal en la rata i, a més, que aquesta fibrosi és facilment reproduible.
Es van testar 3 dosis diferents de FRT administrat de forma intragastrica per tal d’esbrinar si la FRT és
capag de revertir o prevenir la fibrosi causada per I'administraci6 de TNBS. Cap de les dosis de FRT va
disminuir I'area de teixit fibrotic a les tres setmanes de tractament. Tot i aix0, el tractament amb la dosi més
alta de FRT (150pl/dia) va reduir significativament la diarrea i sagnat rectal i la pérdua de pes de I'animal. A

més, també va reduir I'expressié de TNF-a i vimentina en el teixit afectat.
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Abstract

Background: Tocotrienols have potent antifibrogenic effects in vitro on human intestinal fibroblasts. The
aim of this study was to evaluate the usefulness of tocotrienols to prevent the development of intestinal
fibrosis in an optimized rat model. Methods: Sprague-Dawley rats were treated with several regimes of
intrarectal TNBS. Once the optimal model was established, animals were treated with oral administration of
10, 50 or 150 pl/day of tocotrienol rich fraction (TRF) from palm oil, started 10 days prior to the first TNBS
dose and continued for 3 weeks after the first TNBS dose. At this point animals were sacrificed and intestinal
fibrosis was quantified in colonic preparations stained with Mason’s trichromic, by means of a computer-
assisted morphometric analysis. Colonic expression of collagen I and III, TNF-a and vimentin was measured
by RT-PCR and TGF-B1 activation and MMP-3 and TIMP-1 production by Western-blot. Results:
Treatment with 10 mg/week of intracolonic TNBS for 3 weeks was the best regime to induce intestinal
fibrosis. After 1 week marked submucosal enlargement was due to inflammatory infiltrate and edema, which
was substituted by fibrotic tissue at 3 weeks. None of the TRF doses was able to reduce the fibrotic tissue
area. However, treatment with 150 pl of TRF significantly (p<0.05) reduced diarrhea, rectal bleeding and
animal weight loss, as well as colonic TNF-a and vimentin expression. Conclusions: TRF did not prevent
intestinal fibrosis in an optimized rat model. However, treatment with TRF had anti-inflammatory effects,
decreasing some of the clinical hallmarks of TNBS-induced colitis. We therefore can’t rule out the possibility

that treatment with TRF for longer periods of time might improve intestinal fibrosis.



Introduction
Crohn’s disease is a very heterogeneous condition and more than one third of CD patients will develop a
fibrostenosing phenotype, characterized by progressive narrowing of the intestinal lumen'. In these patients
abnormal bowel fibrogenesis is due to chronic transmural inflammation and impaired wound healing, which
result in massive fibroblast proliferation and an excessive deposition of ECM in the bowel wall. Ultimately,
abnormal contraction of the ECM will also contribute to the tissue distortion and intestinal obstruction.
No medical treatment for bowel fibrosis has become available to date, in spite of the remarkable success of
the new, anti-inflammatory therapies recently developed for inflammatory bowel disease (IBD)”. Due to the
lack of medical therapies for bowel fibrosis most CD patients with a stenosing phenotype will require
surgical resection of the involved bowel segment, either once or often more times during their live.
Relatively minor progress has been done in our knowledge of the molecular mechanisms that lead to bowel
fibrosis, as compared to liver, lung, kidney or skin fibrosis®. Animal models have greatly advanced our
understanding of the mechanisms of gut inflammation. Such models, however, have focused almost
exclusively on the immune-mediated mucosal inflammation with little attention to chronic disease and
intestinal fibrosis.
The hapten 2, 4, 6-trinitrobenzenesulfonic acid (TNBS), administered as an enema, has been widely used to
study colonic inflammation® . This model, maintained for 7-10 days, is widely used to investigate immune
events underlying the acute inflammatory responses in the gut™’. More recently repeated intracolonic TNBS
administration has been shown to induce colonic fibrosis in mice®. However the effects of TNBS are highly
variable and mice strain dependent.
A variety of natural dietary constituents, including vitamin E, have attracted the researcher’s attention for
their health benefits and harmless consumption profile. In nature, eight substances have been found to have
vitamin E activity: a-, B-, y- and d-tocopherol; and a-, B-, y- and d-tocotrienol. To date most efforts had been
devoted to a-tocopherol, due to its abundance in the human body and potent antioxidant activity. However,

dietary tocotrienols are well absorbed, easily distributed throughout the body tissues and could provide



greater health benefit than o-tocopherol, due to their antiproliferative, neuroprotective, and cholesterol-
lowering properties. The suppressive effects of tocotrienols on tumour growth are attributed to their ability to
induce both cell cycle arrest and apoptosis in transformed cells’".

Two previous studies from our group demonstrated that tocotrienols can induce apoptosis and autophagy in
rat pancreatic fibroblasts'? and in human intestinal fibroblasts'?, in vitro, suggesting a  potential role of this
compound in anti-fibrotic therapy.

The purpose of the present study was to evaluate the usefulness of tocotrienols to prevent the development of

fibrosis in an optimized model of TNBS-induced fibrosis in the rat.



Materials and Methods

Reagents and antibodies

Cell culture flasks and clusters were from Corning (New York, NY). Tocotrienol Rich Fraction (TRF) from
palm oil (Tocomin 50®, Carotech, Wendover, UK) was kindly provided by Carotech Ltd (Wendover, UK).
High capacity cDNA reverse transcription kit, Taqgman fast universal master mix, Collal, Col3al, TNF-a
and Vimentin Tagman probes and Rat actin beta probe were from Applied Biosystems (Carlsbad, CA).
Rabbit anti-f-actin and TNBS were from Sigma-Aldrich (St. Louis, MO). Monoclonal TGF-B1antibody was
from R&D Systems (Minneapolis, MN). Invitrolon polyvinylidene difluoride (PVDF) membranes and
NuPage gels were from Invitrogen (Carlsbad, CA). Rabbit matrix metalloproteinase-3 (MMP-3) antibody
and horseradish peroxidase (HRP)-conjugated antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). TACS 2-TdT-Fluor in situ apoptosis detection kit was from Trevigen (Gaithersburg, MD). All other

chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Animals

Male Sprague Dawley rats weighing 300g were purchased from Charles River Laboratories Inc.
(Wilmington, MA). Rats were housed and fed standard chow and tap water ad libitum throughout the study
following protocols approved by the Animal Care and Use Committee at University of Barcelona School of

Medicine.

Induction of colonic fibrosis. Time-course study of intestinal fibrosis development

Rats were lightly anesthetized by placing in a glass chamber containing isoflurane and randomized into
control and treatment groups. In order to establish which was the optimal TNBS dose, two treatment groups
were defined, to receive 3 doses of 5 mg or 10 mg of TNBS, respectively. 1 mL of TNBS (either Smg or

10mg TNBS/enema) in 45% ethanol enema was administered. Each rat received 1 enema of TNBS on a



weekly basis for 3 weeks. The tip was inserted to a depth of 8 cm from the anal ring, the enema was slowly
administered and the animal was held by the tail in a vertical position, head down, for 30 seconds to allow
uniform distribution of the TNBS mixture. All animals were examined twice a week for signs of colitis
including weight loss, diarrhea, rectal bleeding and prolapse.

Once the optimal dose of TNBS was established, and to better understand the process of intestinal fibrosis
development, rats were sacrificed for histology and sample collection at day 1, 3, 7, 14 and 21 after the first
TNBS enema administration. Rats sacrificed at day 1, 3 and 7 had received 1 TNBS enema. Rats sacrificed at
day 14 had received a total of 2 TNBS enemas and rats sacrificed at day 21 had received a total of 3 TNBS

encmas.

Study design

Sprague Dawley rats were randomized into 3 groups of tocotrienol treated animals and 2 groups of control
animals. The effects of 3 doses of the tocotrienol rich compound Tocomin 50® were evaluated in this study:
10 pl, 50 pl and 150 pl. In all cases Tocomin S0® was dissolved in superolein to reach a final volume of 500
ul. Tocotrienol-treated animals received daily intragastric Tocomin 50® (10, 50 or 150 pl) for a period of 31
days. Colonic fibrosis was induced by means of 3 doses of 10 mg of TNBS intrarectaly administered at days
10, 17 and 24. Rats were sacrificed and colonic samples collected at day 31. Two control groups were
planned. One received intragastric 500 ul tap water for a period of 31 days and intrarectal saline enema on
days 10, 17 and 24 (no fibrosis group), the other received intragastric tap water and intrarectal TNBS on days

10, 17 and 24 (untreated fibrosis group).

Tissue processing
The colons were removed intact from the anus to the ileocecal junction; the length was measured, cleaned
and weighed. At macroscopic examination, the distal 5 to 7 cm of the TNBS-treated colons were indurated,

edematous, thickened, with evidence of colonic fibrosis. Sections were taken from these involved regions for



the following experiments: (1) formalin fixation and histological examination; (2) total RNA isolation; (3)
total protein extraction.

Serial paraffin sections of the colon were stained with H&E and Mason’s trichromic to detect connective
tissue. Histological preparations were visualized under an inverted microscope Nikon Eclipse Ti-S and
submucosal area was quantified relative to total transversal area of colonic tissue with NIS-Elements Br

Nikon Software.

mRNA assessment by RT-PCR

Total RNA was isolated from full-thickness colonic tissue with RNeasy Kit, Qiagen (Valencia, CA). 500 ng
aliquots of total RNA were reverse transcribed to assay for Col 1al, Col 3al, TNF-a and vimentin expression
by real-time polymerase chain reaction with 7500 Fast Real-Time PCR System, Applied Biosystems

(Carlsbad, CA). Results were standardized to B-actin.

Preparation of whole tissue lysates for protein detection
Tissue lysates for protein detection were prepared from full-thickness colonic tissue with RIPA buffer with
Complete Protease Inhibitor Cocktail. Tissue lysates were centrifuged at 8500 rpm for 5 min and

supernatants obtained for TGF-1 and MMP-3 measurement.

Westerm blot analysis

Whole tissue lysates were separated in Nu-PAGE 4%-12% Bis-Tris gels with MOPS-SDS running buffer and
transferred to PVDF membranes. The membranes were blocked and probed with antibodies against TGF-$1
(1/1000), MMP-3 (1/200) and B-actin (1/5000) with an overnight incubation at 4°C and with HRP-conjugated
antibodies for 1 hour at room temperature. Blots were developed by using the Pierce SuperSignal WestFemto
Maximum Sensitivity Substrate (Pierce, Rockford, IL) and bands were visualized using a Fujifilm Image

Reader LAS-3000 phosphoimager (Fujifilm Photo Film Co., Tokyo, Japan). Quantification of protein



expression was determined by densitometry of digitalized images by using Image Gauge V4.0 (Fujifilm

Photo Film Co., Tokyo, Japan).

TUNEL evaluations

TUNEL experiments were performed following manufacturer’s instructions. Briefly, tissue slides were
deparaffinizated and incubated with Proteinase K for 30 minutes at room temperature, washed and incubated
1 hour at 37°C with labeling reaction mix in a humidity chamber. Tissue slides were incubated with Strep-
Fluor for 20 minutes at room temperature, immersed in fluorescence mounting medium and observed under a
Nikon fluorescence microscope. Some samples were pre-treated with TACS-Nuclease to generate positive

controls of the staining method.

Statistical analysis
Statistical analysis was performed using the Mann-Whitney test for non-parametric data, and results are

expressed as mean £ SEM. A P value <0.05 was considered significant.



Results

Effects of different doses of TNBS on colonic fibrosis

Since to date the rat model of TNBS-induced colonic fibrosis has only been based on a single intrarectal
administration of TNBS, with variable results, we first aimed at investigating a) the effects of repeated TNBS
administration on colonic fibrosis in rats, and b) which is the optimal dose of TNBS. We found that the
administration of 3 doses of 10 mg of TNBS, at days 0, 7 and 14 followed by animal study at day 21, resulted
in a much more intense colonic fibrosis compared to the administration of 3 doses of 5 mg of TNBS at the

same time points, as shown in supplementary figures 1 and 2.

Development of TNBS-induced colonic fibrosis. Time-course study

Having defined the optimal dose of TNBS, we next aimed at studying the development of intestinal fibrosis
over time. TNBS-treated rats showed a decreased body weight compared to control rats. This reduction in the
growth ratio started immediately after the first administration of TNBS and was observed during all the
treatment period reaching statistical significance from the second TNBS dose and until the end of treatment
(Fig 1A). Rectal bleeding and diarrhoea were observed 2 days after TNBS administration (Figure 1B). Rectal
prolapse and periorbital exudates were not observed. At macroscopic examination, the distal 5 to 7 cm of the
TNBS-treated animals were indurated, edematous and thickened. No inflammatory changes were observed in
the control animals. As expected, an increase in colon weight, a reduction in colon length and an increase in
colon thickness were observed as soon as three days after the first TNBS administration and later on (Fig 1C,
D and E).

The submucosal surface was dramatically increased three days after TNBS administration compared to
control group. This initial expansion of the colonic submucose was characterized by an inflammatory

infiltrate and edema, which was progressively substituted by cellular and extracellular matrix components



(Fig. 2). The switch from inflammatory to fibrotic changes resulted in a moderate decrease of the submucosal
area over time (Fig. 2J).

Treatment with TNBS for one and two weeks stimulated collagen I and III colonic expression (Fig. 3A and
B). In addition, expression of vimentin, a marker of fibroblasts and myofibroblasts (Fig. 3D) and TNF-a (Fig
3C) was also increased at the RNA level by TNBS treatment. Although total levels of TGF-B1 protein were
not modified by TNBS treatment at any time, an increase in active TGF-f1 was observed two and three
weeks after TNBS treatment (Fig. 4A and B). On the contrary, MMP-3 production was strongly up-regulated.
After three days of the first TNBS administration MMP-3 levels gradually returned to normal during the

study period being similar to baseline at the end of it (Fig. 4 C and D).

Effects of TRF on TNBS-induced colonic inflammation and fibrosis

The use of high doses (50 ul and 150 pl) of TRF, attenuated the TNBS-induce decrease in body weight. This
effect was observed after the second TNBS administration and reached statistical significance in the TRF 150
pl group which restored the growth ratio at the end of treatment (Fig. 5SA). Similarly, the DAI score was also
significantly reduced in the TRF 150 pul group as compared to the control group (Fig. 5B). On the contrary,
TRF had no effect on colon length, weight or thickness at any dose (Fig. 5C, D and E).

Treatment with TRF did not prevent the TNBS-induced increase in submucose area at any of the doses tested
(Fig. 6). Treatment with TRF had no influence on collagen I and III expression either (Fig. 7A and B).
However, the dose of 150 pl of TRF was able to markedly reduce the colonic expression of TNF-a and
vimentin (Fig. 7C and D). Levels of activated TGF-f1 remained unchanged after treatment with TRF (Fig.
8A and B).

Since the induction of fibroblast apoptosis is one of the key anti-fibrogenic effects displayed by tocotrienols
in vitro, we also aimed at determining the extent of apoptosis caused by TRF treatment on colonic

submucosal fibroblasts. After three weeks of TNBS-induced fibrosis a considerable amount of apoptotic cells



could be seen in areas of fibrosis, most of the apoptotic cells were located in the submucosal layer. However,

treatment with TRF did not change the number or localization of these apoptotic cells (Fig. 9).



Discussion
In 2003, Lawrance et al.® reported that one can establish a chronic hapten-induced colitis in BALB/c mice by
the repeated intrarectal administration of TNBS and that such colitis was ultimately accompanied by the
occurrence of gastrointestinal fibrosis. Since then several groups have used this model to study intestinal

inflammatory and fibrotic events'*"

. In this study, we took the idea of repeated TNBS administration to
induce gastrointestinal fibrosis in the mouse and we adapted this model to a rat model of fibrosis. We
characterized the clinical, colonic macroscopic and microscopic and molecular changes that characterizes
various stages of TNBS administration and we tested the ability of intragastric treatment with tocotrienol rich
fraction to reduce TNBS induced intestinal inflammation and fibrosis.

The course of chronic TNBS colitis can be divided into three distinct phases. The first phase, lasting from
day 0 until approximately day 7, is characterized by an acute inflammation leading to extensive tissue
damage and inflammatory cell infiltration; there is a reduction in body weight increase. Colonic changes in
this stage include gain in total colon weight, a small reduction in colon length and consequently an increase
in the thickness of the colon wall.

TNF-a is known to up regulate MMP-1 and MMP-3 production by intestinal fibroblasts'®'®. According to
these observations in our model of TNBS administration TNF-a colonic mRNA levels are elevated and there
is an important up regulation of MMP-3 protein during the first phase of TNBS induced colitis.

The next phase lasting from about day 7 through day 14 is marked by continued but nonprogressive
inflammation that allows the rats to maintain but not increase body weight. During this phase, submucose
inflammatory infiltrate is progressively replaced by cellular and matrix components. Expression of collagens
is elevated, and so it is expression of TNF-a and vimentin. Vimentin is a marker of mesenchymal derived
cells'” and has been implicated in epithelial to mesenchymal transition (EMT), a process in which a polarized
epithelial cell undergo multiple biochemical changes that enable it to assume a mesenchymal cell phenotype,
which includes enhanced migratory capacity, invasiveness, elevated resistance to apoptosis, and greatly

increased production of ECM components>*2.



The third phase of chronic intestinal inflammation induced by TNBS lasting from day 14 to 21 is
characterized by a slight recovery in body weight. Inflammatory infiltrate in colonic submucose is
completely substituted by fibrotic tissue and there is a marked activation of the profibrotic cytokine TGF-B>".
TGF-B has been described to suppress MMP-3 and MMP-9 expression”***, according to these findings we
observed a marked reduction in colonic MMP-3 levels in parallel to activation of TGF-f.

Two previous studies from our group demonstrated that tocotrienols can induce apoptosis and autophagy in
rat pancreatic fibroblasts'? and in human intestinal fibroblasts'’, in vitro, suggesting a possible potential of
this compound in antifibrotic therapy. We investigated the effectiveness of TRF to reduce fibrogenic
connective tissue changes associated with chronic inflammation. TNBS-treated rats that were given TRF,
macroscopic signs of the disease, namely diarrhea and significant weight loss were reduced in a dose
dependent manner. Thricrome staining of colonic cross-sections did not show a reduction of fibrogenic tissue
architecture but expression of TNF-o and vimentin was significantly reduced at higher TRF doses.

The fact that high doses of TRF are able to reduce disease activity index and TNF-a expression in TNBS
treated rats is supported by previous findings of other groups in which an anti-inflammatory effect of
tocotrienols is demonstrated. Namely, tocotrienols suppress the expression of inflammatory cytokines, such
as TNF-o, IL-4, and IL-8, and down-regulation of NF-kB in LPS-induced human monocytic cells®®.
Furthermore, pre-treatment with novel tocotrienols has been reported to reduce the induction of TNF-a in
response to bacterial LPS in mice?’.

As mentioned above, vimentin has been implicated in EMT, a process contributing to tissue fibrosis®*~". The
vimentin gene (VIM) has a promoter with multiple elements responsible for its transcriptional regulation. An
NF-«B binding site has been implicated in growth factor responsiveness, and in the induction of VIM mRNA
in response to expression of the Human T-lymphotrophic virus-1 (HTLV-1) Tax protein. Tax-induced
activation of NF-kB leads to NF-kB binding to an element on the VIM promoter’' >

According to these observations, the reduction of TNF-a and vimentin mRNA levels observed after treatment

of TNBS colitic rats with TRF could be explained by inhibition of NF-kB activation.



It is generally accepted that apoptosis of mesenchymal cells is responsible for spontaneous resolution of
fibrosis in several tissues. In that regard, it has been demonstrated that apoptosis of hepatic stellate cells is the
main process leading to tissue restitution after liver cirrhosis®**. In our model of TNBS-induced colonic
fibrosis we could observe the presence of apoptotic cells in fibrotic areas of the colon. This could be a
spontaneous mechanism leading to normal tissue restitution. Our group has demonstrated that TRF is able to
set up a full apoptotic response in pancreatic stellate cells and human intestinal fibroblasts in vitro'*".
Treatment of TNBS fibrotic rats with TRF could accelerate this restitution process by inducing fibroblasts
apoptosis, however after 30 days of TRF treatment we could not observe a significant increase in the number
of apoptotic cells.

In conclusion, we developed a novel rat model of chronic immune-mediated inflammation and associated
fibrosis of the colon displaying certain features of CD. Histologically, CD and our TNBS model show a full-
thickness inflammation associated with increased ECM deposition and distortion of colonic tissue
architecture. TRF treatment given prophyllactically restored body weight and reduced TNBS-induced
inflammation but not fibrosis. Given the reduction in colonic vimentin expression observed upon TRF

treatment we hypothesize that a longer treatment with TRF could be effective in reducing TNBS-associated

fibrosis.
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Figure legends

Figure 1. Clinical features of chronic TNBS administration in Sprague Dawley. A) Gain in body weight as a
percentage of starting weight. B) Diarrhea and rectal bleeding scores. C) Colon weight, D) Colon length and
E) Ratio between colon weight and colon length. Data are expressed as mean + SEM from at least 10 rats per
group; *p<0.05 vs. control group, **p<0.01vs. control group, ***p<0.001 vs. control group.

Figure 2. Colonic histology of chronic TNBS administration. A) Control, saline-treated. B) 3 days after first
administration of 10 mg of TNBS, C) and D) 3 days after first administration of 10 mg of TNBS showing
inflammatory changes in the submucose, E) 1 week after first administration of 10 mg of TNBS, F) 2 weeks
after the initiation of TNBS treatment, G) 3 weeks after the initiation of TNBS treatement, H) and I) 3 weeks
after the initiation of TNBS treatment showing fibrotic changes in the submucose, J) submucose area
quantified relative to total tranversal area of colonic section with NIS-Elements Br Nikon Software. Data are
expressed as mean + SEM from at least 10 rats per group; *p<0.05 vs. control group.

Figure 3. Colonic expression of A) collagen I, B) collagen III, C) TNF-a and D) vimentin at weekly time
points during chronic TNBS administration in rat determined by RT-PCR. Data are expressed as mean +
SEM from at least 10 rats per group; *p<0.05 vs. control group, **p<0.01vs. control group, ***p<0.001 vs.
control group.

Figure 4. TGF-B1 and MMP-3 colonic protein expression during the course of chronic TNBS colitis in
Sprague Dawley rats, A) Representative western-blot showing activation of TGF- B1 in the late phase (week
2 and 3) of chronic TNBS administration. A total of 40 pg per lane were charged onto the gel, B)
Quantification of activated versus total TGF- B1 normalized to B-actin, as determined by densitometric
analysis of each immunoblot, C) Representative western-blot showing MMP-3 production in the acute phase
of TNBS administration. A total of 50 ug per lane were charged onto the gel, D) Quantification of MMP-3
production normalized to B-actin, as determined by densitometric analysis of each immunoblot. Data are

expressed as mean = SEM from at least 10 rats per group; *p<0.05 vs. control group.



Figure 5. Clinical features of chronic TNBS administration in Sprague Dawley rats and effects of different
doses of tocotrienols. A) Gain in body weight as a percentage of starting weight, B) Diarrhea and rectal
bleeding scores, C) Colon weight, D) Colon length and E) Ratio between colon weight and colon length.
Data are expressed as mean £ SEM from at least 10 rats per group; *p<0.05 vs. control group, ***p<0.001
vs. control group.

Figure 6. Colonic histology of chronic TNBS administration in Sprgue Dawley rats and effects of different
doses of tocotrienols. A) Control, saline-treated. B) 3 weeks after first administration of 10 mg of TNBS
showing fibrotic changes in the submucose, C) 3 weeks after first administration of 10 mg of TNBS with
daily intragastric treatment with 150 pl of tocotrienols, D) submucose area quantified relative to total
tranversal area of colonic section with NIS-Elements Br Nikon Software. Data are expressed as mean = SEM
from at least 10 rats per group; *p<0.05 vs. control group.

Figure 7. Colonic expression of A) collagen I, B) collagen III, C) TNF-a and D) vimentin 3 weeks after first
administration of 10 mg of TNBS in rats and daily intragastric treatment with different doses of tocotrienols
determined by RT-PCR. Data are expressed as mean + SEM from at least 10 rats per group; *p<0.05 vs.
control group, **p<0.01vs. control group, #p<0.05 vs. TNBS group.

Figure 8. TGF-B1 and MMP-3 colonic protein expression after 3 weeks of TNBS administration and dayly
intragastric treatment with tocotrienols, A) Representative western-blot showing activation of TGF- 1. A
total of 40 pg per lane were charged onto the gel, B) Quantification of activated versus total TGF- B1
normalized to B-actin, as determined by densitometric analysis of each immunoblot, C) Representative
western-blot showing MMP-3 production. A total of 50 pug per lane were charged onto the gel, D)
Quantification of MMP-3 production normalized to B-actin, as determined by densitometric analysis of each

immunoblot. Data are expressed as mean = SEM from at least 10 rats per group; ***p<0.001 vs. control

group.



Figure 9. Detection of apoptotic cells in colonic tissue slides from control group, TNBS-treated group and
TNBS+TRF 150ul treated group. A) The upper panel shows TACS-Nuclease pre-treated slides. B) and C)

Visualization of apoptotic cells in the colonic submucose of TNBS and TNBS+TREF treated groups.
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Figure 4
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Els resultats del present Projecte de Tesi Doctoral demostren que la FRT té efectes multiples en FIH en
cultiu. Aquests efectes inclouen la inhibici6 en la proliferacié cel-lular, la inducci® de mort cel-lular
programada mitjancant apoptosi i autofagia i la reduccié en la sintesi de MEC. Aquests efectes de la FRT
sobre el funcionament cel-lular apunten a un potencial efecte antifibrogénic que podria ser util en el

tractament de la fibrosi intestinal en pacients amb MC.

En el patré fibroestenosant de la MC els fibroblasts intestinals augmenten en numero contribuint al
desenvolupament de la fibrosi. Un dels principals promotors de la proliferacié d’aquestes cél-lules és el
bFGF™*"®. En el present estudi la FRT ha demostrat tenir efectes antiproliferatius en FIH independentment
de la procedéncia dels fibroblasts. La FRT redueix tant la proliferacié basal com la induida per bFGF en FIH
en cultiu. Paradoxalment, en situacié basal, sense bFGF, els tocotrienols inhibeixen la proliferacié tant en
cél-lules control com en cél-lules procedents d’arees afectades. En canvi, quan s’afegeix bFGF al medi de
cultiu, la FRT només és capag de reduir la proliferacié en cél-lules aillades de zones afectades de lintesti
perd no en cél-lules control. Aquest, és un resultat molt interessant ja que indica un efecte antiproliferatiu
selectiu en cél-lules procedents de Mil.

Malauradament, durant la realitzaci6 d’aquest Projecte de Tesi Doctoral, no hem pogut trobar una
explicaci6 satisfactoria al fet que la FRT inhibeixi la proliferacié de manera selectiva quan les cél-lules estan
estimulades amb bFGF perd no demostri cap tipus de seleccié en situacié basal. Sabem per altres estudis
que els tocotrienols excerceixen els seus efectes en cél-lules activades perd no en cél-lules quiescents’.
Els fibroblasts control no es poden considerar cél-lules inactives o quiescents, ja que el contacte amb una
superficie plastica, com és el material de cultiu sobre el qual es creixen aquestes cél-lules, en provoca
I'activacié’®’”. A més, amb la estimulaci6 amb bFGF, els fibroblasts control demostren uns nivells de
proliferacié similar a fibroblasts aillats de MIl. Tot i aixd, és possible que les cél-lules de MIl conservin
algunes caracteristiques d’activacidé que les diferenciin de les cél-lules control i les faci més vulnerables a

I'acci6 de la FRT.
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Tal com ja hem comentat anteriorment, I'apoptosi de les cél-lules efectores en el desenvolupament de la
fibrosi sembla ser el principal mecanisme de la seva resolucié. Es sabut que en la MIl hi ha una resisténcia
cellular a I'apoptosi’®. La FRT és capag d’instaurar un procés complert d’apoptosi en els FIH en cultiu. A
diferéncia del que passa amb la majoria d’agents proapoptotics, la FRT produeix I'activacio tant de la via
extrinseca com de la via intrinseca de I'apoptosi ja que activa les caspases 8 i 9.

Sorprenentment, I'addicié de ciclosporina A (CsA), un conegut inhibidor de la via intrinseca de I'apoptosi
que actua bloquejant el porus mitocondrial”®, bloqueja completament el procés d’apoptosi induit per FRT.
Aixd demostra que tot i 'activacié de la caspasa 8 i per tant, de la via extrinseca, en el tractament amb FRT
la predominant és la via intrinseca. En aquest sentit, cal tenir en compte que, si bé el mecanisme principal
d’activacié de caspasa 8 és a través del receptor de TNF-a, aquesta es pot activar també mitjancgant la

caspasa 9%° i que la inhibicié de I'activacié de caspasa 8 mitjangant CsA ja s’ha vist en altres estudis®"®2.

L’any 2007, la troballa que diferents variants dels gens ATG16L i IRGM®®° conferien susceptibilitat per la
MC va involucrar el procés d’autofagia en la patogenia de la malaltia.

L’autofagia té un paper molt rellevant en I'aclariment de cossos apoptotics®®. La persisténcia d’aquests
cossos degut a un defecte en l'autofagia pot contribuir a la inflamacié continuada en la MC. La FRT ha
demostrat eficacia en la induccié d’autofagia en FIH en cultiu, ja que provoca la maduraci6 de la proteina
LC3 i l'aparici6 de vacuoles autofagiques en el citoplasma d’aquestes cél-lules. Un cop més la CsA
reverteix aquest procés, i per tant inhibeix I'autofagia induida per FRT, demostrant que el procés d’autofagia
requereix la participacié de la mitocondria. Aquest fet indueix a pensar que I'apoptosi i 'autofagia s6n dos
fendmens relacionats i que poden ser el resultat final d’una mateixa via, tal com demostren Cooney i cols.?’.
Tot i aix0, els nostres resultats suggereixen que 'autofagia és independent de I'activacioé de les caspases ja
que l'addicié de z-VAD-fmk, un inhibidor universal de l'activacié de les caspases, no té cap efecte sobre
l'autofagia induida per FRT. Malgrat que els mecanismes de relacié entre I'apoptosi i 'autofagia tenen un
gran interés per a la comprensio de la fisiopatologia de la MC, I'estudi d’aquests s’escapa dels objectius del

present Projecte de Tesi Doctoral.
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Les patologies que cursen amb desenvolupament de fibrosi estan associades a alts nivells de TGF-3 que
resulta en el reclutament de fibroblasts al lloc de la lesié i a un increment en la produccié de MEC®. A nivell
intracel-lular, la fosforilacié6 d’'Smad3 és el pas clau que regula les accions del TGF-B. La FRT ha mostrat
eficacia en la disminuci6 dels nivells intracel-lulars d’'Smad3 fosforilada induida per TGF-pB.

Que una molécula lipofilica interfereixi en una via intracel-lular no és sorprenent si tenim en comte estudis
previs que demostren que I'a-tocoferol pot influenciar la senyalitzaci6 cel-lular inhibint la proteina cinasa C o
regulant I'activacié d’Akt/PKB®°".

Les accions de la FRT en la senyalitzacié del TGF-B pot tenir varies explicacions. Per una banda, la
naturalesa hidrofobica de la molécula pot determinar la seva localitzacié en la membrana cel-lular on pot
formar complexes amb les basses lipidiques (“lipid rafts”), unes estructures de la membrana que serveixen
com a plataforma per a la senyalitzaci6®™. Aquest impediment fisic pot interferir en aquelles vies de
senyalitzacié que depenguin de la membrana cel-lular, com és el cas de la senyalitzacié per TGF-B. D’altra
banda, el fet que la FRT sigui capac¢ d’'induir apoptosi i autofagia en els FIH, pot comprometre I'estabilitat de
la membrana impedint una correcta unio6 entre el TGF-f i el seu receptor de membrana.

La fosforilacié6 d’Smad3 té efectes oposats en la regulacié de I'expressié génica®™. Regula positivament
I'expressié de TIMP-1, en canvi, regula negativament I'expressiéo de MMP-3. Tot i ser efectes oposats en
quant a expressio geénica, aquests dos fendmens afavoreixen I'acumulacié de MEC. Els nostres resultats
confirmen que I'estimulacié de FIH amb TGF-B indueix a una sobre expressio de TIMP-1, perd no em pogut
demostrar que aquesta estimulacié tingui un efecte inhibitori en la produccié de MMP-3, segurament, aixo
és degut a qué la produccié basal de MMP-3 per part dels FIH en cultiu és molt baixa.

L’exposicio de FIH a FRT fa que es reverteixi aquest estat profibrogénic ja que la FRT és una potent
inductora de I'expressié de MMP-3 perd no afecta als nivells de TIMP-1. El paper de les MMPs en la fibrosi
és controvertit i esta en discussio®*>*. Des del punt de vista de la inflamacié, moment en qué estan sobre
expressades, les MMPs sén responsables de la destruccié del teixit inflamat i per tant, es veuen com a
proteines I'expressié de les quals és potencialment patoldgica. En canvi, en la instauracié de la fibrosi, la

seva expressio esta fortament reprimida i es creu que I'estimulacié de la seva sintesi podria ser util en la
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resolucié de la fibrosi, no només pels seus efectes sobre la MEC acumulada sind també per la seva

capacitat de provocar I'apoptosi dels fibroblasts.

La sintesi de MEC i especialment la sintesi de COL1, COL3 i COL5 esta incrementada en la fibrosi
intestinal®®®’, aquest fet esta directament relacionat amb I'activitat de TGF-B en la zona afectada. La FRT,
interfereix en la sintesi de col-lagen en FIH en cultiu. Aixd pot tenir diverses explicacions.

Per una banda, la FRT redueix la proliferacio i indueix apoptosi i autofagia en aquestes cel-lules, per tant,
provoca una reduccié en el numero de fibroblasts, la qual cosa podria explicar una menor produccié de
MEC. Tanmateix cal tenir en comte que tot i aquests efectes en el nimero de cél-lules, els FIH tractats amb
FRT conserven I'habilitat de produir proteines, com és el cas de la MMP-3 que es troba fortament sobre
expressada amb aquest tractament. Per tant, la reduccié en sintesi de MEC podria no ser secundaria a un
procés de mort cel-lular sin6é a una inhibicié especifica de les vies que condueixen a la seva sintesi.

D’altra banda, la FRT disminueix la fosforilaci6 d’'Smad3 induida per TGF-3, un fet clau en la sintesi de

MEC i que podria explicar els efectes de la FRT sobre la sintesi de col-lagen.

Els resultats “in vitro” discutits fins al moment permeten hipotetitzar un potencial antifibrogénic de la FRT.
Per a confirmar aquest potencial “in vivo” ens calia disposar d’'un model experimental de fibrosi intestinal. A
diferéncia del que succeeix amb la colitis, en la que es disposa d’un gran nombre de models animals®®, hi
ha pocs models experimentals especificament dissenyats per a reproduir la fibrosi intestinal. Aquest fet, ha
limitat molt el desenvolupament de noves estratégies de tractament antifibrogénic en l'intesti.

Mitjancant I'administracié intracolonica repetida a dosis baixes de I'hapteé TNBS vam poder establir fibrosi
intestinal en la rata de manera rellevant i reproduible.

El curs temporal de la fibrosi intestinal induida per TNBS es pot dividir en tres fases:

La primera fase, del dia 0 fins a dia 7, es caracteritza per una inflamacié aguda que provoca pérdua de
pes, causa dany en el teixit i un infiltrat inflamatori en la zona afectada. Com a conseqiiéncia d’aquest

infiltrat hi ha un augment en el pes del colon. A més, hi ha nivells elevats de TNF-a i es déna una important

sobre expressio de MMP-3.
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La segona fase, del dia 7 al dia 14, es caracteritza per una inflamacié continuada perd no progressiva.
Durant aquesta fase, linfiltrat inflamatori de la submucosa es va substituint progressivament per
components cel-lulars i matriu extracel-lular. En aquesta fase hi ha un augment en I'expressio de col-lagen |
i lll, TNF-a i vimentina. La sobreexpressié de vimentina és molt rellevant ja que aquesta proteina és un
marcador de cél-lules d’origen mesenquimal, com els fibroblasts i ha estat implicada en el procés de TEM,
en el qual cél-lules epitelials pateixen diversos canvis per assumir un fenotip mesenquimal.

La tercera fase, del dia 14 al 21, es caracteritza per una lleugera recuperacié en el pes corporal de
'animal. L’infiltrat inflamatori de la submucosa coldnica és completament substituit per teixit fibrotic i hi ha

una marcada activacié de la citoquina profibrotica TGF-f.

En aquest model de fibrosi intestinal, la FRT no ha demostrat ser capa¢ de prevenir o revertir els
esdeveniments profibrotics que es donen al llarg de I'administracié intracolonica de TNBS. Tot i aixo, els
animals que van rebre la dosi més alta de FRT provada en aquest estudi van mostrar nivells disminuits en
parametres que mesuren la inflamacié, aixo és, el tractament amb FRT va disminuir I'index d’activitat de la
malaltia i la pérdua de pes causada pel TNBS aixi com també va reduir I'expressié de TNF-a.

El fet que la FRT redueixi I'expressié de TNF-a en animals tractats amb TNBS és consistent amb estudis

previs que demostren un efecte antiinflamatori dels tocotrienols'® '’

. En el primer estudi els autors
demostren que els tocotrienols redueixen I'expressié de TNF-q, IL-4 i IL-8 i una regulacié negativa sobre
NF-kB en monodcits humans induits amb LPS. En el segon estudi els autors demostren que els tocotrienols
també tenen un efecte antiinflamatori, reduint I'expressié de TNF-a, en ratolins tractats amb LPS.

Una troballa interessant de I'estudi dels efectes de la FRT en un model de fibrosi intestinal és que la dosi
més alta de FRT disminueix I'expressié de vimentina en el colon dels animals tractats amb TNBS. Donat

que la vimentina és una proteina que s’expressa en quantitats elevades en fibroblasts i miofibroblasts'?, &

]
temptador especular que aquest descens en l'expressié és degut a una disminucié en el numero de
fibroblasts en la zona afecta com a conseqiiéncia d’'un augment en I'apoptosi d’aquestes cél-lules. Els

estudis per avaluar els nivells d’apoptosi “in situ” perd no permeten aquesta afirmacié, ja que hem vist que

la submucosa intestinal presenta ceél-lules positives per la tinci6 de TUNEL tant en rates fibrotiques control
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com en rates tractades amb FRT. Tot i aixd, aquest resultat no descarta la possibilitat de qué aquesta
reduccié en I'expressié de vimentina sigui deguda a una disminucié en el fenomen de TEM'®, ja que com

hem comentat més amunt, la vimentina ha estat implicada en aquest procés.

Tot i els potents efectes antifibrogénics que la FRT té sobre FIH en cultiu, aquests no han pogut ser

demostrats “in vivo” en un model de fibrosi intestinal en la rata. Aixd pot tenir diverses explicacions:

- El tractament de FIH amb FRT “in vitro” requereix d’un periode d’incubacio relativament llarg. Es a
dir, els efectes de la FRT sobre aquestes cél-lules es comencen a observar passades 24-48 hores
de la primera exposicié. A més, la FRT demostra els seus efectes sobre FIH a concentracions molt
elevades en un sistema en qué la FRT esta en contacte directe amb les cél-lules, en canvi “in vivo”,
el contacte FRT - fibroblast intestinal pot ser molt limitat ja que requereix una absorcio i distribucié
per tot 'animal i no podem estar segurs de quina proporcioé de tractament arriba realment a la zona
afectada.

- La FRT no és una molécula aillada siné que és un extracte vegetal amb una composicié complexa.
A més dels tocotrienols conté coenzim Q i a-tocoferol entre d’altres. Aquest fet €s molt important ja
que s’ha vist que la co-suplementacié de tocotrienols amb a-tocoferol disminueix I'absorcidé dels
primers®. Per un estudi d’aquest tipus seria molt més convenient administrar un compost lliure d’a-
tocoferol. A més, seria molt més apropiat utilitzar la molécula aillada, concretament les isoformes

gamma o delta-tocotrienol ja que sén les que han demostrat un paper més potent “in vitro”"*.



CONCLUSIONS
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L’ augment en la proliferacié dels fibroblasts intestinals juga un paper fonamental en la fisiopatologia
de la fibrosi. El tractament in vitro amb FRT atenua de forma molt marcada la proliferacié d’aquestes
cél-lules.

Com a conseqiiéncia de I'excessiva proliferacioé i altres fendmens com la migraciéo o la TEM,
transici6 epiteli mesénquima, es produeix una acumulacio de fibroblasts en el teixit lesionat. La FRT
és capag d’induir apoptosi i autofagia en aquestes cél-lules, in vitro, reduint-ne aixi 'acumulacié.

Els fibroblasts sén les cél-lules efectores en la produccié de MEC, la qual s’acumula en la fibrosi.
Després del tractament amb FRT, els nivells de col-lagen tipus | i laminina y, dues proteines
presents en la MEC, produits per HIF disminueixen significativament.

La fosforilaci6 d’'Smad3 induida per TGF-f condueix a la sintesi de MEC i a la inhibicié en la
degradacié d’aquesta. Els fibroblasts tractats amb FRT tenen nivells inferiors d’'Smad3 fosforilada
després de la induccié amb TGF-f3.

Les MMP i TIMPs son proteines importants en la degradacio i renovacié de la MEC. Els fibroblasts
tractats amb FRT produeixen grans quantitats de MMP-3, en canvi, la sintesi de TIMP-1 no es veu
afectada incrementant aixi la degradaci6é de MEC.

La inflamacié cronica induida per TNBS en la rata és capag d’instaurar una resposta fibrotica similar
a la fibrosi que es déna en la MC, fent d’aquest un model apropiat per a I'estudi dels processos que
condueixen a la fibrosi intestinal i també per a I'estudi de possibles terapies per al tractament de la
fibrosi.

La FRT no és capacg de contrarestar la fibrosi induida per TNBS en la rata. Tot i aixo si que reverteix
parametres indicadors d’inflamacié, com la pérdua de pes, I'index d’'activitat de la malaltia, i els

nivells d’expressié de TNF-a.












BIBLIOGRAFIA






10.

11.

119

Brant SR, Nguyen GC. Is there a gender difference in the prevalence of Crohn's disease or
ulcerative colitis?. Inflamm Bowel Dis, 2008;14: S2—-S3.

Gasche C, Scholmerich J, Brynskov J, et al. A simple classification of Crohn’s disease: report of the
Working Party for the World Congresses of Gastroenterology, Vienna 1998. Inflamm Bowel Dis
2000; 6: 8-15.

Kirsner JB, Sartor RB, Sandborn WJ. Kirsner's inflammatory bowel diseases. Elsevier Health
Sciences. 2004; 292.

Hugot JP, Laurent-Puig P, Gower-Rousseau C, et al. Mapping of a susceptibility locus for Crohn’s
disease on chromose 16. Nature. 1996: 379; 821-823.

Ohmen JD, Yang HY, Yamamoto KK, et al. Susceptibility locus for inflammatory bowel disease on
chromosome 16 has a role in Crohn’s disease, but not in ulcerative colitis. Hum Mol Genet. 1996: 10;
1679-1683.

Otte JM, Rosenberg IM, Podolsky DK. Intestinal myofibroblasts in innate immune responses of the
intestine. Gastroenterology. 2003: 124; 1866-1878.

Abreu MT, Taylor KD, Lin YC, et al. Mutations in NOD2 are associated with fibrostenosing disease in
patients with Crohn’s diasease. Gastroenterology. 2002: 123; 679-688.

Economou M, Trikalinos TA, Loizou KT, et al. Differential effects of NOD2 variants on Crohn’s
disease risk and phenotype in diverse populations: a metaanalysis. Am J Gastroenterol. 2004: 99;
2393-2404.

Brand S, Hofbauer K, Dambacher J, et al. Increased expression of the chemokine fractalkine in
Crohn’s disease and association of the fractalkine receptor T280M polymorphism with a
fibrostenosing disease phenotype. Am J Gastroenterol. 2006: 101: 99-106.

Binion DG, Kugathasan S, Dwinell MB. Molecular stratification of Crohn’s disease by chemokine
receptors: fractalkine receptor polymorphisms define a fibrostenosing ileal subgroup. Am J
Gastroenterol. 2006: 101; 107-109.

Faure S, Meyer L, Costagliola D, et al. Rapid progression to AIDS in HIV+ individuals with a

structural variant of the chemokine receptor CXC3R1. Science. 2000: 287; 2275-2277.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

120

Moatti D, Faure S, Fumeron F, et al. Polymorphism in the fractalkine receptor CXC3R1 as a genetic
risk factor for coronary artery disease. Blood. 2001: 97; 1925-1928.

Wasmuth HE, Zaldivar MM, Berres ML, et al. The fractalkine receptor CXC3R1 is involved in liver
fibrosis due to chronic hepatitis C infection. J Hepatol. 208: 48; 208-215.

Graham MF, Diegelmann RF, Elson CO, et al. Collagen content and types in the intestinal strictures
of Crohn's disease. Gastroenterology 1988; 94: 257-265.

Verrechia F, Mauviel A. Transforming growth factor-beta and fibrosis. World J Gastroenterol. 2007:
13; 3056-3062.

McKaig BC, Hughes K, Tighe PJ, et al. Differential expression of TGF-beta isoforms by normal and
inflammatory bowel disease intestinal fibroblasts. Am J Physiol Cell Physiol 2002; 282: C172-C182.
di Mola FF, Friess H, Scheuren A, et al. Transforming growth factor-betas and their signalling
receptors are coexpressed in Crohn’s disease. Ann Surg 1999; 229: 67-75.

Branton MH, Kopp JB. TGF-beta and fibrosis. Microbes Infect 1999; 1: 1349-1365.

Lyons RM, Keski-Oja J, Moses HL. Proteolytic activation of latent transforming growth factor-8 from
fribroblast-conditined mediu. J Cell Biol 1988; 106: 1659-1665.

Yu Q, Stamenkovic I. Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-
B and promotes tumor invasion and angiogenesis. Genes Dev 2000; 14: 163-176.

Murphy-Ullrich JE, Poczatek M. Activation of latent TGF-B by thrombospondin-1: Mechanisms and
physiology. Cytokine Growth Factor Rev 2000; 11: 59-69.

Leask A, Abraham DJ. TGF-@ singaling and the fibrotic response. FASEB J 2004; 18: 816-827.

Yuan W, Varga J. Transforming growth factor-beta repression of matrix metalloproteinase-1
transcription in dermal fibroblasts involves Smad3. J. Biol. Chem.2001; 276, 38502-38510.

Verrechia F, Chu ML, Mauviel A. Identification of novel TGF-beta/Smad gene targets in dermal
fibroblasts using a combined cDNA microarray/promoter transactivation approach. J. Biol. Chem.
2001: 276, 17058-17062.

DiSabatino A, Jackson CL, Pickard KM, et al. Transforming growth factor B signalling and matrix

metalloproteinases in the mucosa overlying Crohn’s disease strictures. Gut 2009; 58: 777-789.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

121

Nagase H. Activation mechanisms of matrix metalloproteinases. Biol Chem 1997; 378: 151-160.
Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure,
function, and biochemistry. Circ Res 2003; 92: 827-839.

Butler GS, Overall CM. Updated biological roles for matrix metalloproteinases and new “intracellular”
substrates revealed by degradomics. Biochemstry 2009; 48: 10830-10845.

Westermarck J, Hakkinen L, Fiers W, Kahari V-M: TNF-R55-specific form of human tumor necrosis
factor-a induces collagenase gene expression by human skin fibroblasts. J Invest Dermatol 1995;
105:197-202.

Murphy FR, Issa R, Zhou X, et al. Inhibition of apoptosis of activated hepatic stellate cells by tissue
inhibitor of metalloproteinase-1 is mediated via effects on matrix metalloproteinase inhibition:
implications for reversibility of liver fibrosis. J Biol Chem 2002; 277: 11069-11076.

Zhang Z, Vuori K, Reed JC et al. The alpha 5 beta 1 integrin supports survival of cells on fibronectin
and up-regulates Bcl-2 expression. Proc Natl Acad Sci USA 1995: 92;6161-6165.

llic D, Almeida EA, Schlaepfer DD et al. Extracellular matrix survival signals transduced by focal
adhesion kinase suppress p53-mediated apoptosis. J Cell Biol 1998: 143; 547-560.

Renshaw MW, Ren XD, Schwartz MA. Growth factor activation of MAP kinase requires cell
adhesion. EMBO J. 1997; 16: 5592-5599.

Greiling D, Clark RAF. Fibronectin provides a conduit for fibroblast transmigration from a collagen gel
into a fibrin gel. J Cell Sci. 1997; 110: 861-870.

Ruoslahti E. Integrins. J Clin Invest 1991; 87:1-5.

Lin F, Ren XD, Pan Z, et al. Fibronectin growth factor-binding domains are required for fibroblast
survival. J Invest Dermatol 2011; 131: 84-98.

Lawrance IC, Maxwell L, Doe W. Altered response of intestinal mucosal fibroblasts to profibrogenic
cytokines in inflammatory bowel disease. Inflamm Bowel Dis 2001; 7:226-236.

Leeb SN, Vogl D, Grossmann J, et al. Autocrine fibronectin-induced migration of human colonic

fibroblasts. Am J Gastroenterol 2004; 99: 335-340.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

122
Leeb SN, Vogl D, Falk W, et al. Regulation of migration of human colonic myofibroblasts. Growth
Factors 2002; 20: 81-91.
Knittel T, Kobold D, Saile B, et al. Rat liver myofibroblasts and hepatic stellate cells: different cell
populations of the fibroblast lineage with fibrogenic potential. Gastroenterology 1999; 117: 1205-
1221.
Apte MV, Haber PS, Darby SJ, et al. Pancreatic stellate cells are activated by proinflammatory
cytokines: implications for pancreatic fibrogenesis. Gut 1999; 44: 534-541.
Leite AZ. et al. Isolation and functional characterization of human intestinal mucosal stellate cells.
Abstract. Gastroenterololgy 122, A-111 (S830).
Bellini A, Mattoll S. The role of the fibrocyte, a bone marrow-derived mesenchymal progenitor, in
reactive and reparative fibroses. Lab Invest. 2007; 87: 858-870.
Quan TE, Cowper S, Wu SP, et al. Circulating fibrocytes: collagen-secreting cells of the peripheral
blood. Int J Biochem Cell Biol 2004; 36: 598-606.
Schmidt M, Sun G, Stacey MA, et al. Identification of circulating fibrocytes as precursors of bronchial
myofibroblasts in asthma. J Immunol 2003; 171: 380-389.
Postlethwalte AE, Shigemitsu H, Kanangat S. Cellular origins of fibroblasts: possible implications for
organ fibrosis in systemic sclerosis. Curr Opin Rheumatol 2004; 16: 733-738.
Barth PJ, Ebrahimsade S, Hellinger A, et al. CD34" fibrocytes in neoplastic and inflammatory
pancreatic lesions. Virchows Arch 2002; 440: 128-133.
Gerhardt H, Betsholtz C. Endothelial-pericyte interactions in angiogenesis. Cell Tissue Res. 2003;
314: 15-23.
Kalluri R, Nellson EG. Epithelial-mesenchymal transition and its implications for fibrosis. J Clin Invest
2003; 112: 1776-1784.
Iwano M, Plieth D, Danoff TM, et al. Evidence that fibroblasts derive from epithelium during tissue
fibrosis. J Clin Invest 2002; 110: 341-350.
Chilosi M, Poletti V, Zamd A, et al. Aberrant Wnt/beta-catenin pathway activation in idiopathic

pulmonary fibrosis. Am J Pathol 2003; 162: 1495-1502.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

123
Vallance BA, Gunawan MI, Hewlett B, et al. TGF-beta1 gene transfer to the mouse colon leads to
intestinal fibrosis. Am J Physiol Gastrointest Liver Physiol 2005; 289: G116-128.
Morris JP, Beck PL, Herridege MS, et al. Hapten-induced model of chronic inflammation and
ulceration in the rat colon. Gastroenterology 1989; 96: 795-803.
Lawrance IC, Wu F, Leite AZ, et al. A murine model of chronic inflammation-induced intestinal
fibrosis down-regulated by antisense NK-kappa B. Gastroenterology 2003; 125: 1750-1761.
Wengrower D, Zannineli G, Pappo O, et al. Prevention of fibrosis in experimental colitis by captopril:
the role of tgf-B1. Inflamm Bowel Dis 2004; 10: 536-545.
San-Miguel B, Crespo |, Kretzmann NA, et al. Glutamine prevents fibrosis development in rats with
colitis induced by 2,4,6-trinitrobenzene sulfonic acid. J Nutr 2010; 40: 1065-1071.
Martinez-Hernandez A. The hepatic extracellular matrix. Il. Electron immunohistochemical studies in
rats with CCls-induced cirrhosis. Lab Invest 1985; 53: 166-186.
Iredale JP, Benyon RC, Pickering J, et al. Mechanisms of spontaneous resolution of rat liver fibrosis.
J Clin Invest 1998; 102: 538-549.
Wright MC, Issa R, Smart DE, et al. Gliotoxin stimulates the apoptosis of human and rat hepatic
stellate cells and enhances the resolution of liver fibrosis in rats. Gastroenterology 2001; 121: 685-
698.
Umeda Y, Marui T, Matsuno Y, et al. Skeletal muscle targeting in vivo electroporation-mediated HGF
gene therapy of bleomycin-induced pulmonary fibrosis in mice. Lab Invest 2004; 84: 836-844.
Yaekashiwa M, Nakamura S, Ohnuma K, et al. Simultaneous or delayed administration of
hepatocyte growth factor equally represses the fibrotinc changes in murine lung injury induced by
bleomycin: a morphologic study. Am J Respir Crit Care Med 1997; 156: 1937-1944.
Matsumoto K, Nakamura T. Hepatocyte growth factor: renotropic role and potential therapeutics for
renal diseases. Kidney Int 2001; 59: 2023-2038.
Blatt DH, Leonard SW, Traber MG. Vitamin E kinetics and the function of tocopherol regulatory

proteins. Nutrition 2001; 17: 799-805.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

124

Mizuno S, Matsumoto K. Li MY, Nakamura T. HGF reduces advancing lung fibrosis in mice: a
potential role for MMP-dependent myofibroblast apoptosis. FASEB J. 2005; 19: 580-582.

Sen CK, Khanna S, Rink C, Roy S. Tocotrienols: the emerging face of natural vitamin E. Vitam
Horm. 2007; 76: 203-261.

Khosla P, Patel V, Whinter JM, et al. Postpandrial levels of the natural vitamin E tocotrienol in human
circulation. Antioxid Redox Signal. 2006; 8: 1059-1068.

Patel V, Khanna S, Roy S, et al. Natural vitamin E a-tocotrienol: retention in vital organs in response
to long-term oral supplementation and withdrawal. Free Radic Res. 2006; 40: 763-771.

Khanna S, Patel V, Rink C, et al. Delivery of orally supplemented a-tocotrienol to vital organs of rats
and tocopherol-transport protein deficient mice. Free Radic Biol Med. 2005; 39: 1310-1319.

Khanna S, Roy S, Slivka A, et al. Neuroprotective properties of the natural vitamin E a-tocotrienol.
Stroke. 2005; 36: 2258-2264.

Adachi K, Miki M, Tamai H, et al. Adipose tissues and vitamin E. J Nutr Sci Vitaminol. 1990; 36: 327-
337.

Sen CK, Khanna S, Roy S. Tocotrienols: vitamin E beyond tocopherols. Life Sci. 2006; 78: 2088-
2098.

Mo H, Elson CE. Apoptosis and cell-cycle arrest in human and murine tumor cells are initiated by
isoprenoids. J Nutr. 1999; 129: 804-813.

Rickmann M, Vaquero EC, Malagelada JR, Molero X. Tocotrienols induce apoptosis and autophagy
in rat pancreatic stellate cells through the mitochondrial death pathway. Gastroenterology. 2007;
132: 2518-2532.

Chowdhury A, Fukuda R, Fukumoto S. Growth factor mRNA expression in normal colorectal mucosa
and in uninvolved mucosa from ulcerative colitis patients. J Gastroenterol. 1996; 31: 353-360.
Cordon-Cardo C, Vlodavsky I, Haimovitz-Friedman A, et al. Expression of basic fibroblast growth
factor in normal human tissues. Lab Invest. 1990; 63: 832-840.

Li Z, Dranoff JA, Chan EP, et al. Transforming growth factor-beta and substrate stiffness regulate

portal fibroblast activation in culture. Hepatology 2007; 46: 1246-56.



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

125

Yeung T, Georges PC, Flanagan LA, et al. Effects of substrate stiffness on cell morphology,
cytoskeletal structure, and adhesion. Cell Motil Cytoskeleton 2005; 60: 24-34.

Itoh J, de la Motte C, Strong SA, et al. Decreased Bax expression by mucosal T cells favours
resistance to apoptosis in Crohn’s disease. Gut 2001; 49: 35-41.

Matsumoto S, Friberg H, Ferrand-Drake M, et al. Blockade of the mitochondrial permeability
transition pore diminishes infarct size in the rat after transient middle cerebral artery occlusion. J
Cereb Blood Flow Metab 1999; 19: 736-41.

von Haefen C, Wieder T, Essmann F, et al. Paclitaxel-induced apoptosis in BJAB cells proceeds via
a death receptor-independent, caspases-3/-8-driven mitochondrial amplification loop. Oncogene.
2003; 22: 2236-2247.

Capano M, Virji s, Crompton M. Cyclophilin-A is involved in excitotoxin-induced caspase activation in
rat neuronal B50 cells. Biochem J. 2002; 363: 29-36.

Tafani M, Karpinich NO, Serroni A, et al. Re-evaluation of the distinction between type | and type I
cells: the necessary role of the mitochondria in both the extrinsic and intrinsic signaling pathways
upon Fas receptor activation. J Cell Physiol. 2006; 208: 556-565.

Hampe J, Franke A, Rosentiel P, et al. A genome-wide association scan of nonsynonymous SNPs
identifies a susceptibility variant for Crohn disease in ATG16L1. Nat Genet. 2007; 39: 207-211.
Rioux JD, Xavier RJ, Taylor KD, et al. Genome-wide association study identifies new susceptibility
loci for Crohn disease and implicates autophagy in disease pathogenesis. Nat Genet. 2007: 39: 596-
604.

Wellcome Trust Case Control Consortium. Genome-wide association study of 14000 cases of seven
common disease and 3000 shared controls. Nature. 2007; 44: 661-678.

Qu X, Zou Z, Sun Q, et al. Autophagy gene-dependent clearance of apoptotic cells during embryonic
development. Cell. 2007; 128: 931-946.

Cooney R, Baker J, Brain O, et al. NOD2 stimulation induces autophagy in dendritic cells influencing
bacterial handling and antigen presentation. Nat Med. 2010; 16: 90-97.

Leask A. TGF, cardiac fibroblasts, and the fibrotic response. Cardiovasc Res 2007; 74: 207-12.



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

126

Boscoboinik D, Szewczyk A, Hensey C, et al. Inhibition of cell proliferation by a-tocopherol. Role of
protein kinase C. J Biol Chem. 1991; 226: 6188-6194.

Ricciarelli R, Tasinato A, Clement S, et al. Alpha-tocopherol specifically inactivates cellular protein
kinase C alpha by changing its phosphorylation state. Biochem J. 1998; 334: 243-249.

Lasserre R, Guo X-J, Conchonaud F, et al. Raft nanodomains contribute to Akt/PKB plasma
membrane recruitment and activation. Nat Chem Biol. 2008; 4: 538-547.

Zajchowski LD, Robbins SM. Lipid rafts and little caves. Compartimentalized signalling in membrane
microdomains. Eur J Biochem 2002; 269: 737-52.

Schiller M, Javelaud D, Mauviel A. TGF-beta-induced SMAD signaling and gene regulation:
consequences for extracellular matrix remodeling and wound healing. J Dermatol Sci 2004; 35: 83-
92.

Winkler MK, Fowlkes JL. Metalloproteinase and growth factor interacitons: do they play a role in
pulmonary fibrosis? Am J Physiol Lung Cell Mol Physiol 2002; 283: L1-11.

Bhattachayya P, Acharya D, Roychowdhury S. Role of matrix metalloproteinases in the
pathophysiology of idiopathic pulmonary fibrosis. Lund India 2007; 24: 61-65.

Stallmach A, Schuppan D, Riese HH et al. Increased collagen type Il synthesis by fibroblasts
isolated from strictures of patients with Crohn’s disease. Gastroenterology 1992; 102: 1920-9.
Kjeldsen J, Schaffalitzky de Muckadell OB, Junker P. Seromarkers of collagen | and Il metabolism in
active Crohn’s disease. Relation to disease activity and response to therapy. Gut 1995; 37: 805-810.
Hoffman JC, Pawlowski NN, Kuhl AA, et al. Animal models of inflammatory bowel disease: an
overview. Pathobiology 2002-2003; 70: 121-130.

Wirtz S, Neurath MF. Mouse models of inflammatory bowel disease. Adv Drug Deliv Rev 2007; 59:

1073-83.

100. Wu SJ, Liu PL, Ng LT. Tocotrienol-rich fraction of palm oil exhibits anti-inflammatory property by

101.

suppressing the expression of inflammatory mediators in human monocytic cells. Mol Nutr Food Res.
2008;52:921-929.

Singh U, Devaraj S. Vitamin E: inflammation and atherosclerosis. Vitam Horm. 2007;76:519-549.



127

102. Eckes B, Dogic D, Colucci-Guyon E, et al. Impaired mechanical stability, migration and contractile
capacity in vimentin-deficient fibroblasts. J Cell Sci 1998; 111: 1897-907.

103. Vuoriluoto k, Haugen H, Kiviluoto S, et al. Vimentin regulates EMT induction by Slug and
oncogenic H-Ras and migration by governing Axl expression in breast cancer. Oncogene 2011; 30:

1436-48.






ANNEX






Am J Physiol Gastrointest Liver Physiol 300: G703—-G708, 2011.
First published January 13, 2011; doi:10.1152/ajpgi.00504.2010.

Review

Mesenchymal cell proliferation and programmed cell death: key players in

fibrogenesis and new targets for therapeutic intervention

Jeroni Luna,! Maria Carme Masamunt,! Ian Craig Lawrance,> and Miquel Sans!
'Department of Gastroenterology, Hospital Clinic i Provincial/IDIBAPS, CIBER EHD, Barcelona, Catalunya, Spain; and

2School of Medicine and Pharmacology, The University of Western Australia, Fremantle, Australia

Submitted 10 November 2010; accepted in final form 10 January 2011

Luna J, Masamunt MC, Lawrance IC, Sans M. Mesenchymal cell prolifer-
ation and programmed cell death: key players in fibrogenesis and new targets for
therapeutic intervention. Am J Physiol Gastrointest Liver Physiol 300: G703—-G708,
2011. First published January 13, 2011; doi:10.1152/ajpgi.00504.2010.—An ex-
quisite equilibrium between cell proliferation and programmed cell death is
re- quired to maintain physiological homeostasis. In inflammatory bowel disease,
and especially in Crohn’s disease, enhanced proliferation along with defective
apoptosis of immune cells are considered key elements of pathogenesis. Despite the
relatively limited attention that has been given to research efforts devoted to
intestinal fibrosis to date, there 1is evidence suggesting that enhanced
proliferation along with defective programmed cell death of mesenchymal cells
can significantly contribute to the development of excessive fibrogenesis in many
different tissues. Moreover, some therapies have demonstrated potential
antifibrogenic efficacy through the regulation of mesenchymal cell proliferation
and programmed cell death. Further understanding of the pathways involved in
the regulation of mesenchymal cell proliferation and apoptosis is, however,

required.

inflammatory bowel disease; Crohn’s disease

Contribution of the Cell Proliferation/Death Equilibrium to
Bowel Inflammation

It is well known that an exquisite equilibrium between cell
proliferation and programmed cell death is required to maintain
physiological homeostasis in any tissue. In the inflammatory
bowel diseases (IBD), and especially in Crohn’s disease (CD),
enhanced proliferation along with defective apoptosis of im-
mune cells are considered key pathogenic elements. This
notion is supported by the histological observation that a large
number of inflammatory cells infiltrate the bowel wall in
patients with active IBD. Such leukocyte infiltration must
result from either enhanced leukocyte recruitment from the
bloodstream, an abnormal expansion of these cells within the
bowel wall, or a combination of both events.

Several studies have demonstrated that T cells taken from
CD patients have the ability to proliferate more than those from
normal controls. Ina et al. (24) observed an increase in CD T
cell proliferation upon IL-2 stimulation whereas T cells from
ulcerative colitis (UC) multiplied less than control T cells.
Sturm et al. (72) further expanded these observations by
demonstrating that, compared with normal cells, CD T cells
cycle faster, express increased phosphorylated retinoblastoma
protein and decreased phosphorylated p53 levels, and un-
dergo vigorous cellular expansion upon CD2 and CD3
stimulation. The contribution of immune cell proliferation
to the development of IBD is further underlined by the
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efficacy shown by immunosuppressive agents such azathio-
prine, 6-mercaptopurine, and methotrexate in the treatment
of IBD (16, 20, 56, 59, 67, 67a).

Similarly, a growing body of evidence suggests that mucosal
CD T cells display an increased resistance to undergoing
apoptosis. In the above mentioned study by Ina et al. (24), less
apoptosis occurred in CD than control T cells upon IL-2
deprivation, a difference that could be explained by the marked
decrease in the proapoptotic protein bax and an increase in the
antiapoptotic protein bel-2 found in the CD T cell population.
In keeping with these results, Sturm et al. (72) showed that CD
T cells display less caspase activity, but more telomerase
activity, resulting in a significantly decreased rate of pro-
grammed cell death. More recently, it has been demonstrated
that FAS-mediated apoptosis was lower in CD than in UC and
control T cells, whereas enhanced expression of both long and
short Flip (a Flice inhibitor protein) isoforms was present in
both biopsy specimens and purified mucosal T cells taken from
CD patients. Moreover, the authors identified that inhibition of
Flip by antisense oligonucleotides could reverse the resistance
of CD mucosal T cells to FAS-induced apoptosis (48). Intrinsic
defects in the control of programmed cell death in mucosal T
cells are strongly implicated in the pathogenesis of IBD. In
addition, they may also be used to differentiate between the
cellular and molecular mechanisms underlying the pathogene-
sis of UC and CD (57).

In the last decade several investigators have demonstrated
that almost all drugs with clinical efficacy in IBD, including
S-aminosalicilates, steroids, azathioprine, methotrexate, and
infliximab, are able to induce apoptosis of immune cells in
vitro. This observation, combined with the fact that etanercep,
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an anti-TNF-fusion protein that does not induce apoptosis of
immune cells, was not efficacious in the treatment of CD (45,
67, 71), led to two conclusions: /) induction of immune cells
apoptosis is a key mechanism of action of many drugs useful
to treat active CD patients, and 2) when searching for new CD
therapies, induction of immune cells apoptosis seems to be a
requirement to be fulfilled. These concepts were broadly ac-
cepted by the IBD community until quite recently when an-
other anti-TNF-a agent, certolizumab pegol, lacking the anti-
body Fc fragment and therefore unable to induce cell apopto-
sis, was shown to be useful for the induction and maintenance
of remission in active CD (69, 70).

Therefore, the presence of abnormal immune cell prolifera-
tion and programmed cell death do contribute to CD patho-
genesis and most drugs used to treat CD patients have dem-
onstrated the ability to reverse these abnormalities, underlining
the pathogenic relevance of these processes.

Contribution of Abnormal Mesenchymal Cell Proliferation to
Fibrogenesis

The development of fibrosis results from an imbalance in
extracellular matrix (ECM) deposition and degradation. The
balance can be tipped toward a net increase in collagen and
ECM production when individual cells produce a greater
amount of ECM, when there are a greater number of ECM
producing cells, or a combination of the two. In the presence of
tissue fibrosis, there uniformly are a greater number of ECM-
producing cells, which is secondary to an increase in their
proliferation and a decrease in their programmed cell death.

Marked heterogeneity has been observed in the function of
fibroblast-like cells between different tissues and even within
the same tissue. Although it is agreed that fibrosis is almost
invariably preceded by inflammation, it is unclear whether
fibroblast-like cells require continuous exposure to the inflam-
matory microenvironment to induce fibrosis or whether a
“fibrogenic” phenotype may emerge following prolonged ex-
posure to inflammation. This was initially examined using
fibroblasts isolated from idiopathic pulmonary fibrosis (IPF), a
condition characterized by derangement of the alveolar wall
secondary to collagen deposition. Fibroblasts from fibrosed
lung tissue demonstrated markedly elevated proliferation rates
in vitro when compared with those taken from normal pulmo-
nary tissue suggesting the existence of fibroblast subgroups
within pulmonary fibrosis (30). In the liver the retinoid-storing
quiescent cells, in the presence of chronic inflammation, trans-
differentiate into hepatic stellate cells (HSC) that display a
myofibroblast phenotype and acquire contractile, proinflamma-
tory, and fibrogenic properties (18). Similar findings are also
observed in other fibrotic conditions such as scleroderma (17),
urethral strictures (4), and the ECM changes associated with
breast carcinoma (68).

In the intestine there also appears to be an inflammation-
induced fibroblast phenotype with fibroblast-like cells isolated
from IBD patients demonstrating significantly faster prolifer-
ation than those from control intestine. The proliferation rates
did not differ significantly regardless of whether cells were
derived from fibrosed CD, inflamed CD, and UC did not differ
significantly. Similarly, following stimulation with basic fibro-
blast growth factor and insulin-like growth factor-1, the en-
hancement in proliferation was similar among the different
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IBD groups (32). It has also been observed that in IBD the
development of intestinal fibrosis localizes to regions of active
inflammation and does not differ between the type of IBD (33).
This suggests that, as in the lung and liver, there is a function-
ally distinct subset of intestinal fibroblasts that proliferates
more rapidly, is induced by chronic inflammation, and is
independent of the disease type.

It seems obvious that the most effective way to prevent or
limit the extent of fibrosis is to remove the underlying caus-
ative agent. This in many cases is not possible. However, if
inhibition of fibroblast proliferation can be achieved, then
potentially the level of ECM production and tissue fibrosis
could also be reduced. Numerous agents have been suggested
as potentially effective against fibrogenesis; however, data are
extremely limited for most of them.

The nonsteroidal anti-inflammatory drugs (NSAID) are, as
their name suggest, anti-inflammatory and block the synthesis
of prostaglandins (PGs). PGEl and 2 are known to inhibit
smooth muscle cell proliferation (28) and inhibit both TNF-a-
and IL-1-induced fibroblast proliferation (12). Reduced
PGE?2 levels are associated with the development of fibrosis in
IPF (82) and the use of the NSAID indomethacin has been
shown to markedly increase dermal fibrosis (43). Its use in the
2,4,6-trinitrobenzenesulfonic acid (TNBS) mouse model of
intestinal fibrosis is also associated with markedly increased
intestinal fibrosis (31). In IBD, PGE2 synthesis is increased in
the inflamed mucosa of CD patients (2) and its levels are also
increased by sulfasalazine treatment (55), but any therapeutic
role that PGE2 may play in intestinal fibrosis requires further
examination.

The polyunsaturated lecithin soybean extract, phosphatidyl-
choline (PC), has demonstrated an ability to prevent cirrhosis
in a baboon model of alcohol-induced cirrhosis (35, 36),
whereas it also decreased stricture formation in the rat TNBS
intestinal fibrosis model (50). Benefit has also been observed
with its use against tissue necrosis in immune-mediated
chronic hepatitis (52) and chronic active hepatitis (9). Any role
on fibroblast proliferation, however, has yet to be investigated,
but polyunsaturated fatty acids like PC are precursors to PGE2,
and their mechanism of action may, potentially, be through
inhibition of cellular proliferation.

Another potential agent for the modification of fibrosis in
IBD is the steroid hormone retinoic acid (RA). In mice its use
inhibited both radiation and bleomycin-induced pulmonary
fibrosis (73), whereas in humans it inhibited fibroblast prolif-
eration in both IPF and neonatal Iungs (75). In the liver it
inhibits HSC proliferation (14) and dermal fibroblast prolifer-
ation both in vitro and in vivo (13). Investigation of its effect
in the intestine is limited to the TNBS mouse model of
intestinal fibrosis, where its use was associated with a reduc-
tion in intestinal fibrosis (31). In contrast to the above, a
deficiency in RA has been associated with the development of
hepatic fibrosis in the rat (82). Again, however, further work is
required.

Angiotensin type 1 (AT1) receptor blockers are also poten-
tially antifibrogenic and have been shown to attenuate liver
fibrogenesis with reduction in both collagen deposition and the
accumulation of myofibroblasts (49). Angiotensin II is known
to induce HSC proliferation through its binding to AT1 recep-
tors (5), whereas inhibition of angiotensin II is able to induce
liver myofibroblast apoptosis (53) and reduced proliferation in
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the intestinal fibroblast (41). Heparin is also known to inhibit
fibroblast proliferation, as well as collagen production in hu-
man intestinal smooth muscle cells in a reversible dose-depen-
dent manner in vitro (19). But as with all the above potentially
useful agents, there is a great need for further investigation
before there is enough known to recommend their clinical use.

Contribution of Abnormal Mesenchymal Programmed Cell
Death to Fibrogenesis

During the perpetuation of fibrosis, mesenchymal cells ac-
tivation involves discrete changes in cell behavior: prolifera-
tion, chemotaxis, contractility, matrix production, and resis-
tance to apoptosis. It has been demonstrated that apoptosis is
responsible for mediating the reduction in HSC number during
the resolution of hepatic fibrosis (26) and, conversely, that
induction of HSC apoptosis has an antifibrotic effect (83).

Whereas previous work has emphasized the potential impor-
tance of tissue inhibitor of metalloproteinases (TIMPs) to
fibrosis via the inhibition of matrix degradation, individual
TIMPs may regulate cell division and apoptosis independently
of this activity. TIMP-1 suppresses HSC apoptosis both in vitro
and in vivo (51), highlighting a potential role for HSC survival
in liver fibrosis. So far, however, no similar work has been
carried out in CD myofibroblasts.

In 1996, a susceptibility locus for CD located adjacent to the
centromere on chromosome 16 was first identified (23). Further
analysis of this region identified a strong association with the
gene NOD?2, also known as caspase-recruitment domain pro-
tein 15 (CARDI15), which is involved in the recognition of
bacteria with CD (80). This gene contains two amino-terminal
effector domains, known as caspase-recruitment domains
(CARDs), which induce the nuclear factor- B (NF- B) signal-
ing cascade (10). The CARD domain, however, is also impli-
cated in signal transduction that results in apoptosis via the
caspases.

NOD2/CARDI15 was originally shown to be expressed by
monocyte/macrophage cells, but a more recent study has
demon- strated expression also by intestinal myofibroblasts (54).
Overex- pression of NOD2/CARDI5 enhances apoptosis through
induction of caspase-9 expression. It is, therefore, attractive to
speculate that mutations of this protein are implicated in the
apoptotic pathway and may trigger an impaired proapoptotic
response on activated cells resulting in continued activation.
Indeed, a cohort study describing genotype/phenotype
correlation in CD patients and NODZ2 variants showed a
correlation with fibrostenosing CD (1).

In 2007, two independent genome-wide association studies
(GWAS) identified ATG16L1 as a susceptibility variant for CD
(21, 63). The ATGI6LI1 gene product is part of a multimeric
protein complex that is essential for autophagy, a biological
process that mediates the bulk degradation of cytoplasmic
components in lysosomes and vacuoles. In the Wellcome Trust
Case Control Consortium GWAS, a second autophagic gene
was also identified with multiple SNPs in the /RGM gene, and
this was highly associated with CD (80). It is clear from these
genetic studies that autophagic processes may be associated
with the pathogenesis of CD, and other studies have also
demonstrated that autophagy plays an important role in clear-
ance of apoptotic bodies (61). Persistence of apoptotic bodies
as a result of incomplete autophagy could be a potential
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contributor to the continual inflammatory process that charac-
terizes CD.

Until now, it was thought that NOD2 and autophagy inde-
pendently influenced the development of CD. Recently, how-
ever, studies provide a link between these two major pathways.
Cooney et al. (11) identified that NOD2 engagement by pep-
tidoglycans induces autophagy and that this process is dis-
turbed in individuals bearing risk alleles for either NOD2 or
ATGI6LI, suggesting that these two genes share a common
pathway. Two other polymorphisms have been also implicated
in the development of fibrostenotic lesions in CD. In 2006 an
association was demonstrated between T280M polymorphism
of CX3CRI gene and fibrostenosing CD (7), whereas in 2008
V2491 polymorphism of CX3CRI gene were also associated
with fibrostenotic disease behavior (65).

CX3CRI is a highly selective chemokine receptor for frac-
talkine and surface marker of NK cells, T lymphocytes, and
T cells, as well as monocytes (77). The two SNPs, 2491 and
280M, associated with fibrostenosis in CD are functionally
relevant since they influence the binding of fractalkine to
CX3CRI (44) and result in fewer receptor binding sites and
decreased ligand affinity (15, 47).

CX3CRI is expressed on activated HSCs and, importantly,
fractalkine represses TIMP-1 gene expression in these cells.
The binding of fractalkine to CX3CR1-V249I, however, is
associated with elevated TIMP-1 mRNA expression in hepa-
titis C virus-infected liver compared with CX3CR1-V (78).
This effect by itself could explain the association of this allele
with fibrosis given that TIMP-1 suppresses scar matrix degra-
dation and protects HSCs from apoptosis.

Reduction in fibrosis occurs when myofibroblasts undergo
apoptosis or senescence, or revert to a more quiescent pheno-
type, and the regulation of the balance between myofibroblasts
survival vs. death may impact on the development of tissue
fibrosis (58). As an example, myofibroblast apoptosis becomes
evident during resolution of fibrosis and reduction in ECM
content in liver cirrhosis (25) and renal fibrosis (3), suggesting
a role for myofibroblast apoptosis in the resolution of tissue
fibrosis.

Previous studies have demonstrated that hepatocyte growth
factor (HGF) reduces lung fibrosis in murine models (76, 84)
and there is ample evidence that HGF plays an essential part in
parenchymal repair and protection in other organs (6, 42). It
has been suggested that HGF is a potent inducer of ECM-
degrading enzymes such as the matrix metalloproteinases
(MMPs) (42), which are overexpressed during myofibroblasts
apoptosis (25). MMPs induce apoptosis in lung myofibroblasts
through the extracellular degradation of fibronectin and that the
antifibrotic effects of HGF observed in lung were due to
upregulation of MMPs and MMP-dependent myofibroblast
apoptosis (46).

In that regard, a variety of dietary components, including
vitamin E, have attracted attention for their health benefit and
harmless consumption profile. Specifically, tocotrienols, which
have proven efficacy in inducing apoptosis and autophagy on
activated rat pancreatic stellate cells (PSC) and human intes-
tinal fibroblasts (HIFs) (62, 40). Tocotrienols are able to induce
apoptosis in activated fibroblasts by activating caspase 3, 8,
and 9 and increasing DNA fragmentation. Furthermore, upon
treatment with tocotrienols, both PSCs and HIFs display an
autophagic response by converting LC3I to LC3II. Impor-
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tantly, tocotrienols have no such effects in quiescent PSCs and
acinar cells from the pancreas, showing selectivity to activated
cells. Interestingly, tocotrienols are also able to upregulate
expression of MMPs on HIFs in vitro (39), which, besides
inducing accumulated ECM degradation, could be responsible
for the induction of fibroblast apoptosis observed upon toco-
trienol treatment.

NF-kB signaling promotes survival of hepatic myofibro-
blasts (79). Angiotensin II, which is locally synthesized in the
injured liver promotes HSC proliferation (5), myofibroblast
survival and liver fibrosis through the activation of NF-
kB (53). Losartan, an angiotensin II type I receptor, has some
efficacy in attenuating liver fibrosis (49, 86) and triggers
apoptotic cell death in human pancreatic cancer (60) and
stellate cells (37). The angiotensin-converting enzyme inhibi-
tor captopril can also prevent fibrosis development in experi-
mental colitis in the rat (81) and attenuates the progression of
rat hepatic fibrosis (29). No studies, however, have been
carried out to assess its apoptotic effect on fibroblasts, but it
does induce apoptosis in other cell types, including human
vascular myocytes (8) and vascular smooth muscle cells (22).

Anti-inflammatory and antifibrotic effects of the widely used
cholesterol level-lowering 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitors (statins) have been also examined in sev-
eral in vitro models. Statins may be effective antifibrotic agents
through inhibition of the activation and proliferation of fibro-
genic cells and ECM production (27, 34, 38, 64, 66). Lova-
statin is able to induce lung fibroblasts apoptosis (74) and
pravastatin induces apoptosis of HSC (85). Of the antifibrotic
mechanisms of the statins, induction of activated fibroblasts
apoptosis appears be the most important. Fibrosis has been
considered traditionally as an irreversible process but experi-
mental and clinical literature data published in the last decade
have suggested that an effective therapy can result in signifi-
cant regression of fibrosis. This is usually associated with
induction of apoptosis of mesenchymal cells.

Conclusions

Despite the limited attention that has been given to research
efforts devoted to intestinal fibrosis to date, there is evidence
that suggests that enhanced proliferation along with defective
programmed cell death of mesenchymal cells can significantly
contribute to the development of abnormal fibrogenesis in
many different tissues. In line with these findings, there are a
few therapies that have demonstrated potential antifibrogenic
efficacy through the regulation of mesenchymal cell prolifer-
ation and programmed cell death. Further understanding of the
pathways involved in the regulation of mesenchymal cell
proliferation and apoptosis, as well as further evaluation of the
potentially antifibrogenic agent, is required before there is
going to be effective therapy directed against intestinal fibrosis.
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