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INTRODUCCIO

1. Aterosclerosi.

L'aterosclerosi pot ésser considerada una malaltia inflamatoria cronica, i
també un trastorn patologic del metabolisme lipidic. Afecta les grans arteries
(coronaries, aorta, carodtides, cerebrals), artéries de mida mitjana, fins i tot
perifériques. Es caracteritza per I'eixamplament i pérdua d'elasticitat de la paret
d'aquests vasos, degut a la formacié de les anomenades plaques d'ateroma
(Figura 1). Aquestes plaques es desenvolupen en l'espai subendotelial, i
consisteixen en una estructura ben definida de lipids, teixit fibros calcificat i un
nucli necrotic en el qual es troben cél-lules musculars llises (CML), cél-lules
endotelials (CE), cél-lules del sistema immune, i cél-lules escumoses

(macrofags i CML carregats de lipids) [Lusis, 2000; Badimon, 2003].

Figura 1. L’aterosclerosi es caracteritza pel progressiu desenvolupament d’'una

lesié als grans vasos, fet que donara lloc a la formacié de la placa d’ateroma (figura
extreta del Handbook of dyslipidemia and atherosclerosis, de Jean-Charles Fruchart.

Institut Pasteur de Lille, Universitat de Lille I1).

La formaci6 de la lesié aterosclerdtica és un procés molt complex, en el
qual intervenen I'endoteli vascular, lipoproteines modificades, cél-lules d'origen
sanguini com els monocits/macrofags i limfocits T, CML, i una extensa xarxa de
factors de creixement i citocines que interactuen en aquests tipus cel-lulars
[Ross, 1999; Hansson i col., 2005]. La inflamaci6é té un paper clau en l'inici,

progressio i complicacions cliniques associades amb aquesta patologia.
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L'evolucié de les lesions pot arribar a provocar I'oclusio de la llum del vas.
Aquesta oclusié pot produir-se pel propi creixement de la lesid, o per

complicacions de tipus trombatic (Figura 2).

Figura 2. La paret arterial pateix una lesid, que és el primer pas en el

desenvolupament de l'aterosclerosi. A mida que la patologia avanga, un diposit de
material lipidic i diferents tipus cel-lulars necrotics s'acumulen en I'espai
subendotelial, formant la lesi6. En fases tardanes, aquesta lesi6 pot arribar a
obturar el vas, o bé originar complicacions cardiovasculars per ruptura o
despreniment de la placa, i pot provocar trombes (figura extreta del Handbook of
dyslipidemia and atherosclerosis, de Jean-Charles Fruchart. Institut Pasteur de

Lille, Universitat de Lille 11).

L’estabilitat de la placa depén de la seva coberta fibrosa, que esta
formada fonamentalment per proteines de la matriu extracel-lular (MEC), com
ara fibres de col-lagen i proteoglicans sintetitzats per les CML. Les plaques que
sO6n meés inestables presenten un gran nucli lipidic envoltat per una coberta
fibrosa prima [Badimon i col., 2003]. El nucli lipidic es composa de macrofags i
de CML carregats de lipids (anomenats cél-lules escumoses) aixi com també
de material lipidic extracel-lular que prové de la retencié de les lipoproteines
circulants i dels lipids alliberats per les cel-lules necrotiques [Nakashima i col.,
2007]. Les plaques més complexes poden arribar a presentar calcificacio,
ulceracié en la superficie luminal, i hemorragia dels petits vasos que creixen en
la lesié procedents de la capa mitja del vas sanguini. Finalment, la ruptura o

ulceraci6 de les plaques inestables genera I'exposicio de superficies
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procoagulants i protromboétiques, que acaben provocant l'activacié de les
plaquetes, i en ultima instancia, poden portar a complicacions de tipus
trombotic després de la ruptura de la placa. D'aquesta manera, pot donar lloc a
I'aparicio de manifestacions cliniques com soén la malaltia isquémica cardiaca, o

els accidents vasculars cerebrals [Martinez-Gonzalez i col., 2001].

Aquestes manifestacions derivades de l'aterosclerosi representen la
principal causa de mort en els paisos industrialitzats [Murray i col., 1997;
Marrugat i col., 2001; Lopez i col., 2006; Mangas i col., 2007]. S'ha calculat que
I'any 2020 I'aterosclerosi sera la primera causa de mortalitat a tot el moén. A aixo
contribuiran de manera determinant dos factors que faciliten el seu
desenvolupament: d'una banda, el progressiu envelliment de la poblacié
mundial i, d'altra banda, la incorporacido dels habits de vida occidentals
(principalment, l'alimentacié excessivament rica en greixos i calories, el

sedentarisme i I'estrés) al tercer mén.

La malaltia aterosclerodtica es considera un procés multifactorial del qual
es coneixen un elevat nombre de factors que predisposen, d'una o altra manera,
al seu desenvolupament. Entre ells, destaquen les hipercolesteroléemies i altres
dislipémies. Concretament, s'ha establert una relacié causal entre nivells
elevats de colesterol plasmatic i la cardiopatia isquémica, i diversos estudis
clinics han confirmat que la reduccié dels nivells plasmatics de colesterol
disminueix de manera significativa la morbiditat i mortalitat associada a la
malaltia cardiaca coronaria en pacients hipercolesterolémics [Scandinavian
simvastatin Survival Study, 1994; Shepherd i col., 1995; Gould i col. , 1998;
Aronow i col., 2001; Matsuzaki i col., 2002; Yonemura i col., 2005].

Altres factors associats amb la génesi de I'aterosclerosi i la disfuncioé de
I'endoteli sén l'augment de la homocisteina plasmatica, la diabetis mellitus,
l'obesitat, el sedentarisme i infeccions per microorganismes com Chlamydia
pneumoniae o Helycobater pylori [Ross R., 1999]. En qualsevol cas, tots
aquests factors promouen el desenvolupament d'aterosclerosi quan es donen
en una persona amb predisposicidé genetica per a la malaltia. Avui en dia es

coneixen diverses alteracions genétiques que propicien I'aterosclerosi,
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principalment les que afecten el metabolisme lipidic. La identificacio d'aquests
factors genétics pot ajudar a aprofundir en el coneixement dels mecanismes de
formacié de la lesio, i en conseqléncia proporcionar noves estrategies de

prevencio, tractament i diagnosi de la patologia [Allayee i col., 2003].

2. Inflamacioé i aterosclerosi.

Com ja s'ha comentat, la inflamaci6 és un dels factors clau en el
desenvolupament de l'aterosclerosi. En l'actualitat, s'ha demostrat I'existéncia
d'una correlaci6 entre complicacions cardiovasculars amb pronostic

desfavorable i evidencies cliniques d’inflamacié [Berg i col., 2009; Elkind, 2009].

Als darrers anys, s'ha postulat el que es coneix com a "hipotesi
inflamatoria", que contribuiria conjuntament amb la "hipotesi lipidica"
(predisposicio genética i dieta rica en lipids) i la que es coneix com "resposta a
la lesid", a modificar el microambient de la paret arterial [Yeh, 2004]. D'aquesta
manera, estimuls inflamatoris locals, com ara lipoproteines oxidades, o també
un procés infecciés, podrien modificar I'entorn del vas sanguini i provocar la
produccié de quimiocines i molécules d'adhesio [Yeh i col., 2001]. En
consequléncia, les cél-lules mononuclears circulants podrien interaccionar amb
molécules d'adhesié expressades per les CML i iniciar aixi el seu reclutament i

migracio a les capes inferiors on s'iniciaria la formacio de la lesio aterosclerotica.

Els processos inflamatoris que cursen amb l'aterosclerosi tenen certa
similitud amb els que acompanyen ['artritis reumatoide, una malaltia de tipus
autoimmune que provoca una inflamacié cronica de les articulacions [Full i col.,
2009]. En ambdos processos es produeix activacio de mondcits, de limfocits T i
B, i de cél-lules endotelials, aixi com increment en els nivells de la proteina C
reactiva (PCR), una proteina plasmatica de fase aguda els nivells de la qual
augmenten en resposta a una reacci6é de tipus inflamatori [Pemberton i col.,
2009]. Altres parametres comuns entre ambdues malalties sén una expressio

elevada de metal-loproteases de matriu (MMPs), una elevacié dels nivells de
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citocines com el factor de necrosi tumoral alfa (TNF-q), interleucina (IL)-1 i IL-6,
de molecules d'adhesié i d’endotelina, aixi com la preséncia de marcadors
d'activacié de limfocits T i mastocits, i de neoangiogenesi [Pasceri i col., 1999;

Wallberg-Jonsson i col., 2004].

Molts processos que participen en el progrés de la lesio aterosclerotica,
des de les primeres fases de la aterogenesi fins a les fases avangades de la
patologia, com pot ser la ruptura de les lesions inestables, es troben regulats
per components del sistema immune, tant innat com adaptatiu [Hansson i col.,
2002]. Algunes d'aquestes molecules que participen en la resposta inflamatoria,
i estan relacionades amb el desenvolupament de l'aterosclerosi en totes les
seves etapes son els TLRs (toll like receptors), els leucotriens (LT), i diverses
citocines com ara el TNF-q, les IL i els interferons (IFN). Aquests mediadors
inflamatoris produits per diversos tipus cel-lulars presents a la lesid, intervenen
d'una o altra manera en l'inici, progressio, i desenvolupament de I'aterosclerosi.
En conseqiéncia, resulta de gran interés l'estudi de les possibles vies
implicades en els processos inflamatoris que conflueixen amb la malaltia, ja
que constitueixen un possible punt d'actuacié per modular /o prevenir el

desenvolupament d'aterosclerosi.

3. Factors de risc cardiovascular.

Els factors de risc per a la malaltia cardiovascular han estat identificats
mitjancant llargs estudis prospectius, en diferents paisos [Keys i col., 1984;
Wilson i col., 1998; Jousilathi i col., 1999; Doria i col., 2003; Gray i col., 2010].
La majoria d'aquests factors poden ser modificats, tractats o controlats
(dislipémia, hipertensié arterial, tabaquisme, diabetis mellitus, obesitat o
sedentarisme), tot i que hi ha alguns factors de risc que no s6n modificables

(factors de risc hereditaris, sexe, edat ...) [O'Donnell i Elosua, 2008].
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No obstant aixd, hi ha una gran proporcié d'episodis cardiovasculars que
cursen en individus que no presenten aquests factors de risc establerts. Per
aquesta rad, en els darrers anys s'ha proposat un gran nombre de factors de
risc com prediccié de l'aterosclerosi i de les seves complicacions. Entre ells
destaquen la PCR, la lipoproteina A [Lp (a)], el fibrinogen o la homocisteina
[Mangoni i col., 2002; Fruchart i col., 2004; Fuijii i col., 2006; Tascilar i col., 2009;
Goémez i col., 2009], aixi com la infecci6 pel virus de la immunodeficiéncia
humana (VIH), i I'is de determinats farmacs per al tractament d'aquesta
malaltia, entre els quals destaquen els inhibidors de proteases [Masia-Canuto i
col., 2006; Hernandez i col., 2009]. Aquests, conjuntament amb els factors de
risc convencionals comentats anteriorment, s'utilitzen en la practica clinica amb
l'objectiu  d'identificar pacients amb un elevat risc cardiovascular i que

necessiten prevencio primaria.

A continuacidé, ens centrarem en aquells factors de risc cardiovascular
que presenten una major relacio amb els estudis i el treball realitzats en la

present tesi doctoral.

3.1. Hiperlipémies.

Les hiperlipémies sén un grup d'alteracions del metabolisme dels lipids
que es caracteritzen per donar lloc a l'augment d'una o diverses fraccions
lipidiques a la sang. Els dos tipus més importants de lipids circulants sén els
triglicérids (TG) i el colesterol. Ambdds circulen en sang units a unes particules
proteiques formant les lipoproteines, que es classifiquen segons la seva
densitat en quilomicrons (QM), lipoproteines de molt baixa densitat (very-low
density lipoprotein, VLDL), lipoproteines de baixa densitat (low density

lipoprotein, LDL) i lipoproteines d’alta densitat (high density lipoprotein, HDL).

El seu origen prové de I'alimentacié i de la sintesi per part del fetge. TG i

colesterol compleixen diferents missions fisioldgiques en I'organisme,
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principalment de tipus estructural i energétic, perd quan la seva produccio és
excessiva 0 el seu metabolisme és deficient, la conseqiient acumulacié pot
constituir un important factor de risc per al desenvolupament d'aterosclerosi
[Chapman i col., 2001].

La concentracié plasmatica d’aquests lipids és el resultat de complexes
interaccions entre gens, metabolisme i ambient. En el cas de les hiperlipémies
familiars, predomina l'efecte dels gens per sobre dels factors ambientals
[Alonso i col., 2002]. Les hiperlipémies familiars o de base genética sén un
conjunt de trastorns que es caracteritzen per unes elevades concentracions de
colesterol i/o TG, aixi com de les fraccions lipoproteiques que els transporten,
la preséncia de dipdsits variables de colesterol en els teixits extravasculars,
conjuntament amb una marcada agregacié familiar i un elevat risc de
desenvolupar una malaltia cardiovascular de forma prematura de causa

aterosclerotica [Alonso i col., 2002; Hopkins i col., 2003].

L'expressio fenotipica de les hiperlipémies familiars és variable. Es
distingeixen diferents formes, les quals es poden englobar en tres grups que
inclouen els diversos fenotips definits fa décades per Fredrickson, [Fredrickson,
1970]:

a) les que cursen amb hipercolesterolémia pura, sense alteracio d'altres
parametres lipidics (fenotip lla): Apo-B defectuosa familiar,
hipercolesterolémia familiar i hipercolesterolémia poligénica.

b) les que es presenten com hiperlipémies mixtes o combinades, amb
elevacio del colesterol total i de TG, donant lloc a fenotips Ilb, Il o V:
hiperlipémia familiar combinada, disbetalipoproteinemia familiar o
hiperlipémia mixta primaria.

c) Hipertrigliceridémia pura (fenotip | o IV, depenent de la preséncia de
QM).

La hiperlipémia familiar combinada (HFC) és la hiperlipémia genética

més frequent, ja que arriba a afectar un 1-3% de la poblacié general, fins i tot
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alguns estudis poblacionals han mostrat una prevalenca més elevada, al voltant
del 5,7% [Hopkins i col., 2003; Gaddi i col., 2007]. Aquesta malaltia acostuma a
derivar en aterosclerosi i altres malalties cardiovasculars que apareixen de
forma prematura: aproximadament un 20% dels pacients de mitjana edat que
han sobreviscut a un infart de miocardi estan afectats per la HFC, i en pacients
menors de 40 anys aquest percentatge arriba fins gairebé un 40% [Lusis i col.,
2004; Wiesbauer i col., 2009]. La HFC s'associa amb un risc 5 vegades més
gran de patir infart de miocardi en pacients menors de 60 anys, i és present en
un 30-50% dels familiars dels pacients amb malaltia coronaria prematura
[Williams i col., 1988; Veerkamp i col., 2004].

El perfil lipidic de la HFC es caracteritza per hipercolesterolémia i/o
hipertrigliceridémia, nivells elevats de apolipoproteina B (ApoB) i de colesterol
associat a LDL, aixi com la presencia de LDL petites i denses (sdLDL)
[Shoulders i col., 2004] . Basicament, I'anomalia metabdlica predominant en
molts dels individus afectats és una sobreproduccié de VLDL, possiblement
consequéncia d’alteracions en el metabolisme d’acids grassos lliures (AGL)
[Meijssen i col., 2000]. A més, la HFC també s'associa amb la diabetis mellitus,
la hipertensié arterial, I'obesitat abdominal i la resisténcia a la insulina,
presentant aixi diverses caracteristiques de la Sindrome Metabolica, fet que
podria indicar un possible solapament etiologic entre les dues malalties
[Shoulders i col. , 2004; Martinez-Hervas i col., 2006].

La HFC promou un fenotip proinflamatori en els grans vasos,
particularment les artéries, que pot contribuir a la situacié patoldgica. S'ha
establert que els limfocits T poden ser el primer tipus cel-lular activat per una
situacié d'hipercolesterolemia, en un procés en el qual participaria el sistema
immune [Stokes, 2006]. La hipercolesterolémia potencia I'expressié de citocines
per part de les cél-lules properes a la paret arterial. Aquestes citocines actuen
com a molécules atraients per als monodcits i limfocits T, que a l'activar-se

poden contribuir al desenvolupament de l'aterosclerosi [Murphy i col., 2002].

La HFC presenta una expressio lipidica molt variable i en ocasions

depeén de la interaccié amb factors ambientals (especialment dieta i sobrepeés).
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Degut al problema de no existir un marcador genétic per al seu diagnostic, es
requereix un criteri de diagnostic homogeni i/o un criteri d’exclusio, com els

descrits a continuacio [Zambon y col., 1999]:

Diagnostic de membre afectat

- ApoB > 130 mg/dI.

- Colesterol LDL > 150 mg/dl.

- Triglicérids entre 200-500 mg/dI.

- Transmissié monogeénica d’hiperlipémia.

- Historial familiar de malaltia cardiovascular prematura.

Exclusio

- Hipotiroidisme no controlat.
- Preséncia de nens hipercolesterolemics a la familia.
- Preséncia del genotip apoE 2/2.

- Consum d’alcohol > 40 g/dia.

Des de fa temps s'intenta localitzar un gen responsable de la malaltia, ja
que en els primers estudis i en la majoria de treballs posteriors,
aproximadament el 50% dels familiars de primer grau d'aquests pacients tenia
concentracions de colesterol o triglicerids superiors al percentil 90, la qual cosa
feia suposar una heréencia autosomica dominant. No obstant, el reanalisi de les
primeres séries de families estudiades i els estudis posteriors han exclos que la
malaltia sigui de naturalesa monogenica, i encara no s'ha pogut establir la seva

base genética, tot i haver estudiat multiples gens.

Diversos grups han intentat trobar els gens causants de la malaltia.
Inicialment el gen de I'apo B, en el cromosoma 2, semblava ser el principal
candidat, donada la sobreproduccio de VLDL, I'elevacié de les concentracions
d’apo B i les sdLDL caracteristiques d'aquests pacients, perd no es van assolir

resultats concloents [Austin i col., 1991; LaBelle i col.,, 1991]. També es va
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pensar en el gen de la lipoproteina lipasa (LPL), localitzat en el cromosoma 8,
després que es descrivis un defecte funcional de la LPL en un grup de
subjectes amb HFC. S'han descrit més de 50 mutacions associades a aquest
gen i cap d'aquestes és present en la majoria dels subjectes afectats [de Bruin i
col., 1996; Hélzl i col., 2000; Suviolahti i col., 2006; Lépez-Ruiz i col., 2009].

Alguns estudis han suggerit la participacié d'un gen en el cromosoma 1,
ja que s'ha descrit en una poblacié finesa una alteracié en aquest cromosoma
que s'associa amb sobreproduccié de VLDL, i també dels nivells d’apoB
[Pajukanta i col., 2001; Allayee i col., 2002]. A més, dos escanejos complerts
amb multiples marcadors van identificar un lligament positiu entre la HFC i la
regi6 1921-23 del cromosoma 1. Aquesta observacidé ha estat confirmada en
families nord-americanes, xineses, alemanyes, fineses i mexicanes [Pei i col.,
2000; Huertas-Vazquez i col.,, 2004; Aguilar-Salinas i col., 2010]. En
consequencia, diversos gens continguts en aquesta regié han estat estudiats
com a candidats per a intentar explicar les associacions anteriorment descrites.
Un gen anomenat Hylip1, contingut a una regi6 de ratoli ortdloga al locus 1921-
23 de 'huma és causa d’hiperlipémia mixta. Perd el corresponent gen huma
(TXNIP) ha estat sequienciat en casos d’HFC sense que s’hagin observat
defectes en ell [Coon i col., 2004]. Les evidencies son més solides per al gen
USF1 (upstream transcription factor 1), situat a 1.5 Mb de distancia. El producte
del gen USF1 és un factor de transcripcidé, modulador de la resposta immune,
del metabolisme dels lipids i dels carbohidrats, i en l'actualitat es considera
aquest gen com el que més susceptibilitat presenta per a la HFC [Pajukanta i
col., 2004; Lee i col., 2006; Wierbizcki i col., 2008; Plaisier i col., 2009]. També
va ser descrita en families canadenques afectades d’HFC i diabetis tipus 2 una
alteraci6 en aquest cromosoma que sembla ser juga un paper en la

insulinoresisténcia associada a la HFC [Schaffler i col., 1999].

Una altra possible causa s'ha associat amb una alteracié en el
cromosoma 11 (11923-24), I'anomenat cluster d’Apo Al-CIII-AIV-AV, que s’ha
relacionat amb dislipémia en diverses families amb HFC [Allayee i col., 2003;
Mar i col., 2004; Suviolahti i col., 2006; Liu i col., 2010]. Altres estudis de

lligament han identificat un locus important a 20912-q13.1, segurament degut a
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la preséncia del gen de HNF4, (hepatocyte nuclear factor 4 alpha) [Weissglas i

col., 2006], o també a 10925.3, on es localitza el factor de transcripci6 TCF7L2

(transcription factor 7-like 2) [Huertas-Vazquez i col., 2008].

Altres loci han estat associats amb la malaltia, com per exemple 1p31,
2931, 6q16.1-16.3, 8p23.3-22, 10p, 10q i 21921 [Shoulders i col., 2004;
Aguilar-Salinas i col., 2010], pero les dades de l'associacié d’aquests amb la

patogénesi de la HFC no sén del tot concloents.

No obstant aix0, cap d'aquestes troballes és un marcador genetic
especific per a la HFC. Aixi, actualment es considera la HFC com una malaltia
geneticament heterogénia, en la etiopatogénia de la qual intervenen un nombre
desconegut de gens majors al costat d'altres gens modificadors de I'expressid
d'aquests, a més de l'important paper que exerceixen els factors ambientals.
Alguns autors consideren que la HFC es deuria al que denominen "déficit de
gestio d'acids grassos lliures" [Ribalta i col., 2005]. Segons aix0, la
sobreproduccié hepatica de VLDL, deguda a una captacié deficient als teixits
periférics i una excessiva canalitzacié hepatica cap a la sintesi de TG, seria el
principal defecte en la HFC. El fenotip final seria el resultat d’'un elevat nombre
de factors, entre els que destacarien el defecte especific responsable dels
elevats nivells d’AGL, I'existéncia d’'una base genética individual que faria que
aquesta disfuncio s’expressés com un defecte lipidic, amb tendéncia a
I'obesitat i mal control de la glucosa, i un gran nombre de factors ambientals
que modularien els dos factors anteriors, amb gran influencia sobre el fenotip

resultant.

En resum, s'accepta que hi ha un petit nombre de regions
cromosomiques associades amb la patogénesi de la HFC (1921-23, 11p14-
g12.1, 16922-24.1 6 20q12-g13.1), i alguns gens candidats, entre els que
podem incloure factors de transcripcio com USF1, TCF7L2 6 HNF4, [Pajukanta
i col., 1998; Coon i col., 2000; Aguilar-Salinas i col., 2010], tot i que el paper
d’aquests en la fisiopatologia relacionada amb la HFC encara esta pendent de

ser descrit. Es podria proposar que aquests factors de transcripcioé regulen la
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lipogénesi i la utilitzacié dels acids grassos circulants, perd en l'actualitat no
tenim informacié concloent, i en conseqliéncia, encara es desconeix la causa

genética d'aquesta malaltia.

3.2. VIH, tractament antiretroviral i aterosclerosi.

L'aparicio del virus de la immunodeficiencia humana (VIH), del qual el
primer cas d'infeccid va ser reportat el 1981, va causar un gran nombre
d'infeccions a causa de les quals els pacients afectats rarament vivien més
d'alguns anys. La sindrome de la immunodeficiéncia adquirida (SIDA) es va
convertir en la gran epidémia del segle XX, i I'expansio d'aquesta malaltia es va
transformar en una considerable carrega per als sistemes assistencials de la
majoria dels paisos afectats. En ['actualitat, pero, l'existéncia de diversos
farmacs efectius ha modificat de forma drastica la historia natural de la infeccio
per VIH, associant-se amb una reduccié de la mortalitat i un increment notable
en l'esperanca i la qualitat de vida dels pacients afectats per aquesta malaltia,
fins al punt que fins a un 85% dels pacients tenen una supervivéncia superior
als 10 anys [UNAIDS-WHO, 2004; Sterne i col., 2005; Manuel i col., 2005]. Els
farmacs que s'inclouen en aquest tipus de terapia basicament es poden

agrupar en tres categories ben diferenciades:

a) Inhibidors de la retrotranscriptasa: interfereixen amb un pas
important del cicle de vida del VIH i impedeixen que el virus es
reprodueixi.

b) Inhibidors de la proteasa (IP): interfereixen amb una proteina
que fa servir el VIH per produir particules virals infeccioses.

C) Inhibidors de la fusi6é: impedeixen I'entrada del virus a les

cel-lules del infectat.
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La combinaci6 de diversos d'aquests farmacs, normalment 3-4 d'ells, va
donar lloc al que s'anomena Terapia antiretroviral de gran activitat (TARGA),
que va entrar en funcionament com a tractament per a la malaltia al 1996. La
utilitat d'aquesta terapia es troba limitada a causa de l'aparici6 d'efectes
adversos, el més important dels quals és la lipodistrofia (alteracions en la
distribucié del greix corporal), associada a diverses alteracions metabodliques
com dislipémia, resisténcia a la insulina, aterosclerosi subclinica, hipertensio i
alteracions del metabolisme ossi [Hadigan i col., 2001; Jericé i col., 2005;
Grinspoon i col, 2008; Silva i col., 2009]. Aquestes alteracions metabdliques
donen lloc a un perfil pro-aterogénic que fa que els pacients que reben aquest
tractament presentin un notable increment del risc cardiovascular [Henry et al.,
1998], fet confirmat en dos llargs estudis prospectius [Friis-Moller i col., 2003;
Mary-Krause i col., 2003]. En els ultims anys, nous estudis han suggerit una
relacié entre el TARGA i episodis cardiovasculars, especialment l'infart agut de

miocardi [Pérez-Camacho i col., 2009].

Els efectes adversos descrits anteriorment es posen de manifest de
manera especial en aquells tractaments que inclouen els IP [Carr i col., 1998,
Jerico i col., 2006], entre els quals es troba el ritonavir (Figura 3). Aquest
farmac es prescriu freqientment com a part del TARGA, tant per la seva acci6
antiretroviral directa (unié al centre actiu de la proteasa, per la seva activitat
inhibidora peptidomimética de les aspartil proteases del VIH), com perquée
inhibeix un enzim, el citocrom P450 3A4, (CYP3A4) que metabolitza altres
inhibidors de proteasa [Zeldin i col., 2004]. Aquesta inhibici6 comporta
concentracions més elevades d'aquests altres farmacs, permetent la reduccid

tant de la dosi com de la freqliéncia d'us d'aquests, i millorant I'eficacia clinica.
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Nelfinavir Indinavir

Ritonavir Saquinavir

Figura 3. Estructura molecular dels inhibidors de proteases.

La utilitzacié clinica d'IP es relaciona principalment amb [I'aparicio
d’alteracions metaboliques com les dislipemies i la resistencia a la insulina.
Aixi, el ritonavir pot augmentar la sintesi hepatica de TG, i també la
trigliceridémia plasmatica [Lenhard i col., 2000]. S'ha demostrat que el ritonavir
per si sol pot inhibir la LPL i la lipasa hepatica, la qual cosa també contribueix a
I'augment de les concentracions de TG [Purnell i col., 2000]. Altres alteracions
metaboliques que s'associen amb I'Us del ritonavir sén hipercolesterolémia,
elevacio de les transaminases, i fosfo-creatina cinasa elevada [Lee i col., 2005;
Haubrich i col., 2009]. De fet, I'is de ritonavir es relaciona amb un risc major
d'hipercolesterolemia que I'us d'altres IP, com per exemple nelfinavir o indinavir
[Periard i col., 1999].
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Per altra banda, el ritonavir pot inhibir el transportador de glucosa regulat
per insulina, GLUT4 [Noor i col., 2004; Hruz i col., 2008]. Aixo implicaria una
barrera per a l'entrada de glucosa en el muscul i/o el teixit adipds, i podria
comportar el desenvolupament de resisténcia a la insulina. A més, s'ha descrit
que el ritonavir altera I'expressid de nombroses citocines inflamatories, com ara
TNF-q, IL-1 i IL-6 en adipocits, de manera que es pot arribar a produir una
desdiferenciacio i apoptosi dels mateixos, o bé impedir la diferenciacié dels
precursors [Lagathu i col., 2005]. També s'ha vist que un tractament amb
ritonavir és capac¢ d'induir gens de resposta a estrés oxidatiu i gens
proapoptotics en adipocits, aixi com gens implicats en I'adhesio cel-lular i la
remodelacio de la MEC [Adler-Wailes, 2008]. Aquests efectes directes dels
farmacs sobre els adipocits provoquen lipoatrofia en el teixit adipds subcutani,
de manera que s’incrementa l'alliberament d’acids grassos; aquests s’acumulen
en el teixit adipds visceral, el qual s’hipertrofia conduint a obesitat visceral i a

les alteracions metabdliques associades [Villarroya i col., 2009].

A més dels adipocits, els macrofags també poden tenir un paper
important en l'aparicié d’alteracions metaboliques degudes als IP. Per exemple,
s’ha proposat que el ritonavir podria actuar regulant els processos que donen
lloc a I'acumulacioé de lipids en el macrofag. En aquest sentit, alguns estudis
s’han intentat centrar en els efectes del ritonavir en I'expressié de CD36, un
receptor scavenger que intervé la carrega de colesterol procedent de
lipoproteines modificades en el macrofag. En el primer d'aquests estudis
[Serghides i col., 2002], es va analitzar I'efecte d'un tractament de 7 dies amb
I'antiretroviral sobre els nivells de CD36 en mondcits de voluntaris sans i
pacients infectats amb el VIH. Els resultats d'aquest estudi van demostrar una
reduccio significativa en els nivells de CD36 en el 70% dels participants,
reduccié que va ser més acusada en els pacients infectats que en els voluntaris
sans. En contraposicio amb els resultats de Serghides i col-laboradors, els
resultats d'un segon estudi indiquen que els IP indueixen I'expressié de CD36 i
I'acumulacié d'ésters de colesterol en macrofags humans in vitro i en macrofags
peritoneals de ratoli in vivo [Dressman i col., 2003]. En aquest estudi es va
observar una correlacié entre l'increment relatiu de I'expressié de CD36 en

macrofags i I'area de lesio aterosclerotica a 'aorta.
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Per tant, no resulta del tot clar si les alteracions en I'expressié de CD36
en pacients infectats pel VIH en tractament antiretroviral es correlacionen amb
I'aparicio d'aterosclerosi en aquests pacients. D'altra banda, els IP podrien
actuar no només modificant I'expressiod d'aquells receptors que intervenen en
I'entrada de colesterol en el macrofags, sind també la dels gens que actuen en
el procés d’eflux (sortida) de colesterol d'aquestes cél-lules, procés que es
porta a terme principalment mitjancant el transportador ABCA1, i el receptor

scavenger SR-BI.

Malgrat tot el que s’ha exposat anteriorment, sembla ser que les
alteracions metaboliques i els corresponents efectes cardiovasculars en
pacients sota tractament antiretroviral no son degudes unicament als farmacs,
sin6 que la propia infeccid pel virus hi té& un paper determinant. Cal tenir en
compte que estudis realitzats abans de la instauracié del TARGA, en pacients
que no havien rebut tractament antiretroviral (naive), ja demostren alteracions
lipidiques. La infeccié asimptomatica per I'VIH s'associa amb una disminuci6 en
la concentracié de colesterol unit a HDL de manera primerenca, que s'accentua
amb la progressio de la malaltia. En abséncia de tractament, s'han observat
elevacions dels valors plasmatics de TG i una disminucio del colesterol associat
a HDL [Grunfeld i col., 1992]. Estudis en models experimentals suggereixen
que el virus indueix la sintesi de TNF-¢, que s'associa amb un increment dels
TG, colesterol i apoB4 en plasma [Ledru i col., 2000]. L'activitat inflamatoria
induida pel virus implica, a més, que la infeccid6 per VIH pugui provocar un
augment dels marcadors de l'activacié endotelial, modificant diferents
parametres que determinen el risc cardiovascular [Ross i col.,, 2008;
Kristoffersen i col., 2009]. Dades recents assenyalen una taxa incrementada
d'infart de miocardi en pacients amb infeccié per VIH en relacié a la poblacié

seronegativa [Triant i col., 2008].
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4. Monocits i macrofags: paper en el desenvolupament

d’aterosclerosi.

Els mondcits i macrofags sén components essencials del sistema
immune del cos huma, i sén cél-lules clau en totes les etapes de la aterogénesi,
des de l'inici de la formaci6 del que s'anomena estria grassa, que és la primera
lesié detectable, fins als processos que en fases tardanes de la lesid
contribueixen a la ruptura de la placa d'ateroma. Aquest tipus cel-lular participa
activament en el desenvolupament de les lesions aterosclerotiques, en
I'acumulacié de colesterol, com a mediador de la resposta immunitaria, aixi com
a font de nombrosos factors de creixement i enzims secretats [Jessup i col.,
2002]. De fet, ha estat descrit que ratolins hipercolesterolémics deficients en
factor estimulant de colonies de macrofags (M-CSF) sén extremadament
resistents al desenvolupament d'aterosclerosi [Smith i col., 1995; Quiao i col.,
1997].

A continuacié es revisara el paper de mondcits i macrofags en les

diferents fases del desenvolupament de la lesio aterosclerotica.

4.1. Reclutament de monocits.

Per a qué s'inicii la formacié de la placa d'ateroma cal que els mondcits i
lipoproteines circulants com les LDL travessin la paret arterial. En condicions
normals aixd no succeeix, per la qual cosa la hipotesi més acceptada sobre
l'origen de l'aterosclerosi és el que es coneix com a "resposta a la lesid" [Ross
R., 1986, 1993]. Segons aquesta teoria, I'aterosclerosi es contempla com una
resposta de tipus inflamatori a una lesié o disfuncié de I'endoteli vascular. De
forma progressiva, I'endoteli pateix un dany cronic que modifica la seva
correcta funcionalitat, fet que es coneix com disfuncié endotelial. La disfuncié

endotelial implica diverses alteracions funcionals de I'endoteli, com per exemple
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un augment de la permeabilitat a les lipoproteines plasmatiques, una major
adheréncia dels leucocits, o un desequilibri local entre factors pro- i
antitrombotics i entre factors vasodilatadors i vasoconstrictors [Maclouf i col .,
1998, Jennings, 2009].

Una de les conseqliéncies de la disfuncié endotelial és l'increment de
I'adhesio dels monocits a la paret vascular, que condueix al reclutament
d'aquestes cél-lules per a la posterior migracié cap a l'espai subendotelial.
Entre els agents que intervenen en aquests efectes trobem molécules
d'adhesié cel-lular (CAMs, selectines i integrines) que s'expressen en la
superficie de les CE [Stokes i col., 2006].

Després de I'adhesié ferma dels mondcits a la paret arterial, es produeix
la migracié cap a la intima, un procés mediat per les mateixes CAMs que
participen en el procés d'adhesio, i facilitat per quimiocines sintetitzades per les
CE, CML i els mateixos macrofags. En el procés de transmigracié de mondcits,
es produeix l'expressio de substancies quimioatraients entre les quals
destaquen la proteina quimiotactica de mondcits (MCP-1 o CCL2), i el seu propi
receptor CCR2. Aquest receptor té un paper critic en el reclutament de
monocits a través de I'endoteli [Hansson i col., 2005; Stokes i col., 2006], i en
diferents models de ratolins apoE”" que no expressen MCP-1 o CCR2, s'ha
observat un menor desenvolupament de lesions aterosclerotiques [Boring i col.,
1998; Gosling i col., 1999; Inoue i col., 2002]. D'altra banda, la preséncia de
MCP-1 en lesions aterosclerotiques humanes esta ben documentada [Nelken i
col., 1991; Yilmaz i col., 2007].

L'augment en la permeabilitat de l'endoteli, unit als elevats nivells de
lipoproteines plasmatiques, facilita que les LDLs travessin la paret arterial i
siguin retingudes a l'intima. Aquestes lipoproteines acumulades a l'intima
arterial pateixen modificacions, principalment de tipus oxidatiu, que les
converteixen en altament aterogéniques [Heinecke, 2006]. També les propies
LDL modificades o les citocines proinflamatories poden tenir activitat atraient de
monacits, aixi com estimular I'expressié de MCP-1 per part de les CE [Cushing i
col., 1990; Barter i col., 2005] (Figura 4).

28



INTRODUCCIO

Adhesion Vascular
VCAM-1 lumen
Monncyte P-selectin

E-selectin
SN O Ié:sﬁ_u:..'l-1 Migration Endothelial
\ MCP-1 cells /

Extracellular § L bty
& R = =3 Homeostatic
[ responses
= (O LDL oxidatio REC
et |
E Differentiation mmLDL 15L0 o : i‘gﬁ{“
M-CSF INOS F/)
Bl )

ox LDL uptake
cD36

Figura 4. Inici de la lesio: reclutament de mondcits. Les cél-lules endotelials

activades expressen molécules d'adhesi6 (selectines) que provoquen que els monocits
llisquin rodant lentament per la superficie de I'endoteli. La interacci6 entre les integrines
del monocit i les proteines de la familia de les immunoglobulines de les CE (VCAM-1 i
ICAM-1) provoquen l'adhesié ferma. Posteriorment els mondcits migren a I'intima en un
procés estimulat per quimiocines (MCP-1, CXCL8 i CX3CL1), on es diferencien a
macrofags sota la influéncia del M-CSF (figura de Glass i Witztum, 2001).

Un cop a l'intima arterial, les LDL modificades i altres substancies com el
factor estimulant de colonies de macrofags (M-CSF) estimulen la proliferacio
dels mondcits i la seva diferenciaci6 a macrofags. Aquesta diferenciacid
comporta una serie de canvis fenotipics entre els quals hi ha un augment de
I'expressié dels anomenats receptors scavenger, que internalitzen LDL
modificades donant lloc a la formaci6 de cel-lules escumoses. També
I'adquisicid del fenotip de macrofag s'associa amb un increment en I'expressio
de receptors d'estructures microbianes, incloent els TLR. Existeixen estudis
realitzats en ratolins op/op, un model de deficiencia de M-CSF caracteritzat per
una manca de macrofags diferenciats en diferents organs i teixits. Quan

-

aquests ratolins es creuen amb ratolins apoE™, la descendéncia presenta

escasses lesions aterosclerotiques, fet que confirma que la diferenciacié de
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monodcit a macrofag €s un pas necessari en el desenvolupament d'aterosclerosi
[Hansson, 2001].

4.2. Macrofag: Inflamacioé i immunitat.

El macrofag és una cél-lula importantissima en la resposta immune i
inflamatodria. La immunitat innata constitueix la primera linia de defensa davant
els patogens, i esta programada per a reconeixer i detectar uns motius ben
conservats, anomenats PAMPs (patrons associats a patdogens microbians),
mitjangant receptors altament especialitzats. Com ja s’ha comentat, un
d'aquests tipus de receptors son els TLRs. Fins a 13 tipus de receptors
diferents pertanyents a aquesta familia han estat identificats en mamifers,
cadascun dels quals presenta una diferent especificitat per a un ampli rang de
lligands. Els membres de la familia dels TLR comparteixen un mateix domini
citoplasmatic amb els receptors de IL-1, denominat Toll/IL-1 domain (TIR).
D'aquesta manera, hi ha vies la senyalitzacié activades pels TLRs que es
troben compartides amb la via de IL-1, que acaben activant la resposta

inflamatoria mitjangant el sistema NF-«B (factor nuclear kappa B) [O'Neill i
Bowie, 2007] (Figures 5 6).

Toll-like receptor

Transcription ]

Nucleus

Figura 5. Esquema de I'estructura i la via de senyalitzaci6 dels Toll-like receptors.

(figura extreta de http:/genomebiology.com)
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Figura 6. Esquema estructural de TLR-2, TLR-4 i IL-1R. Aquests
receptors comparteixen un domini TIR a la part citoplasmatica, aixi com diferents
components de la cascada de senyalitzacio, el pas final de la qual activa el factor
nuclear kB (figura de Medzhitov, 2001).

Les citocines s6n molécules basiques en la resposta inflamatodria, tant
aguda com cronica. La producci6 de citocines depén de molts factors, i aquesta
esta finament regulada durant la inflamaci6. Diverses citocines, com per
exemple el TNF-o, moltes interleucines, interferé y (IFN-y), CXCL8, M-CSF vy
TGF-B, han estat identificades en vasos que van presentar lesions
aterosclerotiques primerenques [Tedgui i Mallat, 2006]. Els macrofags son un
dels tipus celllulars presents a la lesi6 que produeixen citocines
proinflamatories, com ara IL-1 (el paper de la qual es comentara amb més
detall a la seccio6 6), IL-6, IL-12, IL-15, IL-18 i TNF-q, tot i que també secreten
algunes citocines antiinflamatories com soén la IL -10 o el TGF-B. Cal destacar
que la IL-1, la IL-6 i el TNF-oo no participen unicament en respostes
inflamatodries locals, sind que també donen lloc a efectes distants, com ara
I'activacié de gens hepatics que codifiquen per proteines de fase aguda com
son el fibrinogen i la PCR [Koh i col., 2005].
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Les citocines secretades pels macrofags regulen la produccié de
citocines i molécules d’adhesié per part d’altres cél-lules presents a I'entorn de
la lesio, com ara CML, CE i limfocits. L’augment de l'expressié de molécules
d'adhesié en CE promou el reclutament de més monaocits, creant aixi un feed-

back que amplifica i perpetua la reaccié inflamatoria (Figura 7).
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Figura 7. Principals citocines implicades en I'establiment de |'aterosclerosi.
La totalitat de les cél-lules vasculars sén capaces de produir citocines, pero sén els
macrofags les principals cél-lules secretores i amplificadores de la resposta
inflamatoria. La IL-12 i la IL-18 so6n inductores de forma sinérgica de I'FN-y, el
principal promotor de limfocits T, i de la seva transformacié a limfocits T
cooperadors (Th). Les citocines secretades per macrofags també activen les CML,
a més de promoure l'augment de molécules d'adhesié, com ICAM-1 i VCAM-1 i de
selectines a les CE, incrementant el reclutament de leucocits i I'amplificacié de la
resposta inflamatoria, aixi com l'establiment de la lesié aterosclerdtica (figura de
Tedgui i Mallat, 2006)

Les citocines, a més, poden afectar la permeabilitat endotelial, aixi com
la composicié de la MEC a causa de l'alteracié de l'expressié de diverses
MMPs, i dels seus inhibidors (TIMPs) [Newby, 2005].

A part del seu paper en la resposta inflamatoria, les citocines poden

afectar I'expressio dels receptors scavenger, regulant la captaci6 de
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lipoproteines modificades i la sortida o exportaci6 de colesterol des dels
macrofags (Figura 8). Aixi doncs, la reduccié de I'expressié de citocines en el
macrofag pot ser una bona estratégia terapéutica per reduir o alentir la
progressié d'aterosclerosi. No obstant aixo, I'is d'antagonistes de TNF-¢ o d’IL-
1 en clinica és molt limitat, i a més s'associa amb aparicié d'efectes adversos
[Furst i col.,, 2005]. Una aproximacio alternativa es basa en el fet que els
PPARs (receptors activats per proliferadors peroxisomics) i els receptors
hepatics X (LXR) actuen com a reguladors negatius de la resposta inflamatoria
en el macrofag, per tant, PPAR i LXR constitueixen dianes terapéutiques més

adequades per modular la produccio de citocines en el macrofag.

Vascular Endothelial
lumen 58

Figura 8. Formaci6 de la estria grassa. La diferenciacié dels monocits a
macrofags comporta un increment en I'expressiéo de TLRs i SRs. L'activacié dels
TLRs inicia una cascada de senyalitzaci6 mediada per NF-x<B que condueix a
I'alliberament de citocines proinflamatories (IL-1, IL-6 i TNF-¢) i de quiomiocines
com la MCP-1, de manera que s’estableix una inflamacioé local, en la qual també
participaran les CEs i les CMLs. D'altra banda, les citocines també estimulen la
captacié de lipoproteines modificades mitjangant els SRs del macrdfag. Aquestes
cél-lules carregades de colesterol es coneixen com cél-lules escumoses, i la seva
acumulacié juntament amb la sintesi de proteines de matriu per part de les CMLs,

donaran lloc a la génesi de la estria grassa (figura de Glass i Witztum, 2001).
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4.3. Receptors scavenger. Carrega-eflux de colesterol.

Com ja s’ha comentat, la diferenciaci6 de monocit a macrofag es
caracteritza per l'increment en l'expressié de receptors scavenger (SR). El
terme scavenger va ser encunyat per Goldstein i Brown per distingir aquests
receptors dels receptors de LDL natives, l'expressid dels quals esta regulada
pels valors intracel-lulars d'esterols [Brown i Goldstein, 1983]. Els SR, en canvi,
no estan sotmesos a aquesta regulacio, i a causa de la seva capacitat per unir i
internalitzar lipoproteines modificades, contribueixen de manera important a

I'acumulacié de colesterol en els macrofags.

Els macrofags expressen diverses classes de SR [Murphy i col., 2005;
Moore i col., 2006]. Aquests receptors sén capacgos de reconeixer, amb diferent
afinitat, LDL modificades aixi com també, en alguns casos, HDL. De fet, s'ha
descrit que a més del seu paper en la formacidé de la cél-lula escumosa per
reconeixement de lipoproteines modificades, aquests receptors tenen una
destacada funci6é en la immunitat natural, ja que reconeixen altres agents com
microorganismes patogens i cél-lules apoptotiques [Hartvigsen i col ., 2009;
Chen i col., 2010].

Entre els receptors scavenger, trobem SR-A, CD36, CD68, lectin-like
oxidized receptor-1 (LOX-1), receptor scavenger que s'uneix a fosfatidilserina i
lipoproteines oxidades (SR-PSOX), i SR-BI. Pel que fa a I'entrada i acumulacié
de colesterol en el macrofag, els SR més importants son SR-A i CD36, ja que
sén responsables de fins a un 90% de la captaci6 de les LDL acetilades i

oxidades [Kunjathoor i col., 2002].

CD36 és un receptor scavenger de classe B implicat en multiples
processos bioldgics, incloent el metabolisme lipidic, la inflamacié i la
angiogénesi [Febbraio i col., 2001]. La seva capacitat per reconeixer i
internalitzar LDL, fins i tot les minimament modificades (mmLDL), sembla
implicar-lo clarament en la formaci6é de cél-lules escumoses. En aquest sentit,

s'ha observat que els macrofags de pacients que presenten un polimorfisme en
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el gen de CD36, aixi com els macrofags procedents de ratolins deficients en
CD36, mostren una menor capacitat d'unir i captar LDL oxidades [Nozaki i col.,
1995; Febbraio i col., 1999; Yamashita i col., 2007]. A més, ratolins doblement
deficients en CD36 i apoE desenvolupen menys lesions aterosclerdtiques que

aquells que unicament son deficients en apoE.

Resulta interessant el fet que I'exposicié de macrofags a LDL oxidades
dona lloc a una marcada inducci6 de CD36 [Han i col., 1997], mitjangant
I'activacio de PPARy per part dels derivats oxidats dels acids grassos de les
lipoproteines [Tontonoz i col., 1998, Nagy i col., 1998]. Aixd implica que les LDL
oxidades indueixen la seva propia captacié mitjancant el receptor CD36, fet que

facilita el procés de formacio de la cél-lula escumosa [Rios i col., 2008].

El receptor SR-BI presenta una elevada homologia amb CD36 i forma
part dels receptors scavenger de classe B. SR-Bl és un receptor multilligand,
capa¢ d'unir lipoproteines modificades (acetilades i oxidades), lipoproteines
natives (LDL i VLDL), i fosfolipids anionics i cél-lules apoptotiques. Sens dubte,
el fet més rellevant és que SR-Bl s'uneix amb elevada afinitat a les HDL,
regulant el flux bidireccional de colesterol entre les HDL i les cel-lules. El
colesterol que surt del macrofag a través d'SR-Bl és convertit en ésters de
colesterol per I'enzim lecitina: colesterol aciltransferasa (LCAT), i posteriorment
aquests ésters que transporten les HDL poden ser captats de manera selectiva
pels hepatocits a través del mateix receptor SR-BI (Figura 9). La participacio
d'aquest receptor tant en les fases inicials com en les fases finals del procés de
transport revers de colesterol suggereix un rol protector contra el
desenvolupament d'aterosclerosi, paper que s'ha confirmat en estudis realitzats
en animals transgénics. Aixi, la sobreexpressié hepatica de SR-BI resulta en
una reduccio de l'aterosclerosi [Arai i col., 1999; Ueda i col., 2000; Kozarsky i
col., 2000], mentre que la seva eliminacié en ratolins apoE™ o LDLR” indueix

el desenvolupament de lesions [Trigatti i col., 1999; Covey i col., 2003].
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Altres molécules que participen en I'eliminacié de colesterol del macrofag
son els transportadors ABCA1 i ABCG1 (ATP-binding cassette transporter A1-
G1) (Figura 9). Pertanyen a una familia de transportadors que usen ATP per
transportar lipids i altres molécules a través de les membranes [Dean i col.,
2001]. Aquests transportadors participen d’'una de les rutes més importants
d'exportacié de colesterol del macrofag. ABCA1 és capag¢ d'interactuar amb
diferents apolipoproteines pobres en colesterol, com ApoA-l, ApoA-Il i apoE,
que funcionen com a acceptors de fosfolipids i colesterol [Yancey i col., 2003].
Tot i que no es qliestiona el paper fonamental ’ABCA1 en l'eflux de colesterol,
els experiments realitzats en ratolins que sobreexpressen o que no tenen
aquest transportador han donat lloc a resultats contradictoris en relacié amb el
desenvolupament d'aterosclerosi [McNeish i col., 2000; Singaraja i col., 2002 ;
Joyce i col., 2002]. No obstant aixd, en estudis de trasplantament de moll d'os
en els quals el gen ABCA1 ha estat eliminat de forma selectiva dels macrofags,
s'ha observat un increment en les lesions aterosclerotiques [Van Eck i col.,
2002; Aiello i col., 2002], i al contrari, el trasplantament de macrofags que
sobreexpressen ABCA1 en ratolins LDLR” protegeix enfront del

desenvolupament d'aterosclerosi [Van Eck i col., 2006].

Pel que fa a ABCG1, aquest receptor vehiculitza el colesterol i fosfolipids
cap a les HDL, un acceptor que es troba en major proporcié que la ApoA-l en
plasma, de manera que el seu paper en I'eflux de colesterol podria ser fins i tot
meés rellevant que el ABCA1. Resulta interessant el fet que la lipidacio de la
ApoA-I mediada per ABCA1 doéna lloc a un acceptor eficient del colesterol que
és eliminat via ABCGH1, el que suggereix que tots dos transportadors actuen de
forma sinérgica per facilitar I'eflux de colesterol des del macrofag [Baldan i col.,
2006].
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Figura 9. Flux del colesterol mitjang¢ant lipoproteines en l'organisme. Els
receptors scavenger i els transportadors ABC s’encarreguen de la carrega-eflux de
colesterol en el macrofag. Les lipoproteines modificades (acLDL i oxLDL) so6n
reconegudes per SR-A i CD36, que transporten el colesterol a l'interior de la
cél-lula. El colesterol intracel-lular sera exportat als acceptors pels transportadors
ABCA1 (ApoA-I, pre-pg-HDL) i ABCG1 (HDL), o pel receptor SR-BI, que al seu torn

és capag de captar els esters de colesterol de les HDL al fetge (figura de Badimon i
Ibafiez, 2010).

L'expressi6 d’ABCA1 i ABCG1 en macrofags és controlada pels
receptors nuclears LXR ¢ i B [Costet i col., 2000; Sabol i col., 2003]. Es tracta
d'un mecanisme homeostatic dissenyat per reduir la carrega de colesterol lliure
intracel-lular, ja que s'activa pels propis oxisterols aportats per les lipoproteines
modificades que el macrofag capta. A més, s'ha descrit que els agonistes
PPARq i PPARy son capagos d'induir ABCA1 en macrofags humans,

promovent aixi I'eflux de colesterol [Chinetti i col., 2001].

En resum, els SRs juguen un paper importantissim en linici del
desenvolupament d'aterosclerosi. Mitjangant aquests receptors, majoritariament
SR-A i CD36, el macrofag capta colesterol de manera no regulada, i la seva
acumulacié comporta la formacio de la cél-lula escumosa. Per aquesta rad, un
increment en I'expressio dels receptors que intervenen la carrega lipidica, o una

reduccié en els mecanismes d’eflux del colesterol com sén els transportadors
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ABC o el receptor SR-BI, comportarien un desajust en el balan¢ de transport
lipidic que, en condicions aterogéniques, facilitaria l'inici de la lesi6. En
consequlencia, resulta de gran interés la possible modulacié farmacolodgica de

I'expressid d'aquests receptors.

4.4, Evolucié de la lesié. Estabilitat de la placa.

Les ceél-lules escumoses s'acumulen en forma de capes estratificades en
I'intima arterial, originant per aquest procés el que es denomina estria grassa.
Aquestes estries grasses ressalten sobre la superficie endotelial de l'artéria, i
representen la primera lesio detectable en el procés aterosclerotic. No obstant,
la preséncia d'estries grasses no és sinonim de desenvolupament de placa
d'ateroma, ja que poden romandre en aquesta forma asimptomatica durant
décades, o fins i tot regressionar [Tsukamoto i col., 1999; Choudhury i col.,
2005; Ibafez i col., 2008].

Si el procés de proliferaci6 i infiltracié cel-lular continua, la estria grassa
evoluciona cap a una lesio de tipus intermedi, o placa d'ateroma en estat madur,
que presenta un major contingut lipidic i cel-lular. En aquesta fase, tant els
macrofags com les CML, que adquireixen capacitat de migracio i proliferen
activament, acumulen lipids al seu interior i si superen la seva capacitat
d'acumulacié, moren (mitjangant necrosi o apoptosi) i alliberen el seu contingut
lipidic (Figura 10). A més, les CML sintetitzen proteines de la MEC, com ara
col-lagen, elastina i proteoglicans, que donaran lloc al desenvolupament de la

capa fibrosa [Ross i col., 1993].

A mesura que la lesié progressa, es produeix una desorganitzacié de
I'estructura normal de l'intima que doéna lloc a l'aparicié d'una lesié de tipus
avancat anomenada placa fibrosa o fibroateroma. Aquest tipus de lesié consta
d'un nucli format per grans quantitats de lipid extracel-lular i teixit necroétic, que

conté ceél-lules escumoses procedents de macrofags i limfocits T en la seva
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periféria. Aquest nucli es troba recobert per una capa formada per CML
embolicades per teixit connectiu fibrés, basicament ric en fibres de col-lagen
[Stary i col., 1995; Wagenknecht i col., 2009].

Vascular
lumen

&,

Macrophage
foam cell

Figura 10. Formacié de la placa fibrosa i la ruptura de la mateixa. Les
cél-lules escumoses derivades dels macrofags i les CML carregades de lipids
moren i alliberen el seu contingut. Aquest fet promou I'acumulacié d'un core
necrotic, format principalment de lipids i cél-lules necrotiques, que amb la
progressio de la malaltia sera recobert per una capa fibrosa. Els macréfags
secreten MMPs, que juntament amb la neovascularitzacié provocaran la ruptura de
la placa. La interaccié de productes sanguinis amb el factor tissular secretat pels
macrofags acabara provocant la formacié d'un trombe, degut a un procés de

coagulacié i al reclutament de les plaquetes (figura de Glass i Witztum, 2001).

Com s'ha comentat anteriorment, la progressi6 de les lesions
aterosclerotiques poden provocar simptomes d'isquémia com a resultat de
l'oclusié de la llum del vas, tot i que els accidents cardiovasculars son
generalment provocats per la ruptura de la placa d'ateroma i la génesi d'un

trombe, per contacte entre la sang i el contingut altament trombogeénic del nucli
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lipidic, com per exemple el factor tissular [Davies i col., 1993; Lee i col., 1997;
Toschi i col., 1997]. Per aquest motiu, I'estudi dels factors involucrats en la
vulnerabilitat o estabilitzacié de les plaques aterosclerotiques resulta de gran

importancia.

5. Farmacs utilitzats en el tractament de les hiperlipémies. Estatines.

El tractament i prevencio de la malaltia ateroscleroética es basa en I'Us de
farmacs que corregeixen les dislipémies, principalment mitjangant la reduccio
dels nivells de colesterol plasmatic, i també els nivells de triglicérids en aquelles
hiperlipémies de tipus mixt. Entre els més utilitzats trobem els inhibidors de la

hidroximetilglutaril-CoA (HMG-CoA) reductasa, també anomenats estatines.

Les estatines presenten una gran eficiéncia en la reduccio dels nivells de
colesterol LDL, fet que s'associa amb una reduccidé del risc cardiovascular.
També es relaciona el tractament amb estatines amb una elevacié dels nivells
de colesterol HDL, efecte beneficiés també en la prevenci6 d'aterosclerosi i del

risc cardiovascular que van lligats al desenvolupament de la malaltia.

Actualment hi ha al mercat sis estatines: lovastatina, simvastatina,
pravastatina, fluvastatina, atorvastatina i rosuvastatina (Figura 11). Els tres
primers son d'origen natural, obtinguts a partir de productes d’origen fungic
I'estructura dels quals ha estat modificada, i els restants s6n compostos
totalment sintétics [Willliams i col., 2002]. Com a grup, sén els més efectius per
al tractament de pacients amb hiperlipidémia primaria associada a elevacio6 dels
nivells de LDL. Encara que comparteixen un mateix mecanisme d'accio, el grau
de lipofilia, la selectivitat hepatica i la magnitud de I'efecte inhibidor de 'THMG-
CoA reductasa podrien explicar efectes particulars de certes estatines, que no
presenten altres components del grup [Chong i col., 2001]. Depenent de la dosi
i del tipus d'estatina utilitzades, la reduccidé dels nivells de colesterol LDL

plasmatic pot ser d'un 19-60%, i acostuma a anar associada amb un descens
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del valor de TG i d'un increment variable dels nivells de colesterol associat a
HDL [Igel i col., 2002; Gupta i col., 2010].
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Figura 11. Estructura molecular de les estatines.

El seu mecanisme d'acci6 consisteix en la inhibici6 selectiva i
competitiva de la HMG-CoA reductasa, l'enzim limitant de la sintesi de
colesterol. La HMG-CoA reductasa és I'enzim responsable de la conversié del
HMG-CoA en mevalonat, que és el precursor dels esterols. La inhibicié de
I'HMG-CoA reductasa redueix la quantitat de mevalonat, que després de
successives transformacions enzimatiques déna lloc al colesterol (Figura 12)
[Edwards i col., 1999]. Les estatines presenten una gran similitud estructural
amb I'HMG-CoA, de manera que s'uneixen amb gran afinitat al centre actiu,

desplagant aixi el seu substrat natural, i bloquejant finalment la seva activitat.
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La reduccio6 intracel-lular del colesterol, produida per la inhibicié de la
seva sintesi, activa la proteina SREBP-2 (Sterol Regulatory Element Binding
Protein) [Goldstein i col., 2002], que s'uneix a un element de resposta a
esterols (SRE) situat a la regié promotora del gen del receptor de les LDL. Com
a conseqléncia, es produeix un increment en l'expressio del receptor de les
LDL, i en la captacié de les mateixes de la circulacié, de manera que es déna
una reduccié del colesterol associat a les LDLs [Brown i Goldstein, 1986].
D'altra banda, la inhibici6 de la HMG-CoA reductasa pot comportar una
disminucié de la disponibilitat de colesterol i/o ésters de colesterol per a la
sintesi de VLDL, fet que alhora provoca una inhibicié de la secrecié d'aquesta
lipoproteina i contribueix a la reduccié6 de la produccié de LDL. Aquesta
inhibicié en la secrecio de VLDL es considera el principal mecanisme pel qual
es produeix la reduccié dels nivells plasmatics de TG associats al tractament
amb estatines [Huff i col., 1997].

ACETIL-CoA + ACETOACETIL-CoA
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Figura 12. Esquema de la ruta biosintética del colesterol, i punt d'actuacio
de les estatines. A l'inhibir la HMG-CoA reductasa, a més de bloquejar la sintesi de

colesterol, es bloqueja la sintesi d'intermediaris isoprenilats.
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Diversos estudis clinics han demostrat els efectes beneficiosos del
tractament amb estatines tant pel que fa a la prevencio primaria (prevencié dels
factors de risc) com secundaria (després d'haver patit un accident vascular)
[Scandinavian simvastatin survival study, 1994; Shepherd i col., 1995; Sacks i
col., 1996; Downs i col., 1998; Lipid study group, 1998; Baigent i col, 2005].
Tenint en compte la forta associacido entre els valors de colesterol LDL i
I'aparicio de malaltia cardiovascular [Klag i col., 1993] s'assumeix, de forma
general, que aquests efectes beneficiosos deriven principalment de la reduccié

del colesterol produida degut a I'is d'aquests farmacs.

No obstant aix0, independentment de la dismunucié dels nivells de lipids
plasmatics les estatines exerceixen altres efectes, anomenats pleiotropics, la
majoria dels quals estan mediats per la inhibici6 de la sintesi d'intermediaris
isoprenilats que deriven de la via de sintesi del colesterol [Cernuda-Morollén i
Ridley, 2006]. Concretament, els intermediaris de tipus isoprenoide farnesil-
pirofosfat i geranilgeranil-pirofosfat intervenen en la modificacio post-
traduccional d'una gran varietat de proteines de senyalitzacioé cel-lular [Edwards
i col., 1999]. Per exemple, els membres de la familia de GTPases Ras i Rho
necessiten patir un procés d’isoprenilacié, mediada per farnesil-pirofosfat en el
cas de Ras, i per geranilgeranil-pirofosfat en el cas de Rho, per ser
definitivament funcionals [Takemoto i col., 2001; Weitz-Schmidt, 2002].

Per aquest mecanisme, les estatines redueixen I'expressié d'integrines,
aixi com l'expressié de ICAM-1 i P-selectina en CE [Pruefer i col., 1999;
Takeuchi i col., 2000; Yoshida i col., 2001; Dimitrova i col., 2003; Stulc i col.,
2008]. També s'ha descrit que poden reduir I'adhesio de limfocits a I'endoteli a
través de la seva uni6 a zones reguladores de I'antigen LFA-1, de manera que
estabilitzen aquest receptor en la seva forma inactiva [Weitz-Schmidt i col.,
2001; Weitz-Schmidt i col., 2003]. Aquest efecte no només és independent de
la reduccié dels nivells lipidics, sind que tampoc es relaciona amb la inhibicié
de la HMG-CoA reductasa ni la isoprenilacié de proteines [Bonetti i col., 2003].
Les estatines també redueixen l'expressié de CCR2 en els mondcits, inhibint

aixi la migracio6 d'aquestes cél-lules [Han i col., 2005].
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També s'ha descrit que les estatines redueixen I'expressié de TLR-4 en
la superficie de monocits in vitro i in vivo, inhibint d'aquesta manera la secrecio
de citocines proinflamatories. Aixi, el pretractament amb simvastatina en un
model huma d’endotoxémia redueix l'expressié tant de TLR-4 com de TLR-2,
en monocits [Methe i col., 2005; Niessner i col., 2006]. Altres estudis clinics han
demostrat que aquests farmacs provoquen una reduccié en l'expressio de
citocines proinflamatories, no només en macrofags, sin6 també en altres
cél-lules de la paret vascular (CML, CE), el que condueix a una menor
concentracié plasmatica d'aquestes citocines i de PCR [Ridker i col., 1999;
Albert i col., 2001; Jialal i col., 2001].

6. Interleucina-1. Receptors i senyalitzacid.

Com s'ha explicat anteriorment, la inflamacié juga un paper molt
important en el desenvolupament de I'aterosclerosi. Un dels components basics
en la resposta inflamatoria és la IL-1, una citocina multifuncional secretada per
monocits/macrofags, neutrofils, CE i CML. Diversos estudis han suggerit un
paper crucial de la IL-1 en el procés aterosclerotic [Von der Thusen i col., 2003;
Kusuhara i col., 2006; Chamberlain i col., 2009]. IL-1¢ i IL-18 faciliten la
formacio de la lesid fins i tot des de les etapes més primerenques, ja que
incrementen 'adhesié i transmigracié dels leucocits. També s'ha suggerit que la
IL-1 participa en la formacio6 de la cél-lula escumosa, i posteriorment de la estria

grassa [Elhage i col., 1998].

La IL-1 presenta efectes pleiotropics mitjancant I'activacié, en ultima
instancia, dels factors de transcripci6 NF-xB i AP-1. Entre els efectes induits
per la IL-1, trobem la proliferacié de timocits, el creixement i diferenciacié de les
cél-lules B, i la producci6 d'lIL-2 i IL-6 [Dinarello, 1998]. També s'ha relacionat
aquesta citocina amb respostes d'estrés, regulacid de la son i la ingesta, i

malalties neurodegeneratives com ara I'Alzheimer. Altres patologies en qué
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s'ha demostrat un paper important de la IL-1 sén malalties autoimmunes, com

ara l'artritis reumatoide.

La IL-1 exerceix els seus efectes mitjancant la unié al seu receptor, que
pertany a la superfamilia de receptors d’interleucina-1/toll-like (IL-1R/TLR).
Aquesta familia comprén un grup de proteines estructuralment homologues
vitals per a la immunitat innata davant infeccions, inflamacions i estres de tipus
al-lérgic o no al-lérgic [Bowie i O 'Neill, 2000]. Aquest tipus de receptors també
sén importants perqué serveixen d'enllag entre les respostes immunes de tipus
innat i les de tipus adaptatiu, mitjangant la inducci6 de citocines com el TNF-q,
IL-6, IL-12 i IL-18. Els membres d'aquesta familia es caracteritzen per un
domini intracel-lular molt conservat (TIR), que transdueix el senyal mitjangcant
vies molt similars tant en vertebrats com en invertebrats [Fallon i col., 2004]. La
majoria de proteines que contenen aquest domini TIR son receptors, amb
I'excepcio del factor de diferenciaciéo mieloide 88 (MyD88) i la MyD88-adapter-
like protein, que funciona en associaci® amb receptors per dur a terme la

transduccio6 de senyals.

D'aquesta manera, els dominis TIR posseeixen la capacitat de reclutar
altres proteines que contenen aquest mateix tipus de domini, mitjancant
interaccio homotipica proteina-proteina, durant la cascada de transduccio de la

senyalitzacié [Burns i col., 1998, Xu i col., 2000].

La familia de receptors IL-1R/TLR es divideix en dos grups:

» La familia IL1-R, que comprén proteines transmembrana i proteines

solubles, que posseeixen dominis immunoglobulin (Ig)-like.
» La familia TLR, formada per proteines transmembrana de tipus | i

proteines citoplasmatiques, que posseeixen un domini extracel-lular ric

en repeticions de leucina.
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Els membres de la familia IL-1R han estat clonats en mamifers, aus i
peixos. Aquest subgrup es defineix pels dominis Ig-like en els segments
extracel-lulars del receptor. Aquests dominis presenten poca homologia quant a
la composicié d'aminoacids, perd tots ells presenten una estructura similar, i
posseeixen residus de cisteina bastant conservats, en posicions similars, que
mitjangant els ponts disulfur mantenen I'estructura del domini. Els dominis /g-

like intervenen en les interaccions proteina-lligand i proteina-proteina.

Existeixen nombrosos membres en la familia IL-1R, entre els quals
trobem IL-1R1, IL-1R2, IL-1RAcCP, ST2, IL-18Rq, IL-18Rp, o IL-1Rrp2 [Vélez-
Castrillon i col., 2004]. En humans, IL1-R1, IL-1R2, IL-18R i IL-18RACcP s'han
localitzat en un cluster de 530 Kb, en el cromosoma 2q12 [Dale i col., 1999;
Kim i col. 2001]. La majoria de receptors d’IL-1 han estat localitzats en el
cromosoma 2 [Barton i col., 2000; Smith i col.,, 2000]. IL-1RAcP es troba
codificada en el cromosoma 328 [Dale i col., 1998]. Sembla que no hi ha una
significacié funcional rellevant en el clustering d'aquests receptors, ja que en el

genoma de ratoli no es produeix aquesta agrupacio.

En el nostre cas, ens centrarem en la familia de receptors d'IL-1, i en
consequencia, en el receptor funcional IL-1R1, el receptor decoy IL-1R2, i la

proteina accessoria per a la senyalitzacié IL-1RAcP.

6.1. IL1-R1.

El receptor IL-1R1 va ser descrit per primera vegada en cél-lules T,
fibroblasts i CE, com una proteina de 80 KDa [Bomstzyk i col., 1989]. Aquest
receptor no é€s molt abundant en la superficie cel-lular. No obstant aixd, menys
d'una desena de receptors units al lligand per cél-lula sén suficients per a induir
una intensa resposta [Auron, 1998], ja que el receptor activa multiples vies que

s’indueixen de forma paral-lela.
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IL-1R1 en mamifers s'uneix als seus agonistes, IL-1¢ i IL-1B, i a
I'antagonista IL-1Ra. El receptor, en humans, conté 7 residus d’aspartat que
son llocs de glicosilacid, i aquesta glicosilacio és un requisit per a la posterior
unié de la IL-1 [Einstein i col., 1996]. Un cop el receptor s'ha unit la IL-1, el
complex és internalitzat cap al nucli, probablement mitjangant un procés

d’endocitosi mediada per receptor [Oakley i col., 2009].

El receptor IL-1R1 és incapa¢ d'iniciar la senyalitzacié per si mateix. Es
necessita la prévia formaci6 d'un complex entre lligand, receptor i la proteina IL-
1RACP, per a qué es produeixi la correcta transduccié del senyal. En la
formacié d'aquests complexos, la interaccié dels dominis TIR, que comportara
una estreta associacidé espacial, implica canvis en la conformacié dels dominis
citoplasmatics. Aquest succés permet el reclutament de la molécula adaptadora,
MyD88 [Burns i col., 2000; Oakley i col., 2009], que llavors reclutara unes
serinal/treonina cinases, denominades [L-1R-associated kinase (IRAK) -1,
IRAK-2, IRAK-M i IRAK-4 cap al complex. En aquest procés interaccionen els
dominis de mort de la proteina adaptadora MyD88 i de les cinases [Wesche i
col., 1999; Miller i col., 2007].

Estudis d’immunoprecipitaci6 han suggerit que el complex Toll-
interaction protein (Tollip)-IRAK-1 és reclutat cap a IL-1RAcP, mentre que
IRAK-2 és reclutada cap a IL-1R1 [Bulut i col., 2001]. IRAK-4 fosforila a IRAK-1,
de manera que IRAK-1 es dissocia de Tollip i els receptors d'IL-1. Llavors,
IRAK-1 i IRAK-2 interactuen amb el factor-6 associat al receptor del factor de
necrosi tumoral (TRAFG6). A partir d'aquest punt, TRAF6 activa la transforming
growth factor-activated kinase-1 (TAK-1), que de forma subsequlient, activara els
complexes de senyalitzacié mitjangant fosforilacié com, per exemple, en el cas

de la IxB cinasa (IKK). [Ninomiya-Tsuiji i col., 1999].
Aquesta via de senyalitzacié comportara I'activacio de NF-xB, un factor

de transcripcié regulador clau de l'expressido génica de les vies immunes i

d'inflamaci6, i també a l'activacio de les mitogen activated protein (MAP)

47



INTRODUCCIO

cinases, p38 i JNK , que també sbén dianes de fosforilacio per a TAK-1 [O'Neill i
col., 2000] (Figura 13).

IFN-B IL-67

MAPKKGD =

p38 pathways (IL-1)

IKK
JNK complex

® __________ 18

NF-<B

Figura 13. Resum de les vies de transduccié del senyal utilitzades pels
membres de la superfamilia de receptors IL-1R/TLR. La via s'inicia mitjangant
I'oligomeritzacié de proteines adaptadores i receptors, per interaccidé mitjangant els
dominis TIR. Com a pas final, la fosforilacié d‘lxB pel complex IKK allibera el factor NF-
B, que és translocat al nucli, donant lloc a la transcripcié dels seus gens diana. També
s'inicia la senyalitzacié6 per mitja de les MAP cinases, que acabara conduint a la
fosforilacié de les cinases p38 i JNK, activant el factor de transcripcié AP-1 (figura de

Subramaniam i col., 2004)
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El receptor IL-1R1 pot patir un procés catalitic enzimatic, de manera que
s'alliberaria de la superficie de la membrana donant lloc a una forma soluble
que manté la capacitat d'unié a IL-1. Aquesta forma soluble s'ha trobat en
sérum, plasma, fluids sinovials i orina en pacients humans sans [Arend i col.,
1994]. Alguns estudis han atorgat tant un paper antiinflamatori i
immunosupressor per a aquesta forma soluble del receptor [Arend i col., 1994;
Fernandez-Botran, 1996; Ghivizzani i col., 1998], com un rol agonista per a la
mateixa [Preas i col., 1996; Sporri i col., 1998]. Segons aix0, s'ha postulat que
la IL-1 s'uniria a la forma alliberada del receptor, i aquest complex seria capag¢

d'interactuar amb IL-1RAcP, donant lloc a l'inici de la via de senyalitzacio6.

6.2. IL-1R2.

El receptor de 68 KDa IL1-R2 va ser clonat per primera vegada en
cél-lules B humanes i de ratoli. Es troba predominantment en cél-lules limfoides
i mieloides incloent mondcits, neutrofils, macrofags i cel-lules B [McMahan i col.,
1991]. Els limfocits T i les cél-lules epitelials també expressen aquest receptor.
Posseeix una regié extracel-lular amb 3 dominis /g-like que mostren una
relativa homologia en la seva sequéncia amb IL-1R1, i un domini intracel-lular
extremadament curt, que no té el domini TIR i, en conseqiéncia, és incapac¢ de

transduir el senyal [Colotta i col., 1993].

IL1-R2 existeix com a receptor transmembrana, encara que també es
presenta en forma de receptor soluble. Aquest receptor és capag¢ de segrestar
la IL-1, actuant d'aquesta manera com un regulador negatiu de la via de

senyalitzacié d'aquesta citocina per diversos mecanismes:

* El receptor de membrana IL-1R2, en no tenir domini TIR, funciona com
un receptor no senyalitzador, ja que és incapag d'interactuar amb MyD88

i iniciar d'aquesta manera la senyalitzacio.
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* Un cop unit a la IL-1, IL-1R2 pot funcionar com un receptor decoy, ja
que té capacitat per reclutar IL-1RAcCP, disminuint aixi la possibilitat de

formar el complex actiu amb el receptor funcional IL-1R1.

* IL-1R2 presenta una afinitat molt baixa per unir-se a l'antagonista
endogen IL-1Ra, de manera que les dues molécules funcionen de forma

sinergica inhibint I'activitat d'IL-1.

e La forma soluble d'IL1-R2 (sIL-1R2), que no posseeix ni domini

transmembrana ni tampoc part citoplasmatica, és capa¢ d'unir-se a la
pro-IL-1p, bloquejant d'aquesta manera el seu processament enzimatic
cap a IL-1B. A més, el receptor de tipus 2 disminueix la disponibilitat d’IL-
1 unint-se a ella, reduint per aquest mecanisme la uni6 del receptor

funcional de tipus 1 a la citocina.

Diversos estudis han coincidit en atorgar a IL-1R2 un paper com a
receptor decoy per la IL-1 (Figura 14). Aixd es veu confirmat pel fet que I'is
d'anticossos que bloquegen IL-1R2 amplifica la resposta de cél-lules
mielomonocitiques a la IL-1, aixi com també que l'expressié d'aquest receptor
és induida per agents antiinflamatoris [Colotta i col., 1994; Re i col., 1994].
Aquests resultats han estat confirmats i estesos en models in vitro i in vivo.
Experiments de transferencia génica han demostrat que la transferéncia del
gen d'IL-1R2 bloqueja la resposta a IL-1 en diversos models cel-lulars. També
s'ha observat que el tractament amb cél-lules que han rebut la transferéncia
d'lL-1R2 en models de ratolins artritics, millora notablement aquesta artritis

induida per col-lagen [Re i col., 1996; Penton i col., 1997 ; Bessis i col., 2000].

Segons tot I'exposat, el receptor IL-1R2, el primer receptor decoy pur
identificat, constitueix una estrategia cel-lular per a evitar una excessiva
senyalitzacié induida per la citocina proinflamatoria IL-1, regulant aixi la seva

accio.
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Figura 14. Esquema del sistema de senyalitzacié d'IL-1. El complex de

senyalitzacio (IL-1R1 i la proteina accessoria AcP) activa la cascada per MyD88,

que donara lloc a l'activacié de NF-xB i AP-1. D'altra banda, el receptor IL-1R2,

tant en forma de membrana com en forma soluble, captura la IL-1 i evita la

formaci6é del complex de senyalitzaci6. A més, el receptor de tipus 2 és capag

d'unir-se a IL-1RAcP, evitant que aquesta pugui unir-se al receptor de tipus 1

(figura de Mantovani i col., 2001).

7. Degradacio de la matriu extracel-lular i paper de TFPI-2.

Com s'ha explicat anteriorment, la ruptura de la placa d'ateroma i la

trombosi posterior provocada per aquesta és la principal causa de sindromes

coronaries agudes entre les quals s'inclouen angina intestable,

miocardi i mort sobtada [Fuster i col., 1992; 1992].

infart de

La composicio i la

vulnerabilitat de les plaques d'ateroma semblen ser un determinant clau

d'aquesta ruptura, més que, per exemple, el seu volum i grau d'estenosi [Falk i

col., 1995]. Les plaques "febles", amb un elevat contingut extracel-lular de lipids

i ésters de colesterol i una coberta fibrosa fina, sé6n les més vulnerables a la
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ruptura [Gutstein i col.,, 1999]. La inflamaci6 que cursa amb ['aterosclerosi
podria ser la causa del trencament de la lesidé, amb la subseqient trombosi
[Van der Wal i col., 1994; Shah i col., 1995].

La degradaci6é de la MEC arterial contribueix de manera important a la
ruptura de la placa aterosclerdtica. De fet, la pérdua de col-lagen, que
proporciona en condicions normals la principal for¢ca tensora a la paret arterial,
colocalitza amb aquelles arees en quée es presenten cél-lules escumoses
derivades de macrofags [Newby, 2008]. En lesions en fases més avancgades hi
ha un gran nucli lipidic en qué abunda la preséncia de macrofags, els quals
secreten nombroses proteases extracel-lulars que participen en la degradacié
de la MEC. Entre elles, trobem serin-proteases, catepsines i MMPs, com les
gelatinases MMP-2 i MMP-9 (Figura 15) [Zhou i col., 2003; Dollery i col., 2006].
Aquestes proteases, i en particular les MMPs, han estat associades amb
nombrosos processos patologics, entre els quals podem destacar la invasio
tumoral i metastasi, artritis reumatoide, cirrosi hepatica o aterosclerosi [Amalinei
i col., 2010]. L'activitat d'aquestes MMPs es veu incrementada per I'activacié de
la forma de proenzim mitjancant cascades proteolitiques, normalment degut a
altres MMPs [Nagase i col., 2006], entre les quals destaquen les gelatinases
MMP-2 i MMP-9. Per regular l'activitat de les MMPs, i evitar una excessiva
degradacio principalment del col-lagen i altres components de la MEC, que pot
portar a una situacio patologica, les cél-lules locals expressen inhibidors
endogens, que s6n anomenats inhibidors tissulars de metal-loproteases (TIMPs)
[Gonzalez i col., 2007].
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Figura 15. Els macrofags expressen una major quantitat de MMPs degut
a la diferenciaci6. Nombrosos mediadors inflamatoris i/0 aterogénics (LPS,
oxLDL, IL-18, TNF-q presenten efectes agonistes en I'expressio de les MMPs,
fet que suggereix que els macrofags reclutats en l'intima arterial resulten més
invasius i destructius per a la MEC que els mondcits no diferenciats. Els factors
de transcripcid6 NF-xB i SAF-1 estan implicats en aquest augment de MMPs a
causa de l'activacié dels macrofags, perd els mecanismes encara no es

coneixen en profunditat (figura de Newby, 2008).

Entre les molecules que modulen la degradacié de la MEC trobem també
I'inhibidor de tipus 2 del factor tissular (tissue factor pathway inhibitor 2 o TFPI-
2). El TFPI-2 huma va ser purificat originalment de teixit placentari com una
glicoproteina de 27-33 KDa, que va ser anomenada proteina placentaria 5 (PP5)
[Bohn i Sedlacek, 1975; Bohn i Winckler, 1977]. Hi ha 3 isoformes producte del
mateix gen, que difereixen en el grau de glicosilacié. PP5 va ser descrita com

un inhibidor de [l'activitat aminolitica de plasmina, tripsina, cal-licreina
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plasmatica i també de l'efecte proteolitic de la trombina sobre el fibrinogen
[Butzow i col., 1988]. Pertany a una familia de proteines anomenada “tipus
Kunitz”, que inclou entre altres l'aprotinina i I'inhibidor de tipus 1 del factor
tissular (TFPI). Totes elles presenten els anomenats “dominis Kunitz”, dominis

actius que inhibeixen la funcié d’enzims de degradacié de proteines (Figura 16).

Figura 16. Estructura secundaria del TFPI-2 huma. Els dominis Kunitz

(KD) es mantenen per ponts disulfur, que han estat representats com a linies
solides. Els llocs de glicosilacié putatius estan assenyalats per A, i hi ha un
possible lloc de fosforilacié per a la PKC assenyalat per un *, a la volta interna del
domini KD2 (figura de Chand i col., 2005).

Hi ha una gran varietat de teixits humans que expressen TFPI-2 a més
de la placenta: el fetge, el muscul esquelétic, el cor, els ronyons i el pancrees
[Miyagi i col., 1994]. En els vasos sanguinis sans, unicament s'ha detectat
TFPI-2 en I'endoteli vascular. No obstant aix0, en teixit de pacients afectats per
aterosclerosi, s'ha vist que TFPI-2 s'expressa en macrofags, cél-lules T, CE i
CML [Herman i col., 2001].
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Nombrosos mediadors inflamatoris, com ésters de forbol, citocines i
lipopolisacarid (LPS), regulen I'expressié de TFPI-2 [lino i col., 1998], encara
que les senyalitzacions intracel-lulars que provoquen un augment o disminucié
de l'expressidé de TFPI-2 no s'han definit de forma clara. Diferents estudis han
relacionat un augment paral-lel de I'AMP ciclic i de la via dependent de la
proteina cinasa C (PKC) amb I'expressié de TFPI-2 [Butzow i col., 1988], aixi
com elements de la cascada de senyalitzacié del sistema MAPK/ERK [Shinoda
i col., 1999]. Més concretament, la MKK7 s'ha relacionat amb I'expressio de
TFPI-2, de manera que aquesta cinasa podria ser I'efector que controlaria la
resposta cel-lular a diferents estimuls extracel-lulars com IL-1 o TNF-¢ en
I'expressio de TFPI-2, mitjangant I'activacio de JNK [Wolter i col., 2002; Chand i
col., 2005]. En aquest sentit, s’ha demostrat que CE estimulades amb IL-1
augmenten l'expressi6 de TFPI-2 de manera temps i dosi dependent,
mitjancant la via de les MAPK [Xu i col., 2006].

En cél-lules renals l'expressi6 de TFPI-2 es veu augmentada per
trombina, a través dels receptors PAR (protease-activated receptor) [Neaud i
col., 2004]. Aquesta induccié es pot bloquejar amb I'is d'inhibidors especifics
de la ciclooxigenasa-2 (NS-398), o de la via de les MAPK (PD98059). Aquest
fet podria representar un sistema de regulacié de I'activitat trombogeénica de la

trombina, ja que el TFPI-2 és un inhibidor en la génesi d'aquesta.

La funci6 fisiologica de TFPI-2 encara no s'ha descrit amb exactitud. No
obstant aixd, cada vegada hi ha més evidencies que es diposita
majoritariament en la MEC, on se suposa que actua regulant la seva
remodelacio (Figura 17). Aixi, un dels papers més importants de TFPI-2 in vivo
esta relacionat amb la inhibicié de la plasmina [Rao i col., 1998, 1999], la qual
pot degradar alguns components de la MEC, a més de potenciar I'activacié de
MMPs. Alguns estudis han suggerit que TFPI-2 té capacitat d’'inhibicié directa
de les MMPs [Herman i col., 2001; Kong i col., 2004], mitjangant interaccio
d’aquestes amb el domini Kunitz KD1, de forma similar amb el que succeeix en
el cas de la plasmina o la tripsina. Pero els estudis d’unié entre TFPI-2 silvestre
i MMP-2, MMP-9 o MMP-1 van donar resultats negatius [Du i col., 2003]. En

consequencia, és probable que TFPI-2 no sigui un inhibidor directe de la MMP-
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1 ni formi estructures estables amb MMP-2 o MMP-9, siné que inhibeixi de
manera indirecta I'activacié de certes proMMPs gracies a la inhibicié de serin

proteases com la tripsina o la plasmina [Rao i col., 1999].

FPro-uPA

Pramoter
Metlylation uPAR

Extracellular /
Intracellular
Signalling

Other Serme

Proteinases

Figura 17. Diversos rols de TFPI-2 en la remodelacié tissular. La seva
funcié6 més estudiada és la d'inhibidor de diverses serin-proteases com la plasmina,
implicada directament en la degradaci6 de la MEC i en l'activacié6 de MMPs. El gen
de TFPI-2 és regulat per metilacié del promotor, aixi com per diferents senyals
extra- i intracel-lulars (figura de Chand i col., 2005).

Degut a la seva capacitat d’inhibir proteases relacionades amb la
degradacio de la MEC, TFPI-2 pot tenir importants implicacions en el
desenvolupament i estabilitat de les plaques aterosclerotiques. Analisis

immunohistoquimiques han indicat que zones susceptibles de patir una ruptura
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de la placa aterosclerdtica presentaven menys senyal de TFPI-2, el que
suggereix que una disminucid de TFPI-2 provoca una desregulacié de les
MMPs que condueix a la ruptura de la placa. Per altra banda, s’ha detectat la
preséncia de TFPI-2 en arees de I'ateroma on colocalitza amb el factor tissular i
el factor VIl de la coagulaci6. La detecci6 de TFPI-2 a la proximitat de
plasmina/plasminogen en macrofags i CE fa pensar que aquest esta relacionat
amb la regulacié de l'activitat de la plasmina i altres mecanismes proteolitics
que es desenvolupen durant la progressio de la lesio aterosclerodtica [Crawley i
col., 2002].

A més de la regulacio del recanvi de la MEC, TFPI-2 s’ha relacionat amb
altres processos com ara la migracio i proliferacié cel-lular, i la generacié de
trombina a la paret del vas [Neaud i col., 2000]. Atés que l'aterosclerosi es
considera una inflamacié cronica intimament lligada a tots aquests processos
[Ross, 1999], canvis en l'expressio de TFPI-2 poden tenir una significacio

rellevant en el desenvolupament d'aquesta malaltia en les seves diverses fases.
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Com s’ha comentat anteriorment, l'aterosclerosi és una malaltia
multifactorial depenent en gran part de factors ambientals, perd amb una forta
base genética que pot predisposar a patir-la. Perd a més de la susceptibilitat
individual, en el desenvolupament d’aquesta patologia tenen una gran
importancia les modificacions en I'expressié génica que es produeixen en les
cél-lules com una resposta homeostatica davant d’estimuls de tipus pro-
aterogénic. Aquesta resposta €s un intent de corregir o adaptar la funcié
cel-lular davant I'estimul, perd pot acabar contribuint al desenvolupament de la
malaltia. Per altra banda, molts dels farmacs emprats en el tractament i
prevencié de I'aterosclerosi i les seves complicacions actuen en gran part
modificant I'expressié o activitat d’alguns dels gens relacionats amb aquesta

patologia.

La complexitat d’aquests processos, i I'elevat nombre de gens que
poden estar-hi implicats, en gran mesura desconeguts, constitueixen un repte
per a la comunitat cientifica. El seu coneixement permetra una millor
comprensié dels mecanismes moleculars que condueixen al desenvolupament
de l'aterosclerosi, i per tant, permetra dissenyar estratégies terapéutiques per

tal de prevenir-la o frenar-la.

En aquest context, I'objectiu general de la present tesi doctoral ha estat
contribuir a un millor coneixement de la regulacié de I'expressié génica en
monocits i macrofags, cél-lules clau en totes les etapes de I'aterogénesi, com a
resposta davant diferents condicions pro-aterogéniques i/o farmacs. La
consecucié d’aquest objectiu ha portat a la realitzacidé dels quatre treballs que

es presenten, els objectius especifics dels quals han estat:

I. Estudiar I'efecte del ritonavir sobre I'expressié de gens que controlen

I'acumulacié de colesterol en macrofags d’origen huma THP-1.

Il. Determinar el perfil d’expressio génica en monocits de pacients amb

hiperlipémia familiar combinada, abans i després d’'un tractament amb

atorvastatina, mitjancant la utilitzacié de microarrays de cDNA.
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[ll. En models in vitro (macrofags THP-1 i/o cultiu primari de macrofags
derivats de mondcits humans), determinar l'efecte d’estimuls pro-
aterogenics sobre lI'expressio dels gens més rellevants identificats en
I'anterior objectiu, explorant les vies de senyalitzacié intracel-lulars que

resulten afectades.
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RESULTATS

L'objectiu d'aquest treball va ser determinar si el ritonavir, un inhibidor de
proteases utilitzat freqientment com a part del tractament antiretroviral en
malalts infectats pel VIH, induia canvis en l'expressio d'alguns dels gens

involucrats en el transport de colesterol en mondcits/macrofags.

Per realitzar els experiments presentats en aquest article, es van utilitzar
monocits humans de la linia THP-1, com a tals o bé diferenciats a macrofags
per exposicid a un éster de forbol, que es van tractar amb concentracions
creixents de ritonavir (0.05-2.5 ug/ml) durant 24 h, en abséncia de

lipoproteines.

Els nostres resultats van mostrar que el ritonavir, a una concentracié de
2.5 pg/ml, incrementava I'expressié proteica i d'RNAm de CD36, un receptor
implicat en la captaci6 i acumulacié de lipids. La induccié es va observar en
macrofags diferenciats, perd no en mondocits. El ritonavir també va produir un
increment en I'expressio de PPARy en macrofags, possiblement mediat per un
increment en la forma madura de SREBP-1, perd aquest efecte no semblava
estar relacionat amb la induccié de I'expressié de CD36, que no revertia per co-
incubacié amb I'antagonista de PPARy GW9662.

El ritonavir també va alterar I'expressié de gens implicats en la sortida de
colesterol del macrofag: I'expressié proteica de SR-Bl va resultar reduida,
mentre que l'expressid genica ’ABCA1 i de I'esterol 27-hidroxilasa (CYP27) va
augmentar. L'increment en I'expressié de CYP27 es relaciona amb I'efecte del

ritonavir sobre PPARy, ja que va ser revertit per I'antagonista GW9662. En
canvi, la induccidc d’ABCA1 no dependria de PPARy sin6 que podria estar
relacionada amb l'activacio de LXRq. D’acord amb aquesta hipotesi, el ritonavir
va incrementar I'expressio de LXRg a nivell genic i proteic, aixi com també la

seva activitat d'uni6 a I'element de resposta a LXR situat al promotor ’ABCA1.
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En resum, lincrement en I'expressi6 d’ABCA1 i d'altres mediadors de
I'eflux de colesterol del macrofag, com CYP27, podria compensar la induccio de
CD36 produida pel ritonavir, de manera que el seu efecte, almenys en abséncia

de lipoproteines, no és clarament pro-aterogénic.
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Ritonavir Increases CD36, ABCA1 and
CYP27 Expression in THP-1 Macrophages
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Ritonavir, a protease inhibitor used in combination antiretroviral
therapy for HIV-1 infection, is associated with an increased risk
of premature atherosclerosis. The aim of the present study was
to assess the effects of ritonavir, in the absence of added
lipoproteins, on the expression of genes that control cholesterol
trafficking in human monocytes/macrophages. Design: THP-1
cells were used to study the effects of ritonavir on the
expression of CD36, ATP binding cassette transporters A1
(ABCA1) and G1 (ABCG1), scavenger receptor B class | (SR-BI),
caveolin-1 and sterol 27-hydroxylase (CYP27). Exposure to
ritonavir (2.5 pg/ml) increased CD36 protein (28%, P < 0.05)
and mRNA (38%, P < 0.05) in differentiated THP-1 macrophages,
but not in undifferentiated monocytes. This effect was not
related to the increase in PPARy expression (51%, P < 0.05)
caused by ritonavir. Ritonavir also reduced SR-BI protein levels
(46%, P<0.05) and increased CYP27 (43%, P< 0.05) and ABCA1
(49%, P < 0.05) mRNA expression. Liver X receptor o (LXRa)
mRNA, protein and binding activity were also increased by
ritonavir treatment. Conclusions: We propose that ritonavir
induces ABCA1 expression in THP-1 macrophages through
LXRa. The increase in ABCA1 and other cholesterol efflux
mediators, such as CYP27, may compensate CD36 induction.
Therefore, we suggest that the net effect of ritonavir on
macrophages in the absence of lipoproteins is not clearly pro-
atherogenic. Exp Biol Med 233:1572—-1582, 2008
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matically changed the natural history of human

immunodeficiency virus (HIV) infection, leading to a
significant decrease in morbidity and mortality and a notable
prolongation of life expectancy (1, 2). However, the
potential for maintaining HIV-infected patients on treatment
for decades may be limited by the various adverse effects
observed in patients on CART such as dyslipidemia, fat
redistribution, insulin resistance and premature atherosclero-
sis (3-6), particularly when therapy contains protease
inhibitors (PIs) (7-11). This fact has raised the concern
that the HIV-infected population may be at increased risk
for cardiovascular disease in the long term, as described in
two large prospective studies (12, 13). At present, the
relationship between PIs and atherosclerosis in HIV-
infected patients remains unclear, and the mechanisms
underlying this association remain unknown. In addition to
their proatherogenic metabolic abnormalities, direct effects
of PIs on different cell types involved in atherogenesis have
been reported (14—19).

One of the earliest events in atherosclerosis develop-
ment is macrophage lipid loading, which leads to foam cell
and fatty streak formation. This process is mediated by a
group of scavenger receptors expressed on these cells,
particularly SR-A and CD36 (20). An early and marked
down-regulation of CD36 on monocytes induced by PIs has
been proposed as a possible cause of insulin resistance and
dyslipidemia in HIV-infected patients (21). In contrast,
other authors described a PI-driven up-regulation of CD36
leading to accumulation of sterols in macrophages, thereby
implying a proatherogenic effect of PIs (19, 22, 23). In
addition to the opposing findings of these studies, which
could be explained at least in part by differences in
experimental design, data on other molecules involved in
macrophage cholesterol efflux, such as ATP-binding
cassette transporters ABCAIl (24) and ABCGI1 (25),
scavenger receptor class B type I (SR-BI) (26), sterol 27-

Combination antiretroviral therapy (CART) has dra-
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Table 1. Primers Used for the Polymerase Chain Reaction (PCR)®

Gene Gene sequence of primers (5'-3") Product length (bp) Number of cycles Linear range

ABCA1 forward: GGAGGCAATGGCACTGAGGAA 181 18 18-23
reverse: CCTGCCTTGTGGCTGGAGTGT

ABCG1 forward: CCATGATGGTGTCGGCACATC 206 22 20-25
reverse: GCTGGTGGGCTCATCGAAGAA

Caveolin-1 forward: ACAAGCCCAACAACAAGGCCA 245 25 20-25
reverse: GAGGGCAGACAGCAAGCGGTA

CD36 forward: CTGTGACCGGAACTGTGGGCT 361 18 18-23
reverse: GAAGATGGCACCATTGGGCTG

CYP27 forward: GCCATGGGCAGCCTGCCTGA 502 23 20-25
reverse: CTTGCGAGGAGTAGCTGCATC

SR-BI forward: ACGACACCGTGTCCTTCCTCG 509 19 18-23
reverse: CGGGCTGTAGAACTCCAGCGA

PPARYy forward: CATTCTGGCCCACCAACTTTGG 229 20 19-23
reverse: TGGAGATGCAGGCTCCACTTTG

LXRo forward: AGCCCCCTTCAGAACCACAG 295 23 20-25
reverse: AGGACACACTCCTCCCGCATG

GAPDH forward: CAGTCCATGCCATCACTGCCA 302 18 18-23

reverse: AGGTGGAGGAGTGGGTGTCGC

2 Primers’ sequences, length, number of cycles and linear range for each of the studied genes.

hydroxylase (CYP27) (27) and caveolin-1 (28) are lacking.
Thus, the aim of the present study was to assess the effects
of ritonavir, in the absence of added lipoproteins, on the
expression of genes that control cholesterol trafficking in
THP-1 monocytes/macrophages.

Materials and Methods

Cell culture reagents were from Gibco, Invitrogen
Corporation, with the exception of fetal bovine serum,
purchased from Sigma-Aldrich. Trizol and RT-PCR
reagents were from Invitrogen Corporation, except for the
random hexamers and specific primers obtained from Roche
Diagnostics, and o-[**P]dATP from Amersham Bioscien-
ces. Antibodies against SR-BI and ABCAl were from
Novus Biologicals, against SREBP-1 from Santa Cruz, and
anti-B-actin antibody was from Sigma-Aldrich. Other
general chemicals were obtained from commercial sources
and were of analytical grade.

Cell Culture. THP-1 monocytoid cells were obtained
from the European Collection of Cell Cultures (ECACC)
and kept in RPMI 1640 medium with 25 mM Hepes Buffer
supplemented with 10% fetal bovine serum, 1% L-
glutamine 200 mM, 100 U/ml penicillin and 100 pg/ml
streptomycin at 37°C in 5% CO,. Monocytes were exposed
to complete medium supplemented with 50 ng/ml PMA for
24 h and then incubated with different ritonavir concen-
trations (0.05-2.5 pg/ml) for 24 h. In some cases, non-
differentiated THP-1 monocytes were also used. Drug
solutions were prepared in ethanol, with the final ethanol
concentration being 0.1%.

Cytotoxicity Assays. Release of lactate dehydro-
genase (LDH) into the culture medium was evaluated after
24 h of incubation with various concentrations of ritonavir
(0.05-10 pg/ml) by using the LDH assay kit (Roche
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Molecular Diagnostics, Mannheim, Germany) according to
the manufacturer’s protocol. The spectrophotometric ab-
sorbance of the colored formazan was determined at 490 nm
wavelength and 690 nm reference wavelength. LDH release
was measured as percentage of LDH leakage:

%LDH release = [(As — Ar) /(A — AL)] X 100,

where, Ag absorbance of the treated sample, A
absorbance of control sample (low control), and Ay
absorbance of samples treated with 0.3% triton-X100 (a
control for maximum LDH release (high control). Results of
three independent experiments (by duplicate) are expressed
as average percentages = standard deviation.

Cell viability was also determined by measuring the
ability of THP-1 cells to reduce MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] and form a
formazan product, which can be quantified spectrophoto-
metrically at 570 nm (29). Results are expressed as % versus
the absorbance of control samples, and are the mean *
standard deviation of three independent experiments
performed in duplicate.

RNA Preparation and Analysis. Specific mRNA
levels were assessed by reverse transcription-polymerase
chain reaction (RT-PCR), as previously described (30). The
sequences of the forward and reverse primers used for PCR
amplification, length of the PCR product, number of cycles
used in the PCR and linear range for the amplification are
given in Table 1. PCR was performed in an MJ Research
Thermocycler equipped with a peltier system and temper-
ature probe. Results for specific mRNA expression were
normalized to the expression of the control gene (gadph),
and expressed as expressed as the change in gene expression
in percentage compared with the control situation (100%).

Western Blot Analysis. Protein extracts from con-
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Table 2. Effects of Ritonavir on Cell Viability in THP-1 Macrophages?

Control 0.05 pg/ml 0.1 pg/ml 0.25 ug/ml 0.5 pg/mi 1 pg/ml 2.5 pg/ml 5 pg/mi 10 pg/mi

LDH leakage assay (% cytotoxicity)
8.6 = 3.1 89+37 74+x30 85*x45 76x6.0 112=x51 158 6.0 27.1 =88 454 + 41"
MTT assay (% cell viability)

100 101 £ 7 95 + 13 90 = 13 95 + 15 82 = 22 84 + 24 nd nd

2 LDH release to the medium was determined on THP-1 macrophages treated with vehicle alone (control) or with 0.05—10 pg/ml ritonavir for 24
h, and results are expressed as percentage of cytotoxicity as described in the Methods section. The MTT assay was also performed on THP-1
macrophages treated with vehicle alone (control) or with 0.05-2.5 pg/ml ritonavir for 24 h, and results are expressed as percentage of viability
compared to vehicle-treated cells (control group), which was set at 100%.

** P < 0.01; ** P < 0.001 (ANOVA test).

trol and treated cells were obtained as previously described kinase (Invitrogen Life Technologies), and 3 pl of [y->?P]
(31), and membrane and crude nuclear fraction were ATP (3000 Ci/mmol at 10 mCi/ml, Amersham Biosciences)
prepared from THP-1 macrophages according to Matsuoka  incubated at 37 °C for 2 h. The reaction was stopped by
et al. (32) with several modifications. Briefly, cells were adding 90 pl of TE buffer (10 mM Tris-HCI (pH 7.4) and 1
homogenized in 50 mM Tris-HCI buffer, pH 7.4, containing mM EDTA). To separate the labeled probe from the
10 uM phenylmethylsulfonylfluoride, 2 pg/ml aprotinin, 1 unbound ATP, the reaction mixture was eluted in a Nick
pg/ml leupeptin and 1 mM sodium orthovanadate, and column (Pharmacia) according to the manufacturer’s
centrifuged at 21,000 g at 4°C for 20 min. The supernatant  instructions. Three micrograms of crude nuclear proteins
was used as the membrane fraction and the pellets were  was incubated for 10 min on ice in binding buffer (10 mM
resuspended in RIPA buffer (Sigma), kept on ice for 30 min Tris-HCI1 (pH 8.0), 25 mM KCI, 0.5 mM DTT, 0.1 mM
and centrifuged at 12,000 g at 4°C for 15 min. The EDTA (pH 8.0), 5% glycerol, 5 mg/ml BSA and 50 pg/ml
supernatant was then used as the nuclear fraction. Forty pg  poly(dI-dC)), in a final volume of 10 ul. Labeled probe
of protein were subjected to 12% SDS-polyacrylamide gel ~ (approximately 70,000 cpm) was added and the reaction
electrophoresis and then transferred to Immobilon poly-  was incubated for 20 min at room temperature. Where
vinylidene difluoride transfer membranes (Millipore). The indicated, non-radioactive specific competitor oligonucleo-
membranes were blocked for 1 h at room temperature in tide was added before the addition of labeled probe and
phosphate saline buffer containing 5% non-fat dry milk, and ~ incubated for 15 min on ice. Radioactive bands were
proteins were immunologically detected using rabbit poly-  quantified by video-densitometric scanning.

clonal antibodies against SR-BI (dilution 1:500, 1.5 h at Flow Cytometry for Surface Expression of
room temperature), ABCA1 (dilution 1:500, overnight at ~ CD36. Immunofluorescent flow cytometry was carried
4°C) and SREBP-1 (1:200 dilution, overnight at 4°C) or a out using a FITC-conjugated mouse monoclonal antibody
goat polyclonal antibody against LXRo (1:100 dilution, against CD36 (Serotec), as previously described (34), and
overnight at 4°C). analyzed with a flow cytometer (Epics XL).

After several washes, blots were incubated with an Statistical Analysis. Data are presented as mean *
appropriate secondary antibody, and detection was achieved ~ standard deviation. An analysis of variance (ANOVA),
using the enhanced chemiluminescence (ECL) detection combined with the Student-Newman-Keuls test, was used to
system (Amersham Bioscience). Blots were also incubated evaluate the statistical significance of the differences. The
with a monoclonal antibody raised against B-actin used asa ~ GraphPad InStat computer program was used for the
control of equal loading of protein. Size of detected proteins  calculations.
was estimated using protein molecular-mass standards
(BioRad). Chemiluminescence was detected using a Chem- Results
idoc XRS (BioRad), and densitometric analysis was Ritonavir Increased CD36 and ABCA1 and
performed by Quantity One® software. Each band was Reduced SR-BI Protein Levels. Since ritonavir con-
quantified and normalized to B-actin signal. Protein levels centrations reported for in vitro studies with macrophages
are expressed as percentage of controls (100%). vary widely, we first treated THP-1 cells with increasing

Electrophoretic Mobility Shift Assays (EM-  concentrations (from 0.05 to 10 pg/ml) and evaluated
SA). The DNA sequence of the double-stranded oligonu-  cytotoxicity by two methods: LDH leakage and MTT. Both
cleotide used (LXR response element from ABCAL assays showed that cytotoxicity was marked at concen-
promoter) was 5'-TGGGCTTTGACCGATAG- trations higher than 2.5 pg/ml (Table 2). THP-1 monocytes
TAACCTCTGCGC-3" (33). Oligonucleotides were labeled and macrophages were then treated with ritonavir (0.05-2.5
in the following reaction: 2 pl of oligonucleotide (100 ng/ pg/ml) and protein levels of CD36, ABCA1l and SR-B1
pl), 2 pl of 5 X kinase buffer, 5 U of T4 polynucleotide were determined. At the highest concentration tested,
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Figure 1. Ritonavir increases CD36 and ABCA1 protein levels. THP-
1 macrophages were incubated with various concentrations (0.05—
2.5 pug/ml) of ritonavir during 24 h. A: Analysis of CD36 surface
protein expression by flow cytometry, using a FITC-conjugated
antibody against CD36. Data are expressed as the percentage of
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ritonavir increased CD36 cell surface expression by 28%
(Fig. 1A, P < 0.05), while it was ineffective on non-
differentiated THP-1 monocytes (data not shown). Ritonavir
treatment also increased macrophage ABCA-1 protein
levels (Fig. 1B, 83% increase at 1 pg/ml, P < 0.05), while
SR-BI protein expression was significantly reduced (Fig.
1C, 46% decrease at 2.5 pg/ml, P < 0.05).

Ritonavir Increased CD36 and ABCA1 mRNA
Expression. THP-1 macrophages were treated with
ritonavir (1 and 2.5 pg/ml) and RT-PCR analysis was
performed to ascertain whether changes in protein levels
were associated with modifications in the corresponding
mRNA. Results showed that ritonavir treatment increased
CD36 mRNA by 38% (Fig. 2A, P < 0.05) and ABCAI
mRNA (32% and 49% increase at 1 and 2.5 pg/ml,
respectively, P < 0.05, Fig. 2B), while SR-BI mRNA levels
were not significantly altered (Fig. 2C). In addition, the
mRNA expression of two other molecules involved in
cholesterol efflux, ABCG1 and caveolin-1 (cav-1) was
analyzed. As shown in Figure 2D-E, the expression of both
genes was unaffected by exposure to ritonavir.

PPARy Expression Was Increased in Ritonavir-
Treated Macrophages. Treatment with 2.5 pg/ml rito-
navir raised PPARY mRNA levels by 51% (P < 0.05) (Fig.
3A). It has been suggested that the effects of PIs on PPARY
could be mediated by activated SREBP accumulation in the
macrophage nucleus. Immunoblot analysis of the membrane
fraction of cell homogenates revealed a band at ~125 kDa
corresponding to the precursor form (pSREBP-1), and a
~67-kDa protein in the nuclear fraction corresponding to
active nuclear form (nSREBP-1). Ritonavir treatment (2.5
pg/ml, 24 h) did not change pSREBP-1 levels compared
with control, whereas nSREBP-1 abundance was signifi-
cantly increased (Fig. 3B).

To further explore the involvement of PPARY in the
observed ritonavir effects, we treated the cells with ritonavir
alone or combined with a PPARY antagonist (GW9662, 20
uM) or a PPARY agonist (rosiglitazone, 2 pM) and
determined the expression levels of CD36, ABCA1 and
sterol 27-hydroxylase (CYP27), another protein related to
cholesterol efflux known to be induced by PPARY agonists.
Our results showed that pre-treatment with GW9662 did not
block the increase in CD36 or ABCA1 mRNA levels (Fig.
4A-B). In fact, ABCATI induction was significantly greater
when GW9662 was present (116% vs 47% increase in the
absence of GW9662, P < 0.001). Interestingly, 2.5 pg/ml
ritonavir increased the mRNA levels of CYP27 by 43% (P

—
mean fluorescence intensity = SD of 3 independent experiments run
in duplicate. B, C: Whole protein extracts (40 ng) were resolved in
12% SDS-polyacrylamide gel. The blots were analysed with anti-
ABCA1 (B) and anti-SR-BI (C) antibodies. Representative autoradio-
grams are shown. Bands were quantified, normalized to f-actin
signal and the change in protein expression was calculated in
comparison with the control situation (100%). Data are expressed as
mean = standard deviation (SD) of 3—4 independent experiments run
in duplicate. * P < 0.05 versus control cells (ANOVA test).
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Figure 2. Ritonavir increases CD36 and ABCA1 mRNA expression. THP-1 macrophages were incubated in the absence (CT) or in the
presence of ritonavir (1 and 2.5 ug/ml) during 24 h. Analysis of CD36 (A), ABCA1 (B), SR-BI (C), ABCG1 (D) and caveolin-1 (E) mRNA levels.
0.5 pg of total RNA was analyzed by RT-PCR. Representative autoradiograms are shown. Bands were quantified, normalized to the gapdh
signal and the change in mRNA levels was calculated in comparison with the control situation (100%). Data are expressed as mean + standard
deviation (SD) of 3 independent experiments run in duplicate. * P < 0.05 versus corresponding control cells (ANOVA test).
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Figure 3. PPARY expression and mature SREBP-1 are increased in
ritonavir-treated macrophages. A: Analysis of PPARy mRNA levels in
THP-1 macrophages exposed to ritonavir (1 and 2.5 pug/ml) during 24
h. 0.5 ug of total RNA were analyzed by RT-PCR. A representative
autoradiogram is shown. Bands were quantified, normalized to the
gapdh signal and the change in mRNA levels was calculated in
comparison with the control situation (100%). Data are expressed as
mean = SD of 3 independent experiments. * P < 0.05 compared with
control cells (ANOVA test). B: Immunoblot analysis of the SREBP-1
precursor form was performed in the membrane fraction, whereas
analysis of the active, nuclear form of SREBP-1 was performed in the
nuclear fraction. A representative autoradiogram and quantifications
are shown. Data are expressed as the band intensity ratio of mature
versus precursor form relative to control, and correspond to the mean
values = SD of 5 independent experiments. * P < 0.05 compared
with control cells (ANOVA test).
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< 0.05) and, in this case pre-treatment with GW9662
abolished the stimulatory effect, thereby lowering mRNA
levels by nearly 40% (P < 0.001) (Fig. 4C). On the other
hand, the effect of ritonavir on CD36, ABCA1 or CYP27
was not modified by the addition of rosiglitazone.

ABCAT1 Increase Was Related to LXR but Not to
the cAMP-PKA Pathway. We were interested in study-
ing the mechanisms by which ritonavir induces ABCA1
expression in macrophages. It has been described that liver
X receptor (LXR) mRNA is transcriptionally controlled by
PPARY agonists, leading to ABCAT1 induction (35). There-
fore, we analysed the LXR mRNA levels in macrophages
treated with ritonavir, and found that ritonavir (2.5 pg/ml)
significantly increased the mRNA expression of LXRa by
36% (P < 0.01) (Fig. 5A). Moreover, protein levels of
LXRo were also increased in the nuclear fraction of
ritonavir-treated THP-1 cells (Fig. 5B). Further, we
examined whether ritonavir could increase the binding of
LXR to a LXR response element (LXRE) in the ABCA1
promoter. The incubation of macrophage nuclear extracts
with a LXRE oligonucleotide probe yielded a single,
specific band that disappeared in the presence of increasing
amounts of unlabeled probe (Fig. SC). Nuclear extracts from
macrophages treated with ritonavir (2.5 pg/ml, 24 h)
showed a 61% increase (P < 0.05) in the intensity of the
specific band corresponding to the binding of LXR to an
ABCAL specific LXRE (Fig. 5D).

ABCAL expression is also regulated independently of
the LXR system by cyclic AMP via a protein kinase A
(PKA)-mediated process. However, the pharmacological
blockade of the PKA pathway using H89, a specific PKA
inhibitor, did not reverse ABCA1 induction driven by
ritonavir (Fig. 5SE). Taken together, these results suggest that
ritonavir stimulates ABCA1 expression through LXRa in a
cAMP-PKA-independent manner.

Discussion

The present study demonstrates that ritonavir has a
significant impact on the expression of master regulators of
cholesterol trafficking in human macrophages by lowering
SR-BI and increasing CD36, ABCA1 and CYP27 expres-
sion. These findings may be clinically significant, since the
effective ritonavir concentrations used in the present study
were within the range of pharmacological steady-state
plasma concentrations observed after a 600 mg/12 h dose
in human subjects (23). In contrast to other studies, the
experiments were performed in the absence of any added
lipoprotein to better ascertain the ritonavir-specific effects.
In this respect, it is well known that some components of
modified lipoproteins and cholesterol loading in themselves
induce changes in the expression of these cholesterol-related
genes (31); thus, the observed ritonavir effects may have
been influenced by co-incubation with these lipoproteins.

Several studies demonstrated that ritonavir and other
PIs alter the expression of CD36, but discrepancies existed
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Figure 4. A PPARYy antagonist (GW9662) does not affect CD36 or ABCA1 induction, but reverses the increase in CYP27 expression caused by
ritonavir. Analysis of CD36 (A) ABCA1 (B) and CYP27 (C) mRNA levels in THP-1 macrophages incubated with ritonavir 1 ng/ml and ritonavir 2.5
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* P < 0.05 versus corresponding control cells. ### P < 0.001 vs cells treated with 2.5 pg/ml ritonavir (ANOVA test).
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among these studies; some showed a decrease (21) and
others an increase in CD36 (22, 23). It was speculated that
PIs caused differential effects depending on the differ-
entiation status of the monocyte-macrophage (36). Our
results also point to a different effect of ritonavir on THP-1
monocytes where CD36 surface levels were unaffected by
the drug treatment, and THP-1 differentiated macrophages
where an increase was observed in both CD36 surface
expression and mRNA levels (Figs. 1A and 2A). One of the
mechanisms proposed for CD36 induction by PIs involves
changes in the expression or activity of PPARYy (21, 22).
However, co-incubation with a PPARY antagonist
(GW9662) did not inhibit ritonavir-mediated induction of
CD36, indicating that this effect was independent of PPARY
signaling.

Regarding the mechanism underlying the increase in
PPARY mRNA by ritonavir, it has been reported that
PPARY expression can be controlled by the SREBP family
of transcription factors (37). It has been proposed that PI
may cause the accumulation of activated SREBPs in the
macrophage nucleus (19). In agreement with this hypoth-
esis, we observed an increase in mature SREBP-1 levels in
nuclear extracts of THP-1 macrophages treated with
ritonavir 2.5 pg/ml for 24 h (Fig. 3B). These results suggest
that the increase in mature SREBP-1 caused by ritonavir
may mediate the observed PPARY induction. It is note-
worthy that, in contrast to Zhou et al. (19), we did not
observe an increase in SREBP-1 precursor form, which
points to an effect of ritonavir on SREBP-1 processing
rather than on SREBP-1 transcription.

Our results also show that ABCA1 is induced by
exposure to ritonavir. Zhou et al. (19) observed a similar
trend in murine macrophages treated with ritonavir 15 uM,
but the increase did not reach statistical significance. In
contrast, ABCA1 expression was not modified in ritonavir-
treated THP-1-derived foam cells (38). In foam cells, the
intracellular accumulation of sterols and oxysterols could
activate LXR and result in higher basal ABCA1 levels,
which ritonavir would not increase further. The absence of
cholesterol loading in our cell model may have facilitated
ABCALI induction by ritonavir. It has been shown that
macrophage ABCA1 expression is controlled by a PPARYy-
LXR pathway (35). However, pre-treatment with the
PPARY antagonist GW9662 did not reverse the inductive
effect of ritonavir on ABCAI, which was even greater than
that observed with ritonavir alone (Fig. 4A). This effect
could have been mediated by GW9662 working as a partial
PPARo agonist, as other authors suggested previously (39,
40). Chawla et al. (2001) described that PPARYy agonists
induce LXRa mRNA expression, leading to ABCALl
upregulation. Although PPARY does not seem to play a
major role in ABCA1 induction by ritonavir, this compound
could act directly by increasing LXR expression. Accord-
ingly, we observed a significant increase in LXRa mRNA
after ritonavir exposure (Fig. 5A), which suggests that the
upregulation of ABCA1 by ritonavir is independent of
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PPARY and could be directly mediated through LXR. To
gain further insight into the mechanism regulating ABCA1
expression by LXR, we performed EMSA experiments
using as the probe a double stranded oligonucleotide that
contained the LXRE identified in the ABCA1 promoter.
This probe originated single band upon incubation with
THP-1 nuclear extracts, and the observed binding was
increased when THP-1 macrophages were treated with
ritonavir. This suggests that the effect of ritonavir on
ABCAI1 expression may be mediated by transcription
activation upon binding of LXR-RXR heterodimers to the
LXRE in the promoter of the ABCA1 gene. However, the
effect of ritonavir on LXRo expression may not be strong
enough to induce ABCG1, another LXR target gene (41).

Interestingly, ritonavir treatment significantly increased
mRNA levels of CYP27 (Fig. 4B), another protein involved
in cholesterol efflux from macrophages (27, 42). Our results
show that co-incubation with a PPARY antagonist abolishes
the induction caused by ritonavir, which indicates that in
this case the effect is PPARy-dependent. The CYP27
product 27-hydroxycholesterol is the most likely endoge-
nous ligand for LXRo in macrophages, and overexpression
of CYP27 has been shown to activate the LXR/RXR system
(43). Moreover, treatment of cells with 27-hydroxycholes-
terol increases ABCA1 gene expression to a greater extent
than ABCG1 (43). Therefore, it is tempting to speculate that
the increase in 27-hydroxycholesterol due to CYP27
stimulation activates LXR enough to induce ABCAI, but
not ABCGI, expression in THP-1 macrophages.

Taken together, our results suggest that the increase in
CD36 expression, which is regarded as pro-atherogenic,
may be compensated by an increase in the expression of
genes involved in cholesterol efflux, ABCA1 and CYP27.
The decrease in SR-BI protein levels caused by ritonavir
would not impair this process, as it has recently been
reported that SR-BI does not promote reverse cholesterol
transport in vivo (44). Earlier reports in human macrophages
exposed to atherogenic lipoproteins (22, 38) showed that
ritonavir effects were clearly pro-atherogenic. Thus, CD36
overexpression was observed in THP-1 macrophages and
peripheral blood mononuclear cells after treatment with
ritonavir in combination with aggregated LDL (22, 45); on
the other hand, ritonavir reduced SR-B1 and caveolin-1
expression in THP-1 monocytes and peripheral blood
mononuclear cells preincubated with acetylated-LDL to
form foam cells; this led to a reduction in cholesterol efflux,
despite ABCA1, ABCG1 and CYP27 expression was not
modified (38). The accumulation of cholesterol due to
increased influx and decreased efflux was suggested to be at
the basis of the higher atherosclerotic risk in patients treated
with PL In contrast, our findings suggest that ritonavir in the
absence of hyperlipidemia would not exert pro-atherogenic
effects on vascular cells such as macrophages. However, we
did not measure cholesterol influx or efflux in our non-lipid
loaded cell model system. Clearly, these results were
obtained in vitro, and it is difficult to extrapolate them to
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the in vivo situation in humans. Moreover, other PI-induced
metabolic abnormalities (dyslipidemia, lipodystrophy and
insulin resistance) may be considered as pro-atherogenic,
but their contribution could be relatively minor compared to
the effects of HIV infection itself (46).
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L'objectiu d'aquest estudi va ser analitzar, utilitzant arrays de cDNA, els
perfils d'expressié génica en monocits de sang periférica procedents d’homes
sans i pacients amb HFC abans i després del tractament amb atorvastatina, per
identificar gens que podrien estar relacionats amb el desenvolupament

d’aquesta patologia.

Per dur a terme aquest treball, 12 pacients amb HFC de sexe masculi i
un grup control (CT) equiparable en sexe i edat van ser reclutats a la Unitat de
Lipids de I'Hospital Clinic de Barcelona. Es van obtenir mostres de sang per a
la determinacio6 dels lipids plasmatics i diverses molécules senyalitzadores. Les
msotres de sang també es van utilitzar per aillar-ne els mondcits, i obtenir
I'RNA total. Els pacients del grup HFC van ser tractats amb atorvastatina (40
mg/dia) durant un mes, i al final d'aquest periode es van extreure mostres de
sang amb idéntica finalitat (Grup HFC + ATV). Els RNA individuals dels
pacients de cada grup es van unir per formar 3 pools d'RNA per a cada
condici6o destinats a la hibridaci6 amb arrays d'expressid génica Human
Genome U133A 2.0, d’Affymetrix.

Com era esperable, els pacients amb HFC presentaven nivells elevats
de colesterol total, colesterol-LDL i TG, i el tractament amb ATV va reduir
significativament tots tres parametres. En canvi, malgrat I'adipositat era similar
en els dos grups, la concentracié plasmatica d’acids grassos lliures (AGL) era
significativament superior i la d’adiponectina inferior en malalts amb HFC, i el

tractament amb ATV no va modificar aquests parametres.

Pel que fa al perfil de expressid genica, 'analisi estadistica de les dades
generades a partir dels arrays va mostrar I'expressié diferencial de 82 gens en
el grup HFC en comparacié amb el grup control, i de 86 gens en el grup HFC
després del tractament amb ATV en comparacié amb la situacié basal. Molts
dels gens diferencialment expressats es relacionen amb funcions clau en el
macrofag, com ara la resposta inflamatoria i immune, el control de la
composicié de la MEC i el metabolisme lipidic. Tenint en compte la importancia

d’aquests processos en l'aterosclerosi, I'expressio diferencial d’aquests gens en
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una situacié d’hiperlipémia podria tenir connexidé directa o indirecta amb

I'aparicié i desenvolupament de lesions aterosclerotiques.

Per tal d’aprofundir en aquest estudi, en primer lloc es van seleccionar
una série de gens (segons el seu nivell d’expressi6 diferencial i la seva funcio),
per validar els resultats mitjangant la técnica de la reaccido en cadena de la
polimerasa a temps real. A continuacid, es van intentar correlacionar els canvis
en I'expressid génica induits per la patologia i/o el tractament amb ATV amb
alguns dels parametres plasmatics analitzats. En aquest aspecte, resulten
particularment interessants aquells gens I'expressio dels quals va ser
modificada amb el tractament en sentit contrari al canvi d'expressié observat en

la comparacié de HFC amb els individus control.

No obstant aixd, no tots els canvis en l'expressid genica van ser revertits
pel tractament, que tal i com hem comentat tampoc normalitza els baixos nivells
d'adiponectina ni els elevats nivells d'AGL detectats en els pacients amb HFC.
Aquests resultats suggereixen que el tractament amb ATV no és capac¢ de
corregir certes alteracions de la HFC, especialment les associades a anomalies

metaboliques del teixit adipds.
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Aim: The geneticorigin of familial combined hyperlipidemia (FCH) isnot well understood.
We used microarray profiling of peripheral blood monocytesto search novel genes and
pathwaysinvolved in FCH. Methods: Fasting plasma for determination of lipid profiles,
inflammatory molecules and adipokineswas obtained and peripheral blood monocytes
were isolated from male FCH patientsbasally and after 4 weeks of atorvastatin treatment.
Sex-, age- and adiposity-matched controlswere also studied. Gene-expression profileswere
analyzed using Affymetrix® Human Genome U133A 2.0 GeneChip arrays. Results: Analysis
of gene expression by cDNA microarrays showed that 82 geneswere differentially
expressed in FCH monocytes compared with controls. Atorvastatin treatment modified the
expression of 86 genes. Pathway analysisrevealed the over-representation of the
complement and coagulation cascades, the hematopoietic cell lineage and the arachidonic
acid metabolism pathways. Changesin the expression of some genes, confirmed by

real- time RT-PCR, (CD36, leucine-rich repeatsand immunoglobulin-like domains-1, tissue
factor pathway inhibitor 2, myeloid cell nuclear differentiation antigen, tumor necrosis
factor receptor superfamily, member 25, CD96 and lipoprotein lipase), may be related to a
proinflammatory environment in FCH monocytes, which is partially reversed by
atorvastatin. Higher plasma levels of triglycerides and free fatty acidsand lower levels of
adiponectin in FCH patientscould also trigger changesin gene expression that atorvastatin
cannot modify. Conclusion: Our results show clear differencesin gene expression in FCH
monocytescompared with those of matched healthy controls, some of which are

influenced by atorvastatin treatment.

Familial combined hyperlipidemia (FCH) is the
most common genetic lipid disorder in humans,
affecting 1-3% of the general population. It is
associated with a substantially enhanced risk of
premature coronary heart disease (CHD) [1]. The
lipid profile in FCH is characterized by a variable
lipid phenotype with predominance of mixed
hyperlipidemia, elevated levels of low-density
lipoprotein (LDL)-cholesterol and apolipoprotein
B (apoB), decreased levels of high-density lipo-
protein (HDL)-cholesterol, and the presence of
small dense LDL [2]. Most affected individuals
show overproduction of very-low-density lipopro-
tein (VLDL), which may arise from impaired free
fatty acid (FFA) metabolism[s]. The frequent
association with insulin resistance, increased oxi-
dative stress and low-grade inflammation are addi-
tional features of FCH that may accelerate
atherosclerosis development [4].

Anumber of chromosomal regions (1g21-23,
11p14.1-q12.1 and 16¢q22-24.1) have been
related to the pathogenesis of FCH [5). Recently;
the upstream stimulatory factor 1 (LISFI) gene
has been suggested as a candidate gene for FCH
in the region 1q21-23 [6]. However, the complex

10.2217/14622416.9.8.1035 © 2008 Future Medicine Ltd ISSN 1462-2416
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genetics of FCH still remain evasive. Gene-
expression arrays can be used to identify novel
genes involved in FCH and to increase our
knowledge of the action of drugs used to treat
this disorder, such as the 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) reductase inhibitors
(statins). Peripheral blood cells are easily accessi-
ble, and they have been widely used to obtain
gene-expression profiles in patients with differ-
ent conditions, including hyperlipidemia [7-9].
In the case of atherogenic disorders, such as
FCH, monocytes are particularly suitable owing
to their key role in atherosclerosis [10].

We hypothesized that chronic exposure of
blood monocytes to a proatherogenic and pro-
inflammatory environment would lead to changes
in gene expression that might be related to the
development of FCH and atherosclerosis, and
that treatment with atorvastatin would reverse at
least some of these changes. To test this hypo-
thesis, cONA microarray analysis was performed
to investigate the differences in gene-expression
profile in monocytes isolated from peripheral
blood of 12 male patients with FCH and 12
healthy controls. In addition, the gene-expression
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profile was reassessed in FCH patients after treat-
ment with atorvastatin. We are aware that the data
thus obtained cannot distinguish between genes
differentially expressed as an adaptive response to
changes in plasma lipid levels or as a result of pri-
mary genetic defects and that, given small num-
bers, our findings should be regarded as
preliminary. Despite these limitations, the results
show that the gene-expression pattern in mono-
cytes from FCH patients differs from that of con-
trol subjects, and atorvastatin treatment is able to
reverse, in part, some of these changes.

Methods

Patients

A total of 12 asymptomatic male patients with
FCH were recruited from the Lipid Clinic of Hos-
pital Clinic, Barcelona, Spain. FCH was diagnosed
as described [11] in subjects with mixed dys-
lipidemia (phenotype IIb) associated with serum
apoB above 1.2 g/; monogenic transmission of
hyperlipidemia with variable lipoprotein pheno-
types (Ila, IIb or IV) present in at least two family
members; absence of hypercholesterolemic chil-
dren in the family; family history of premature
CHD; and absence of an apoE 22 genotype. All
patients fulfilled the standard criteria of untreated
serum cholesterol and/or triglyceride levels above
the sex- and age-adjusted 90th percentile for the
reference population [12]. Furthermore, all patients
had a serum apoB level above 1.2 g/, an accepted
cut-off value for diagnosis of FCH [13]. Finally,
patients with secondary causes of hyperlipidemia,
tendon xanthomas or a diagnosis matching famil-
ial hypercholesterolemia were excluded. A total of
four patients who disclosed a lipid phenotype over-
lapping that of familial hypercholesterolemia
(LDL cholesterol >250 mg/dl with triglycerides
<300 mg/dl) underwent further diagnostic proce-
dures to exclude misdiagnosis. First, Achilles ten-
don sonograms were obtained following a standard
protocol [14] and assessed for both thickness and
abnormal echostructure diagnostic of xanthoma
undetected by physical examination. Second, we
performed DNA testing for identification of
mutations in the LDL receptor or APOB genes
according to Spanish Lipid Clinics procedures [15].
No patient had sonographically enlarged tendons
or mutations in the genes investigated.

A control group of 12 healthy men, matched
to FCH patients for age and adiposity, was
recruited from hospital personnel and lists of pri-
mary-health physicians. None of the study sub-
jects used aspirin or nonsteroidal anti-
inflammatory agents on a regular basis. Written
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informed consent was obtained for all partici-
pants in this study. The study was approved by
the Clincial Investigation Ethics Committee of
Hospital Clinic, University of Barcelona, Spain.

Sudy design

Familial combined hyperlipidemia patients
underwent washout of any hypolipidemic drugs
for at least 4 weeks before the study. This wash-
out period is considered adequate for any residual
effect of statin drugs to have worn off [16]. They
were then treated with atorvastatin (40 mg/day)
for 4 weeks. All blood samples were collected
after a 12-h fast, once in controls and twice in
FCH patients (samples taken at baseline and after
4 weeks of treatment with atorvastatin).

Laboratory measurements

Except for immediate blood glucose and lipid
measurements, serum and ethylenediamine-
tetraacetic acid (EDTA)-plasma samples were
stored at -80°C and analyzed at the end of the
study: Serum glucose was determined by the glu-
cose oxidase method. Cholesterol and triglycerides
were measured using enzymatic procedures. HDL
cholesterol was quantified after precipitation with
phosphotungstic acid and magnesium chloride.
LDL cholesterol was estimated with the Friede-
wald equation [17] except in subjects with triglyc-
erides over 300 mg/dl, when it was measured by
ultracentrifugation techniques, as described [18].
Apolipoproteins Al and B and lipoprotein(a) were
determined by turbidimetry. In subjects with a
clinical diagnosis of FCH, APOE genotyping was
performed using the method of Wenham
etal. [19]. Analytes determined in frozen samples
of whole serum or plasma were: FFA by an enzy-
matic colorimetric method (Wako, Neuss, Ger-
many); insulin by an immunoradiometric
technique (BioSource, Nivelles, Belgium); leptin
and adiponectin by radioimmunoassay (Linco
Research, MO, USA); high-sensitivity C-reactive
protein (CRP) by particle-enhanced immunon-
ephelometry; fibronectin and serum soluble
tumor necrosis factor (STNF) receptors by
enzyme-linked immunosorbent assay (ELISA)
(Bender MedSystems GmbH, Vienna, Austria).
All analyses were done in duplicate.

Statistical comparisons of differences between
the control and FCH groups were performed by
unpaired t-tests or the Mann-Whitney test. In
FCH patients, differences between baseline values
and those obtained after treatment with atorva-
statin 40 mg/day were assessed by paired t-tests or
the Wilcoxon test.
fsg
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Isolation of monocytesfrom

peripheral blood

Human mononuclear cells were isolated from
50 ml of peripheral blood by density-gradient
centrifugation on Ficoll-Paque™ (Amersham
Biosciences Corp., NJ, USA). Mononuclear
cells were washed and resuspended in RPMI-
1640 medium (containing 25 mM HEPES
buffer, 100 U /ml penicillin, 100 pg/ml strepto-
mycin, 1% glutamine, 1% nonessential amino
acids and 2% sodium pyruvate). To purify
monocytes by adhesion to tissue culture plates,
mononuclear cells were plated and after 2 h at
37°C in 5% CO, they were washed with phos-
phate buffered saline (PBS) to eliminate non-
adherent cells. This isolation procedure yielded
monocyte preparations of over 92% purity, as
assessed by flow cytometry using a two-color
system (CD14-FITC/CD64-PE) from Santa
Cruz Biotechnology (CA, USA).

RNA isolation & array hybridization

Total RNA was isolated from monocytes using
Trizol® (Invitrogen Corp., CA, USA), was fur-
ther purified by using RNeasy kit (Qiagen Inc.,
CA, USA), and was quantified by spectrometry
at 260 nm; purity was assessed by the ratio of
absorbances at 260-280 nm. RNA integrity was
assessed after agarose gel electrophoresis.

Nine total RNA pools were prepared, three
each from control samples, FCH before treat-
ment and FCH after treatment with atorvasta-
tin. Pooling is considered as an appropriate tool
to reduce subject-to-subject biological variabil-
ity when the interest is focused on characteriz-
ing a population from which certain individuals
are obtained, as in the present study [20], and
provides reliable results that reflect gene expres-
sion in individual donors [21]. Each pool was
prepared with the same amount of RNA from
individual monocyte cultures. We used the
RNA pools to analyze gene-expression profiles
through microarray technology (Progenika
Biopharma SA, Zamudio, Spain). Briefly,
c¢DNA was prepared by reverse transcription,
and biotinylated RNA preparation was per-
formed according to the Affymetrix® protocol
(Affymetrix Inc., CA, USA). Labeled cRNA
was purified using the GeneChip® Sample
Cleanup Module from Affymetrix, fragmented
and hybridized to Affymetrix Human Genome
U133A 2.0 GeneChip array. All nine hybrid-
ized arrays were considered of enough quality
to be further analyzed, according to the
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presence of spike controls and the 3":5” sequence
ratio of the housekeeping gene glyceraldehyde
phosphate dehydrogenase.

GeneChip arrays were washed and scanned
using a GeneArray Scanner, and scanned images
were quantified according to Affymetrix stan-
dard procedures to obtain a signal intensity for
each gene in each array. Raw expression values
were preprocessed using the robust multiarray
averaging RMA method [22], a three-step process
that integrates background correction, normal-
ization and summarization of probe values.
These normalized values were the basis for all
the analysis.

Prior to any analysis, data were submitted to
nonspecific filtering to remove low-signal genes
and lowsvariability genes (those genes whose
standard deviation between all samples did not
exceed a minimum threshold).

Data analysis

The selection of differentially expressed genes
between conditions was based on a linear model
analysis with empirical Bayes moderation of the
variance estimates following the methodology
developed by Smyth [23]. In order to deal with
the multiple testing issues derived from the fact
that many tests (one per gene) are performed
simultaneously; p-values were adjusted to obtain
strong control over the false-discovery rate using
the Benjamini and Hochberg method [241. We
called ‘differentially expressed’ those genes whose
change showed a p-value 0.01 or less.

Pathway analysis was performed by an over-
representation analysis, as originally described
by Draghici ef al., which allows to use either
Kyoto Encyclopedia of Genes and Genomes
(KEGG) or gene ontology (GO) information in
a unified manner [25]. This type of analysis per-
forms statistical tests to determine whether a
given set, either a particular GO category or
pathway, is over- or under-represented in the
list of selected genes with respect to a reference
set from where it has been selected. The refer-
ence set is usually taken to be all the genes
included in the analysis.

Quantitative real-time RI-PCR

To confirm the expression patterns of upregu-
lated or downregulated genes, we chose several
genes for further analysis using quantitative real-
time RT-PCR. Complementary DNA was syn-
thesized from the same RNA samples used in

microarray experiments by mixing 0.5 pg of
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total RNA, 125 ng of random hexamers in the
presence of 75 mM KCl, 3 mM MgCl,, 10 mM
dithiothreitol, 200 U Moloney murine leuke-
mia virus reverse transcriptase, 20 U RNAsin,
0.5 mM of each dNTP (Sigma, MO, USA) and
50 mM Tris-HCl buffer (pH 8.3). Samples were
incubated at 37°C for 60 min. Real-time PCR
was performed in the Perkin-Elmer ABI Prism
7700 sequence-detection system. TagMan®
Universal PCR Master Mix and PCR primers
and TagMan probes (listed in Table1) were
obtained from TagMan Gene Expression Assays
(Applied Biosystems, CA, USA). As an internal
control, primers for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were amplified in par-
allel with the genes of interest. All samples were
run in triplicate. Sequence Detector Software
(SDS 1.9.1; Applied Biosystems) was used for
data analysis. A threshold cycle value (C;) was
obtained for each amplification plot, and, after
normalization by the reference gene GAPDH,
the relative expression ratio for each gene was
calculated, based on the difference between the
mean Cy of the sample and the corresponding
control. Data are presented as mean + SD, and

RESULTATS

statistical analyses were performed by t-tests
with the computer program GraphPad Instat®
(CA USA).

Results

Clinical characteristics

The clinical characteristics of the two study
groups are summarized in Table2. FCH patients
and controls were matched for age and adiposity
measures. They had comparable blood pressure
and similarly elevated insulin levels, but a widely
different lipid profile by study design. FFA levels
were higher and adiponectin levels were lower in
the FCH group than in controls.

Treatment with atorvastatin

Table 2 also shows the serum lipid and lipoprotein
changes of FCH patients after 4 weeks of treat-
ment with atorvastatin 40 mg/day. The changes
in total cholesterol (-39%), LDL cholesterol
(-47%), HDL cholesterol (4%), triglycerides
(-36%), apoB (-34%) and CRP (-36%) were all
significant. No changes in adiposity, blood pres-
sure, glycemic control or circulating levels of
leptin and adiponectin were observed.

Table 1. TagMan® gene expression assays probes.

Gene name Symbol Assay ID
Activated leukocyte cell adhesion molecule ALCAM Hs00233455_m1
CD163 CD163 Hs00174705_m1
CD36 CD36 Hs00169627_m1
CD96 CD96 Hs00175524_m1
Fbronectin 1 A1 Hs00415006_m1
Glyceraldehyde-3-phosphate dehydrogenase GAPDH Hs99999905_m1
Grancalcin GCA Hs00201854_m1
Guanine nucleotide-binding protein (G protein), GNA13 Hs00183573_m1
ol3

IL-1 receptor, type Il IL1R2 Hs00174759_m1
Leucine-rich repeats and immunoglobulin-like LRG1 Hs00394267_m1
domains 1

Lipoprotein lipase LA Hs00173425_m1
Microphthalmia-associated transcription factor ~ MITF Hs00165156_m1
Myeloid cell nuclear differentiation antigen MNDA Hs00159210_m1
Nuclear receptor subfamily 4, group A, NOR1 Hs00545007_m1
member 3

Syndecan 2 Dc2 Hs00299807_m1
Tissue factor pathway inhibitor 2 T2 Hs00197918_m1
Translocase of outer mitochondrial membrane TOMM 70A Hs00207896_m1
70 homolog A

Tumor necrosis factor receptor superfamily, DR3 Hs00237054_m1

member 25
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Table 2. Characteristics of study groups and effects of a 4-week course of atorvastatin treatment in familial

combined hyperlipidemia subjects.

Variables Control (n = 12) FCH (n = 12) p-value’ p-value#
Baseline Treatment
Age (years) 55+ 12 54 + 10 - 0.881 -
BMI (kg/m?) 271 +26 269+26 26.9+25 0.850 0.523
Weight (kg) 76.7 £ 6.2 78.8+9.2 789+9 0.519 0.536
Waist circumference (cm) 98+8 97 +8 97 +8 0.762 0.339
Current smoking, n (%) 2(17) 2(17) - - -
Systolic BP (mmHg) 128 £ 12 132 + 11 132 + 11 0.404 0.449
Diastolic BP (mmHg) 82+7 84 +10 83+9 0.576 0.413
Glycemic control
Fasting glucose (mg/dl) 88+ 6 90+8 88+4 0.592 0.385
Fasting insulin (mU/l) 18.0 £ 13.1 16.9+5.5 16.2+5.2 0.791 0.665
Free fatty acids (umol/l) 213 (111-289) 371 (228-642) 388 (248-532) 0.013 0.386
Lipids (mg/dl)
Total cholesterol 210+ 29 338 £ 50 206 + 34 <0.001 <0.001
LDL cholesterol 137 £ 20 234 + 47 123 + 31 <0.001 <0.001
HDL cholesterol 53+9 47 +7 49+7 0.054 <0.001
Triglycerides 91 (69-107) 250 (206—292) 159 (135-195) <0.001 0.002
Apolipoprotein B (g/l) 1.06 +0.13 1.58 +0.24 1.04+0.16 <0.001 <0.001
Apolipoprotein Al (g/l) 1.36 £ 0.17 1.30 £ 0.12 1.34 £ 0.09 0.390 0.084
Adipocytokines & inflammation-related molecules
Leptin (ng/ml) 94+47 11.6+4.9 11.7+4.7 0.274 0.939
Adiponectin (ug/ml) 6.7+21 48+1.7 5.0+22 0.023 0.597
hsCRP (mg/l) 2.25 (1.57-3.70)  2.20 (1.07-3.07) 1.40 (0.90-2.70) 0.887 0.037
SINFR 60 kDa (ng/ml) 2.42 (1.78-3.11) 2.27 (1.98-2.60) 2.15(1.71-2.35) 0.551 0.041
STNF-R 80 kDa (ng/m!) 6.05 (4.85-11.56)  5.08 (4.08-6.72) 6.18 (4.35-7.26) 0.211 0.407
Fbronectin (ug/ml) 453 +15.7 457 +18.8 20.3+14.2 0.902 0.045

Data as mean + SD or medians (interquartile ranges). Differences between control and baseline FCH group

“Differences between control and baseline FCH group by unpaired t-test or the Mann—-Whitney test and between baseline and on-treatment with
atorvastatin 40 mg/day in the FCH group
#Differences between control and baseline FCH group by paired t-test or the Wilcoxon test.

BP: Blood pressure; FCH: Familial combined hyperlipidemia; HDL: High-density lipoprotein; hsCRP: High-sensitivity C-reactive protein;
LDL: Low-density lipoprotein; SD: Sandard deviation; sSTNF-R: Soluble tumor necrosis factor receptor.
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Differentially expressed genes
We identified 82 probe sets of differentially
expressed genes in monocytes from FCH and
controls, 46 downregulated and 36 upregulated
(Table 3 & Table S1 in the supplementary material).
When we compared the gene-expression profile
in monocytes from FCH patients at baseline and
after atorvastatin treatment, 86 probe sets were
differentially expressed, 36 downregulated and
50 wupregulated (Table4 & TableS2 in the
supplementary material).

According to GO data mining for molecular
function, the transcriptional profile induced by
FCH in monocytes was mainly related to

receptor activity, Glycosylphosphatidylinositol
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(GPI)-anchor binding, interferon-class cytokine
receptor activity, interleukin binding, iron—iron
binding, and hydrolase and methyltransferase
activity, these functional categories being the
most enriched in up- and down-regulated genes.
A significant number of FCH-modulated genes
coded for proteins implicated in imnune
response, neutrophil chemotaxis and activation,
response to wounding, cell-fate determination,
coagulation, multicellular organismal processes
and bacterium response. Monocytes from atorv-
astatin-treated FCH patients also showed a
prominent expression of genes involved in multi-
cellular organismal processes, cellular lipid
metabolism, response to external stimuli and
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Table 3. Top 20 most differentially expressed genes in monocytes from familial combined hyperlipidemia

subjects compared with controls.

Gene name Symbol FCHvsCT p-value Adjusted GenBank Function

(fold p-value accession

change) number
Tumor necrosis factor TNFRSF10C  0.30 0.0063 0.290 AF012536 Inflammation
receptor superfamily,
member 10c
Interleukin 8 receptor, B IL8RB 0.30 0.0006 0.138 NM_001557 Inflammation
Myeloid cell nuclear MNDA 0.33 0.0001 0.100 NM_002432 Cell death/cell growth
differentiation antigen and differentiation
Vanin 2 VINN2 0.34 0.0001 0.100 NM_004665 Cell migration
Thrombomodulin THBD 0.35 0.0011 0.138 NM_000361 Coagulation
Matrix metallopeptidase 12 ~ MME 0.37 0.0003 0.100 NM_007287 Extracellular matrix
LCCL domain containing CRISAD2 0.38 0.0004 0.122 AL136861 Unknown
cysteine-rich secretory
protein 2
CYP4RF3 CYP4R3 0.39 0.0042 0.263 NM_000896 Metabolism
Hypothetical protein MGC31957 0.41 0.0089 0.290 BC005043 Unknown
MGC31957
CD36 antigen CD36 0.42 0.0058 0.290 NM_000072 Lipid transport
Tensin 3 TNS3 2.42 0.0065 0.289 NM_022748 Inflammation
Syndecan 2 Sbc2 2.50 0.0002 0.100 AL577322 Cell—cell/cell-matrix

adhesion

Autocrine motility factor AMFRR 2.57 0.0001 0.100 NM_001144  Cell motility
receptor
Flatelet-derived growth PDGFC 2.58 0.0006 0.138 NM_016205 Cell proliferation
factor D
HtrA serine peptidase 1 HTRA1 2.58 0.0031 0.220 NM_002775 Cell growth
Activated leukocyte ALCAM 2.60 0.0003 0.100 AA156721 Response to pathogens/
cell-adhesion molecule inflammation
Fbronectin 1 ANT 2.60 0.0002 0.100 BC005858 Extracellular matrix
Lipoprotein lipase LA 2.90 0.0081 0.290 BF672975 Fatty acid metabolism
Lysosomal-associated LAMP3 3.00 0.0063 0.289 NM_014398 Immune response
membrane protein 3
Tissue factor pathway T2 3.97 0.0009 0.138 127624 Extracellular matrix
inhibitor 2 turnover

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted Pvalue (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH and controls. The last column indicatesthe functional categoriesto which the genesbelong. Results are the mean of three
independent experimentsperformed per each condition.

ANOVA: Analysis of variance; CT: Control; FCH: Familial combined hyperlipidemia.
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immune response. Over-representation analysis
was also performed using the pathway resource
KEGG. As shown in Table5, KEGG analysis
revealed over-representation of seven categories
and under-representation of one category in the
two comparisons established. Interestingly;
two immune-related categories were over-repre-
sented: the complement and coagulation cas-
cades and the hematopoietic cell lineage
pathway. Another enriched category was the
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arachidonic acid metabolism pathway, which,
in addition to being related to lipid metabo-
lism, is a network leading to production of
proinflammatory mediators.

To validate the array results, several genes were
selected for analysis by real-time PCR on the
basis of their fold regulation and biological rele-
vance (Figures1 & 2). The experiments were per-
formed using the same total RNA pools used in
the arrays.
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Table 4. Top 20 most differentially expressed genes in monocytes from familial combined hyperlipidemia

subjects after treatment with atorvastatin compared with baseline.

Gene name

Matrix metallopeptidase 10
CD96

KIAA0256

NMDA receptor regulated 1
a-thalassemia/mental

retardation syndrome
X-linked

Tissue factor pathway
inhibitor 2

Dedicator of cytokinesis 9
Leucine-rich repeats and
immunoglobulin-like
domains 1

Protein kinase (CAMP-
dependent, catalytic)
inhibitor o

Structural maintenance of
chromosomes 3
Interferon-induced protein
44

Matrix metallopeptidase 8
(neutrophil collagenase)
Peptidase inhibitor 3, skin-
derived (SKALP)

Myeloid cell nuclear
differentiation antigen
LCCL domain containing
cysteine-rich secretory
protein 2
Cyclin-dependent kinase
inhibitor 1C (p57, Kip2)
Hairy and enhancer of split
1, (Drosophila)

CD36 antigen

Guanine nucleotide binding
protein (G protein), o 13
Radical Sadenosyl
methionine domain
containing 2

Symbol

MMP10
CD96
KIAA0256
NARGT
ATRX
T2
DOCK9
LRG1

KIA

IA44

MMP8

A3

MNDA

CRSAD2

CDKN1C

HES1

CD36
GNA13

RIAD2

Treated vs p-value
FCH (fold

change)

0.51 0.0018
0.52 0.0007
0.52 0.0010
0.56 0.0014
0.58 0.0039
0.58 0.0025
0.58 0.0031
0.59 0.0032
0.59 0.0024
0.59 0.0031
1.95 0.0015
1.96 0.0006
2.08 0.0002
212 0.0016
2.13 0.0008
2.16 0.0038
2.23 0.0084
2.30 0.0019
2.43 0.0028
2.60 0.0063

Adjusted GenBank
p-value accession
number
0.312 NM_002425
0.312 NM_005816
0.312 N52532
0.312 AF327722
0.312 AlB50257
0.312 127624
0.312 AL576253
0.312 AB050468
0.312 NM_006823
0.312 Al373676
0.312 NM_006417
0.312 NM_002424
0.312 110343
0.312 NM_002432
0.312 AL136861
0.312 N33167
0.312 NM_005524
0.312 NM_00072
0.319 NM_006572
0.319 AI337069

Function

Extracellular matrix
Immune response
Unknown

Unknown

Transcription regulationn

Extracellular matrix
turnover

GTPbinding
EGFR signaling/cell
growth

Protein kinase regulation

Mitosis

Response to virus
Extracellular matrix
remodeling

Hastase inhibition
Cell death/cell growth
and differentiation
Unknown

Cell cycle

Transcription regulation

Lipid transport
G-protein signaling

Response to virus

The table showsthe name, relative expression, p value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in

monocytesof FCH subjects after treatment with atorvastatin compared with baseline. The last column indicatesthe functional categoriesto which
the genesbelong. Results are the mean of 3 independent experiments performed per each condition.
ANOVA: Analysis of variance; FCH: Familial combined hyperlipidemia.

Genes differentially expressed in monocytes of
FCH patients & control subjects
According to the array results, one of the more
strongly downregulated genes in FCH is myeloid

future science group
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cell nuclear differentiation antigen (MNDA) (array
ratio: 0.33). PCR results confirmed the decreased
expression of MNDA (ratio: 0.42). We also used
this method to confirm the underexpression of
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IL-1 receptor type 2 (IL1R2; array ratio: 0.43;
PCR ratio: 0.37). Other downregulated genes
were grancalcin (array ratio: 0.43; PCR ratio:
0.46), CD36 (array ratio: 0.42; PCR ratio: 0.52),
and CD163 (array and PCR ratio: 0.47).
Lipoprotein lipase (LPL), a gene that encodes
a key enzyme in lipid metabolism that has previ-
ously been linked to FCH susceptibility, was
found to be upregulated 2.9-fold (both assays) in
monocytes from diseased individuals. Tissue fac-
tor pathway inhibitor 2 (TFPI2), a serine pro-
tease inhibitor relevant to plaque development
and stability via the control of extracellular
matrix (ECM) turnover, was u ated
3.8-fold according to the array results and 6.5-
fold by PCR. Two ECM genes potentially
involved in atherosclerosis development were
also upregulated, fibronectin 1 (FN1; array ratio:
2.6; PCR ratio: 2.45) and syndecan 2 (SDC2;
array ratio: 2.5; PCR ratio: 2.49). Other upregu-
lated genes activated were leukocyte cell-adhe-
sion molecule, a protein of the immunoglobulin
superfamily of cell adhesion molecules involved
in inflaimmatory and immune responses
(ALCAM,; array ratio: 2.6; PCR ratio: 2.76), leu-
cinerich repeats and immunoglobulin-like
domains-1 (LRIG1; array ratio: 1.80; PCR ratio:
2.52), and microphthalmia-associated transcrip-
tion factor (MITF; array ratio: 1.95; PCR ratio:
2.55). Additionally, we analyzed the expression
of tumor necrosis factor receptor superfamily,
member 25, also termed death receptor 3 (DR3),
and CD96, which were increased by both meth-
ods (DR3: array ratio: 1.48, PCR ratio: 1.84;
CD96: array ratio: 1.79, PCR ratio: 1.72).

Genes differentially expressed in FCH
monocytes after atorvastatin treatment

Several genes that were overexpressed at baseline
in FCH patients (TFPI2, LRIG1 and DR3) were
downregulated in response to atorvastatin (array
ratios: 0.58, 0.59 and 0.72, respectively; PCR
ratios: 0.29 for TFPI2 and 0.51 for LRIGI and
DR3). In addition, LPL showed increased
expression in monocytes from FCH patients,
and the expression was reduced after atorvastatin
treatment (array ratio: 0.61; PCR ratio: 0.55).
Other genes downregulated by treatment and
selected for validation were CD96 and translo-
case of the outer mitochondrial membrane 70
homolog A (TOMM 70A; array ratios: 0.52 and
0.71, respectively). Both genes were also under-
expressed by PCR, although to a lesser extent
(0.73 and 0.81, respectively).
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On the other hand, CD36 and MINDA, which
showed lower expression in FCH samples com-
pared with controls, were upregulated after
atorvastatin treatment. This was also confirmed
by real-time PCR: CD36 (array ratio: 2.30; PCR
ratio: 1.67); MNDA (array ratio: 2.12; PCR
ratio: 1.79). However, the expression of guanine
nucleotide binding protein a 13 (GNA13),
nuclear receptor subfamily 4, group A, member
3 (NOR1) and IL1R2, which were upregulated
according to the array results, was not
significantly changed by PCR.

Discussion

The pathogenesis and genetic abnormalities
underlying FCH are not fully understood.
Microarray technology has provided a tool to
analyze the expression pattern of thousands of
genes simultaneously, allowing the identification
of novel genes and pathways involved in complex
diseases such as FCH. In this study, we examined
the gene-expression profile in monocytes from
normolipidemic controls and FCH patients
before and after treatment with atorvastatin.
Using Affymetrix oligonucleotide arrays, we
observed the differential expression of 82 and 86
genes between FCH and controls and before and
after treatment, respectively. A limitation of our
study is that owing to the small number of sam-
pPles the statistical power may be low; and there is
a probably certain number of false negatives.
However, even though we cannot rule out that
some changes in gene expression have been
missed, our data show that there is a different
gene-expression pattern in monocytes from con-
trols and FCH patients, and that atorvastatin
treatment is able to reverse, at least partially;
some of these changes.

Several of the differentially expressed genes
are involved in key macrophage functions, espe-
cially regarding the inflammatory and immune
responses.  Accordingly, pathway —analysis
revealed the over-representation of immune-
related categories, such as complement and
coagulation cascades and hematopoietic cell lin-
eage pathways, as well as the proinflammatory
arachidonic acid metabolism pathway. This pat-
tern suggests the differential expression of
inflammation and immune response pathways.
Lowrgrade arterial wall inflammation is charac-
teristic of FCH (4], and exposure to this proin-
flammatory =~ environment may affect the
expression of genes that respond to these stimuli
or are involved in inflammation cascades.
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Table 5. Representative pathways identified by KEGG analysis.

Pathway

Nucleotide sugars metabolism
Aminoacyl-tRNA biosynthesis
Complement and coagulation cascades
Nicotinate and nicotinamide metabolism
Arachidonic acid metabolism

Caprolactam degradation

Hematopoietic cell lineage
Natural killer cell-mediated cytotoxicity
Complement and coagulation cascades
Hematopoietic cell lineage

Nitrogen metabolism

Calcium signaling pathway
One-carbon pool by folate
T-cell-receptor signaling pathway
Aminoacyl-tRNA biosynthesis
Antigen processing and presentation

p-value IDsin IDsinanalyzed Over/ Comparison
selected genes under
genes
0.0184 2 3 Over FCHvs CT
0.0348 2 4 Over FCH vs CT
0.0012 7 18 Over FCHvsCT
0.0017 5 10 Over FCH vs CT
0.0137 4 10 Over FCHvs CT
0.0295 2 3 Over FCHvs CT
0.0335 9 45 Over FCH vs CT
0.0066 0 57 Under FCH vs CT
0.0012 7 18 Over FCH + ATV vs FCH
0.0038 11 45 Over FCH + ATV vs FCH
0.0169 3 6 Over FCH + ATV vs FCH
0.024 6 23 Over FCH + ATV vs FCH
0.0171 2 3 Over FCH + ATV vs FCH
0.0209 8 46 Over FCH + ATV vs FCH
0.0326 2 4 Over FCH + ATV vs FCH
0.0353 0 30 Under FCH + ATV vs FCH

The table showsthe over- and under-represented pathwaysin each comparison, along with the p-values and the number of genes (‘IDs’)
belonging to each pathway found in the list of selected genesor in all the genes analyzed, respectively.
ATV: Atorvastatin; CT: Control; FCH: Familial combined hyperlipidemia; IDs: Identities; KEGG: Kyoto Encyclopedia of Genes and Genomes.
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Amajor finding in this study was the reversal of
some of the changes in gene expression in FCH
monocytes after atorvastatin treatment. Thus, the
baseline underexpression of CD36 and MNDA in
FCH patients was increased after treatment, while
the expression of LPL, LRIG1, DR3, TFPI2 and
CD96, which was upregulated at baseline, was
reduced in samples from atorvastatin-treated
patients. Considering that altered gene expression
is related to the inflammatory phenotype of
untreated FCH, reversion towards control expres-
sion might be owing to the anti-inflammatory
effects of atorvastatin [26], as evidenced by
decreased CRP concentration and levels of other
inflammatory molecules after treatment (Table 2).

Changes in the expression of these genes may
be relevant to FCH and atherosclerosis develop-
ment. Thus, the observed decrease in CD36
expression could reflect the proinflammatory
milieu surrounding circulating monocytes in
FCH. It has been shown that CD36 expression
in monocytes/macrophages is downregulated by
several inflammatory mediators, such as
lipopolysaccharide, suggesting that CD36
expression is lower during inflammation [27].
The increase in CD36 expression by atorvastatin
treatment, an effect previously reported in
human monocytes (28], may be related to the
anti-inflammatory properties of the statins.

www.futuremedicine.com

In contrast to the downregulation of the
abovementioned genes, FCH monocytes
showed increased expression of LPL, LRIGI,
DR3 and TFPI2, while atorvastatin treatment
reversed these effects. Plasma LPL plays a key
role in the clearance of triglyceride-rich lipo-
proteins, and it has been shown that approxi-
mately a third of FCH patients have low post-
heparin LPL activity compared with the general
population [4]. However, in addition to its enzy-
matic function, LPL possesses a bridging func-
tion that contributes to lipoprotein uptake and
lipid accumulation in vascular cells such as
macrophages [29]. In addition, LPL induces
TNF-a. secretion from macrophages, thus play-
ing a role in the inflammatory response [30].
Therefore, the increase in LPL expression in
monocytes from FCH patients may be related
to their increased susceptibility to athero-
sclerosis, similar to what Beauchamp et al.
reported in patients with familial hyper-
cholesterolemia [31]. Accordingly, the lower
expression of LPL after atorvastatin treatment
may be regarded as an antiatherogenic effect.

LRIG1 transcriptional induction leads to the
ubiquitylation and degradation of the EGF
receptor [32]. Considering the role of this recep-
tor in atherogenesis as a mediator of monocyte
and macrophage chemotaxis [33], the increase in
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Figure 1. Validation of differentially expressed genesin familial combined

hyperlipidemia samples compared with controls.
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LRIG1 expression in FCH monocytes may be
regarded as an adaptive mechanism to prevent
excessive EGF signaling,

Death receptor 3, a member of the TNF recep-
tor superfamily involved in the induction of apop-
tosis [34, was also overexpressed in FCH
monocytes. DR3  activation stimulates NF-
kB [35], proinflammatory cytokines/chemokines,
and matrix metalloproteinases (MMP) [36], which
suggests a role in atherogenesis. This is further
supported by data from Kang ef al. showing that
human atherosclerotic plaques express DR3 colo-
calized with macrophages and foam cells, and
increased DR3 expression in peripheral blood
monocytes after proinflammatory stimuli [37].
The inflammatory surroundings of FCH mono-
cytes may also increase DR3 expression, while the
anti-inflammatory effects of atorvastatin would
reverse this effect.

Tissue factor pathway inhibitor 2 is a serine
protease inhibitor associated with the ECM.
Reports on TFPI2 expression in atherosclerotic
lesions are conflicting, as both upregulation [38]
and downregulation [39] have been described. In
the monocytes of our FCH patients, TFPI2 was
one of the most overexpressed genes. Increased
TFPI2 expression leads to inhibition of plasmin
and of MMP activation, relevant to plaque devel-
opment and instability [38]. The downregulation
of TFPI2 expression by atorvastatin could alter the

maintenance and regulation of ECM remodeling,

Pharmacogenomics (2008) 9(8)
94

In contrast to the above-commented results,
some of the changes in gene expression
observed in FCH monocytes (decreases in GCA
and CD163, and increases in MITF, ALCAM,,
FN1 and SDC2 expression) were not reversed
by atorvastatin treatment. The metabolic
response of FCH patients to atorvastatin may
shed some light on the different effects of the
drug on gene-expression. The low levels of adi-
ponectin, which is an anti-inflammatory adi-
pokine [40], were similar in FCH patients before
and after atorvastatin treatment. Similarly,
increased FFA levels at baseline were not modi-
fied, and plasma triglyceride levels were
reduced, but not normalized, by treatment
(Table2). This suggests that statin treatment
does not correct the metabolic abnormalities
associated with adipose tissue dysregulation in
FCH 41. It is possible that some of the changes
in gene expression observed in monocytes from
FCH patients are directly or indirectly related
to those metabolic effects. This would explain
why atorvastatin, through its anti-inflamma-
tory effects, is able to reverse or correct some of
the changes in gene expression induced by
FCH, while modifications in gene expression
that are linked to metabolic disturbances could
not be corrected by the treatment.

In conclusion, our results show a different
transcription profile in FCH monocytes com-
pared with those of matched healthy controls.

fsg
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Figure 2. Validation of differentially expressed genes in FCH after atorvastatin

treatment compared with baseline.
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We propose that a local inflammatory environ-
ment and metabolic abnormalities in adipose
tissue may account for some of the observed
changes in gene expression in FCH, and several
of them are influenced by atorvastatin treat-
ment. Such differentially expressed genes may
be candidates for further studies, as for most of
them there was no prior evidence of an associa-
tion with atherosclerosis, or there existed only
scant information on their role in this process.
However, from these preliminary results, based
on a relatively small sample of patients and con-
trols, we cannot know whether the observed
changes arise from primary genetic defects,
adaptive responses, or both. Differential expres-
sion studies should be combined with the
results of other techniques, such as genome-
wide screens or candidate-gene studies, to be
able to decipher the complex genetics of a
disease such as FCH.
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Executive summary

Introduction

Discussion

+ Using the Affymetrix® Human Genome U133A 2.0 GeneChip array, we performed a global analysis of gene expression induced
by familial combined hyperlipidemia (FCH) and atorvastatin in blood peripheral monocytes.

Results

* We observed the differential expression of 82 and 86 genes between FCH and controls and before and after
treatment, respectively.

+ Pathway analysis revealed a trend towards the differential expression of inflammatory and immune response pathways, probably
as a consequence of the low-grade inflammation that is characteristic of FCH.

+ Changesin the expression of CD36, MNDA, LA, TFR2, LRG1, DR3 and CD96 in monocytes from FCH patients were reverted, at
least in part, by atorvastatin treatment.

* We hypothesize that these changes may be related to the inflammatory phenotype of untreated FCH, and reversion towards
control expression might be owing to the anti-inflammatory effects of atorvastatin.

+ Other differences in gene expression might be directly or indirectly related to metabolic abnormalitiesin adipose tissue, which are
not corrected by atorvastatin treatment.
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Supplementary Material

Table S1. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects

compared with controls.

Gene name Symbol FCHvs p-value Adjusted GenBank Function
CT (fold p-value accession
change) number

Vanin 2 VNN2 0.34 0.0001 0.100 NM_004665 Cell migration

Tumor necrosis factor receptor TNFRSF10C  0.30 0.0063 0.290 AFR)12536 Inflammation

superfamily, member 10c

Interleukin 8 receptor, B ILBRB 0.30 0.0006 0.138 NM_001557 Inflammation

Myeloid cell nuclear MNDA 0.33 0.0001 0.100 NM_002432 Cell death/cell growth

differentiation antigen and differentiation

Thrombomodulin THBD 0.35 0.0011 0.138 NM_000361 Coagulation

Matrix metallopeptidase 12 MME 0.37 0.0003 0.100 NM_007287 Extracellular matrix

LCCL domain containing CRSPLD2 0.38 0.0004 0.122 AL136861 Unknown

cysteine-rich secretory protein 2

CYP4R3 CYPIR3 0.39 0.0042 0.263 NM_000896 Metabolism

Hypothetical protein MGC31957 0.41 0.0089 0.290 BC005043 Unknown

MGC31957

CD36 antigen CD36 0.42 0.0058 0.290 NM_000072 Lipid transport

Fc fragment of CD16B FCGR3B 0.42 0.0008 0.137 J4162 Immune response

Cyclin-dependent kinase CDKN1C 0.42 0.0032 0.222 N33167 Regulator of cell

inhibitor 1C proliferation

Fbrinogen-like 2 [} 0.43 0.0087 0.290 NM_006682 Coagulation

Grancalcin GCA 0.43 0.0013 0.148 NM_012198 Cell
adhesion/inflammation

Interleukin 1 receptor, type Il IL1R2 0.43 0.0004 0.122 NM_004633 Immune
response/inflammation

Interferon-induced IATM2 0.47 0.0010 0.138 NM_006435 Immune response

transmembrane protein 2

FERM domain containing 4B FRVID4B 0.47 0.0003 0.100 AU145019 Cytoskeletal protein
binding

CD163 CcD163 0.47 0.0011 0.138 NM_004244 Inflammation

Plexin C1 AXNC1 0.49 0.0068 0.290 NM_005761 Cell adhesion

Potassium channel KCTD20 0.49 0.0056 0.287 AW500220 lon channel activity

tetramerization domain

containing 20

Bone marrow stromal cell BST1 0.50 0.0020 0.178 NM_004334 Immune response

antigen 1

GTPase activating Rap/RanGAP  GARNL4 0.50 0.0043 0.266 AK000478 Unknown

domain-like 4

Rbonuclease, RNase A family, 2 RVASR 0.50 0.0016 0.165 NM_002934 RNA catabolism

Complement component 3b/4b  CR1 0.50 0.0017 0.165 NM-000651 Immune response

receptor 1

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH and controls. The last column indicatesthe functional categoriesto which the genesbelong. Results are the mean of three
independent experimentsperformed per each condition.

ANOVA: Analysis of variance; CT: Control; FCH: Familial combined hyperlipidemia.
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Table S1. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects

compared with controls (cont.).

Gene name Symbol FCHvs p-value Adjusted GenBank Function
CT (fold p-value accession
change) number

Guanine nucleotide binding GNA13 0.50 0.0080 0.290 NM_006572 Sgnal transduction

protein o 13

Glutamate-ammonia ligase GLUL 0.51 0.0025 0.199 NM_002065 Glutamine synthesis

Interferon-induced IHTM3 0.51 0.0018 0.165 BF338947 Immune response

transmembrane protein 3

Lipopolysaccharide-induced TNF  LITAF 0.51 0.0017 0.165 NM_004862 Inflammation

factor

Colony stimulating factor 3 CSR3R 0.51 0.0027 0.208 NM_000760 Cell adhesion

receptor

Tumor necrosis factor (ligand) TNFSF13 0.51 0.0048 0.280 Br448647 Immune response

superfamily, member 13

Dysferlin DYSF 0.53 0.0018 0.165 NM_003494 Membrane
fusion/repair

Solute carrier family 11 S.C11A1 0.53 0.0100 0.290 AI346187 lon transport

Hypothetical protein ALL2662 AL2662 0.53 0.0055 0.287 NM_024829 Unknown

Interleukin 6 receptor IL6R 0.53 0.0077 0.290 NM_000565 Inflammation

Syntaxin 3 STX3 0.54 0.0064 0.289 BE966922 Intracellular protein
transport

Apolipoprotein BmRNA editing APOBEC3A  0.54 0.0082 0.290 U03891 Cell-cycle control

enzyme

Interleukin 8 receptor, o ILBRA 0.54 0.0084 0.290 NM_000634 Inflammation

Complement component 5a C5AR1 0.56 0.0085 0.290 NM_001736 Cellular defense

receptor 1 response

CD302 molecule CD302 0.56 0.0077 0.290 NM_014880 Sugar binding

Interferon-induced NA 0.57 0.0053 0.287 AL121994 Unknown

transmembrane protein

pseudogene

Myxovirus resistance 2 MXx2 0.57 0.0080 0.290 NM_002463 Immune response

Leukocyte receptor cluster LENG4 0.58 0.0063 0.289 BC003164 Receptor activity

member 4

Lymphocyte cytosolic protein2 ~ LCP2 0.60 0.0091 0.291 NM_005565 Immune response

Interferon-related IFRD1 0.60 0.0076 0.290 NM_001550 Cell differentiaton

developmental regulator 1

TBC1 domain family, member 5  TBC1D5 0.61 0.0097 0.290 NM_014744 Protein binding

Salic acid binding Ig-like lectin7 ~ SGLEC7 0.61 0.0072 0.289 NM_016543 Cell adhesion

Tumor necrosis factor receptor DR3 1.48 0.0099 0.289 U94510 Apoptosis/inflammation

superfamily, member 25

SWAP-70 protein SWAF70 1.61 0.0093 0.291 AB014540 Calcium ion
binding/DNA binding

5"-nucleotidase, ecto (CD73) NT5E 1.62 0.0097 0.291 NM_002526 DNA metabolism

WD repeat domain 3 WDR3 1.64 0.0070 0.289 NM_006784 Unknown

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH and controls. The last column indicatesthe functional categoriesto which the genes belong. Results are the mean of three
independent experiments performed per each condition.

ANOVA: Analysis of variance; CT: Control; FCH: Familial combined hyperlipidemia.
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Table S1. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects

compared with controls (cont.).

Gene name Symbol FCHvs p-value Adjusted GenBank Function
CT (fold p-value accession
change) number

Flexin A1 AXNAT 1.64 0.0098 0.290 AL136663 Development

Mixed-lineage leukemia MLLT3 1.68 0.0091 0.290 NM_004529 Transcription regulation

translocated to 3

Protein kinase B, y AKT3 1.71 0.0075 0.290 U79271 Sgnal transduction

Transcription factor EC TFEC 1.74 0.0086 0.290 NM_012252 Transcription regulation

Origin recognition complex, ORC5L 1.75 0.0024 0.200 NM_002553 DNA replication

subunit 5-like

Sterol-C4-methyl oxidase-like SCAMOL 1.75 0.0087 0.290 U93162 Fatty acid metabolism

CD96 molecule CD96 1.79 0.0052 0.287 NM_005816 Cell adhesion

Leucine-rich repeats and LRG1 1.80 0.0040 0.256 AB050468 EGRR signaling/cell

immunoglobulin-like domains 1 growth

Exportin 1 XPO1 1.81 0.0070 0.289 DB89729 Protein transport

Activin A receptor, type Il ACVRRA 1.84 0.0072 0.289 NM_001616 Protein phosphorylation

Ataxin 1 ATXN1 1.89 0.0033 0.244 AW235612 Regulation of
transcription

Protein C receptor PROCR 1.89 0.0070 0.289 NM_006404 Coagulation

Palladin RALLD 1.91 0.0025 0.199 AU157932 Cytoskeleton
organization

Major histocompatibility HLA-DQAT  1.92 0.0044 0.266 X00452 Immune response

complex, class Il, DQ o 1

Protein kinase (CAMP- KIA 1.94 0.0064 0.289 NM_006823 Protein kinase

dependent, catalytic) inhibitor o regulation

Microphthalmia-associated MITF 1.95 0.0070 0.289 NM_000248 Inflammation

transcription factor

CD226 molecule CD226 1.96 0.0084 0.290 NM_006566 Cell adhesion

Heterogeneous nuclear HNRPH1 1.99 0.0098 0.290 BFR83406 RNA processing

ribonucleoprotein H1

Protein tyrosine kinase 2 PTK2 2.06 0.0016 0.165 AL037339 Integrin-mediated
signaling pathway

Myosin X MYO10 2.09 0.0047 0.274 NM_012334 Sgnal transduction

Chemokine (C—C motif) CcClez 2.12 0.0007 0.138 NM_002990 Inflammation

ligand 22

Phosphodiesterase 4D PDE4DIP 2.31 0.0011 0.138 AI821791 Cytoskeleton

interacting protein organization

(myomegalin)

Tensin 3 TNS3 2.42 0.0065 0.289 NM_022748 Inflammation

Syndecan 2 S0/ 2.50 0.0002 0.100 AL577322 Cell—cell/cell-matrix
adhesion

Autocrine motility factor AMFRR 2.57 0.0001 0.100 NM_001144 Cell motility

receptor

Fatelet-derived growth factor D PDGFC 2.58 0.0006 0.138 NM_016205 Cell proliferation

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH and controls. The last column indicatesthe functional categoriesto which the genesbelong. Results are the mean of three
independent experimentsperformed per each condition.

ANOVA: Analysis of variance; CT: Control; FCH: Familial combined hyperlipidemia.

fsg

1050 Phari maoogenom:%(éOOS) 9(8) future science group



Genomics of familial combined hyperlipidemia - RESEARCH ARTICLE

Table S1. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects

compared with controls (cont.).

Gene name Symbol FCHvs p-value Adjusted GenBank Function

CT (fold p-value accession

change) number
HtrA serine peptidase 1 HTRA1 2.58 0.0031 0.220 NM_002775 Cell growth
Activated leukocyte cell- ALCAM 2.60 0.0003 0.100 AA156721 Response to pathogens/
adhesion molecule inflammation
Hbronectin 1 ANT 2.60 0.0002 0.100 BC005858 Extracellular matrix
Lipoprotein lipase LA 2.90 0.0081 0.290 BF672975 Fatty acid metabolism
Lysosomal-associated LAMP3 3.00 0.0063 0.289 NM_014398 Immune response
membrane protein 3
Tissue factor pathway inhibitor TRP2 3.97 0.0009 0.138 27624 Extracellular matrix
2 turnover

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH and controls. The last column indicatesthe functional categoriesto which the genes belong. Results are the mean of three
independent experiments performed per each condition.

ANOVA: Analysis of variance; CT: Control; FCH: Familial combined hyperlipidemia.

Table S2. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects after

treatment with atorvastatin compared with baseline .

Gene name Symbol Treated vs p-value Adjusted GenBank Function

FCH (fold p-value accession

change) number
Matrix metallopeptidase 10 MMP10 0.51 0.0018 0.312 NM_002425 Extracellular matrix
CD96 CD96 0.52 0.0007 0.312 NM_005816 Immune response
KIAA0256 KIAA0256  0.52 0.0010 0.312 N52532 Unknown
NMDA receptor regulated 1 NARG1 0.56 0.0014 0.312 AR327722 Unknown
athalassemia/mental retardation ~ ATRX 0.58 0.0039 0.312 Al650257 Transcription regulation
syndrome X-linked
Tissue factor pathway inhibitor 2 TFP2 0.58 0.0025 0.312 127624 Extracellular matrix

turnover

Dedicator of cytokinesis 9 DOCK9 0.58 0.0031 0.312 AL576253 GTPbinding
Leucine-rich repeats and LRG1 0.59 0.0032 0.312 AB050468 EGR signaling/cell
immunoglobulin-like domains 1 growth
Protein kinase (CAMP- KIA 0.59 0.0024 0.312 NM_006823 Protein kinase
dependent, catalytic) inhibitor o regulation
Structural maintenance of SvC3 0.59 0.0031 0.312 Al373676 Mitosis
chromosomes 3
Lymphoid enhancer-binding LEF 0.59 0.0045 0.312 AF294627 Regulation of
factor 1 transcription
Hypothetical protein HSPC111 HSAC111 0.60 0.0045 0.312 NM_016391 Unknown
Cas-Br-M ecotropic retroviral CBLB 0.60 0.0028 0.312 u26710 Immune response
transforming sequence b
Solute carrier family 30 (zinc S C30A1 0.60 0.0098 0.319 Al972416 Cation transport

transporter), member 1

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH subjects after treatment with atorvastatin compared with baseline. The last column indicatesthe functional categoriesto which
the genesbelong. Results are the mean of three independent experiments performed per each condition.

ANOVA: Analysis of variance; FCH: Familial combined hyperlipidemia.
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RESULTATS

Table S2. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects after

treatment with atorvastatin compared with baseline (cont.).

Gene name

HIR histone cell-cycle regulation
defective homolog A

Ataxin 1

Leucine-rich repeat neuronal 3
Transportin 1

Lipoprotein lipase

TRAR2 and NCK interacting
kinase

Stromal cell-derived factor
2-like 1

Transmembrane protein 158
G-protein-coupled receptor 171
WD repeat domain 68

Upstream binding transcription
factor, RNA polymerase |
Phosphoribosylglycinamide
formyltransferase

Sacsin

MORC family CW-type zinc
finger 2

ESF1, nucleolar pre-rRNA
processing protein

Transcription factor A,
mitochondrial

CD7 molecule
KRIT1, ankyrin repeat containing
GTPase, IMAP family member 6

Structure-specific recognition
protein 1

Translocase of outer
mitochondrial membrane 70 A

Tumor necrosis factor receptor
superfamily, member 25

Nuclear receptor subfamily 4,
group A, member 3

Interleukin 1 receptor, type Il

Annexin A4

Cell division cycle 2, G, to Sand
G,to M

Symbol

HIRA
ATXN1

LRAN3
TNFO1

TNIK
SDR2L1

TMBEV158
GPR171
WDR58
UBTF

GART

SACS
MORC2

ESF1

TOMM?70A
DR3

NORf1
IL1R2

ANXA4
cbc2

Treated vs
FCH (fold
change)
0.60

0.61

0.61
0.61
0.61
0.62

0.62

0.63
0.63
0.63
0.63

0.63

0.63
0.64

0.64
0.64

0.65
0.65
0.65
0.66

0.71
0.72
1.52
1.54

1.56
1.56

p-value

0.0085

0.0050

0.0069
0.0082
0.0071
0.0048

0.0047

0.0064
0.0077
0.0072
0.0061

0.0087

0.0091
0.0073

0.0072

0.0083

0.0084
0.0094
0.0093
0.0095

0.0090

0.0097

0.01

0.0094

0.0087
0.0085

Adjusted
p-value

0.319
0.312

0.319
0.319
0.319
0.312

0.312

0.319
0.319
0.319
0.319

0.319

0.319
0.319

0.319
0.319

0.319
0.319
0.319
0.319

0.319
0.312
0.319
0.328

0.319
0.319

GenBank
accession
number

X75296

AW235612

Al221950
U72069

BF672975
AF172268

NM_022044

BF062629
NM_013308
AW575465
X56687

NM_000819

Al932370
AC004542

NM_016649

NM_003201

NM_006137
U90269
NM_024711
BE795648

NM_014820

U94510

NM_006981

NM_004633

NM_001153
D88357

Function

Protein binding

Regulation of
transcription

Protein binding
Protein transport
Fatty acid metabolism

Protein serine/threonine
kinase activity

Hydrolase activity

Unknown
Sgnal transduction
Protein binding

Regulation of
transcription

De novo purine
biosynthesis
Protein folding
ATP binding

Regulation of
transcription

Regulation of
transcription

Immune response
Sgnal transduction
GTP binding

Regulation of
transcription

Protein binding

Apoptosis/
inflammation

Regulation of
transcription

Immune
response/inflammation

Sgnal transduction
Cell division

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in

monocytesof FCH subjects after treatment with atorvastatin compared with baseline. The last column indicatesthe functional categoriesto which
the genesbelong. Results are the mean of three independent experimentsperformed per each condition.

ANOVA: Analysis of variance; FCH: Familial combined hyperlipidemia.
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Table S2. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects after

treatment with atorvastatin compared with baseline (cont.).

Gene name Symbol Treated vs p-value Adjusted GenBank Function
FCH (fold p-value accession
change) number

ATP-binding cassette, subfamily =~ ABCAT 1.57 0.0083 0.319 AFR285167 Cholesterol efflux

A, member 1

AHNAK nucleoprotein AHNAK 1.59 0.0055 0.319 NM_024060  Protein binding

Zinc-finger protein 467 INH67 1.61 0.0067 0.319 BE549732 Regulation of
transcription

Transglutaminase 2 TGM2 1.61 0.0045 0.312 ALO31651 Inflammation/apoptosis

Chitinase 3-like 1 (cartilage CHI3L1 1.63 0.0040 0.312 M80927 Carbohydrate

glycoprotein-39) metabolism

Tumor necrosis factor (ligand) TNFSF13 1.63 0.0092 0.319 BR448647 Immune response

superfamily, member 13

Myotubularin-related protein 11~ MTMRI1 1 1.63 0.0050 0.312 NM_006697 Phospholipid
metabolism

Defensin, o 4, corticostatin DEA4 1.63 0.0080 0.319 NM_001925 Host defense

Salic acid binding Ig-like lectin 5 SGLEC5 1.64 0.0059 0.319 NM_003830 Cell adhesion

Protein phosphatase 3 PPP3R1 1.65 0.0076 0.319 AL544951 Calcium binding

regulatory subunit B, o isoform

Interferon, a-inducible protein 6  IA6 1.66 0.0084 0.319 NM_022873 Immune response

Adenosine A2p receptor ADORA2B 1.67 0.0066 0.319 NM_000676 Sgnal transduction

Oncostatin M osv 1.68 0.0062 0.319 BG437034 Apoptosigimmune
response

Membrane-spanning MSAAGA 1.68 0.0064 0.319 NM_022349 Signal transduction

4-domains, subfamily A,

member 6A

Peptidoglycan recognition PGLYRP1 1.68 0.0041 0.312 NM_005091 Immune response

protein 1

Charcot—Leyden crystal protein CLC 1.68 0.0085 0.319 NM_001828 Phospholipid
metabolism

Vanin 2 VNN2 1.69 0.0082 0.319 NM_004665 Cell migration

Fc fragment of IgG, low-affinity ~ FCGR3B 1.69 0.0091 0.319 J04162 Immune response

lllb, receptor (CD16b)

CDCA42 effector protein CDC42ERP3  1.69 0.0046 0.312 AF104857 Sgnal transduction

(Rno GTPase binding) 3

Bone marrow stromal cell BST1 1.72 0.0034 0.312 NM_004334 Immune response

antigen 1

Hypothetical protein ALR2662 ALP2662 1.72 0.0048 0.312 NM_024829 Unknown

Dysferlin DYSF 1.73 0.0044 0.312 NM_003494  Membrane
fusion/repair

Interferon-induced IHTM3 1.73 0.0051 0.312 BF338947 Immune response

transmembrane protein 3 (1-8U)

v-fos FBJ murine osteosarcoma FOS 1.73 0.0027 0.312 BC004490 Inflammation

viral oncogene homolog

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH subjects after treatment with atorvastatin compared with baseline. The last column indicatesthe functional categoriesto which
the genesbelong. Results are the mean of three independent experiments performed per each condition.

ANOVA: Analysis of variance; FCH: Familial combined hyperlipidemia.
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Table S2. Genes differentially expressed in monocytes from familial combined hyperlipidemia subjects after

treatment with atorvastatin compared with baseline (cont.).

Gene name Symbol Treated vs p-value Adjusted GenBank Function
FCH (fold p-value accession
change) number

Pentraxin-related gene, rapidly PTX3 1.77 0.0022 0.312 NM_002852 Inflammation

induced by IL-18

Rbonuclease, RNase A family, 2 ~ ANASE? 1.81 0.0013 0.312 NM_002934  RNA catabolism

Transcobalamin | TCN1 1.82 0.0030 0.312 NM_001062 Cobalamin transport

Aldehyde dehydrogenase 1 ALDH1A1  1.82 0.0023 0.312 NM_000689  Aldehyde metabolism

family, member A1

Glutathione peroxidase 3 GPX3 1.83 0.0015 0.312 NM_002084 Glutathione

(plasma) metabolism

Annexin A3 ANXA3 1.84 0.0022 0.312 M63310 Sgnal transduction

Shail homolog 1 (Drosophila) SVAI1 1.87 0.0038 0.312 NM_005985 Organismal
development

CYR family 4, subfamily CYPAR3 1.87 0.0010 0.312 D12620 Leukotriene

polypeptide 3 metabolism

G-protein-coupled receptor GPR109B 1.88 0.0027 0.312 NM_006018 Sgnal transduction

109B

Gy/Gyswitch 2 G0 1.89 0.0094 0.319 NM_015714  Cell cycle

MAX dimerization protein 1 MXD1 1.92 0.0019 0.312 NM_002357 Transcription
regulationn

Apolipoprotein BmRNA editing APROBEC3A 1.93 0.0052 0.312 uU03891 Cell growth/cell cycle

enzyme 3A

Interferon-induced protein 44 IH44 1.95 0.0015 0.312 NM_006417 Response to virus

Matrix metallopeptidase 8 MMP8 1.96 0.0006 0.312 NM_002424 Extracellular matrix

(neutrophil collagenase) remodeling

Peptidase inhibitor 3, A3 2.08 0.0002 0.312 L10343 Bastase inhibition

skin-derived (SKALP)

Myeloid cell nuclear MNDA 212 0.0016 0.312 NM_002432 Cell death/cell growth

differentiation antigen and differentiation

LCCL domain containing CRSAD2 213 0.0008 0.312 AL136861 Unknown

cysteine-rich secretory protein 2

Cyclin-dependent kinase CDKN1C 2.16 0.0038 0.312 N33167 Cell cycle

inhibitor 1C (p57, Kip2)

Hairy and enhancer of split 1, HES1 2.23 0.0084 0.312 NM_005524 Transcription regulation

(Drosophila)

CD36 molecule CD36 2.30 0.0019 0.312 NM_000072 Lipid transport

(thrombospondin receptor)

Guanine nucleotide binding GNA13 2.43 0.0028 0.319 NM_006572  G-protein signaling

protein (G protein), o 13

Radical Sadenosyl methionine RSAD2 2.60 0.0063 0.319 Al337069 Response to virus

domain containing 2

The table showsthe name, relative expression, p-value (calculated by ANOVA test), adjusted p-value (calculated by the Sng, the Benjamini and the
Hochberg methods, which controlsthe false discovery rate) and GenBank accession number of the genesthat were differentially expressed in
monocytes of FCH subjects after treatment with atorvastatin compared with baseline. The last column indicatesthe functional categoriesto which
the genesbelong. Results are the mean of three independent experimentsperformed per each condition.

ANOVA: Analysis of variance; FCH: Familial combined hyperlipidemia.

fsg

1054 Pharmacogenomics (2008) 9(8) future science group
104



Tissue factor pathway inhibitor-2 is induced by

thrombin in human macrophages

Jordi Pou, Alba Rebollo, Lidia Piera, Manuel Merlos, Nuria Roglans,

Juan C. Laguna, Marta Alegret

BBA — Molecular Cell Research (2011); 1813 (6): 1254-1260.






RESULTATS

En aquest treball vam voler examinar la regulacié de I'expressio de TFPI-
2, un dels gens que havia resultat expressat diferencialment en monocits de
pacients amb HFC respecte els controls sans en 'estudi anterior. Per fer-ho es
van utilitzar macrofags diferenciats THP-1 i macrofags humans derivats de
monocits de sang periferica, els quals van ser tractats inicialment amb diferents

concentracions de VLDL.

Els resultats obtinguts van indicar que l'expressié de TFPI-2 no va
resultar modificada en macrofags THP-1 després de I'exposicié a VLDL durant
24 h a cap de les concentracions estudiades (0-150 pg/ml). En canvi, el
tractament de macrofags THP-1 i macrofags humans derivats de monocits amb
trombina (10 U/ml durant 24 h) va incrementar aproximadament al doble
'expressio de mRNA de TFPI-2. L'especificitat de l'efecte inductor es va
demostrar amb la preincubacié amb inhibidors de trombina com la hirudina i

PPACK, que van bloquejar els efectes de la trombina en I'expressio de TFPI-2.

Per analitzar les vies implicades en la induccié de TFPI-2, es van emprar
diversos inhibidors farmacologics: els inhibidors de MEK1/2 U0126 i PD98059;
SP600125, un inhibidor de la JNK; un antagonista del receptor del factor de
creixement epidermic (EGF), AG1478; i inhibidors dels factors de transcripcio
NF-xB (parthenolide) i AP-1 (SR-11302). Els resultats van demostrar que la
trombina activava tant la via ERK1/2 com JNK (ja que incrementava la
fosforilacié d’aquestes ) i que aquests efectes mediaven la induccié de TFPI-2,
ja que aquesta es prevenia al pre-incubar els macrofags amb els corresponents
inhibidors. D'altra banda, la trombina va incrementar la fosforilacié d’lxBg en
macrofags THP-1, i el parthenolide va bloquejar completament la induccié de
TFPI-2 per trombina, el que indica que I'efecte esta mediat per I'activacié del
factor NF-«B.

També es va analitzar la implicaci6é de la cicloxigenasa 2 (COX-2) en la
induccié de TFPI-2 per trombina en macrofags. Els resultats obtinguts amb un

inhibidor de COX-2 (NS-398) van demostrar que l'increment en l'expressié de
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TFPI-2 causat per la trombina era independent de COX-2, ja que aquest agent

no va prevenir, sind que per si mateix va induir, I'expressio d’aquest gen.

Per ultim, vam voler estudiar si I'increment en I'expressié de TFPI-2 en
macrofags podia estar relacionat amb l'augment dels nivells dAMPc, com
succeeix en altres cel-lules vasculars. Els nostres resultats aixi ho indiquen, ja
que un tractament curt amb IBMX (un inhibidor de les fosfodiesterases que
incrementa els nivells intracel-lular d’AMPc) era capa¢ de provocar una

induccié de TFPI-2 de magnitud similar a la de la trombina.

En resum, el nostre treball va evidenciar que la trombina indueix
I'expressié de TFPI-2 en macrofags mitjangant un mecanisme mediat per AMPc
i que comporta l'activacié de les vies ERK1/2 i JNK, que comportaria al final
I'activacié de NF-«B. Fisioldbgicament, tenint en compte el paper de TFPI-2 com
a inhibidor de MMPs, la induccié d’aquest gen en macrofags podria representar
un mecanisme de prevencio per evitar una excessiva activacié d’aquests

enzims relacionada amb el procés inflamatori de I'aterosclerosi.
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Tissue factor pathway inhibitor 2 (TFPI2) is a serine protease inhibitor critical for the regulation of
extracellular matrix remodeling and atherosclerotic plaque stability. Previously, we demonstrated that TFPI2
expression is increased in monocytes from patients with familial combined hyperlipidemia (FCH). To gain
insight into the molecular mechanisms responsible for this upregulation, we examined TFPI2 expression in
THP-1 macrophages exposed to lipoproteins and thrombin. Our results showed that TFPI2 expression was not
affected by treatment with very low density lipoproteins (VLDL), but was induced by thrombin (10 U/ml) in

Keywords:

Hj/man macrophage THP-1 (1.9-fold increase, p<0.001) and human monocyte-derived macrophages (2.3-fold increase, p<0.005).
Lipoprotein The specificity of the inductive effect was demonstrated by preincubation with the thrombin inhibitors
Thrombin hirudin and PPACK, which ablated thrombin effects. TFPI2 induction was prevented by pre-incubation with

Tissue factor pathway inhibitor 2 MEK1/2 and JNK inhibitors, but not by the EGF receptor antagonist AG1478. In the presence of parthenolide,
an inhibitor of NF«B, but not of SR-11302, a selective AP-1 inhibitor, thrombin-mediated TFPI2 induction was
blunted. Our results also show that thrombin treatment increased ERK1/2, JNK and IkBa phosphorylation.
Finally, we ruled out the possibility that TFPI2 induction by thrombin was mediated by COX-2, as
preincubation with a selective COX-2 inhibitor did not prevent the inductive effect. In conclusion, thrombin
induces TFPI2 expression by a mechanism involving ERK1/2 and JNK phosphorylation, leading finally to NFkB
activation. In the context of atherosclerosis, thrombin-induced macrophage TFPI2 expression could represent

a means of avoiding excessive activation of matrix metalloproteases at sites of inflammation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

TFPI2 is a Kunitz-type serine protease inhibitor expressed in smooth
muscle cells, macrophages, T cells and endothelial cells [1]. It presents a
high degree of homology to TFPI1, an important regulator of the
extrinsic pathway of blood coagulation [2]. The physiological role of
TFPI2 has yet to be established, but it has been suggested that it is critical
for the regulation of extracellular matrix (ECM) remodeling, due to its
ability to inhibit plasmin and matrix metalloproteinases (MMP) [3]. As a
consequence, TFPI2 is involved in pathological processes such as tumor
invasion and metastasis dissemination [4], as well as in the regulation of
atherosclerotic plaque stability [1]. Moreover, although TFPI2 does not
directly inhibit thrombin, it reduces the conversion of prothrombin to
thrombin through inhibiting the formation of factor Xa by the tissue
factor-activated factor VII complex [5]. Therefore, TFPI2 is also involved
in the regulation of coagulation and fibrinolysis. Taken together, these
findings suggest that TFPI2 could play a role in the development and

* Corresponding author at: Unidad de Farmacologia, Facultad de Farmacia e Instituto
de Biomedicina (IBUB), Universidad de Barcelona, Diagonal 643, Barcelona E-08028,
Spain. Tel.: +34 93 4024531; fax: +34 93 4035982.
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progression of atherosclerotic lesions. In this respect, Crawley et al.
demonstrated increased TFPI2 expression in human atherosclerotic
coronary arteries compared with healthy vessels [6], while in advanced
atherosclerotic plaques TFPI2 expression was reduced [7]. In addition,
TFPI2 upregulation has been reported in vascular cells (endothelial cells,
smooth muscle cells) in response to several atherosclerosis-related
stimuli, such as inflammatory mediators [8], vascular endothelial
growth factor [9] or shear stress [10]. In these studies, the increase in
TFPI2 expression has been related to the inhibition of EC and SMC
proliferation, indicating that TFPI2 plays a beneficial antiangiogenic and
antiatherogenic role, and contributes to the control of cellular turnover
after vascular injury. However, the regulation of TFPI2 expression in
macrophages, key cells in atherosclerosis development, has not been
studied.

In a previous study using cDNA microarrays, we identified TFPI2 as
the most differentially expressed gene in monocytes from patients with
familial combined hyperlipidemia (FCH) compared to healthy controls
[11]. The expression of other related genes (TFPI1 or tissue factor) was
not altered in these samples. The objective of the present study was to
determine the expression of TFPI2 in human THP-1 macrophages after
stimulation with proatherogenic and proinflammatory stimuli, focusing
on the mechanisms involved in the upregulation of this gene caused by
thrombin exposure.
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2. Materials and methods

Cell culture reagents were obtained from Gibco, Invitrogen
Corporation (Paisley, UK), with the exception of fetal bovine serum
(PAA Laboratories, Pasching, Austria), 4-beta phorbol 12-beta myr-
istate 13-alpha acetate (PMA) and human AB serum, which were
purchased from Sigma-Aldrich (St. Louis, MO). Thrombin, lipopoly-
saccharide (Escherichia coli 0127:B8), U0126, PD98059, SP600125,
parthenolide and 3-isobutyl-1-methylxantine (IBMX) were also from
Sigma-Aldrich (St. Louis, MO). Hirudin was purchased from BioPur AG
(Bubendorf, Switzerland), and PPACK and AG1478 were from
Calbiochem (Merck KGaA, Darmstadt, Germany). Trizol reagent was
from Invitrogen Corporation (Paisley, UK). Antibodies were obtained
from Cell Signaling (Danvers, MA), except antibody against total IkBa,
which was from Santa Cruz Biotechnologies (Santa Cruz, CA) and
against TFPI2 (from Abcam, Cambridge, MA). Other general chemicals
were obtained from commercial sources and were of analytical grade.

2.1. Lipoproteins

Very low density lipoproteins (VLDL) were prepared from pooled
plasma samples obtained from anonymous healthy donors (Hospital
Clinic, Barcelona) by sequential ultracentrifugation as previously
described [12]. Lipoproteins were dialyzed against phosphate saline
buffer at 4 °C in the darkness, and their protein concentration was
assessed by the method of Bradford [13], using bovine serum albumin as
a standard. Lipoproteins were tested for possible endotoxin contami-
nation using a LAL kit (GenScript), stored at 4 °C and used within
15 days after preparation.

2.2. THP-1 macrophages

THP-1 cells were obtained from the European Collection of Cell
Cultures (ECACC), and maintained in RPMI 1640 medium (with
25 mM Hepes Buffer, supplemented with 10% fetal bovine serum, 1%
L-glutamine 200 mM, 100 U/ml penicillin and 100 pg/ml streptomycin)
at 37 °C in 5% CO,. Differentiation of monocytes to macrophages was
achieved by exposing the cells to 50 ng/ml PMA for 24 h.

2.3. Isolation and culture of peripheral blood mononuclear cells derived
macrophages

Buffy coat preparations were obtained from the Banc de Sang i
Teixits after approval by the Ethical Comitee of Clinical Investigation
(CEIC) of Vall d'Hebron Universitary Hospital (Barcelona). 4 ml of buffy
coat was diluted with 5 ml of PBS, layered onto 6 ml of Ficoll and
peripheral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation. Mononuclear cells were resuspended in RPMI
medium (supplemented with 1% heat inactivated human AB serum, 1%
L-glutamine 200 mM, 2% sodium pyruvate, 1% non essential fatty acids,
100 U/ml penicillin and 100 pg/ml streptomycin), plated in tissue
culture dishes and placed in a 37 °Cincubator for 2 h to allow adherence
to take place [11]. Nonadherent cells were removed by washing with
PBS, and adherent monocytes were incubated for 24 h in complete RPMI
medium with 10% heat inactivated human serum. After 24 h, monocytes
were washed with PBS and medium was replaced by macrophage-
serum free medium (Invitrogen Corp, CA) with 100 U/ml penicillin
100 pg/ml streptomycin and 2 mM L-glutamine. Cells were cultured for
8 days with fresh addition of media every 3 days until complete
differentiation to macrophages was achieved.

2.4. Cell treatments
Macrophages were then washed three times with PBS and incubated
for 24 h with VLDL (0-150 pg/ml), or with thrombin at the usual

concentration range used in macrophages (0-10 U/ml) [14,15]. For the
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experiments involving chemical inhibitors, they were disolved in DMSO
and used to pretreat the cells for 30 min followed by thrombin
stimulation. Controls were pretreated with DMSO for 30 min. The
concentrations of inhibitors used in the present study did not affect cell
viability as evaluated by MTT assay.

2.5. RNA extraction, cDNA synthesis and TaqgMan real-time PCR

Total RNA was extracted using the Trizol reagent. RNA quantity was
assessed by Nanodrop, and cDNA was synthesized by mixing 0.5 g of
total RNA, 125 ng of random hexamers in the presence of 75 mM Kdl,
3 mM MgCl,, 10 mM dithiothreitol, 200 U Moloney murine leukemia
virus reverse transcriptase, 20 U RNAsin, 0.5 mM of each dNTP (Sigma),
and 50 mM Tris-HCl buffer (pH 8.3). Samples were incubated at 37 °C
for 60 min. Quantitative Tagman PCR was performed with ABI Prism
7700 sequence detector, according to the manufacturer's instructions.
Reactions (20 pl) containing 9 pl of cDNA, primer/probe pairs for TFPI2
(Hs00197918_m1), obtained from Assay-on-demand™ (Applied Bio-
systems, Foster City, USA) and TagMan Universal PCR Master Mix
solution (Applied Biosystems, Foster City, USA), were run in duplicate. A
threshold cycle value (Ct) was obtained for each amplification plot. As
an internal control, primers for glyceraldehyde-3-phosphate dehydro-
genase, GAPDH (Hs99999905_m1) were amplified in parallel with the
genes of interest. Sequence detector software (S.D.S. 1.9.1) was used for
data analysis. After normalization of Ct values to the reference gene
GAPDH, the relative expression ratio for each gene was calculated from
ACt values (based on the difference between the mean Ct of the sample
and the corresponding control) and converted to linear expression
values by the formula 2°2,

2.6. Western blot analysis

Protein extracts (40pg) from control and treated cells were
subjected to 10 % SDS-polyacrylamide gel electrophoresis. Proteins
were then transferred to Immobilon polyvinylidene difluoride transfer
membranes (Millipore, Bedford, MA). In some experiments, superna-
tants from THP-1 macrophages cultured with or without thrombin and
concentrated using Amicon Ultra 10K filter units (Millipore) were used.
The membranes were blocked for 1 h at room temperature in phosphate
saline buffer containing 0.1% Tween 20 (PBST) in the presence of 5%
bovine serum albumin (BSA) and immunological detection was
performed using a primary rabbit polyclonal antibody raised against
P-ERK (dilution 1:1,000), total ERK (dilution 1:1,000), P-JNK (dilution
1:500), total JNK (dilution 1:1,000), P-IBa (dilution 1:1,000), total
IkBax (dilution 1:200) or TFPI2 (dilution 1:350). After several washes,
blots were incubated with an appropriate secondary antibody, and
detection was achieved using the enhanced chemiluminescence (ECL)
detection system (Amersham Bioscience). Blots were also incubated
with a monoclonal antibody raised against B-actin used as a control of
equal protein loading. Size of detected proteins was estimated using
protein molecular-mass standards (Invitrogen). Chemoluminescence
was detected using a Chemidoc XRS (BioRad), and densitometric
analysis was performed by Quantity One® software. Each band was
quantified and normalized to (3-actin signal. Protein levels are expressed
as percentage of controls (100%).

2.7. Statistical analysis

Data are presented as mean <+ standard deviation. An analysis of
variance (ANOVA), combined with a posteriori test, was used to
evaluate the statistical significance of the differences. The computer
program GraphPad Instat was used for the calculations, and values of
p<0.05 were considered to be significant.
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3. Results
3.1. Divergent effects of lipoproteins and thrombin on TFPI2 expression

The change in TFPI2 expression observed in monocytes from subjects
suffering FCH could be a cellular response to the chronic exposure of the
cells to a proatherogenic, proinflammatory or prothrombotic environ-
ment [11]. As FCH is thought to be caused primarily by VLDL
overproduction [16], we first determined TFPI2 expression in human
THP-1 macrophages treated with these lipoproteins. As shown in
Fig. 1A, the expression of TFPI2 was not altered after treatment of
macrophages with VLDL (0-150 pg/ml). Next, we determined the effect
of thrombin, as it has been reported that thrombin induces the
expression of this gene in hepatic cells [17]. Our results show that
thrombin induced TFPI2 mRNA levels in THP-1 macrophages in a dose
dependent manner, reaching statistical significance at 5 U/ml and
maximal effect (1.9-fold increase, p<0.001) at a dose of 10 U/ml
(Fig. 1B). The increase could be observed after 24 h but not after short
periods (4h) of incubation with this concentration of thrombin
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(Fig. 1C). Consistent with the increase in mRNA levels, western blot
analysis showed increased TFPI2 protein expression in THP-1 macro-
phages treated with 10 U/ml thrombin for 24 h (Fig 1D).

To confirm that TFPI2 induction was thrombin-specific, we incubat-
ed the cells with the thrombin inhibitors hirudin (10 U/ml) and PPACK
(1 uM) before adding thrombin. Our results show that both agents
prevented the inductive effect of thrombin on TFPI2 while by
themselves they did not exert any effect on TFPI2 expression (Fig. 1E).

To further evaluate physiological relevance, results were confirmed
in human monocyte-derived macrophages. Consistent with the findings
in THP-1 macrophages, treatment of human monocyte-derived macro-
phages with thrombin (10 U/ml) for 24 h increased TFPI2 mRNA levels
2.3-fold (p<0.05) (Fig. 1F).

3.2. MAPK inhibitors, but not an EGF receptor antagonist, prevent
thrombin-related TFPI2 mRNA increase

In order to determine the signaling pathways involved in TFPI2
upregulation by thrombin, we pretreated THP-1 macrophages with
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Fig. 1. Effects of VLDL and thrombin on TFPI2 mRNA. THP-1 macrophages were incubated with VLDL (A) or thrombin (B) for 24 h at different concentrations as indicated, or with
10 U/ml of thrombin for 4 and 24 h (C), and the mRNA levels of TFPI2 were evaluated by real-time PCR. (D) TFPI2 protein levels in the supernatant of THP-1 macrophages exposed or
not to thrombin (10 U/ml, 24 h). Arrows indicate three different glycosylated forms of TFPI2. Equal protein loading was confirmed by red ponceau staining. (E) Effects of
preincubation with the thrombin inhibitors hirudin (10 U/ml) and PPACK (1 uM) on thrombin-induced TFPI-2 expression. (F) Effect of treatment with thrombin (10 U/ml, 24 h) on
TFPI2 expression in human monocyte-derived macrophages. Data were normalized by GAPDH mRNA levels. Results are the mean+S.E.M of four independent experiments

performed in duplicate. (**p<0.01, ***p<0.001 vs control; **¥p<0.001 vs thrombin).
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several inhibitors of key signaling MAP kinases: U0126, a MEK1/2
inhibitor, PD98059, which preferentially inhibits MEK1, and SP600125,
an inhibitor of JNK. As shown in Fig. 2A, all these agents prevented the
thrombin-induced rise in TFPI2 mRNA expression, while preincubation
with the EGF receptor antagonist AG1478 did not affect thrombin-
induced TFPI2 expression.

To confirm that the effect of thrombin on TFPI2 expression is
mediated by the MAPK pathways, we examined the phosphorylation
of ERK and JNK after treatment of macrophages with thrombin, using
western blot analysis. Our results show that both kinases are activated
by thrombin in a time-dependent manner, with maximal effects
observed at 15-30 min (Fig. 2B and C).

3.3. NF-kB but not AP-1 pathway is involved in thrombin induced TFPI2
expression

It has been reported that thrombin activates NF<B and AP-1 in THP-1
macrophages [15]. Therefore, we tested whether the induction of TFPI2
by thrombin in these cells was mediated through the activation of any of
these transcription factors by using parthenolide, an inhibitor of NF<B
[18] or SR-11302, a selective AP-1 inhibitor [19]. In the presence of
parthenolide, but not of SR-11302, the thrombin-mediated induction of
TFPI2 was blunted (Fig. 3A). This demonstrates that thrombin increases
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TFPI2 mRNA levels through a mechanism involving NF-«B activation.
Using immunoblot analysis we also show here that thrombin increases
IkBa phosphorylation at 15 min, and phosphorylated IkBa levels
remain high up to 60 min after treatment (Fig. 3B).

3.4. Treatment with a COX-2 inhibitor enhances the effect of thrombin on
TFPI2 mRNA levels

In hepatic cells, TFPI2 induction by thrombin was COX-2-
dependent [17]. Therefore, we first determined whether thrombin
could stimulate COX-2 expression in THP-1 macrophages. Our results
(Fig. 4A) indicate that thrombin upregulated COX-2 mRNA, an
inductive effect that was prevented by ERK1/2 and JNK inhibitors,
similar to TFPI2 induction. In addition, COX-2 mRNA increase was also
prevented by preincubation with the EGF receptor antagonist
AG1478. Moreover, COX-2 expression was also induced by thrombin
in human monocyte-derived macrophages (Fig. 4B). In order to
determine whether TFPI2 induction by thrombin was mediated by
COX-2, we treated the cells with a COX-2 inhibitor (NS-398). Our
results showed that this compound increased TFPI2 expression by 2-
fold (p<0.001), an effect that was cumulative to that of thrombin,
resulting in a 3-fold induction when both agents were present
(p<0.001 vs thrombin or NS-398 alone, Fig. 4C). Adding prostaglandin
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Fig. 2. ERK1/2 and JNK inhibitors, but not an EGFR antagonist, prevent TFPI2 induction by thrombin. (A) Analysis of TFPI2 mRNA levels in THP-1 macrophages incubated with thrombin
alone or combined with U0126 (10 uM) PD98059 (50 puM), SP600125 (10 uM), or AG1478 (0.5 uM) for 24 h. The inhibitors were added 30 min before thrombin. TFPI2 mRNA levels
were evaluated by real-time PCR, and data were normalized by GAPDH mRNA levels. Graphs represent the mean + S.E.M of six independent experiments performed in duplicate
(*p<0.05 vs control; “p<0.05 and **#p<0.001 vs thrombin). (B and C) Phosphorylation of ERK1/2 and JNK in THP-1 macrophages after incubation with thrombin for different times as
indicated. Equal amounts of total protein (40 pg) were resolved, electrotransferred, and probed for phosphorylated and total ERK1/2, phosphorylated and total JNK, and B-actin.
Graphs represent the mean 4 S.E.M of three independent experiments performed in triplicate (**p<0.01, ***p<0.001 vs control). A representative autoradiography is included.
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Fig. 3. NF«B is involved in TFPI2 induction by thrombin. (A) Analysis of TFPI2 mRNA levels
in THP-1 macrophages incubated with thrombin alone or combined with parthenolide
(10 uM) or SR-11302 (1 puM). The inhibitors were added 30 min before thrombin. TFPI2
mRNA levels were evaluated by real-time PCR, and data were normalized by GAPDH mRNA
levels. The graph represents the mean4S.EM of four independent experiments
performed in duplicate (***p<0.001 vs control, “*p<0.001 vs thrombin). (B) Western
blot of the total and phosphorylated forms of 1B in THP-1 macrophages after incubation
with thrombin for different times as indicated. Equal amounts of total protein (40 nug) were
resolved, electrotransferred, and probed for phosphorylated and total I«B, and [>-actin.
Graph represents the mean+SEM of three independent experiments performed in
triplicate (*p<0.05, **p<0.01 vs control). A representative autoradiography is included.

E2 to the cells did not reverse, but rather potentiated, the inductive
effect of NS-398 on TFPI2 expression (4.8-fold increase p<0.001 vs
NS-398, Fig. 4C). Moreover, treatment with prostaglandin E2 or with
the cAMP-raising agent IBMX also induced TFPI2 expression (4-fold
and 2-fold, respectively, p<0.001, Fig. 4D-E).

4. Discussion

TFPI2 may play an important role in atherosclerosis development
|6,7]. Here, we demonstrate that thrombin upregulates TFPI2 expression
in macrophages by a mechanism involving the MAP kinases ERK and
JNK, linked to NF«B activation.

Previous results obtained by our research group indicates that TFPI2
could be one of the genes regulated by high lipoprotein levels, as its
mRNA expression was markedly increased in monocytes from patients
with FCH [11]. Overproduction and increased plasma VLDL levels are
one of the main characteristics of FCH, but our results showed that
treatment of THP-1 macrophages with increasing concentrations of
VLDL did not induce TFPI2 expression. It is widely recognized that FCH is
characterized not only by an atherogenic lipoprotein profile, but also by
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low-grade inflammation [20] and a prothrombotic phenotype [21].
Thrombin exerts powerful inflammatory effects on vascular cells,
including monocytes and macrophages, and these effects are related
to atherosclerosis development [22]. Moreover, it has been reported
that thrombin induces TFPI2 expression in human liver myofibroblasts
[17]. Therefore, we studied the effects of thrombin on TFPI2 expression
in THP-1 and human monocyte-derived macrophages, showing an
inductive effect. Preincubation with the thrombin inhibitors PPACK and
hirudin prevented TFPI2 induction in THP-1 macrophages, demonstrat-
ing that the effect was thrombin-specific and not attributable to LPS
impurities [23].

ERK1/2 activation is one of the most common events in thrombin
signaling in vascular cells, and it is involved in thrombin-induced COX-2
expression in murine macrophages [24]. In human liver myofibroblasts,
TFPI2 upregulation is also ERK1/2-dependent, but independent of EGF
receptor [17]. Our results also show that thrombin-induced TFPI2
expression involves the ERK1/2 pathway, as the induction was
prevented by both U0126 and PD98059, and phosphorylation of these
kinases was increased by thrombin treatment. Although transactivation
of EGFR has been reported as a common event in thrombin signaling, our
results showed that blocking this receptor did not affect TFPI2 induction.
In contrast, COX-2 expression was induced by thrombin in our model by
a mechanism that is dependent on EGFR transactivation.

Thrombin-mediated induction of TFPI2 is not only dependent on
ERK1/2, but also on JNK activity, as the effect is prevented by
preincubation with SP600125. Moreover, we observed that thrombin
induced JNK phosphorylation after 15-30 min. Although the ERK1/2
and JNK pathways are essential for the activation of the transcription
factor AP-1 [25], the three AP-1 binding sites identified in the TFPI2
promoter are involved in the negative control, but not in the induction of
TFPI2 gene expression [26]. In consequence, inhibition of AP-1 by SR-
11302 did not affect TFPI2 induction by thrombin. In contrast, the
binding sites for the transcription factor NF-<B present in the TFPI2 gene
promoter are crucial for its induction [26]. Accordingly, we observed
that preincubation with the NF-B inhibitor parthenolide prevented the
increase in TFPI2 expression. In support of NF-kB involvement, we
observed that thrombin induced IkB phosphorylation in THP-1
macrophages, an effect that has already been reported in a murine
macrophage cell line [14]. IkB may be phosphorylated by IkB kinase,
which is activated in turn by a number of kinases, including ERK1 [27].
Taken together, our results suggest that thrombin induces TFPI2
expression through ERK1/2 and JNK phosphorylation linked to NF«<B
activation, independently of EGF receptor transactivation.

Since in hepatic myofibroblasts thrombin-induced TFPI2 expression
is also mediated through COX-2 [17], we decided to explore the
involvement of this pathway in our model. In our case, pre-incubation of
macrophages with the selective COX-2 inhibitor NS-398 did not prevent
the inductive effect of thrombin on TFPI2 expression, suggesting that it
was COX-2 independent. In fact, NS-398 itself upregulated TFPI2
expression by a mechanism that was COX-2 independent, as the
induction was not reverted, but rather potentiated, by adding PGE, to
the cells. PGE; may modulate gene expression through Gs proteins and
cAMP induction [28]. Interestingly, the increase in cAMP production
caused by PGE; is potentiated by NS-398 in renal cells [29], and a parallel
increase in cAMP and TFPI2 levels after PGE, treatment has been
described in endometrial stromal cells [30]. cAMP has been shown to be
involved in thrombin signaling in vascular cells [31], and our results
indicate that treatment of THP-1 macrophages with IBMX, which raises
intracellular cAMP by inhibiting phosphodiesterases, induces TFPI2
expression to a similar degree as thrombin. Therefore, we could
speculate that thrombin may induce TFPI2 in macrophages by a
cAMP-related mechanism, and NS-398 would potentiate this effect.

The consequences of TFPI2 induction in macrophages may affect the
development of the lesion itself, either by effects on the extracellular
matrix or on surrounding cells. As previously commented, most of these
effects are considered as anti-atherogenic. For example, one of the major
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Fig. 4. (A) Thrombin induces COX-2 expression in THP1 macrophages. Analysis of COX-2 mRNA levels in THP-1 macrophages incubated with thrombin alone or combined with
U0126 (10 uM) PD98059 (50 uM), SP600125 (10 uM), or AG1478 (0.5 uM) for 24 h. The inhibitors were added 30 min before thrombin. COX-2 mRNA levels were evaluated by real-

time PCR, and data were normalized by GAPDH mRNA levels. The graph represents the mean + S.E.M of six independent experiments performed in duplicate (
p<0.001 vs thrombin). (B) Effect of treatment with thrombin (10 U/ml, 24 h) on COX-2 expression in human monocyte-derived macropahges. (C, D) Effects of a COX-2 inhibitor
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and PGE; on thrombin-induced TFPI2 expression. Analysis of TFPI2 mRNA levels in THP-1 macrophages incubated with thrombin, NS-398 (5 uM), PGE; (1 uM) or combinations. (E)
Effects of IBMX treatment on TFPI2 expression. TFPI2 mRNA levels were evaluated by real-time PCR, and data were normalized by GAPDH mRNA levels. The graph represent the
mean + S.E.M of six independent experiments performed in duplicate (*p<0.05 and ***p<0.001 vs control, ** p<0.001 vs thrombin).

roles of TFPI-2 in vivo is plasmin and MMPs inhibition, which may inhibit
ECM degradation and increase atherosclerotic plaque stability [6]. Very
recently, it has been proposed that TFPI2 may also play an antiathero-
genic role by promoting macrophage apoptosis [32]. Therefore, the
induction of TFPI2 expression by thrombin could represent a physiolog-
ical negative feedback regulatory mechanism triggered to avoid
excessive MMP activity and limit lesion cellularity in atherosclerotic
lesions. Further studies are required to unravel the relationship between
TFPI2 and thrombin in the context of atherosclerosis progression.

Acknowledgements

We would like to thank the Language Advice Service of the
University of Barcelona for helpful assistance.

Financial support: This study was partly supported by grants FIS
2007-0875, 2009SGR0413, 2010SAF-15664 Fundacié Privada Catalana
de Nutrici6 i Lipids, Spanish Pharmacology Society and European

114

Community FEDER funds. Alba Rebollo was supported by a grant from
ISCIIL

References

[1] C.Zawadzki, N. Chatelain, M. Delestre, S. Susen, B. Quesnel, F. Juthier, E. Jeanpierre,
R. Azzaoui, D. Corseaux, J. Breyne, G. Torpier, B. Staels, B.E. Van, B. Jude, Tissue
factor pathway inhibitor-2 gene methylation is associated with low expression in
carotid atherosclerotic plaques, Atherosclerosis 204 (2009) e4-e14.

S. Siegling, E. Thyzel, J. Glahn, K. Kleesiek, C. Gotting, Analysis of sequence
variations in the promoter region of the human tissue factor pathway inhibitor
2 gene in apoplectic patients and blood donors, Ann. Hematol. 85 (2006)
32-37.

H.S. Chand, D.C. Foster, W. Kisiel, Structure, function and biology of tissue factor
pathway inhibitor-2, Thromb. Haemost. 94 (2005) 1122-1130.

E. Sierko, M.Z. Wojtukiewicz, W. Kisiel, The role of tissue factor pathway inhibitor-
2 in cancer biology, Semin. Thromb. Hemost. 33 (2007) 653-659.

L.C. Petersen, C.A. Sprecher, D.C. Foster, Inhibitory properties of a novel human
Kunitz-type protease inhibitor homologous to tissue factor pathway inhibitor,
Biochemistry 35 (1996) 266-272.

2

3

[4

(5



1260

RESULTATS

J. Pou et al. / Biochimica et Biophysica Acta 1813 (2011) 1254-1260

[6] J.T. Crawley, D.A. Goulding, V. Ferreira, N.J. Severs, F. Lupu, Expression and

[7

[8

[9

localization of tissue factor pathway inhibitor-2 in normal and atherosclerotic
human vessels, Arterioscler. Thromb. Vasc. Biol. 22 (2002) 218-224.

T. Higashikata, M. Yamagishi, T. Higashi, I. Nagata, K. lihara, S. Miyamoto, H.
Ishibashi-Ueda, N. Nagaya, T. Iwase, H. Tomoike, A. Sakamoto, Altered expression
balance of matrix metalloproteinases and their inhibitors in human carotid plaque
disruption: results of quantitative tissue analysis using real-time RT-PCR method,
Atherosclerosis 185 (2006) 165-172.

M. lino, D.C. Foster, W. Kisiel, Quantification and characterization of human
endothelial cell-derived tissue factor pathway inhibitor-2, Arterioscler. Thromb.
Vasc. Biol. 18 (1998) 40-46.

Z.Xu, D. Maiti, W. Kisiel, E.J. Duh, Tissue factor pathway inhibitor-2 is upregulated by
vascular endothelial growth factor and suppresses growth factor-induced prolifer-
ation of endothelial cells, Arterioscler. Thromb. Vasc. Biol. 26 (2006) 2819-2825.

[10] J. Ekstrand, A. Razuvaev, L. Folkersen, ]. Roy, U. Hedin, Tissue factor pathway

(11]

(12]

[13]

[14]

(15]

[16]

(17]

(18]

inhibitor-2 is induced by fluid shear stress in vascular smooth muscle cells and
affects cell proliferation and survival, J. Vasc. Surg. 52 (2010) 167-175.

G. Llaverias, J. Pou, E. Ros, D. Zambon, M. Cofan, A. Sanchez, M. Vazquez-Carrera, R.M.
Sanchez, ].C. Laguna, M. Alegret, Monocyte gene-expression profile in men with
familial combined hyperlipidemia and its modification by atorvastatin treatment,
Pharmacogenomics 9 (2008) 1035-1054.

G. Llaverias, M. Jove, M. Vazquez-Carrera, R.M. Sanchez, C. Diaz, G. Hernandez, J.C.
Laguna, M. Alegret, Avasimibe and atorvastatin synergistically reduce cholesteryl
ester content in THP-1 macrophages, Eur. J. Pharmacol. 451 (2002) 11-17.

M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248-254.

K.W. Kang, S.Y. Choi, MK. Cho, CH. Lee, S.G. Kim, Thrombin induces nitric-oxide
synthase via Galphal2/13-coupled protein kinase C-dependent I-kappaBalpha
phosphorylation and JNK-mediated I-kappaBalpha degradation, J. Biol. Chem. 278
(2003) 17368-17378.

L. Zheng, M. Martins-Green, Molecular mechanisms of thrombin-induced
interleukin-8 (IL-8/CXCL8) expression in THP-1-derived and primary human
macrophages, J. Leukoc. Biol. 82 (2007) 619-629.

S. Venkatesan, P. Cullen, P. Pacy, D. Halliday, J. Scott, Stable isotopes show a direct
relation between VLDL apoB overproduction and serum triglyceride levels and
indicate a metabolically and biochemically coherent basis for familial combined
hyperlipidemia, Arterioscler. Thromb. 13 (1993) 1110-1118.

V. Neaud, ].G. Duplantier, C. Mazzocco, W. Kisiel, ]. Rosenbaum, Thrombin up-
regulates tissue factor pathway inhibitor-2 synthesis through a cyclooxygenase-
2-dependent, epidermal growth factor receptor-independent mechanism, J. Biol.
Chem. 279 (2004) 5200-5206.

S.P. Hehner, M. Heinrich, P.M. Bork, M. Vogt, F. Ratter, V. Lehmann, K. Schulze-
Osthoff, W. Droge, M.L. Schmitz, Sesquiterpene lactones specifically inhibit

115

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

activation of NF-kappa B by preventing the degradation of I kappa B-alpha and I
kappa B-beta, ]. Biol. Chem. 273 (1998) 1288-1297.

A. Fanjul, MLL. Dawson, P.D. Hobbs, L. Jong, ].F. Cameron, E. Harlev, G. Graupner, X.P.
Lu, M. Pfahl, A new class of retinoids with selective inhibition of AP-1 inhibits
proliferation, Nature 372 (1994) 107-111.

A.E. Ter, S. Holewijn, S.J. Bredie, A.F. Stalenhoef, J. de Graaf, Remnant particles are
the major determinant of an increased intima media thickness in patients with
familial combined hyperlipidemia (FCH), Atherosclerosis 191 (2007) 220-226.
AM. Georgieva, H.T. Cate, E.T. Keulen, O.R. Van, J.W. Govers-Riemslag, K.
Hamulyak, CJ. van der Kallen, M.M. Van Greevenbroek, T.W. De Bruin,
Prothrombotic markers in familial combined hyperlipidemia: evidence of
endothelial cell activation and relation to metabolic syndrome, Atherosclerosis
175 (2004) 345-351.

K. Croce, P. Libby, Intertwining of thrombosis and inflammation in atherosclerosis,
Curr. Opin. Hematol. 14 (2007) 55-61.

M. Xue, M.D. Hollenberg, V.W. Yong, Combination of thrombin and matrix
metalloproteinase-9 exacerbates neurotoxicity in cell culture and intracerebral
hemorrhage in mice, ]. Neurosci. 26 (2006) 10281-10291.

H.M. Lo, C.L. Chen, Y.J. Tsai, P.H. Wu, W.B. Wu, Thrombin induces cyclooxygenase-
2 expression and prostaglandin E2 release via PAR1 activation and ERK1/2- and
p38 MAPK-dependent pathway in murine macrophages, J. Cell. Biochem. 108
(2009) 1143-1152.

D.W. Hommes, M.P. Peppelenbosch, SJ. van Deventer, Mitogen activated protein
(MAP) kinase signal transduction pathways and novel anti-inflammatory targets,
Gut 52 (2003) 144-151.

F. Hube, P. Reverdiau, S. lochmann, C. Cherpi-Antar, Y. Gruel, Characterization and
functional analysis of TFPI-2 gene promoter in a human choriocarcinoma cell line,
Thromb. Res. 109 (2003) 207-215.

M. Karin, M. Delhase, JNK or IKK, AP-1 or NF-kappaB, which are the targets for
MEK kinase 1 action? Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 9067-9069.

S.G. Harris, J. Padilla, L. Koumas, D. Ray, R.P. Phipps, Prostaglandins as modulators
of immunity, Trends Immunol. 23 (2002) 144-150.

R. Nasrallah, O. Laneuville, S. Ferguson, R.L. Hebert, Effect of COX-2 inhibitor NS-
398 on expression of PGE2 receptor subtypes in M-1 mouse CCD cells, Am. ].
Physiol. Renal Physiol. 281 (2001) F123-F132.

R. Butzow, V.P. Lehto, O. Ritvos, T. Ranta, M. Seppala, Regulation of the production
of placental protein 5 by human endometrial stromal cells; the role of
prostaglandins E2 and F2 alpha, Mol. Cell. Endocrinol. 60 (1988) 137-143.

L. Martorell, J. Martinez-Gonzalez, ]. Crespo, O. Calvayrac, L. Badimon, Neuron-
derived orphan receptor-1 (NOR-1) is induced by thrombin and mediates
vascular endothelial cell growth, ]. Thromb. Haemost. 5 (2007) 1766-1773.

[32] JJ. Pan, H.M. Shi, X.P. Luo, D. Ma, Y. Li, J. Zhu, W. Liang, ].G. My, J. Li, Recombinant

TFPI-2 enhances macrophage apoptosis through upregulation of Fas/FasL, Eur. J.
Pharmacol. 654 (2011) 135-141.






IV

Type Il Interleukin-1 receptor expression is
reduced in monocytes/macrophages and

atherosclerotic lesions

Jordi Pou, Alba Rebollo, José Martinez-Gonzalez, Cristina Rodriguez,
Ricardo Rodriguez-Calvo, Paula Martin-Fuentes, Ana Cenarro, Fernando

Civera, Juan C. Laguna, Marta Alegret

BBA — Molecular and Cell Biology of Lipids (acceptat, en premsa)






RESULTATS

L'objectiu d'aquest treball va ser analitzar la regulacié de I'expressié del
receptor tipus Il de la interleucina-1 (IL-1R2) en mondcits i macrofags sotmesos

a condicions pro-aterogeniques, i en lesions aterosclerotiques humanes.

En primer lloc, varem comprovar que la reduccié dels nivells de mRNA
d’'IL-1R2 observada en monodcits de pacients amb HFC (Llaverias i col,
Pharmacogenomics, 9 (8): 1035-1054, 2008) es produia també a nivell de
I'expressio proteica d’aquests receptors, mentre que I'expressid del receptor
funcional IL-1R1 no va resultar modificada. A continuacid, i emprant la linia de
monocits THP-1 diferenciats a macrofags, vam determinar l'efecte de
I'exposicidé d’aquestes cel-lules a concentracions creixents de lipoproteines pro-
aterogeniques (LDL acetilades i VLDL) sobre I'expressié dels esmentats
receptors. Els nostres resultats van indicar que tant els nivells de mRNA com
de proteina d'IL-1R2 resultaven reduits en macrofags THP-1 després de la

incubacié amb aquestes lipoproteines.

Els efectes de les lipoproteines sobre I'expressié d’IL-1R2 semblen
relacionar-se amb la seva capacitat d’induir 'acumulacié de lipids en els
macrofags, ja que van ser revertits per agents que interfereixen amb aquests
processos. Aixi, la cloroquina (inhibidor del processament lisosomal de
lipoproteines) i l'orlistat (inhibidor de I'activitat LPL i de I'acumulacié de TG
induida per VLDL) van evitar la reduccié de I'expressié d’'IL-1R2 produida per

LDL acetilades o per VLDL, respectivament.

Atés que IL-1R2 actua com a regulador negatiu de l'activitat de la IL-1,
vam voler determinar si la menor expressié d’aquest receptor podria facilitar
I'establiment d’'una resposta inflamatoria mitjangada per IL-1 en els macrofags.
Quan s’activa aquesta via, la proteina IRAK-1 és hiperfosforilada i vehiculitzada
al proteasoma per la seva degradacié. En el nostre estudi varem comprovar
que el tractament amb lipoproteines revertia I'increment en I'expressié d'IL-1R2
observat després de I'estimulaci6 amb LPS, un dels activadors de la via d’IL-1.
D’altra banda, la pre-incubaci6 amb LDL acetilada i amb VLDL revertia

'increment de la forma fosforilada d’IRAK-1 induit per LPS, perd també en
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reduia I'expressio total, suggerint que les lipoproteines faciliten la degradacié al

proteasoma d’aquest component de la via de senyalitzacio d’IL-1.

Per ultim, la rellevancia de la reduccié d’IL-1R2 en el procés
aterosclerotic es va evidenciar per la marcada reduccié dels nivells proteics
d'lL-1R2 en arteries amb lesions aterosclerotiques, al comparar-los amb

artéries sanes.
En resum, els resultats obtinguts permeten pensar que la reduccié de

I'expressio d'IL-1R2 podria facilitar la senyalitzacié per IL-1 i I'establiment d’'una

reaccié inflamatoria que contribuiria al desenvolupament de |'aterosclerosi.
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Abstract

Type Il interleukin-1 receptor (IL-1R2) is a non-signalling decoy receptor that negatively
regulates the activity of interleukin-1 (IL-1), a pro-inflammatory cytokine involved in
atherogenesis. In this article we assessed the relevance of IL-1R2 in atherosclerosis by studying
its expression in monocytes from hyperlipidemic patients, in THP-1 macrophages exposed to
lipoproteins and in human atherosclerotic lesions. Our results showed that the mRNA and
protein expression of IL-1R2 was reduced in monocytes from patients with familial combined
hyperlipidemia (-30%, p<0.05). THP-1 macrophages incubated with increasing concentrations
of acetylated low density (ac-LDL) and very low density (VLDL) lipoproteins also exhibit a
decrease in IL-1R2 mRNA and protein levels. Pre-incubation with agents that block
intracellular accumulation of lipids prevent the decrease in IL-1R2 mRNA caused by
lipoproteins. Lipoproteins also prevented the increase in IL-1R1 and IL-1R2 caused by a 4-h
stimulation with LPS and reduced protein expression of total and phosphorylated IL-1 receptor-
associated kinase-1. Finally, IL-1R2 expression in human atherosclerotic vessels was markedly
lower than in non-atherosclerotic arteries (-80%, p<0.0005). Overall, our results suggest that
under atherogenic conditions, there is a decrease in IL-1R2 expression in

monocytes/macrophages and in the vascular wall that may facilitate IL-1 signaling.

Keywords: monocytes; THP-1 macrophages; lipoproteins; interleukin-1 receptors;

atherosclerosis.
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1. Introduction

There is increasing evidence that inflammation plays an important role in the development and
progression of atherosclerosis. One of the key components of the inflammatory response is
interleukin-1 (IL-1), a multifunctional cytokine secreted by monocytes/macrophages,
polymorphonuclear neutrophils, and vascular endothelial and smooth muscle cells (VSMC).
Several studies have suggested a crucial role for IL-1 in the atherosclerotic process [1]. IL-1a
and P facilitate lesion formation even in its earliest stages, by increasing leukocyte adhesion and
transmigration. It has also been suggested that IL-1 is involved in foam cell and fatty streak
lesion formation [2].

IL-1 signaling is initiated by the binding of IL-1a or IL-1f to the type I IL-1 receptor (IL-1R1),
a 80-kDa receptor that possesses a characteristic cytosolic Toll-IL-1R (TIR) domain. Following
IL-1 binding, the IL-1 receptor accessory protein (IL-1RacP) is recruited to form a high affinity
complex that mediates signaling via the adaptor protein MyD88. This triggers phosphorylation
of the IL-1 receptor—associated kinase (IRAK) 4, which subsequently phosphorylates IRAK1
and IRAK?2, allowing interaction with the downstream adaptor tumor necrosis factor receptor
associated factor-6 (TRAF-6), finally leading to activation of the transcription factor NF-kB [3].
IL-1 activity is tightly regulated at multiple levels to avoid the detrimental effects of prolonged
activation. Type II IL-1 receptor (IL-1R2) inhibits IL-1 activity by a variety of mechanisms [4].
First, membrane IL-1R2 functions as a non-signaling receptor and reduces IL-1 activity by
acting as a ligand sink that subtracts IL-1 from the signaling type I receptor. Second, once
bound to IL-1, IL-1R2 can function as a decoy receptor as it recruits IL-1RAcP, diminishing its
ability to form a complex with IL-1R1. Third, the low binding affinity of IL-1R2 for the
endogenous antagonist IL-1Ra allows these molecules to function in a synergistic fashion.
Finally, soluble IL-1R2 (sIL-1R2) binds IL-1 in the microenvironment, diverting it from
interaction with IL-1R 1, and thus represents another mechanism by which excessive IL-1

bioactivity can be attenuated.
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In a previous study performed using cDNA microarrays, we found that the mRNA levels of IL-
1R2 were significantly reduced in monocytes from patients with familial combined
hyperlipidemia (FCH) compared to matched healthy controls [5]. As far as we know, there is a
lack of information about the regulation of this receptor in the context of hyperlipidemia and
atherosclerosis. In the present paper we demonstrate that levels of IL-1R2 protein are also lower
in monocytes from FCH subjects and in atherosclerotic lesions. As reduced IL-1R2 expression
may be caused by exposure to proatherogenic factors, specifically high levels of lipoproteins,
we also studied the effect of VLDL or acetylated LDL (ac-LDL) on human THP-1
macrophages, a well known model for studying the role of inflammatory cells and foam cell

formation in atherosclerosis [6-9].

2. Material and Methods

Cell culture reagents were from Gibco, Invitrogen Corporation (Paisley, UK), with the
exception of fetal bovine serum (PAA Laboratories, Pasching, Austria) and 4-beta phorbol 12
beta myristate 13 alpha acetate (PMA), which was purchased from Sigma-Aldrich (St. Louis,
MO). Lipopolysaccharide (Escherichia coli 0127:B8), U0126, LY294002, chloroquine and
orlistat were also from Sigma-Aldrich (St. Louis, MO). Trizol reagent was from Invitrogen
Corporation (Paisley, UK). Antibody against IL-1R2 was from Abcam (Cambridge, MA), anti
IRAK-1 from Cell Signaling Technology (Danvers, MA) and anti-f-actin from Sigma-Aldrich
(St. Louis, MO). Other general chemicals were obtained from commercial sources and were of

analytical grade.

2.1. Cell culture

Human mononuclear cells were isolated from peripheral blood from five asymptomatic male
patients with FCH recruited from the Lipid Unit of the Hospital Universitario Miguel Servet,
Zaragoza (Spain). The subjects presented mixed dyslipidemia (phenotype IIb) and fulfilled the
standard criteria of untreated serum cholesterol and/or triglyceride levels above the sex- and

age-adjusted 90th percentile for the reference population [10]. All subjects had at least one first-
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degree relative with mixed hyperlipidemia. A control group of five unrelated men, healthy
normolipidemic volunteers, matched to FCH patients for age and adiposity, was recruited from
Hospital Universitario Miguel Servet, Zaragoza (Spain). They were selected during their annual
medical examination because of normal lipid values and absence of drugs affecting lipid
metabolism.

Isolation of mononuclear cells was performed by density gradient centrifugation on Ficoll-
Paque (Amersham Biosciences Corp., Piscataway, NJ, USA), as described previously [5].
Written informed consent was obtained for all participants in this study, which was approved by
the Clinical Investigation and Ethical Committee of Aragon.

THP-1 cells were obtained from the European Collection of Cell Cultures (ECACC), and
differentiated to macrophages by exposing the cells to 50 ng/ml PMA for different time periods.
Macrophages obtained by treatment with PMA for 24 h were washed three times in PBS and
incubated in medium devoid of serum with very low density lipoproteins (VLDL, 0-150 pg/ml)
or acetylated low density lipoproteins (ac-LDL, 0-150 ug/ml) for 24 h, as previously described
by our group [7,11,12]. In experiments using LPS, cells were first incubated for 24 h with or
without addition of ac-LDL or VLDL, both at 150 pg protein/ml, washed with a heparin
solution (20 U/ml in PBS) in order to remove lipoproteins attached to cell surfaces [13] and then
incubated for an additional 4 h with LPS (1ug/ml). Cell viability was not affected by any of the

treatments, as determined by the MTT method.

2.2. Lipoproteins

VLDL and LDL were prepared from the plasma of healthy donors by sequential
ultracentrifugation, and LDL were acetylated as previously described [11]. Lipoproteins were
stored at 4°C and used within 15 days of preparation. Native and modified lipoprotein

preparations were tested for possible endotoxin contamination using a LAL kit (GenScript).
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2.3. Human artery sampling and preservation

Human coronary artery samples were collected from patients undergoing heart transplant
operations at the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain). Immediately after
surgical excision, arteries were dissected, inmersed in cell maintenance media, and cleaned of
connective tissue and fat under low magnification with a stereomicroscope (SZH10; Olympus,
Tokyo, Japan). This examination allowed us to classify coronary arteries as atherosclerotic,
assessed by the presence of evident atherosclerotic lesions, and non-atherosclerotic arteries as
deduced from absence of fibro-fatty tissue or visible plaques. Vessel samples were split and
processed for either conventional staining or frozen in liquid nitrogen and stored at -80° C until
protein extraction. The absence/presence of atherosclerotic lesions was confirmed by
conventional Masson’s trichrome or hematoxylin and eosin staining [14]. The study was
approved by the ethics committee of the Hospital de la Santa Creu i Sant Pau and was conduced

according to the Declaration of Helsinki (revised in 2000).

2.4. Immunohistochemistry

The specimens for immunohistochemistry were immersed in fixative solution (4%
paraformaldehyde/0.1 mol/L PBS, pH 7.4). After overnight treatment, vessels were sectioned
into blocks and embedded in paraffin. The presence of IL-1 Receptor II in human coronary
arteries was assessed by immunohistochemistry analysis following the avidin-biotin-peroxidase
complex method. Briefly, sections of 5 um were deparaffined, treated for unspecific binding
and incubated with a rabbit polyclonal anti-IL-1R2 antibody (1:50 dilution, Abcam) overnight at
4°C. As secondary antibody, a goat polyclonal anti-rabbit IgG coupled to avidin-biotin was
used (1:100 dilution, Vector). The peroxidase reaction was visualized with 0.05%
diaminobenzidine and 0.01% hydrogen peroxide. Negative controls were performed by omitting
the primary antibody. Images were captured and digitised using a Nikon microscope equipped

with a Canon digital camera.
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2.5. RNA preparation and analysis

Total RNA was isolated using the Trizol reagent, and levels of specific mRNAs were assessed
by quantitative real-time RT-PCR, using a Perkin-Elmer ABI Prism 7700 sequence detection
system as described [5,15]. TagMan Universal PCR Master Mix , and TagMan probes were
obtained from TagMan® Gene Expression Assays (Applied Biosystems, Foster City, USA).
The primer/probe pairs for human IL-1R2 (Hs00174759 m1), IL-1R1 (Hs00183573 m1), IL-
1RacP (Hs00158057 ml), IL-1B (Hs99999029 m1l), IL-1Ra (Hs00893626 m1) and the
internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs99999905 m1) were
used. Sequence detector software (S.D.S. 1.9.1) was used for data analysis. A threshold cycle
value (Ct) was obtained for each amplification plot, and after normalization by the reference
gene GAPDH the relative expression ratio for each gene was calculated, based on the difference

between the mean Cr of the sample and the corresponding control.

2.6. Western blot analysis

Total protein extracts were obtained from cells and human aortic samples using an ice-cold lysis
buffer supplemented with phosphatase and protease inhibitors. Proteins (40 ug) were resolved
by SDS-PAGE and then transferred to immobilon polyvinylidene difluoride or nitrocellulose
membranes. The membranes were blocked for 1 h at room temperature in phosphate saline
buffer containing 0.1% Tween 20 (PBST) in the presence of 5% nonfat dry milk, and
immunological detection was performed using a rabbit polyclonal antibody raised against IL-
1R2 (dilution 1:500), IL-1R1 (dilution 1:1000) or IRAK-1 (dilution 1:1000), overnight at 4°C.
After several washes, blots were incubated with an appropriate horseradish peroxidase-
conjugated secondary antibody, and detection was achieved using the enhanced
chemiluminescence (ECL) detection system (Amersham Bioscience). Blots were also incubated
with a monoclonal antibody against B-actin, used as an equal protein loading control.

Chemiluminescence was detected using a Chemidoc XRS (BioRad), and densitometric analysis
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was performed by Quantity One® software. Each band was quantified and normalised to 3-

actin signal. Protein levels are expressed in arbitrary units relative to the corresponding control.

2.7. Statistical analysis

Data are presented as mean + S.E.M. An analysis of variance (ANOVA), combined with an a
posteriori test, was used to evaluate the statistical significance of the differences. When only
two groups were compared, either the Student’s t test or the corresponding non-parametric
Mann-Whitney test was selected. The computer program GraphPad Instat was used for the

calculations.

3. Results

3.1. IL-1R2 expression is reduced in monocytes from hypercholesterolemic patients

We previously demonstrated that IL-1R2 mRNA levels were reduced in monocytes from
patients with FCH [5]. In the present study we corroborated this finding in another group of
FCH patients and matched control individuals. As shown in Fig. 1A, IL-1R2 mRNA expression
was 30% lower in monocytes from patients compared to controls (p<0.05), while IL-1R1
mRNA levels were not significantly altered in these samples. To investigate whether protein
expression was also changed, we performed Western blot analysis using an antibody directed
against the extracellular domain of human IL-1R2. We observed an immunoreactive band of
approximately 69 kDa, which corresponds to the membrane form of IL-1R2 as described by
other authors [16,17]. Our results (Fig. 1B) show that in accordance with the decrease in mRNA
expression, IL-1R2 protein was also significantly lower in monocytes from FCH patients,
compared with healthy controls (-36%, p<0.01). Western blot analysis using an antibody against

the type I receptor did not reveal any differences between control and patient monocytes.

3.2. Expression of IL-1R2 in undifferentiated and PMA-differentiated THP-1 cells
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To gain insight into the mechanisms involved in the decrease of IL-1R2 expression in
hyperlipidemic patients, we were interested in studying the expression of this receptor in the
human monocytic cell line THP-1. PMA-differentiated THP-1 macrophages are metabolically
and morphologically very similar to mature human primary macrophages [18], so they have
been widely used as an in vitro model of these cells [6,9]. First, we examined the expression of
IL-1R2 in THP-1 cells exposed to PMA for different time periods (Supplemental Fig. 1). We
found that undifferentiated THP-1 monocytes expressed appreciable levels of IL-1R2 mRNA,
but at 48 and 72 h after PMA treatment, IL-1R2 expression was strongly increased
(approximately 150- and 190-fold respectively, p<0.001). Thus, to obtain differentiated
macrophages and to avoid the marked effects of PMA on IL-1R2 expression, we chose to treat

monocytes with PMA for 24 h prior to lipoprotein exposure.

3.3. Effect of ac-LDL or VLDL on the expression of IL-1 receptor family members

Next, we studied the mRNA and protein levels of IL-1R2 in THP-1 macrophages treated with
increasing concentrations of ac-LDL or VLDL for 24 h. Both lipoproteins reduced IL-1R2
mRNA levels in a concentration-dependent manner (Fig 2A and B). Maximal effect (-48%,
p<0.001 and -45%, p<0.05) was attained at a dose of 150 ug/ml of ac-LDL and VLDL,
respectively. In accordance with these data, IL-1R2 protein expression was also significantly
reduced by both ac-LDL and VLDL (Fig 2C and D). We also studied the effect of lipoproteins
on the mRNA expression of other IL-1-related genes in THP-1 macrophages. The expression of
IL-1RacP, IL-1pB or IL-1Ra was not affected (data not shown), while the mRNA levels of the
functional receptor IL-1R1 were reduced after treatment with ac-LDL (-42%, p<0.01, at 150

ug/ml), but not with VLDL (Fig 2E and F).

3.4. Mechanisms involved in lipoprotein-related IL-1R2 mRNA decrease
To investigate whether the effects of lipoproteins are secondary to lipid accumulation, we used
compounds that alter intracellular processing and accumulation of cholesteryl esters or

triglycerides. As it is shown in Fig 3A, pretreatment with chloroquine (inhibitor of lysosomal
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processing) or orlistat (inhibitor of LPL activity) effectively prevented the down regulation of
IL-1R2 expression caused by ac-LDL or VLDL, respectively. It has been reported that VLDL
from hyperlipidemic subjects induce macrophage-derived LPL enzyme activity without
modulating LPL. mRNA and protein expression [19]. However, in our case exposure to VLDL
caused a significant increase in macrophage LPL. mRNA levels at all the concentrations tested,
with maximal effect (30% increase, p<0.01) at 150 ng/ml (Fig 3B).

Intracellular lipid accumulation plays an important role in mediating the pro-inflammatory
effects of lipoproteins. For example, it has been proposed that the pro-inflammatory effects of
VLDL on macrophages are mediated by the activation of mitogen activated protein kinase
(MAPK) family members, specifically extracellular response kinase (ERK) 1/2 [20]. In order to
determine whether the changes induced in IL-1R2 expression by lipoproteins could also involve
the ERK pathway, we pretreated macrophages with U0126, a selective MEK 1/2 inhibitor,
before exposing the cells to either ac-LDL or VLDL. As shown in Fig 4A and B, U0126
inhibited the reduction in IL-1R2 mRNA expression caused by ac-LDL treatment, while it was
ineffective in cells exposed to VLDL. It has also been suggested that VLDL could activate the
PI3 kinase pathway through the VLDL receptor, which is expressed in THP-1 macrophages

[21,22]. However, the PI3 kinase inhibitor LY294002 did not prevent IL-1R2 down-regulation.

3.5. Response to inflammatory stimulus

We were also interested in studying whether pre-treatment with lipoproteins alters the changes
in IL-1R1 and IL-1R2 expression induced by lipopolysacharide (LPS), a prototypic
inflammatory stimulus, in THP-1 macrophages. Our results showed that LPS increased the
mRNA expression of both IL-1 receptors. However, the effects of pre-incubation with
lipoproteins were different: neither VLDL nor ac-LDL altered the LPS-induced expression of
IL-1R1, while both lipoproteins partially blocked the induction of IL-1R2 expression caused by
LPS exposure (Fig 5A and B). Since activation of IRAK-1 is one of the initial steps in IL-1
signaling, we assessed the regulation of IRAK-1 in LPS-stimulated cells in the presence or

absence of lipoproteins. As shown in Fig 5C, LPS challenge caused an increase in modified
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IRAK-1 bands (~100 kDa), corresponding to the covalent IRAK1 modification probably due to
activation and phosphorylation at multiple sites. In the presence of VLDL or ac-LDL, both

unmodified (~80 kDa) and modified IRAK-1 bands were reduced.

3.6. Expression of IL-1R2 is lower in human atherosclerotic arteries

To assess whether IL-R2 is also down-regulated during atherogenesis, the protein expression of
IL-1 receptors in human atherosclerotic lesions was investigated. Our results (Fig. 6) show that
IL-1R2 expression was strikingly reduced in atherosclerotic versus non-atherosclerotic human
coronary artery samples (-80%, p=0.0005), while IL-1R1 protein levels were not significantly
different. Accordingly, IL-1R2 was located in human coronary arteries without atheroma
(immunostaining was prominent in medial VSMC and low in the thickened intima). By contrast,
IL-1R2 was extensively down-regulated in advanced atherosclerotic lesions (in both media and

intima) (Fig 6B).

4. Discussion

IL-1 is a pro-inflammatory cytokine that plays a decisive role in atherosclerosis development.
Elevated IL-1 levels are associated with traditional cardiovascular risk factors, and induce
chemokine and cytokine secretion, increased expression of adhesion molecules, activation of
endothelial cells and macrophages, smooth muscle cell proliferation and increased vascular
permeability [23]. The importance of IL-1 in atherosclerosis progression has been demonstrated
by studies showing less atherosclerosis in mice deficient in IL-1 or in IL-1R1, the functional IL-
1 receptor. Similarly, mice deficient in IL-1Ra, the natural antagonist of IL-1R1, are more liable
to develop atherosclerosis. However, less attention has been paid to IL-1R2, a non-signaling
decoy receptor that negatively regulates IL-1 activity. To our knowledge, there have been no
reports on the regulation of IL-1R2 in macrophages, and there is no prior evidence of an
association of this receptor with atherosclerosis. The present study demonstrates that the
expression of IL-1R2 is reduced in monocytes from FCH patients, in lipoprotein-treated

macrophages and in human atherosclerotic lesions.

131



RESULTATS

It is well known that high plasma lipid levels may affect monocyte gene expression in a pro-
atherogenic manner [24]. However, from our previous studies it was not clear whether the
differential expression of IL-1R2 in circulating monocytes was the result of a primary genetic
defect in these patients or a cellular response to exposure to proatherogenic factors, specifically
high levels of VLDL and/or modified LDL. To shed some light on this aspect, we studied the
effect of these lipoproteins on human THP-1 macrophages. The unregulated uptake of VLDL
[8, 19,25] or acetylated LDL [9,11,12] by these macrophages not only contributes to foam cell
formation, but also alters macrophage biology by modulating the expression of several genes
[25]. Indeed, our results show that treatment with both classes of lipoproteins caused a dose-
dependent down-regulation of IL-1R2 mRNA, suggesting that the observed effect may be the
consequence of progressive lipid accumulation induced by these lipoproteins in macrophages.
To explore this hypothesis, we studied the effect of several compounds that may affect either
triglyceride or cholesteryl ester intracellular build up. It has been reported that only a small
percentage of VLDL is taken up as whole particles through receptor-mediated processes, while
more than 80% of intracellular triglyceride accumulation is due to the uptake of remnants or
free fatty acids resulting from LPL-induced VLDL catabolism [20,26]. Our results indicate that
the inhibition of LPL activity by orlistat prevents VLDL downregulation of IL-1R2, suggesting
that this effect is secondary to VLDL-induced triglyceride accumulation in macrophages. On the
other hand, macrophage lipid loading by ac-LDL involves the hydrolisis of ac-LDL delivered
cholesteryl esters by lysosomal acid lipase, re-esterification of free cholesterol by acyl-
CoA:cholesterol acyltransferase and accumulation of newly synthesized cholesteryl esters in
cytosolic lipid droplets [27]. The inhibition of lysosomal lipase by chloroquine, which therefore
blocks ac-LDL-induced lipid accumulation [28], also prevented the downregulation of IL-1R2
caused by these lipoproteins. Therefore, the inhibitory effect of lipoproteins on IL-1R2
expression may be attributed to intracellular lipid accumulation.

Taking into account the inhibitory effect of IL-1R2 on IL-1 signaling, one may speculate that
reduced IL-1R2 expression in lipoprotein-treated macrophages could facilitate the inflammatory

response. It has been reported that the pro-inflammatory effects of VLDL in murine
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macrophages depend on LPL-mediated hydrolysis and the subsequent accumulation of
intracellular free fatty acids and triglycerides [20,19]. In our study, we confirmed that VLDL
exposure significantly increased macrophage LPL expression. It could be speculated that the
increase in VLDL lipolysis and the subsequent intracellular lipid accumulation in macrophages
promote inflammatory effects in part through the reduction of IL-1R2 expression, as this would
facilitate IL-1 signaling. Contrary to what has been described in murine macrophages, in our
case the ERK1/2 pathway was not involved in the production of VLDL-driven inflammation
effects, as pre-incubation with the ERK1/2 inhibitor U0126 did not reverse the inhibitory effect
of these lipoproteins on IL-1R2 expression.

Exposure of THP-1 macrophages to ac-LDL triggers oxidative stress and inflammatory
responses [29]; moreover, it has been reported that foam cell formation by ac-LDL in human
macrophages involves ERK activation [30]. According to our results, the inhibitory effect of ac-
LDL on IL-1R2 expression was reduced by pre-incubation with U0126, suggesting that the
decrease in IL-1R2 expression caused by ac-LDL is due to cholesterol loading and ERK
activation in THP-1 macrophages.

We also wanted to explore whether lipoprotein addition could affect IL-1 receptor expression in
activated THP-1 macrophages. First, we treated the cells with a pro-inflammatory stimulus
(LPS), and we observed that contrary to the effect of lipoproteins, the mRNA expression of both
IL-1 receptors was increased. The increase in IL-1R1 expression after LPS exposure has already
been described in monocytes [31]. However, the regulation of IL-1R2 expression by
inflammatory stimuli in professional phagocytes is controversial: some authors have reported
that LPS causes a rapid inhibition of constitutively expressed IL-1R2 mRNA in human
monocytes [32], whereas others have found a greatly increased expression of IL-1R2 mRNA
and cell surface receptors in neutrophils from patients with sepsis [33]. In our model, a short
and intense stimulation with LPS caused an increase in IL-1R2 expression, maybe as a
mechanism triggered to limit the detrimental effects of excessive IL-1 activity. However, when
we pre-treated macrophages with ac-LDL or VLDL before LPS exposure, we found that

lipoproteins prevented the increase in IL-1R2, but not in IL-1R 1. By this mechanism,
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lipoproteins could facilitate the pro-inflammatory effects of LPS through the IL-1 pathway. To
explore this possibility, we determined the effect of lipoprotein pre-treatment on LPS-induced
changes in IRAK-1, a key component of the IL-1 signaling complex. When this pathway is
activated, either by IL-1 or by LPS, IRAK-1 undergoes phosphorylation, leading to the
formation of a hyperphosphorylated IRAK-1 protein [34]. Our results show that treatment with
LPS alone induced the appearance of a band of approximately 100 kDa, which corresponds to
the covalent IRAK 1 modification by phosphorylation. The intensity of this band was reduced by
VLDL or ac-LDL pre-treatment, but there was also a concomitant decrease in the band
corresponding to unmodified IRAK-1. After phosphorylation, IRAK-1 is targeted in an
ubiquitin-dependent manner to the proteasome for degradation [35]. Thus, the decrease in
unmodified IRAK-1 expression suggests that lipoprotein pre-incubation facilitates 1L-1
signaling and accelerates IRAK-1 processing to ubiquitinylation.

Finally, we analyzed the expression of IL-1 receptor in human atherosclerotic lesions. Our
results showed markedly lower levels of IL-1R2 protein in atherosclerotic lesions compared
with non-atherosclerotic vessels, whereas the expression of IL-1R1 receptor was not
significantly different. Again, the imbalance between the functional IL-1R1 and the decoy IL-
1R2 receptor may reflect a defect in the local control of IL-1 activity. A similar situation has
been described in other inflammatory diseases, such as endometriosis [36,37], and in
adenocarcinoma endometrial cells transfected with IL-1R2 ¢cDNA antisense, where reduced
expression of this receptor without noticeable alterations in IL-1R1 expression was associated
with a significant increase in the secretion of matrix proteases in response to IL-1 [38].

Taken together, the coherence of the data obtained in monocytes from hyperlipidemic subjects,
lipoprotein-treated macrophages, and human atherosclerotic vessels, suggests a role for
decreased IL-1R2 in atherosclerosis development, as this reduction may facilitate IL-1

signaling. Further studies would be necessary to asses the clinical implications of our findings.
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Figure legends

Figure 1. Expression of IL-1 receptors in monocytes (MO) from hypercholesterolemic and
matched control subjects. (A) IL-1R1 and IL-1R2 mRNA expression in monocytes was
evaluated by real-time PCR, and data were normalised by GAPDH mRNA levels. (B) IL-1R1
and IL-1R2 protein expression was assessed by Western blot analysis using whole protein
extracts (40ug) from monocytes. Representative autoradiograms and quantifications are shown.
To show equal loading of protein, B-actin signal from the same blots are included. Results are
the mean =+ S.E.M of the results obtained from five hypercholesterolemic and five control

subjects. (*p<0.05).

Figure 2: Effects of lipoproteins on mRNA levels of IL-1 receptors. THP-1 macrophages were
incubated with acetyl-LDL and VLDL for 24 h at different concentrations as indicated, and the
mRNA levels of IL-1R2 (A and B) and IL-1R1 (E and F) were evaluated by real-time PCR.
Data were normalised by GAPDH mRNA levels. (C and D) IL-1R2 protein expression was
assessed by Western blot analysis using whole protein extracts (40ug) from control and
lipoprotein-treated macrophages. Representative autoradiograms and quantifications are shown.
signal from the same blots are included. Data were normalised by B-actin protein expression.
Results are the mean + S.E.M of four independent experiments performed in duplicate.

(*p<0.05, ** p<0.01, ***p<0.001).

Figure 3: Mechanisms involved in lipoprotein-related IL-1R2 mRNA decrease. (A) THP-1
macrophages were treated with VLDL or ac-LDL (150 pg/ml) alone or combined with orlistat
(2 uM) and chloroquine (75 uM) respectively, and IL-1R2 mRNA expression was determined
by real-time PCR. Data were normalised by GAPDH mRNA levels. Results are the mean +
S.E.M of six independent experiments (*p<0.05, ***p<0.001 vs control cells. # p<0.05 vs cells
treated with ac-LDL or VLDL). (B) Effect of VLDL on mRNA levels of lipoprotein lipase

(LPL). THP-1 macrophages were incubated with VLDL for 24 h at different concentrations as
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indicated, and the corresponding mRNA levels were evaluated by real-time PCR. Data were
normalised by GAPDH mRNA levels. Results are the mean + S.E.M of four independent

experiments performed in duplicate (*p<0.05, **p<0.01).

Figure 4. The ERK1/2 inhibitor U0126 prevents IL-1 R2 inhibition caused by acetyl-LDL,
while the PI3 kinase inhibitor LY294002 is uneffective. Analysis of IL-1R2 mRNA levels in
THP-1 macrophages incubated with acetyl-LDL (A) or VLDL (B) alone or combined with
U0126 (10 uM) or LY294002 (10 uM) during 24 h. The inhibitors were added 30 min before
the lipoproteins, and did not affect mRNA expression when used alone. IL-1R2 mRNA levels
were evaluated by real-time PCR, and data were normalised by GAPDH mRNA levels. Results
are the mean + S.E.M of three independent experiments performed in duplicate (¥ p<0.05 versus

corresponding control cells. # p<0.05 vs cells treated with acetyl-LDL).

Figure 5: Effects of lipoproteins on LPS-activated macrophages. THP-1 macrophages were
stimulated with LPS (1uM, 4 h) and then exposed to VLDL or ac-LDL (150ug/ml for 24 h). IL-
IR1 (A) and IL-1R2 (B) mRNA levels were evaluated by real-time PCR, and data were
normalised by GAPDH mRNA levels. Results are the mean + S.E.M of three independent
experiments performed in duplicate (* p<0.05 versus corresponding control cells. # p<0.05 and
## p<0.01 vs cells treated with LPS). (C) Western blot showing the phosphorylation pattern of
IRAK-1 and unmodified IRAK-1 expression after exposure to LPS alone or combined with
lipoproteins (n=4; *** p<0.05 versus corresponding control cells. ## p<0.01 and ### p<0.001

vs cells treated with LPS).

Figure 6: IL-1R2 expression is lower in atherosclerotic arteries compared to non-atherosclerotic
samples. (A) IL-1R1 and IL-1R2 protein expression was assessed by Western blot analysis
using whole protein extracts from atherosclerotic (n=4) and non-atherosclerotic control arteries
(n=4). Representative autoradiograms and quantifications are shown. To show equal loading of

protein, P-actin signal from the same blots are included. Results are the mean + S.E.M
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(***p<0.0001). (B) IL-1R2 immunostaining of representative human coronary arteries without
and with atheroma (top panels). Middle and lower panels correspond to high power views of
squared areas in B1 (left) and B2 (right) respectively. Arrowheads indicate the position of

internal and external elastic laminas. [a: adventitia; i: intima; m: media].
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DISCUSSIO

L'aterosclerosi i les seves consequéencies (malaltia coronaria i
cerebrovascular) sén la principal causa de mort en els paisos desenvolupats
[Murray i col., 1997; Badimon i col., 2010]. Com s'ha comentat anteriorment, en
el desenvolupament de les lesions aterosclerotiques participen diversos tipus
cel-lulars, com CML, CE, limfocits, neutrofils, cél-lules dendritiques i mastocits,
encara que el tipus cel-lular responsable de linici de la lesi6 son els
monocits/macrofags [Stokes i col., 2006; Woollard i Geissmann, 2010]. Aquests
sén cél-lules basiques en el desenvolupament de l'aterosclerosi, des de la
migracié del mondcits a l'intima arterial, I'acumulacié de lipids i la produccié de
mediadors inflamatoris i citocines per part del macrofag, fins a la ruptura de la

placa en fases avangades de la patologia [McNeill i col., 2010].

Existeixen nombrosos factors de risc per al desenvolupament de la
malaltia aterosclerdtica. Com ja s'ha comentat, a més dels que es poden
denominar classics o tradicionals, com les dislipemies, també hi ha altres
factors de risc menys estudiats, entre els quals es pot incloure la infeccié pel
VIH, bé a causa de la propia acci6 del virus [EI-Sadr i col., 2005; Van Wijk i col.,
2006; Bukrinsky i col., 2006], bé per causa de I'us de farmacs per al tractament
d'aquesta infeccid, entre ells els IP [Parker i col., 2005; Grunfeld , 2010]. La
utilitzacié d'IP, en particular ritonavir, en pacients amb infeccié6 pel VIH
s'associa amb un risc incrementat de desenvolupar aterosclerosi prematura,
especialment en pacients joves [Mencarelli, 2010], perd el mecanisme pel qual
es produeixen aquests efectes no esta clar encara. En estudis previs es va
analitzar el paper del receptor scavenger CD36 en mondcits i macrofags, perd
els resultats publicats van ser contradictoris: alguns van mostrar una reduccié
[Serghides i col., 2002] i altres una inducci6 de I'expressiéo de CD36 [Dressman
i col., 2003; Munteanu i col., 2005]. Per altra banda, no es disposava
d'informacié sobre possibles modificacions en l'expressié d'altres gens tan
importants com CD36 en el procés d'acumulacio de lipids en monocits i
macrofags, com el mediador de la sortida de colesterol SR-Bl, o els
transportadors de la familia ABC. Per aix0, un dels objectius d'aquesta tesi ha
estat determinar l'efecte del ritonavir sobre I'expressio de proteines que
controlen tant I'entrada com la sortida de colesterol del macrofag, utilitzant com

a model la linia cel-lular THP-1.
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Cal destacar que, en contrast amb altres estudis, els nostres
experiments van ser realitzats sense |'addicié de lipoproteines, amb I'objectiu
de discernir especificament els efectes del ritonavir. Un altre aspecte a
considerar és que les concentracions de ritonavir usades en aquest treball es
troben dins del rang farmacologic aconseguit en el plasma de pacients tractats
amb aquest farmac a la dosi habitual (600 mg de ritonavir/12 h), que pot arribar
a un maxim d'aproximadament d’'11 pg/ml [Munteanu i col., 2005]. Alguns
autors utilitzen concentracions de ritonavir molt elevades (fins a 20 ug/ml) en
cél-lules THP-1 [Munteanu i col., 2005], perd segons la nostra experiencia,

concentracions superiors a 2.5 ug/ml resulten en citotoxicitat inacceptable.

Els resultats obtinguts en el nostre estudi van mostrar que, tot i que el
tractament amb ritonavir provocava un increment en l'expressidé del receptor
CD36, aquest podia ser compensat per un augment en I'expressio d’ABCA1 i
altres mediadors de la sortida de colesterol del macrofag, com CYP27 (Figura
1). Degut a aquests efectes contraposats, vam hipotetitzar que I'efecte del
ritonavir sobre el macrofag en abséncia de lipoproteines no és clarament pro-
aterogeénic, encara que no es va determinar directament l'acumulacié de
colesterol en aquestes cél-lules. No obstant aixo, els efectes podrien ser
diferents en un medi ric en lipoproteines. En efecte, de forma paral-lela al
nostre estudi, es va publicar un treball [Wilson i col, 2008] en el qual es va
demostrar que el ritonavir incrementava de forma significativa I'acumulacié
d'ésters de colesterol induida per incubacié amb LDL agregades en macrofags
THP-1 . En aquest treball es va observar també un increment en els nivells de
CD36, pero a diferéncia dels nostres resultats no es va produir cap efecte sobre
els nivells ABCA1, el que podria explicar I'acumulacié intracel-lular de lipids.
La discrepancia podria atribuir-se també a diferéncies en les concentracions de
ritonavir, que en l'estudi de Wilson i col. son extremadament baixes, o bé a la
coincubacié del farmac amb LDL agregades. En aquest aspecte, s'ha
demostrat que alguns components de les lipoproteines modificades, i la carrega
de colesterol per si mateixa, sén capagos d'induir canvis en I'expressié dels
gens relacionats amb el transport del colesterol [Llaverias i col., 2004].

L'acumulacio intracel-lular d'esterols i d’oxisterols pot activar LXR i provocar
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uns nivells basals dABCA1 més elevats, els quals el ritonavir és incapacg
d'augmentar. L'abséncia d'una carrega de colesterol en el nostre model pot
haver facilitat la inducci6 d’ABCA1 a causa del ritonavir. Resultats recents
[Mukhamedova i col., 2009] han indicat que el tractament amb ritonavir de
macrofags murins i humans a concentracions no citotdxiques no produia
modificacions en la sortida de colesterol de les cél-lules. De fet, 'augment del
contingut intracel-lular de colesterol apareixia Unicament a dosis de ritonavir

capaces d’induir I'apoptosi.

Un dels mecanismes proposats per a la induccié de CD36 deguda als IP
és lincrement en l'expressio i/o activitat de PPARy [Serghides i col., 2002;
Dressman i col., 2003]. Els nostres resultats van mostrar que la coincubacié
amb un antagonista de PPARy (GW9662) no va ser capag d'inhibir la induccio
de CD36 mediada pel ritonavir, fet que indica que en el nostre model aquest
efecte és independent de PPARy. No obstant, el ritonavir si que va ser capag
d'induir un augment en I'expressio de PPARy. S'ha descrit que l'expressi6 de
PPARy pot estar controlada per la familia de factors de transcripci6 SREBP
[Fajas i col., 1999]. D'altra banda, diversos estudis han demostrat que els IP
produeixen una acumulaci6 de SREBPs activats en el nucli del macrofag
[Riddle i col., 2001; Williams i col., 2004; Zhou i col., 2005]. Els resultats del
nostre estudi van mostrar un augment en els nivells de la forma madura de
SREBP-1 després del tractament amb ritonavir. Aquests resultats ens permeten
suggerir que l'augment de SREBP-1 madura provocat pel ritonavir podria
provocar la induccio observada de PPARy. Podem afegir que l'activacio de
SREBP-1 podria ser també responsable de l'increment en I'expressié de CD36,
ja que recentment s'ha demostrat que la transfecci6 de macrofags RAW264.7
amb siRNAs anti SREBP-1c¢ anul-la la induccié de CD36 produida per ritonavir
[Mencarelli, 2010].

El nostre estudi també va evidenciar que el ritonavir augmenta
I'expressié de CYP27, que com s'ha comentat anteriorment és un altre dels
gens que intervenen la sortida de colesterol del macrofag. El producte de

CYP27, el 27-hidroxicolesterol, és el lligand més afi per LXRq en macrofags, i
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s'ha demostrat que la sobreexpressié de CYP27 activa el sistema LXR/RXR [Fu
i col.,, 2001]. A més, un tractament amb 27-hidroxicolesterol provoca un
augment en l'expressio genica d’ABCA1, de manera més notoria que la
d’ABCG1 [Fu i col., 2001]. En conseqiéncia, es podria especular que la
induccié6 de CYP27 podria activar de forma suficient LXR com per induir
I'expressié d’ABCA1, perd no la dABCG1, en macrofags THP-1.

Ritonavir

@/

SRBEP-1 \

< PPAR~y

colest %YP27
lliure ~OH-colest.

Figura 1. Resum global de la regulacié en I'expressié dels principals gens
implicats en la captacié i/6 metabolisme del colesterol en el macrofag, degut a un

tractament amb ritonavir.

Com ja s'ha comentat, un dels factors de risc més destacables per al
desenvolupament de la malaltia aterosclerdtica sén les hiperlipémies. Entre
elles, la HFC és la hiperlipémia genética més comuna en humans, i s'associa
amb un risc molt elevat de patir malaltia cardiovascular prematura. Es tracta
d'una malaltia de base genética complexa, i resulta complicat identificar els
gens implicats en el seu desenvolupament i progressio. La recent elucidacioé del
genoma huma i I'existéncia d'eines com els arrays de cDNA, que permeten

I'estudi simultani de I'expressioé d'una gran quantitat de gens, poden contribuir a
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aclarir la base geneética de la HFC i a identificar nous gens i vies metaboliques

que predisposin actuin en l'inici i desenvolupament de la mateixa.

En aquest context, el nostre seglent treball va tractar d'identificar,
mitjancant I'us d'arrays de cDNA, els gens regulats de manera diferencial en
pacients amb HFC. Anteriorment s'havien publicat els resultats de tres estudis
d'expressid genica diferencial en HFC utilitzant arrays de cDNA, dos d'ells en
teixit adip6s [Eurlings i col., 2002; Meex i col, 2005] i un en cel-lules
limfoblastiques immortalitzades [Morello et al , 2004]. En el nostre cas, es va
decidir utilitzar monocits obtinguts a partir de sang periférica de pacients amb
HFC. Degut a la seva accessibilitat, les cél-lules sanguinies perifériques han
estat ampliament utilitzades amb I'objectiu d'obtenir perfils d'expressié génica
de pacients amb diferents patologies [Schulz i col., 2010; Smiljanovic i col.,
2010, Ong i col., 2010, Jensen i Gad, 2010]. En el cas de trastorns metabdlics
que poden derivar en aterosclerosi, com és el cas de la HFC, la utilitzacié de
monocits resulta especialment interessant, a causa del paper que

desenvolupen aquestes cél-lules en I'aterogénesi [Osterud i col., 2003].

La utilitat dels arrays de cDNA no es limita a 'analisi global de canvis en
I'expressidé génica davant una determinada situacio fisiopatologica, sind que es
pot estendre a la identificaci6 de possibles dianes farmacologiques. Els
resultats obtinguts en aquest tipus d'estudis permeten ampliar els nostres
coneixements sobre el mecanisme d'accié de farmacs ja coneguts, o fins i tot
servir de base per a la recerca de nous farmacs. Es per aixd que en el nostre
estudi els pacients amb HFC es van sotmetre a tractament amb atorvastatina,
un dels farmacs hipolipemiants més utilitzats en el tractament d'aquesta
patologia, i es va procedir a aillar novament monocits de sang periférica per
comparar el perfil d'expressidé genica després del tractament amb I'obtingut en

la situacié basal.

En analitzar els resultats dels arrays, es van identificar un total de 82 i de
86 gens diferencialment expressats, entre el grup de pacients HFC i individus
CT, i els pacients abans i després del tractament amb ATV, respectivament.

Diversos d'aquests gens diferencialment expressats estan implicats en funcions
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clau del macrofag, que poden relacionar-se amb el desenvolupament de
lesions aterosclerotiques com a conseqiiéncia de la HFC. En aquest sentit,
I'estudi de les vies implicades va revelar que existia una sobre-representacio
d'algunes categories relacionades amb la resposta immune i inflamatoria.
Resulta ben conegut que, a més d'un perfil lipoproteic aterogenic, la HFC
presenta altres caracteristiques que contribueixen a I'aterosclerosi accelerada,
com un estat d'inflamaci6 moderada [de Graaf i col., 2002; ter Avest i col.,
2007]. Aquesta situacié derivaria en una exposicidé cronica dels monocits a un
entorn proinflamatori, que pot afectar I'expressié d'aquells gens que responen a

aquests estimuls o bé que es troben involucrats en les cascades inflamatories.

No obstant aix0, quan varem determinar alguns marcadors plasmatics
d'inflamacié no vam observar una diferencia estadisticament significativa entre
controls i pacients amb HFC. Per exemple, els nivells de PCR, un marcador
d'inflamacié vascular molt sensible, eren elevats tant en pacients com en
controls. Cal tenir en compte que els pacients del nostre estudi presentaven un
index de massa corporal de 27.1, el que indica sobrepés, i pel propi disseny de
I'estudi es van escollir controls que presentessin un index de massa corporal
similar. Tenint en compte [I'associacié entre el sobrepés/obesitat i la
concentracio de PCR [Visser i col.,, 1999], és possible que els controls ja
presentessin una elevacio d'aquest marcador a causa del sobrepes, i degut a

aixo no s'observi diferéncia en relacié als individus amb HFC.

En canvi, tot i que l'adipositat és similar, els pacients amb HFC
presentaven concentracions plasmatiques d'adiponectina (una adipocina
antiinflamatoria), més baixes que els controls [Tilg i col.,, 2006]. Aquests
resultats concorden amb estudis en els quals s'ha observat que en la HFC els
nivells d'adiponectina estan reduits independentment de l'adipositat [van der
Vleuten i col., 2005].

Una de les nostres hipotesis inicials era que el tractament dels pacients
amb ATV podria revertir, almenys en part, els canvis en l'expressido genica
induits per la HFC. Atés que la modificacié de l'expressié génica pot estar

relacionada amb la situaci6 d'inflamacioé que presenten els pacients no tractats,
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la reversio de la modificacié en I'expressio génica es podria explicar pels
efectes antiinflamatoris de I'ATV [Davignon, 2004], que es reflecteixen en la
reduccié de marcadors inflamatoris com la PCR. No obstant aix0, alguns dels
canvis en l'expressio génica en els monocits de pacients amb HFC observats
en el nostre estudi no van ser revertits pel tractament amb ATV. Una possible
explicacio rau en el fet que el tractament amb ATV no va ser capag de corregir
les anomalies metabdliques associades a una desregulacié del teixit adipds a la
HFC. Aixi, els baixos nivells d'adiponectina, van ser similars en els malalts de
HFC abans i després del tractament amb ATV. De manera similar, els elevats
nivells d'AGL tampoc es van veure modificats, i els nivells de TG plasmatics
van ser reduits, perd no normalitzats, a causa del tractament. La nostra hipotesi
€s que aquells canvis en l'expressio génica que estiguin directament o
indirectament relacionats amb aquestes anomalies metaboliques no han estat

corregits pel tractament amb ATV.

La majoria de gens diferencialment expressats en els monocits de
pacients HFC estan relacionats amb processos clau en la aterogénesi, com sén
el control de la supervivéncia, migracio i diferenciacidé cel-lular, la resposta
inflamatoria, o la degradaci6 i control de la integritat de la MEC. No obstant
aixo, en molts casos no s'ha estudiat de forma detallada i directa la regulacié
de la seva expressid en condicions proaterogeniques, pel que sén bons
candidats per a noves investigacions. A més, a partir dels resultats obtinguts en
el nostre estudi no podem saber si les diferéncies en I'expressié son degudes a
defectes genetics de la mateixa patologia o son respostes adaptatives de les
cél-lules davant d’alteracions en el seu entorn, sobretot pels nivells elevats de

lipoproteines i la preséncia de mediadors inflamatoris.

Per tal de confirmar les hipotesis generades en l'estudi anterior i
d'aprofundir en els mecanismes implicats, era convenient establir un model in
vitro que evités la necessitat d'obtenir continuament mostres sanguinies de
controls i pacients. Amb aquesta finalitat, es va decidir utilitzar la linia cel-lular
THP-1, que ja haviem emprat en estudis anteriors, incloent I'estudi sobre
I'efecte del ritonavir que forma part d’aquesta tesi. Les ceél-lules THP-1 son

monodcits que es poden diferenciar a macrofags per tractament amb ésters de
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forbol. Presenten caracteristiques molt similars als macrofags que s'obtindrien
per diferenciacié espontania de mondcits aillats de sang periférica humana. A
més, son capagos d'acumular lipids al seu interior, pel que han estat
ampliament utilitzades en I'estudi in vitro de la formaci6 de cél-lules escumoses
i de l'aterosclerosi [Llaverias i col., 2002 i 2004; Kohro i col., 2004; Gil-
Hernandez i col., 2007; Li i col., 2010].

Amb la finalitat d'induir la captacié i acumulacié de colesterol en
macrofags, generalment s'incuben amb LDL modificades, ja sigui mitjancant
oxidaci6 o acetilacio. Les LDL oxidades contenen un gran nombre de
substancies altament proinflamatories i citotoxiques, fet que dificulta la distinci
dels efectes directes d'aquests components dels efectes de la carrega lipidica
per si mateixa [Persson i col., 2006]. La utilitzacié de LDLs acetilades (acLDL)
per induir la carrega de colesterol evita aquesta multiplicitat d'efectes i déna lloc
a un augment predictible en els nivells d'esters de colesterol en les cél-lules
THP-1 [Llaverias i col., 2002], minimitzant la resposta inflamatoria i I'estrés
oxidatiu. Per altra banda, en la HFC no només es troben elevats els nivells de
colesterol-LDL, sind també els de TG-VLDL. De fet, la sobreproduccidé i
increment dels nivells plasmatics de VLDL és una de les principals
caracteristiques de la HFC [Meijssen i col., 2000; Aguilar-Salinas i col., 2010].
S'ha descrit que l'exposicidé de macrofags a VLDL indueix I'acumulacio de lipids
en el seu interior, especialment TG [Persson i col., 2007]. L’acumulacié de
lipids, ja sigui en forma d’ésters de colesterol o de TG, no només contribueix a
la retencié d’aquests lipids en la paret arterial, sind que pot alterar la biologia
del macrofag modulant I'expressié de diversos gens. Per aix0, en els nostres
posteriors treballs es va determinar I'expressié dels gens seleccionats després
de I'exposicio dels macrofags THP-1 a ambdés tipus de lipoproteines, acLDL i
VLDL.

Un dels gens més sobreexpressats en els individus afectats per HFC va
ser TFPI-2. Com ja s'ha comentat en la introduccid, encara que el paper
fisiologic de TFPI-2 encara no es coneix amb exactitud, sembla que
principalment actua regulant la remodelacié de la MEC [Chand, 2005]. Tenint

en compte la importancia de l'estabilitat i/o integritat de la MEC en els
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fendmens aterotrombdtics, alguns autors han suggerit que TFPI-2 juga un rol
important en el desenvolupament de l'aterosclerosi [Crawley i col., 2002;
Higashikata i col., 2006].

En analitzar l'efecte de concentracions creixents de VLDL, no es va
observar un augment significatiu en I'expressié de TFPI-2. De fet, el tractament
amb acLDL va produir una reducci6 en els nivells de mRNA de TFPI-2, com es
mostra a la Figura 2 (dades no publicades). Aquests resultats estarien d'acord
amb la menor expressidé de TFPI-2 en plaques aterosclerotiques, especialment
en arees susceptibles a la ruptura de la placa [Herman, 2001; Higashikata
2006]. La reduccio de I'expressio de TFPI-2 en aquestes lesions avangades va
acompanyada d'un important increment en l'expressi6 de MMPs, el que es
relacionaria amb la desestabilitzacié i ruptura de la placa. Una possible
explicacio per als resultats obtinguts amb acLDL és que I'efecte de I'exposicio a
aquestes lipoproteines reflectiria la resposta del macrofag en fases avancgades
del procés aterosclerotic, properes a la ruptura de la placa. Tot i aixi, la
reduccid de I'expressié de TFPI-2 deguda a les acLDL i la manca d’efecte de
les VLDL resulten en certa manera contradictories en relacié a l'increment de

I'expressio de TFPI-2 observat en els mondcits de pacients amb HFC.
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Figura 2. Efecte de les LDL acetilades sobre els nivells de mRNA de TFPI-2.
Els macrofags THP-1 es van incubar amb acLDL durant 24 h a les concentracions
indicades, i els nivells de mRNA de TFPI-2 es van determinar mitjangant la técnica de
PCR a temps real. Les dades es van normalitzar en relacio als nivells d’expressié del
gen GAPDH. Els resultats sén la mitjana + SEM de 4 experiments independents

realitzats per duplicat. (** p<0.01, ***p<0.001).
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Aixd ens va portar a suposar que altres components de la HFC podrien
ser els responsables de la inducci6é de TFPI-2 observada en els mondcits dels
pacients amb aquesta patologia. Com s'ha comentat anteriorment, la HFC es
caracteritza no només per un perfil lipoproteic aterogénic, sind també per una
situacio basal d'inflamacié i un fenotip protrombotic [Georgieva i col., 2004].
L'estat protrombotic també caracteritza la sindrome metabdlica (que com s'ha
comentat esta estretament relacionada amb la HFC), i es reflecteix en canvis
en el sistema de coagulacid, entre ells un increment en la generacié de
trombina [Yamashita i col., 2009]. A més, s'ha descrit que la trombina indueix
I'expressié de TFPI-2 en miofibroblasts hepatics humans [Neaud i col., 2004].
Tenint en compte aquests antecedents, vam decidir estudiar els efectes de la
trombina sobre I'expressié de TFPI-2 en macrofags THP-1 i macrofags derivats
de monacits de sang periférica, i els nostres resultats van indicar un clar efecte

inductor.

A part de la seva funci6 en la coagulacid, la trombina exerceix potents
efectes proinflamatoris en les ceél-lules vasculars, incloent entre aquestes
monodcits i macrofags, i aquests efectes estan relacionats amb el
desenvolupament d'aterosclerosi [Croce i Libby, 2007]. Podriem suposar que
els efectes de la trombina en el nostre estudi son deguts al seu potencial
proinflamatori, ja que el tractament amb trombina augmenta la fosforilacid
d’'lxkB en macrofags THP-1, i que la induccié de TFPI-2 per trombina pot
prevenir-se mitjancant pre-incubacid amb un inhibidor de NF-xB. En aquest
sentit, s'ha descrit que I'expressio de TFPI-2 és regulada per nombrosos
mediadors inflamatoris [lino i col., 1998]. De fet, varem comprovar que la
incubacié de macrofags THP-1 amb un estimul inflamatori ben conegut, com és
el lipopolisacarid (LPS), indueix de forma molt marcada I'expressié de TFPI-2
(Figura 3, dades no publicades). A més, les vies implicades son les mateixes
que en el cas de la trombina, ja que en ambdues situacions la induccié de
TFPI-2 va ser previnguda per un pre-tractament amb inhibidors de la MEK1/2
(U0126 i PD98059).
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Figura 3. El tractament amb LPS va provocar un marcat augment en
I'expressio de TFPI-2, i la pre-incubacié amb els inhibidors d’ERK1/2 U0126 i PD98059
va revertir de forma parcial perd significativa aquesta induccié. Dades expressades en
mitjana + SEM (n = 3). *** p <0.001 vs. CT. ## # p <0.001 vs LPS.

L'accidé proinflamatoria de la trombina també pot ser la responsable de
l'increment en l'expressié de la COX-2, un dels gens diana de NF-x<B. La
induccié produida per la trombina en els nivells de mRNA de COX-2 es va
evitar pre-tractant les cél-lules amb inhibidors d’ERK i JNK, de forma similar a
la induccié de TFPI-2, la qual cosa suggereix la participacié d'aquestes vies en

els dos casos.

Perd quin és el paper de TFPI-2 i la seva induccié en macrofags en el
context de les dislipémies i I'aterosclerosi? Com ja s'ha comentat, les cél-lules
productores de TFPI-2 secreten la proteina a la MEC, contribuint a la seva
remodelacio. A més, pot exercir efectes sobre els diferents tipus cel-lulars de
I'entorn de la lesid, incloent el propi macrofag, ja que controla processos clau
com la migracié i proliferacié cel-lular i I'apoptosi. Aixi, la induccié de TFPI-2
inhibeix la proliferacié de CE i CML, efectes que es consideren antiaterogeénics i
antiangiogeénics [lino i col., 1998, Xu i col., 2006; Ekstrand i col., 2010].
Recentment s'ha descrit que TFPI-2 promou l'apoptosi de macrofags, fet que
pot limitar la cel-lularitat de la lesi6 en fases primerenques de la aterogénesi
[Pan i col.,, 2011]. D'altra banda, l'efecte de TFPI-2 com a inhibidor de la
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plasmina i les MMP implica que un augment en la seva expressi6 contribuiria a
estabilitzar la placa d'ateroma en fases més tardanes del procés [Crawley et al.,
2002]. De fet, aquests autors van demostrar que en artéries coronaries
aterosclerotiques l'expressié de TFPI-2 era superior que en arteries sanes,
encara que altres autors [Higashikata i col., 2006] van obtenir resultats oposats.
En realitat, els canvis en l'expressié observats en aquests estudis podrien
reflectir canvis en el patr6 d'expressi6 de TFPI-2 més que increments o
reduccions en l'expressioé en ceél-lules individuals. Aixi, en artéries sanes, en les
quals practicament no hi ha infiltraci6 de macrofags, I'expressié de TFPI-2 se
circumscriu a les CE, mentre que en lesions aterosclerotiques I'expressidé més
elevada de TFPI-2 es deu al macrofag. En conclusid, la induccié de TFPI-2 en
el context de l'aterosclerosi podria representar un mecanisme fisiologic de
compensacié d'una excessiva activitat de les MMPs en els llocs d'inflamacio,
com és el cas dels macrofags de les plaques d'ateroma, que contribuiria a

I'estabilitzacioé d’aquestes.

Un altre dels gens l'expressio del qual va resultar alterada en els
individus afectats per HFC, i que vam considerar d'interés per continuar el
nostre estudi, va ser IL-1R2, un receptor decoy que actua com a regulador
negatiu de l'activitat de la IL-1 [Mantovani i col., 1998; Gabay y col., 2010]. Els
nostres resultats indiguen que en monocits de pacients amb HFC I'expressio
d'IlL-1R2 (mRNA i proteina) és menor que en els corresponents controls. En
aquest cas, I'exposicio de macrofags THP-1 tant a VLDL com a acLDL també
va reduir I'expressio proteica i genica d'IL-1R2, el que suggereix que l'efecte
observat en monocits de pacients amb HFC podria ser conseqiéncia de
I'exposicié d'aquestes cél-lules a nivells elevats de lipoproteines. A més,
I'expressié d'IL-1R2 és marcadament inferior en lesions aterosclerotiques

humanes en comparacié amb arteries sanes.

Amb l'objectiu de discriminar si els efectes de les lipoproteines en
'expressio d'IL-1R2 son deguts a l'acumulacié de lipids a [linterior del
macrofag, o bé directament es poden relacionar amb processos de
senyalitzaci®é mitjancant receptors de la superficie cel-lular, vam utilitzar

diferents inhibidors, tant de receptors que participen en la captacio de tots dos
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tipus de lipoproteines, com del processament i acumulacio intracel-lular de
lipids. Els nostres resultats van indicar que unicament amb els pre-tractaments
amb cloroquina (que inhibeix el processament d’ésters de colesterol) i orlistat
(que bloqueja I'acumulaci6 de triglicérids) s’evita la repressié génica d’'IL-1R2
degut a les acLDL i VLDL, respectivament. Aquest fet ens permet postular la
hipotesi que l'efecte inhibidor d’ambdues lipoproteines és degut a la seva

capacitat d’'induir carrega de lipids a l'interior del macrofag.

En el cas del receptor funcional IL-1R1, la seva expressio no va resultar
modificada ni en mondcits de pacients amb HFC ni en lesions
aterosclerotiques, i unicament les acLDL van reduir la seva expressio en
macrofags THP-1. El tractament d'aquestes cél-lules amb lipoproteines tampoc
va alterar I'expressio d'altres proteines de la familia, com la proteina accessoria
(IL-1RACcP) o l'antagonista natural (IL-1Ra). D'altra banda, el tractament amb
VLDL produeix un increment en la forma soluble del receptor IL-1R2, efecte
que no s'observa en el cas de les acLDL (Figura 4, dades no publicades). Com
ja s'ha comentat, la generacio d'IL-1R2 soluble és un altre mecanisme que
contribueix a atenuar la resposta mediada per IL-1, ja que disminueix la
disponibilitat d'aquesta citocina unint-se a ella. No obstant aixo, cap d'aquests
efectes sembla traduir-se en diferencies entre les lipoproteines en relacié a la

seva capacitat de facilitar la senyalitzacié a través de la via d'IL-1.
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Figura 4. Nivells del receptor soluble d'IL-1R2 determinats mitjancant la tecnica
d’ELISA (R&D Systems). Dades expressades en mitjana + SEM (n=4). ***p<0.001.
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La coherencia dels resultats obtinguts en tres models diferents (mondcits
circulants de pacients hiperlipémics, macrofags exposats a lipoproteines i
lesions aterosclerdtiques humanes) suggereixen que la reduccié en l'expressio
d'IL-1R2 pot estar relacionada d'alguna manera amb el desenvolupament de
I'aterosclerosi. Tenint en compte la funcié d'IL-1R2 com a inhibidor de I'activitat
de la IL-1, es podria especular que la reduccio en I'expressio d'aquest receptor
en relaci6 amb el receptor funcional IL-1R1 implica un desequilibri que
afavoriria l'acci6 de la IL-1. Com ja s'ha comentat anteriorment, aquesta
citocina és proinflamatoria i juga un paper molt important en el procés
aterosclerotic, facilitant I'adhesi6 i transmigracié de leucocits, la formacio de
cél-lules escumoses i estries grasses [Apostolakis i col., 2008; Chamberlain i
col., 2009]. Per tant, la nostra hipotesi és que nivells elevats de lipoproteines
pro-aterogéeniques, en produir una reduccioé en l'expressio d'IL-1R2, facilitarien
I'activitat de IL-1 el que al seu torn afavoriria el desenvolupament de les lesions
aterosclerotiques. Per avaluar aquesta possibilitat, en primer lloc varem tractar
macrofags THP-1 amb una molécula inflamatdria (LPS) en abséncia o en
preséncia de lipoproteines, i determinarem l|'expressidé dels receptors d'IL-1.
Ambdéds receptors van resultar induits després de l'exposicid a LPS, pero la
pre-incubacié amb lipoproteines unicament va evitar l'increment en IL-1R2. De
nou, els nostres resultats suggereixen que el desequilibri en I'expressio

d'aquests receptors pot facilitar la senyalitzacié d'IL-1.

Com ja s'ha comentat, I'activacié de la via de senyalitzacié de la IL-1 bé
pel seu lligand natural, bé per LPS, comporta la fosforilacio de diverses , entre
elles IRAK-1 [Kollewe i col., 2004]. Els nostres resultats mostren que un
tractament amb LPS va induir l'aparicié d'una banda d'aproximadament 100
KDa, que correspondria a la proteina IRAK-1 modificada per fosforilacio
covalent. El tractament de les cél-lules amb acLDLs o VLDLs va produir una
disminucié d'aquesta banda, perdo també es va observar una disminucié
concomitant de la banda de 80 KDa, corresponent a la forma no modificada
d'IRAK-1. S'ha descrit que després de ser fosforilada, IRAK-1 és ubiquitinizada
per ser degradada pel proteasoma [Lockett i col., 2008]. Encara que no hem
determinat directament la ubiquitinitzaci6 d'IRAK-1, és plausible que el

tractament amb lipoproteines, en afavorir la senyalitzacié a través de la via d'IL-
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1, hagi facilitat el processament i degradacié d’IRAK-1, el que es reflectiria en

una reduccio dels nivells totals d'aquesta proteina.

Per finalitzar, i com a resum global de la present tesi, podriem dir que els
estudis realitzats en monocits i macrofags d’origen huma (ja siguin primaris o
de la linia THP-1) ens han permés identificar canvis en I'expressié génica
induits per farmacs (ritonavir, atorvastatina) o per condicions pro-aterogéniques
(dislipémies, lipoproteines, trombina) que podrien relacionar-se amb el procés
aterosclerotic. Per a algun d’aquests gens (TFPI-2 i IL-1R2) la connexié amb
aquest procés era fins ara poc coneguda, de manera que els nostres estudis

poden haver contribuit al seu millor coneixement.
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Les principals conclusions del treball experimental de la present tesi

doctoral han estat les seguents:

o El tractament de macrofags THP-1 durant 24 hores amb ritonavir indueix un
increment en l'expressio de CD36, perd alhora incrementa I'expressio

d’ABCA1 i CYP27, mentre que I'expressid proteica de SR-BI resulta reduida.

« El ritonavir també incrementa I'expressié de PPARYy, efecte que es relaciona
amb I'increment de CYP27 perd no amb els canvis en I'expressio de CD36 o
ABCAT1.

e L’augment en I'expressi6 de CD36 es relaciona amb I'efecte del ritonavir
augmentant la forma madura, activa, de SREBP, mentre que la induccio

d’ABCA1 es relaciona amb l'increment en I'expressio i activitat de LXR.

« Els monocits de pacients amb HFC presenten un perfil d’expressié génica
diferent dels individus controls sans. Els gens diferencialment expressats
corresponen a proteines amb funcions clau en els mondcits, relacionades
amb el procés aterosclerdtic, com son la resposta inflamatoria, el
metabolisme lipidic o la composicié de la MEC. Entre els canvis detectats

destaquen una major expressio de TFPI-2 i una reduccié de la d’IL-1R2.

o El tractament dels pacients amb HFC amb ATV durant un mes dbéna lloc a
efectes antiinflamatoris (evidenciats per la reduccié dels nivells de PCR) i
reverteix alguns dels canvis en el patré d’expressié génica dels monocits

circulants en relacioé a la situacio basal, abans del tractament .

e El tractament amb ATV, en canvi, no normalitza els baixos nivells

d’adiponectina ni I'increment dels AGL que presenten els pacients amb HFC.
o EIl tractament amb trombina provoca 'augment de I'expressid, tant génica

com proteica, de TFPI-2 en macrofags THP-1 i en cultius primaris de

macrofags derivats de monocits humans.
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La induccié de TFPI-2 per trombina es produeix per un mecanisme que no
depén de COX-2 ni dEGFR, sin6é que esta mediat per AMPc, amb la
participacio de les vies ERK1/2 i JNK, que finalment condueixen a 'activacio
de NF-«xB.

L’expressié d’'IL1R2 es troba reduida en macrofags THP-1 tractats amb

acLDL i VLDL i també en lesions aterosclerotiques.

La repressié de l'expressié d’IL-1R2 observada en els tractaments amb
lipoproteines es deuria a la carrega de lipids intracel-lulars al macrofag, i en

el cas de les acLDL hi participaria directament la via ERK1/2.
En macrofags activats per LPS, les lipoproteines eviten la induccié d’IL-1R2,

i redueixen els nivells de proteina total i fosforilada d’IRAK-1, una cinasa

clau en la via de senyalitzacié d’IL-1.
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