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L’obesitat i les malalties associades, com |’arteriosclerosi, la resisténcia a la insulina o
I’esteatosi hepatica, son el principal problema de la medicina moderna. La seva resolucio
dependra del coneixement que puguem adquirir de com els factors genétics i ambientals
afavoreixen I’augment de pes i de com el pes excessiu pot donar trastorns del
metabolisme. Pensem que al considerar la inflamaci6 com un mecanisme comi de
resposta, I’estudi pot ser simplificat. La inflamacié s’ha considerat tradicionalment com
un mecanisme de defensa, molt lligat a la supervivéncia de I’espécie, per la seva
capacitat de combatre les infeccions o restaurar el dany produit. No obstant, I’exposici6
de I’organisme a un estat d’inflamacid perllongat produeix un efecte totalment contrari,
conduint I’organisme a un estat d’inflamacié agut que lluny de dependre dels classics
instigadors dels processos d’inflamacié tradicionals, s’associa a un mal funcionament dels
teixits. Tant en el sobrepes com en I’obesitat, I’excés de nutrients inicia un cicle d’excés
d’adipositat que desencadena en una situacié on la complexitat entre les vies del sistema
immune i del metabolisme es troben, i donen peu a complicacions metaboliqgues com
diabetis, esteatosis hepatica, problemes respiratoris i/o arteriosclerosi. Aixi doncs,
sembla evident que per mantenir I’equilibri energetic sota condicions metaboliques
diverses és imprescindible la coordinacié entre les vies metaboliques implicades en el
control de nutrients i la resposta immune. Aguesta coordinacié requereix un complex
entramat de cél-lules, hormones i citoquines on la vies relacionades amb la inflamaci6 i
les vies del metabolisme convergeixen a diferents nivells i entre els diferents organs (I-
cArPiTOoL 1). De entre tots ells, el fetge és I’organ encarregat de controlar I’homeostasi
energética global de tot I’organisme, essent el principal regulador del metabolisme dels
lipids i de la glucosa. De fet, I’acumulacio excessiva de greix en els hepatocits coneguda
com esteatosi hepatica, esta considerada la manifestacié de la sindrome metabdlica en el
teixit hepatic. L’esteatosi hepatica és una malaltia inflamatoria que engloba una serie de
desordres que comencen per la simple esteatosis, passant per I’esteatohepatitis, fibrosis i
cirrosis, fins arribar en els casos més greus a carcinoma hepatic. L’obesitat, la diabetis
tipus 2, i la dislipemia s6n alguns dels factors etiologics associats al desenvolupament i
progressio de I’esteatosi hepatica. Tradicionalment, I’esteatosi s’havia considerat un
procés benigne perd el fet que sigui un requeriment necessari pel desenvolupament
d’esteatohepatitis (infiltracié de cél-lules inflamatories al teixit hepatic), el converteix en
un risc metabolic important pel desenvolupament de diabetis i malalties vasculars. | tot i

que I’obesitat no és una condicié necessaria per desencadenar la presencia d’esteatosis,
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la majoria de pacients que en presenten son obesos i presenten complicacions
metaboliques associades (I-cApiTOL 2).

Els nostres esforgos s’han centrat en I’estudi dels mecanismes d’actuacié d’una molécula
implicada en els processos d’inflamacio, la proteina quimioatraient de mondcits-1 (MCP-
1), una proteina que fou originalment descoberta per les seves funcions immunologiques i
sobretot, com el seu nom indica, pel seu paper fonamental en el transit de mondcits cap a
la lesio arteriosclerotica (I-capitoL 3). L’estudi de les citoquines, més concretament de les
guimioquines, s’esta intensificant notablement en els darrers anys. El nostre interés per
MCP-1 prové de les dades experimentals i cliniques recollides en estudis previs del nostre
grup i que ens van fer pensar que MCP-1 no només estaria implicada en la inflamacié siné
gue també tindria un paper clau en I’homeostasi metabolica, i per tant podria ser una
bona diana terapéutica. D’aqui en va sorgir I’Estubi 1, publicat a Experimental &
Molecular Pathology. El coneixement de MCP-1 no podia quedar estancat en el paper que
desenvolupa en la patogenesis de I’arteriosclerosi, sind que s’havia d’ampliar a altres
complicacions metaboliques. Necessitavem saber quin era el paper MCP-1 en el
metabolisme, i per tant I’estudi de la inflamacio en I’obesitat i les malalties associades,
amb especial interés per I’esteatosi hepatica donat que el fetge és un organ clau en el
control metabolic. Els resultats positius obtinguts en el primer treball on es mostraven que
efectivament MCP-1 estava implicada en el control del metabolisme dels lipids i de la
glucosa, van servir per posar en marxa el treball presentat en I’EsTubl 2 publicat a la
revista Cytokine. En aquest treball es pretenia valorar si I’expressié de MCP-1 en el fetge
podia tenir efecte sobre el desenvolupament de I’esteatosi hepatica utilitzant un model
animal que presenta esteatosi hepatica induida per la dieta. Els resultats van ser evidents,
I’expressié  hepatica de MCP-1 esta sobre-regulada per la dieta i contribueix al
desenvolupament i progressio de I’esteatosi hepatica. Quedava esbrinar com I’expressio
d’una molécula tan petita podia actuar sobre les vies metaboliques del fetge, i per aixo es
necessitava caracteritzar les molécules implicades en el desenvolupament i progressié de
I’esteatosi. D’aqui I’Estubi 3 publicat al Journal of Proteome Research, on definim els
canvis metabolics que es produeixen en el model on préviament haviem vist que
I’expressid hepatica de MCP-1 estava sobre-regulada. El segiient pas és veure que passa
guan realment MCP-1 no s’expressa al teixit hepatic, avaluant els canvis en I’expressio de

gens i metabolits que es produeixen en el fetge quan hi ha una deficiéncia de MCP-1.
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INFLAMACIO | METABOLISME

Mediators of Inflammation 2010 (2010) 326580 (Annex 1)

1. Introduccié

La incidéncia de I’obesitat i les malalties associades s’ha vist incrementada en el decurs
de les ultimes décades, fins convertir-se en un problema epidemiologic important de la
societat actual. Les dades® indiquen que el sobrepés i I’obesitat sé6n el cinqué factor de
risc per defunci6 en el mon. L’Organitzaci6 Mundial de la Salut estima que
aproximadament un bilié d’adults de més de 20 anys presenten sobrepés, dels quals més
de 200 milions d’homes i més de 300 milions de dones son obesos. Encara més alarmants
son les dades que indiqguen un increment similar d’obesitat infantil, al 2010
aproximadament 43 milions de nens menors de 5 anys presentaven sobrepés. L’obesitat
representa un elevat risc de desenvolupar complicacions metabdliques, resistencia a la
insulina, diabetis tipus 2, esteatosi hepatica, aterosclerosis o inclis desordres
degeneratius, tals com demeéncia, problemes respiratoris i fins i tot alguns tipus concrets
de cancer. Els menors que presenten obesitat tenen dificultats respiratories, major risc de
fractures, hipertensio, i marcadors primerencs de malaltia cardiovascular o resisténcia a
la insulina. L’obesitat infantil s’associa a una major probabilitat d’obesitat, mort
prematura i discapacitat a I’edat adulta.

La inflamaci6 s’ha considerat tradicionalment com un mecanisme de defensa, molt lligat a
la supervivéncia de I’espécie, per la seva capacitat de combatre les infeccions o restaurar
el dany produit. No obstant, I’exposicié de I’organisme a un estat d’inflamaci6 prolongat,
produeix un efecte totalment contrari, situacié principalment originada pels nutrients.
Tant I’excés de nutrients com un estat de desnutricié poden alterar les funcions del
sistema immune, conduint I’organisme a un estat d’inflamacié agut que lluny de dependre
dels classics instigadors dels processos d’inflamaci6é tradicionals, s’associa a un mal

funcionament tissular, i per tant a un problema en la regulacié6 de I’homeostasi

! Dades recollides per I’Organitzacié Mundial de la Salut (OMS) en la nota descriptiva N°
311 (Marc 2011)
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energetica. Aixi doncs, sembla evident que per mantenir I’equilibri energetic sota
condicions metaboliques diverses és imprescindible la coordinacié entre les vies
metaboliques implicades en el control de nutrients i la resposta immune. Aquesta
coordinacié requereix un complex entramat de cel-lules, hormones i citoquines on la vies
relacionades amb la inflamacié i les vies del metabolisme convergeixen a diferents nivells,

per la implicacié conjunta d’organs, teixits i cél-lules.

2. Relacié entre inflamacio i metabolisme

La supervivencia de I’espécie depén directament de la capacitat de I’organisme a fer
front a les infeccions i reparar el dany produit, pero també a la capacitat de I’organisme
en processar i emmagatzemar energia per afrontar possibles estats de restriccio
alimentaria o situacions de demanda energetica elevada. La cadena evolutiva demostra
com dos processos tan independents com metabolisme i sistema immune, estan
estretament connectats. S6n mdltiples les hormones, citoquines, proteines, factors de
transcripcio o lipids que actuen independentment tant en el metabolisme com en els
processos inflamatoris, i que inclis en ocasions actuen com a reguladors entre ambdues
vies de senyalitzacié [1-3].

Aquesta relacié entre inflamacié i metabolisme, que en condicions normals és beneficial
pel manteniment d’un bon estat de salut, resulta perjudicial quan I’organisme presenta
complicacions metaboliqgues, com ho demostra la immunosupressié present en els
individus amb desnutricié [4]. Al llarg de I’evolucié humana s’ha vist que les condicions
perllongades de restriccio alimentaria sén un perill molt important per la salut, situacions
que han permes establir un vincle real entre la inflamaci6 i els déficits alimentaris [4]. Tot
i que aquesta situacié continua essent evident per |’elevat nombre de persones que
encara pateixen els efectes de la desnutrici6, hem de reconéixer que durant I’Gltima
decada I’evolucié ha donat un gir i ens hem trobat que el problema dels paisos
desenvolupats recau en I’efecte oposat, I’excés constant de nutrients que esdevé
sobrepés i que en moltes ocasions acaba en obesitat (Figura 1) [2,5]. Tant en el sobrepes
com en I’obesitat, I’excés de nutrients inicia un cicle d’excés d’adipositat que
desencadena en una situacié on la complexitat entre les vies del sistema immune i del
metabolisme es troben, i donen peu a complicacions metaboliques com diabetis,

esteatosis hepatica, problemes respiratoris i/o arteriosclerosis [1].
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estat de mal nutricié com un estat amb excés de
nutrients poden alterar les funcions del sistema
immune. Adaptacié de Wellen & Hotamisligil
2005 [2].
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Fa més d’una década que el grup del Dr. Hotamisligil [6] demostrava amb el factor de
necrosis tumoral alfa (TNF-a) I’estreta relacié entre inflamacid i obesitat. Nivells elevats
d’aquesta molécula inflamatoria van ser identificats en el teixit adip6s de ratolins amb
obesitat, i en el teixit adip6s i muscul de pacients obesos [6-9]. Es va veure que
I’administraci6 de TNF-a recombinant en models cel-lulars i en models animals
d’experimentacié era perjudicial en les vies de senyalitzacié vinculades a I’acci6 de la
insulina [6]. En ratolins obesos la deficiéncia de les funcions de TNF-ao va resultar una
terdpia de millora a la sensibilitat de la insulina i I’homedstasi de la glucosa, confirmant
aixi que la resposta inflamatoria té un paper clau en la regulacié de I’accio de la insulina
en I’obesitat [6,9]. A partir d’aquesta troballa es va anar fent més evident que I’obesitat
era un estat cronic d’inflamacié, i que a la resposta de TNF-o s’havien de sumar la
implicacié d’altres molécules inflamatories, com les quimioquines (ex. MCP-1/CCL2,
proteina quimioatraient de monadcits 1) i citoquines (ex. IL-1, Interleuquina 1).

A partir d’aleshores, la visié tradicional dels processos d’inflamacié ha necessitat ser
revisada i ampliada. Sén diversos els instigadors i mediadors de la resposta inflamatoria en
els teixits on s’hi produeix un procés d’estrés metabolic, i que tot i ser encara molt
desconeguts divergeixen d’aquells que s’associen als processos d’infeccio o dany cel-lular
(Figura 2) [5]. Els instigadors d’aquesta resposta inflamatoria poden ser de naturalesa
exogena o endogena al compartiment cel-lular. Els inductors endogens d’inflamacié és
classifiquen en dos grups, depenen si son d’origen microbial o no-microbial. Els inductors
endogens es defineixen com senyals cel-lulars consequiencia de I’estres, el dany o el mal
funcionament dels teixits. L’experiéncia en el tractament de complicacions metaboliques
ha evidenciat que aquest instigadors i mediadors endogens de resposta inflamatoria estan
estretament vinculats a I’excés de nutrients, el sedentarisme, I’edat o la combinacio de
factors que condueixen a episodis clinics cada cop més habituals en la nostra societat com
son el sobrepés, I’obesitat, la diabetis tipus 2, la resistencia a la insulina, I’esteatosi
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hepatica, entre d’altres, o simplement la combinacié de tots ells en I’anomenada

sindrome metabolica. En totes aquestes condicions, un excés en els processos d’oxidacio

cel-lular (majoritariament oxidacié de lipids), particularment en el teixit adipés, és un

fenomen comu, que permet I’activacié de cel-lules inflamatories que augmenten encara

més I’oxidacid, convertint tots aquests processos en un cercle vicios, lluny de ser resolt

[3,5]. Fins al moment, les molécules candidates a ser inductors d’aquesta condicié

cel-lular podrien estar relacionades amb la produccié de radicals lliures (ROS) i/o0 espécies
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Figura 2. Els processos inflamatoris i el control cel-lular del metabolisme convergeixen

a diferents nivells. L’excés de nutrients, el sedentarisme, I’edat, o la combinaci6 de tots

ells desencadena una resposta d’inflamaci6 sistéemica on les quimioquines tenen un paper
clau. Figura de Rull A 2010 [5, Annex 1].
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Sembla ser que I’acumulacié de I’excés de lipids pot tenir efectes bioldgics que actuen
per vies desconegudes. No obstant, tot i la naturalesa d’aquests hipotétics instigadors de
la resposta inflamatoria, aquests elements han de ser suficients per poder desencadenar
la producci6 de mediadors d’inflamacid, els quals al final acaben alterant el funcionament
normal de diversos teixits i poden ser classificats en diferents grups d’acord amb les seves
propietats bioquimiques. D’aquest mediadors, les citoquines inflamatories (com TNF-a. o
IL6) activen I’endoteli i els leucocits i indueixen una resposta de fase aguda.
Particularment, les quimioquines (com MCP-1) controlen el flux de leucocits i la
guimiotaxis envers als teixits afectats. No obstant, I’accié de les quimioquines i altres
mediadors no es limita a efectes locals, i aquestes molécules poden efectuar funcions
neuroendocrines i metaboliques si assumeixen un paper general més important en la
inflamacio6 i el control de I’homeostasi tissular [12].

En condicions normals, les cel-lules es troben en una situaci6 basal. El primer pas
necessari per induir una seqiiéncia d’esdeveniments passa per estressar les cel-lules, per
les quals un excés de disponibilitat de nutrients és condici¢ suficient. La resposta a aquest
estres consisteix en una situacié complexa, i no completament entesa, d’adaptacioé que es
probablement regulada per macrofags residents de teixits. La seva funcié basica inclou la
retirada de cel-lules mortes quan es necessari i el manteniment de I’homeostasi tissular
per una varietat de mecanismes especifics de teixit, incloent-hi un increment de
produccié de factors de creixement i altres senyals que poden alterar el funcionament
normal dels teixits [13]. Quan I’adaptacid cel-lular falla i la nutrici6 inadequada arriba a
nivells extrems, macrofags addicionals son reclutats a I’interior cel-lular per ajudar els
teixits a I’adaptacié d’aquesta situacid particular d’estrés. El reclutament de macrofags
en resposta al mal funcionament cel-lular, devingut per I’excessiva acumulacié de lipids,
ha estat ben documentada en els adipocits i els hepatocits, i un increment de produccio
de molecules inflamatories (com MCP-1) ha estat identificat com a probable mediador
[14]. Obviament, si els processos d’adaptacié no sén possibles, la cél-lula mora. Quan els
macrofags reconeixen cel-lules necrotiques, una resposta inflamatoria externa és induida,
pero alternativament, hi pot haver un eliminaci6 de cél-lules mortes si aquestes sén
reconegudes com apoptotiques. Les consequéncies son clares, hi ha un balang net de
pérdua cel-lular, que necessita ser compensat per la generacié de noves cel-lules de la
mateixa classe. Aquest procés requereix un canvi substancial en el paper dels macrofags i
d’altres céel-lules per produir factors de creixement que promouran la proliferacié cel-lular

en una resposta de reparacié tissular. El resultat sera probablement conseqiiéncia de
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I’activaci6 de vies de senyalitzacio desconegudes amb un efecte intens en el control del

metabolisme dels teixits i/o cél-lules afectades [15,16].

3. Com I’obesitat pot iniciar un procés inflamatori?

En I’obesitat sén multiples els processos que desencadenen I’inici d’una inflamacio
sistemica, tot i que encara queden molts enigmes per resoldre en la recerca del quan i del
com una malaltia com I’obesitat pot inicia una resposta inflamatoria. Tot sembla indicar
que la resposta inflamatoria s’inicia en els adipocits, els primers tipus cel-lular afectats en
el desenvolupament de I’obesitat, i en els tipus cel-lulars propers als adipocits que es
troben afectats pel creixement massiu del teixit adipds (Figura 3). L’excés de nutrient
provoca un estat d’estrés metabolic important, en el que la producci6 de radicals lliures
(estres oxidatiu) en les mitocondries i I’estrés del reticle endoplasmatic activa la
produccié de molécules inflamatories, TNF-oo 0 MCP-1 [17]. La secrecié de TNF-a en el
teixit adip6s estimula la secrecié de MCP-1 en els pre-adipocits. De forma molt similar, les
cel-lules endotelials poden segregar MCP-1 en resposta a les citoquines. Aixi pre-adipocits
i cel-lules endotelials es converteixen en responsables de I’atraccio de macrofags al teixit
adip6s, que acabaran activant una resposta inflamatoria en adipocits veins, i que conduira
a I’augment de la inflamacié local que potenciara la resisténcia a la insulina en organs
susceptible de la seva accio, majoritariament pancrees, fetge i muscul.

Adipocit

| Augment  TNFie
i h

de pes al
—_—

Reclutament de
macrofags
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Figura 3. L’obesitat provoca canvis estructurals importants en el teixit adipds que
indueixen I’activacié de processos inflamatoris en el propi teixit i que s’aniran estenen
cap a la resta d’organs involucrats en I’accié de la insulina. Els macrofags seran els
responsables de comencar aquest cercle viciés. Adaptacié de Wellen & Hotamisligil 2003
[17].

a. L’estres del reticle endoplasmatic
Els models experimentals indiquen que el reticle endoplasmatic (RE) és I’organ essencial
per iniciar i a la vegada integrar les vies dels processos inflamatoris i I’accié de la insulina
en I’obesitat i la diabetis tipus 2 (Figura 4) [18,19]. El RE és un organul format per un
conjunt de cavitats aplanades, conductes i lamines limitades per una membrana, que
intervé en la sintesi de proteines i lipids, i que fa la funci6 d’emmagatzemar i transportar
determinades substancies, i que s’encarrega de I’ensamblatge correcte de les proteines
secretores i de membrana (estructura secundaria i terciaria). Les proteines que en
resulten mal plegades, parcialment o totalment incorrectes s6n detectades, eliminades i
degradades. No obstant, I’acumulacié de proteines incorrectes, la fluctuacié dels nivells
de nutrients i d’energia, la hipoxia cel-lular o un increment important en la demanda de
sintesi de proteines en el RE acaben provocant una condici6 d’estrés cel-lular. En aquestes
condicions, el RE activa una resposta complexa en el sistema (UPR: unfolded protein
response) per intentar restaurar la funcionalitat integre d’aquest organul [19,20], que
passa per I’activacié de tres molécules localitzades a les membranes del RE [21]:
a. lainositol quinasa que requereix la activitat enzimatica 1 (IRE-1)
b. la quinase pancreatica del reticle endoplasmatic (PERK), que actua mitjangant la
fosforilacié de la subunitat o del factor 2o d’iniciaci6 de translacié eucariota
(elF2a)
c. el factor de transcripci6 activador 6 (ATF6), de la familia dels factors de
transcripcié CREB i ATF.
En condicions normals, aquests tres sensors d’estrés de RE es troben en un estat inactiu
per associacié amb abundants xaperones del RE, anomenades BIP. En condicions d’estres,
les BIP (immunoglobulin-heavy-chain-binding protein, també anomenades HSPAS i GRP78)
es segreguen per uni6 a proteines mal plegades, o incorrectes, activant els sensors
d’estrés del RE [22]. La resposta més immediata a I’activacié de les BIP per la via de
PERK, és I’homodimeritzacio i la trans-fosforilacié de PERK, que en ultim terme permetra

la fosforilacié d’elF2a., inhibint la sintesi de proteines. Tanmateix, la fosforilacié d’elF2a
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és necessaria per la translacio de determinats RNA missatgers que contenen seqiiéncies
reguladores, com ATF-4. ATF4 pot induir I’expressié de gens UPR, els quals estan
involucrats en la biosintesi i transport d’aminoacids, la resposta de I’estrés oxidatiu, i les
processos d’apoptosi induits per I’estres del RE [23].

Paral-lelament, I’estres del RE potencia I’autofosforilacié d’IRE-la fent que s’activi la
seva activitat RNAsa. En aquest moment, IRE-1a es capa¢ de remodelar la sequéncia de
mRNA que codifica per XBP-1 (X-box-binding protein 1), convertint aquesta molécula en un
potent factor de transcripcié [20,21].

Per altra banda, quan ATF6 és alliberat de BIP, aquest es situa a I’aparell de Golgi on les
proteases S1P i S2P dividiran ATF6 en diferents fragments que seran alliberats al citosol
cel-lular, i que migraran cap al nucli per activar-ne la transcripcié. Seran les mateixes
proteases SP1 i SP2 les que també s’encarregaran de dividir el factor SREBP, necessari per
la sintesi de colesterol i acids grassos [24]. Els fragments d’ATF6 i la isoforma
potencialment activa de XBPl1 actuen paral-lelament en la induccié de gens de
transcripcio que codifiquen les xaperones del RE i enzims que promouen el plegament,
maduracid, secrecio i degradacié de proteines del RE. Pero si la resposta no es suficient
per resoldre I’estrés cel-lular que provoquen aquestes proteines incorrectes, i restaurar
I’homeostasi en el RE, la UPR iniciara un procés d’apoptosi cel-lular per protegir

I’organisme.

b. De I’estres del reticle endoplasmatic als processos inflamatoris

A I’interior de les cél-lules, probablement els dos processos inflamatoris que actuen sobre
I’acci6 de la insulina sén la via de senyalitzacio c-jun N-terminal kinase (IJNK)-AP1, i la via
de senyalitzacid IKK-NF-xB [19,25,26], per la seva estreta relacié amb I’activacié d’IRE-1 i
PERK en els processos d’estres del RE. IRE-1 esta lligat a I’activacié de JNK a través del
factor 2 associat a TNF-a (TRAF2). L’activacio tant de IRE-1 com PERK esta a la vegada
lligada a NF-kB, per dues vies de senyalitzacio diferents. Mentre IRE-1 interactua amb IKK
per TRAF2, I’activacio de PERK permet la degradacié d’IKK i aixi facilita I’activitat de NF-
kB.

L’estres del RE també esta lligat a la generacié i acumulacié intracel-lular de radicals
lliures i especies reactives d’oxigen (ROS), situacié que comporta estrés oxidatiu i iniciacio
de la resposta inflamatoria [27]. Tanmateix, I’acumulacioé de proteines incorrectes en el
citosol cel-lular augmenta la concentracié de calci, que acabara concentrant-se en la

matriu mitocondrial, causant una despolaritzacié de la membrana interna del mitocondri,
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gue suposara un major augment de la produccié de ROS. A aquestes espécies reactives,
haurem de sumar-hi les especies reactives de nitrogen que poden alterar I’estat oxidatiu i
les concentracions de calci en el RE, causant estrés de RE i producci6 de ROS.

La resposta de fase aguda és un altre procés que hem de tenir en compte. CREBH es un
factor de transcripcié de fase aguda que s’ha identificat com a mediador de la resposta en
els hepatocits, i la seva expressio és altament induida per citoquines inflamatories [28].
CREBH es activat per la translocacié del RE a I’aparell de Golgi, on es dividit per les
proteases SP1 i SP2. El fragment N-terminal sera alliberat al citosol i sera conduit al nucli

cel-lular, on pot acabar induint la transcripcio.
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Figura 4. La resposta inflamatoria i metabolica es pot interpretar com una resposta a
I’estres cel-lular. Les cél-lules detecten i reaccionen a I’estrés del seu entorn. El RE és el
principal contribuidor degut al seu paper central en integrar un elevat nombre de senyals

metaboliques per I’homeodstasi cel-lular. Adaptacié de Rull A 2010 [5].

Finalment, hem de destacar que estudis recent mostren la relacié entre I’estres del RE i la
via de senyalitzacié de mTOR [29], essencial en la regulacié de nombrosos processos, que
inclouen el cicle cel-lular, el metabolisme energetic, la resposta immune i I’autofagia.

S’ha comprovat que I’autofagia té un paper rellevant en el metabolisme dels lipids i que

11
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podria tenir implicacions importants en les malalties on hi ha acumulacié de lipids [30].
Tot i que els estudis que podem trobar s6n molt recent i preliminars, les similituds que
s’han observat entre els processos d’autofagia i la lipolisis, junt amb la capacitat dels
lisosomes a degradar lipids suggereixen que I’autofagia condueix a la ruptura tant de les
gotes de lipids (magatzem de lipids en les cel-lules) com dels triglicérids [30,31]. Tot i la
poca informaci6 que es té fins al moment, les dades experimentals indiquen diferencies
entre els processos d’autofagia que es donen en els hepatocits i en els adipocits. En el
teixit adipo6s, I’autofagia regula I’acumulacié de lipids mitjancant el control de la
diferenciacio dels adipocits i determina el balang entre els teixits adipds blanc i marré
[31]. En els teixits no adiposos, com el fetge, I’autofagia fa una funci6 protectora
prevenint la lipotoxicitat per una disminucié de I’acumulacié hepatica de lipids i
promovent I’emmagatzematge segur de lipids en el teixit adipos.

c. Contribucié d’altres molécules del sistema immune

Resultats in vitro han determinat I’existéncia de dos tipus de macrofags, M1 i M2,
classificats en funcié de I’activitat que presenten (Figura 5) [32-35]. En I’obesitat, s’ha
vist com un considerable nombre del conjunt de macrofags de teixit de la classe M2
(alternatively activated macrophages) passa a formar part del conjunt de macrofags de
teixit de tipus M1 (classically-activated) [34]. Aquest procés donara com a resultat un
canvi en la secreci6 de citoquines, que passaran de ser predominantment
antiinflamatories (M2) a pro-inflamatories (M1). Els macrofags tipus M2 protegeixen del
desenvolupament de la inflamacio relacionada amb I’obesitat i la resisténcia a la insulina,
basicament a traves de la regulaci6 de I’activitat del receptor de PPARy [35]. La produccio
dels macrofags tipus M1 esta induida per mediadors pro-inflamatoris, permet I’activacio
de la produccié de citoquines pro-inflamatories i la generacié de molécules ROS. Aquest
mecanisme cel-lular esta probablement regulat per la via inflamatoria de quimiotaxis
CCL2/CCR2

Figura 5. El teixit adip6s allibera adipoquines
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) d « W . . , . .
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R j - .
- y adip0Os presenta una gran quantitat de macrofags
Adipl'uquines . . pos p g q g
(adh i Molgcules . ) alli
adiponectina, pro-inflamataries| TPUS M1, que s’encarrega d’alliberar un nombre
resistina, leptina) TNFa. IL-6 . . ) -
(TNFa, IL-6) considerable de molecules pro-inflamatories.
o M2 —- & 1
Alternatively activated fassicaly activated | Adaptacio de Odegaard 2011 [35].
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En I’obesitat es produeix un reclutament de monocits CCR2* (C-C motif chemokine
receptor 2 positive) cap a I’interior dels adipocits que es diferencien en macrofags de
tipus M1. L’entorn inflamatori que promou I’activacié de M1 inclou el reclutament de
cel-lules CD8, reduccié del nombre de cél-lules reguladores T (Tregs), i increment en la
produccié de citoquines tipus Thl (Thelper 1). A més, com ja hem vist anteriorment,
I’hipertrofia dels adipocits indueix I’estrés del RE i la hipoxia, ambdds factors promouen la
mort cel-lular. En I’obesitat, s’ha vist

. . . Adipécit
com les ceél-lules CD8 i els macrofags i &z
necratic .Tr;g
tipus M1 formen un complex entramat Adioseit Wl ules coa
entorn als adipocits necrotics. Aquest poct "‘-»c’f @
'
increment dramatic de macrofags ;
tipus M1 en [I’obesitat inhibeix les - .
funcions dels macrofags M2, i com a m‘ﬂfgrams Cél-lules Thy Cids grassos o
ik L' cpe® * saturats ,J""_F'\_
consequiencia es produeix un augment | s A o Hi peia
_ o T Reclutament dé '\‘_‘J‘I
de la inflamacié (Figura 6). \‘ . mac,-.;.fag.s. -\ . .,/
Figura 6. Representacio dels factors t l Qi rrio i ol
involucrats en el control del Apoptosis ~— s Hipada
reclutament i I’activacié de macrofags
del teixit adip6s. Adaptaci6 de Hecrosis
Odegaard 2011 [35]. Inflamacia

4. La resposta inflamatoria dels teixits metabolics en I’obesitat

L’efecte multiple produit en els processos d’obesitat esta associat a un defecte en el
balanca de I’homedstasi i la resposta pro-inflamatoria del sistema immune (Figura 7) [36].
L’obesitat desencadena una cascada de senyalitzaci6 inflamatoria a nivell d’hipotalem i
de teixit adipds, provocant una desregulacié en el manteniment de la sensibilitat a la
insulina i la leptina. Paral-lelament, I’acumulacié ectopica de lipids en el muascul i fetge,
aixi com en la circulacié sanguinia activa els leucocits tissulars i contribueix a malalties
especifiques d’organs, promovent la resisténcia a la insulina sistemica. En els illots
pancreatics, les citoquines inflamatories acceleren la progressié cap a la diabetis.

a. Pancrees

Els processos inflamatoris poden reduir la secrecié d’insulina i desencadenar I’apoptosi de

cel-lules B del pancrees produint un engruiximent dels illots pancreatics, un fenomen

13
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critic en la progressio de la diabetis [36 ,37]. Estudis experimentals ens han mostrat com
en I’obesitat induida per la dieta, els macrofags s’acumulen en els illots convertint-se en
una font de citoquines pro-inflamatories que bloquegen la funcid de les cel-lules B.

b. Teixit adip6s

La resisténcia a la insulina del teixit adip6s i la disfuncié en I’emmagatzematge de lipids
en els adipocits és un procés essencial en la progressio de I’obesitat [18,38]. S’ha vist com
el nombre de macrofags del teixit adipds i I’expressio dels gens coincideix amb el
desenvolupament de la resisténcia a la insulina. Tanmateix, estudis recents determinen
que aquests macrofags son tan sols uns mediadors de la resposta inflamatoria que inclou
I’acumulacio de cél-lules CD8+, Th1-CD4+T, i la pérdua de cél-lules Tregs [39].

c. Hipotalem

Estudis d’associacio genomica han localitzat nombrosos gens neuronals que afecten I’index
de massa corporal, suggerint que les variacié en el control central del metabolisme
podrien tenir una vinculacio en el
risc genétic de patir obesitat Pes corporal
[40,41]. No obstant, cal remarcar

que independent a I’obesitat, la Leptina i resisténcia

b V™| a la insulina i (T
inflamaci6 a nivell d’hipotalem Cm:ép |nﬂ:r:ﬂ;53
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d. Mdscul

Els miocits tenen la capacitat de respondre les senyals inflamatories per receptors de
reconeixent (PRRS) tals com TLR4 (Toll-like receptor 4) [8]. La inflamacié en el mascul es
troba lligada a la infiltracié de macrofags induits en el muascul obeés [43].

e. Fetge

L’esteatosi hepatica és un factor de risc molt lligat a la resisténcia a la insulina,
I’esteatohepatitis no alcoholica, i la dislipemia, independentment de I’adipositat visceral
[44]. Son diversos els factors que es troben involucrats, inflamatoris i metabolics, en el
desenvolupament de I’esteatosi hepatica (JNK, TLR4, I’estrés del RE). L’esteatosi hepatica

esta associada a un increment de citocines M1/Th1 i cél-lules del sistema immune [45,46].

RESUM DEL CAPITOL

v/ La incidencia de I’obesitat i les malalties associades (la diabetis
tipus 2, la resistencia a la insulina, I’esteatosi hepatica, o
malalties cardiovasculars, entre d’altres) s’ha vist incrementada en
el decurs de les ultimes decades, fins convertir-se en un problema
epidemiologic important de la societat actual.

v' L’excés de nutrients, la poca activitat, I’edat, o la combinacié de
tots aquests factors, habituals en la nostra societat, desencadenen
una resposta d’inflamacié sistemica on les quimioquines tenen un
paper clau.

v' El mecanisme coml que déna pas a l’obesitat i les malalties
associades és la inflamacid cronica, promoguda principalment per
I’activacio de macrofags en el teixit adipos i fetge.

v' El reticle endoplasmatic (RE) és I’0rgan essencial per iniciar i a la
vegada integrar les vies dels processos inflamatoris i I’accio de la
insulina en I’obesitat i la diabetis tipus 2.

v' En VI’obesitat, el conjunt de macrofags de teixit tipus M2
(alternatively activated macrophages) passa a formar part del

conjunt de macrofags de teixit M1 (classically-activated). Aquest

mecanisme cel-lular esta probablement regulat per la via
inflamatoria de quimiotaxis CCL2/CCR2.
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L’ESTEATOSI HEPATICA

1. Introduccié

L’esteatosi hepatica és una malaltia inflamatoria que engloba una série de desordres que
comencen per la simple esteatosis, passant per |I’esteatohepatitis, fibrosis i cirrosis, fins
arribar en els casos més greus a carcinoma hepatic. Tradicionalment, I’esteatosi s’havia
considerat un procés benigne pero el fet que sigui un requeriment necessari pel
desenvolupament d’esteatohepatitis, el converteix en un risc metabdlic important pel
desenvolupament de diabetis i malalties vasculars.

L’obesitat, la diabetis tipus 2, i la dislipémia sén alguns dels factors etioldgics que estan
associats a I’esteatosi hepatica no alcoholica (referida en aquest capitol com esteatosis

hepatica). No obstant, tot i que I’obesitat no és una condici6é necessaria per desencadenar

2 o - ; - N - ..
N Y ... 5 ’ y la presencia d’esteatosis, la majoria de
e : / : " / % | pacients que en presenten sén obesos i
- ” A
e - " 2 : presenten complicacions metaboliques
. ,J ] 3 : i A
7%' \ W (4 Y ) associades.
- v '.' ' =3 ,:",.‘ * \ Figura 8. Biopsia hepatica d’un pacient
e } b . L
;’.-"' 13 ‘ o.l g, f‘ ; A M amb obesitat morbida, on es pot
e P U . v apreciar una acumulacié considerable
- ‘ £ -y -~ s = - - .2
v’# R By 3 de lipids, acompanyada per infiltracio
‘, N4 ;, - A -.‘ de macrofags (cél-lules tenyides de
. I 3 . | X
'\.\ A o) N N ALOAFSSS marro).

L’esteatosi hepatica es defineix com una acumulacié de lipids dins I’interior dels
hepatocits. El control de lipids en els hepatocits esta regulat majoritariament per
hormones distals (ex. insulina) i factors del propi fetge, en una complexa interaccié de
diversos tipus cel-lulars procedents de diferents organs. Els triglicerids del fetge son
reconvertits en font d’energia per processos d’oxidacid, exportats fora dels hepatocits
mitjangant particules de molt baixa densitat (VLDL), o emmagatzemats en el propi fetge
per situacions de requeriment energétic. L’esteatosi hepatica es consequiencia d’un
desequilibri en el control d’aquests lipids hepatics. Un augment de triglicérids en el fetge
pot ser conseqiiencia de a) acids grassos de la dieta que sén emmagatzemats al fetge, i
I’augment dels quals incrementa la resisténcia sistémica de la insulina; b) la sintesi de
novo que es produeix en el fetge; c) la re-circulacié d’acids grassos no-esterificats dels
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teixits periférics (teixit adip6s, muscul) i/o d) I’alliberament inadequat a través de les
VLDL.

2. El fetge, organ clau en I’homeostasi metabodlica

El fetge és I’0rgan central en el manteniment de I’homeostasi global energética per la
seva capacitat en la regulacié de I’aprovisionament de glucosa, cossos cetonics i
triglicérids a altres organs periferics [47].

La sintesi de novo de triglicérids hepatics (lipogénesis) es troba regulada pels nutrients
(carbohidrats, acids grassos i insulina), i la seva formacié requereix la connexié de
multiples vies metaboliques que inclouen la glicolisi i B-oxidacié per generar molécules
d’acetil-CoA (necessari per la sintesi d’acids grassos), generacié de moléecules NADPH com
a font d’energia, i empaquetament d’acids grassos en un cos glicerofosfat que els faciliti
ser captats per les VLDL, permetent-ne el seu transport extracel-lular (Figura 9) [48]. En
condicions d’excés de carbohidrats, el piruvat generat en els processos de glicolisis entra
al cicle de Krebs per generar citrat, la principal font d’acetil-CoA. L’acetil-CoA per I’accio
de I’enzim acetil-CoA carboxilasa (ACC) passa a manolil-CoA, que amb I’accié de FAS
(fatty acid synthase) comenca el procés de lipogénesis, que permetra I’obtencié de
triglicerids. Un increment en la sintesis d’aquest acids grassos es tradueix en un augment
de la concentraci6 de manolil-CoA cel-lular, el qual inhibeix CPT1 (carnitine
palmitoyltransferase 1), I’enzim clau de la B-oxidaci6 per la seva accié com a mediador

en el pas d’acetil-CoA des del
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S6n diversos els factors de transcripcié i receptors nuclears els que participen en

I’homeostasi de lipids i glucosa del fetge. No obstant, quan hi ha un excés de nutrients s6n
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basicament dos els factors de transcripcio els implicats, SREBP1c (sterol rgulatory binding
protein 1c) i ChREBP (carbohydrate response binding protein). La insulina indueix la
lipogénesi per una sobre-expressié de SREBP1c, que activa els gens implicats en la
biosintesi d’acids grassos, com ACC i FAS [49]. L’efecte de la insulina sobre I’expressié de
SREBP1c esta basicament controlada pel receptor X del fetge (LXR), un factor que controla
el pas de colesterol a acids biliars en el fetge [50]. Per altra banda, ChREBP és activat
tant per la glucosa com per la xylosa-5-fosfat, un producte via pentosa fosfat, fet que
indica que aquest factor manté I’expressio dels gens involucrats en la biosintesi d’acids
grassos hepatics en els processos on hi ha excés de calories provinents de carbohidrats,
convertint-se en un sensor clau dels nivells de glucosa hepatica [51,52]. Cal destacar que
estudis recent indiquen que el factor ChREBP és una diana directa per LXR [53], establint
aixi LXR com a mediador lipogénic pel seu rol en I’augment de la sintesi d’acids grassos. A
més a més, el fet que s’hagi observat com la glucosa (oxysterols) pot activar LXR [54],
converteix aquest receptor en una molécula integradora del metabolisme dels lipids i de
la glucosa. En resum, LXR pot detectar I’excés de glucosa, pot induir la sintesi d’acids
grassos, i promou I’exportacié de les VLDL [55].

En el fetge, la continua activitat de la fatty acid transport protein 5 permet mantenir el
consum caloric i el flux d’acids grassos en el fetge [56]. Quan els nivells d’acid grassos
hepatics augmenten, PPARa (peroxisome proliferator-activated receptor) i PPARGC1
(peroxisome proliferator-activated receptor y co-activator 1) son activats i promouen
I’oxidacio i la produccié de VLDL, resultant en un aclariment dels acids grassos [57].
Tanmateix, PPARa actua directament amb PPARGC1, que conjuntament amb Foxa2
(forkhead box protein a2) estimulen I’oxidaci6 d’acids grassos i la produccié de VLDL [57].
Com que la resisténcia a la insulina inhibeix la fosforilaci6 de Foxa2, produint-ne la
dissociaci6 amb PPARGC1, aquesta via podria contribuir a I’aparicié6 de I’esteatosi
hepatica [58]. Tanmateix, PPARGC1 incrementa SREBP1 i I’activitat transcripcional de
LXR, acoblant la sintesi de lipids amb la secrecio6 de lipoproteines [59].

L’oxidacié dels acids grassos esta també promoguda per I’accié de I’adiponectina, un
efecte que pot ser mediat via I’activaci6 de PPARa [60] o AMPK (adenosine-5’-
monophosphate-activated protein kinase) [61]. AMPK disminueix la gluconeogénesi i la
sintesi d’acids grassos mentre que incrementa I’oxidacio d’acids grassos. Aquest efecte
acumulatiu s’aconsegueix per aquest tres mecanismes independents, que inclouen la
supressié de SREBP1 i ChREBP [62,63], i la inhibici6 de I’acetil-CoA carboxilasa que resulta
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en un increment de I’oxidacié per la disminucié de manolil-CoA [64]. Finalment indicar

que I’activacié d’AMPK al fetge es pot produir via PPARy [65].

3. La resisténcia a la insulina

Un factor que promou el desenvolupament d’esteatosis hepatica és la resisténcia a la
insulina, que empitjora la supressio de la lipolisis regulada per la insulina resultant en un
increment en I’alliberacié d’acids grassos a la circulacié [66]. La insulina promou la
captacié de glucosa a les ceél-lules per I’'increment de I’expressié de transportadors de
glucosa, promou la sintesi de glicogen, i inhibeix la gluconeogenesis. Tanmateix, la
insulina és un important modulador de la formacié i emmagatzematge de lipids promovent
la sintesi de triglicérids i inhibint la lipolisis [67]. La resisténcia a la insulina esta
caracteritzada per un empitjorament de la captacié de glucosa al muscul esquelétic i al
teixit adip6s [68]. La lipogénesis controlada per insulina resulta en un increment net
d’acids grassos alliberats del teixit adip6s. En el fetge, la insulina és un potent inhibidor
de la produccié endogena de glucosa, procés empitjorat en preséncia de resistencia a la
insulina hepatica.

Quan es produeix un estat de resisténcia a la insulina en el teixit adipds es produeix un
increment d’acids grassos en la circulacio, consequéncia d’un augment de la lipolisis, que
altera el metabolisme hepatic dels acids grassos i promou el desenvolupament d’esteatosis
hepatica [66]. El diacilglicerol (DAG) és un producte de la lipogenesis que actua sobre la
cascada de senyalitzacié serine/threonine quinasa, que acabara inhibint I’activitat
tyrosine quinasa i interferint amb la capacitat de la insulina a fosforilar els residus de
tirosina del receptor IRS2. Resultat d’aquesta accid és una disminuci6 de I’activacio de la
PI3K (fosfatidilinositol-3-quinasa) i el factor Akt2, reguladors de I’activitat de GSK3
(glycogen synthase kinase-3) [69]. La disminucid en I’activitat GSK resulta en una
disminucié en la captaci6 de glucosa en el fetge mitjancant la insulina, i la reducci6 en
I’estimulacié d’insulina per produccié de glucosa hepatica. Tanmateix, una disminucié en
la fosforilacié del factor FoxO (forkhead box protein O) permet la seva entrada al nucli
cel-lular i per tant permeten I’activacié de factors de transcripcid d’enzims d’accid
limitant en els processos de gluconeogenesis: PEPCK (fosfoenlopyruvate carboxylasa) i
G6Pase (glucosa-6-fosfatasa) [69].

En la resistencia a la insulina, FoxO activa la via de la gluconeogénesis pero també promou
la producci6 de VLDL per I’activacio la proteina de transcripcié microsomal [70]. Els acids

grassos també poden causar resisténcia a la insulina per un fenomen independent de TNF-
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o, per JNK [9]. L’augment de I’activitat JNK en I’esteatosi hepatica empitjora la capacitat
de senyalitzacio del receptor de la insulina. Tanmateix, la resisténcia a la insulina esta
promoguda per I’activacié de IKK i NF-xB que en ultim terme incrementen la produccio i

secrecié de molecules inflamatories, com IL-6 [71].

4. Altres factors implicats en I’aparicié d’esteatosis hepatica

La flora intestinal

La flora intestinal és adquirida en el moment del naixement i va patint un procés de re-
colonitzaci6 al llarg de la vida en funci6 de factors com la dieta, el tractament amb
antibiotics, la higiene o les infeccions. En el humans, la flora intestinal esta composada
per uns 10%-10* microorganismes, entre els que s’ha vist que la familia dels Bacteroidetes i
Fimicutes poden influir en el balang energéetic i I’emmagatzematge del greix [72-74]. La
fermentacié microbiana dels polisacarids, no digeribles, a monosacarids, i dels acids
grassos de cadena curta, amb la subsegiient absorcio intestinal, estimula els sintesi de
novo dels triglicerids hepatics per I’accio dels factors ChREBP i SREBP1 en el fetge [75,76].
Per altra banda, la supressio del factor ANGPTL4 (angiopoietin-like protein 4), produeix
un increment de I’activitat lipoproteina lipasa al teixit adipés [77]. Aquest fenomen
facilita la lipolisis de triglicerids i I’alliberament d’acids grassos del fetge que seran
captats pel teixit adipés, promovent I’emmagatzematge de triglicérids hepatics i el
desenvolupament de resisténcia a la insulina. Paral-lelament, amb una dieta rica en greix
la flora microbiana té la capacitat de convertit la colina a metilamines per la seva
excrecid urinaria [78]. La reducci6 en la capacitat de la colina per poder sintetitzar prou
fosfatidilcolina per I’empaquetatge i secrecié de les VLDL, comportara un augment en
I’acumulacio de triglicérids en fetge [79].

La flora intestinal també s’ha vist implicada en la génesis de la resistencia a la insulina
mitjancant la implicaci6 de I’endotoxina, un component de la paret dels bacteris
gramnegatiu alliberat per la microflora intestinal, i que s’introdueix al fetge per la
circulacié sanguinia [80]. L’endotoxina estimula la resposta inflamatoria per la via de
senyalitzaci6 TLR4. L’activaci6 de TLR4 activa directament la via de senyalitzacié
estudiada anteriorment IKK-NF-xB, que actua directament sobre I’accié de la insulina,
mitjancant I’increment en la produccié de citoquines pro-inflamatories (IL-6, TNF-a)
[81,82].
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La resposta del teixit adipés

L’absorcié del greix de la dieta per part de I’intesti es realitza en forma de quilomicrons.
En el teixit adipo6s, la lipoproteina lipasa de I’endoteli hidrolitza els triglicerids alliberant
acids grassos lliures que seran captats, re-esterificats a triglicérids i emmagatzemats com
diposits de greix. Un excés de carbohidrats i una situacié d’hiperinsulinémia activaran el
factor ChREBP, promovent de nou els processos lipogéenics en els adipocits [83,84].

En el capitol anterior, hem vist com I’obesitat promou una acumulacié de greix important
en els adipocits, activant la infiltracié6 de macrofags en el seu interior que activara la
produccié de TNF-o i disminuira els nivells d’adiponectina. Aquestes molécules seran
alliberades a la circulacio i detectades pel fetge, que induira la produccié de molécules
inflamatories com a resposta de fase aguda. El conjunt d’aquestes molécules inflamatories
promouen la disfuncié de I’endoteli, els processos d’aterogénesis i trombosis, com
I’empitjorament del metabolisme de la glucosa que es traduira en un estat de resisténcia
a la insulina.

L’adiponectina és una proteina especifica del teixit adip6s que s’ha vist reduida en els
processos d’esteatosi hepatica. S’ha vist que existeix una correlacid inversa entre els
nivells d’adiponectina en sérum i la quantitat de greix emmagatzemat en el teixit hepatic,
aixi com una correlacié positiva entre els nivells d’adiponectina i la resisténcia a la
insulina. Una altre proteina que vincula el teixit adipés amb I’esteatosis hepatica és la
RBP4 (retinol binding protein 4). Aquest proteina que es troba incrementada en
I’obesitat, s’ha vist directament implicada en la senyalitzaci6 de la insulina en els
adipocits i en I’expressié hepatica de PEPCK, que conseqiientment disminueix I’accié de la

insulina sobre la supressié de la produccié de glucosa.

5. Els efectes de I’esteatosi hepatica en el fetge

L’estrés oxidatiu

L’estrés oxidatiu és el resultat d’un no balang entre la producci6 de ROS i la capacitat dels
antioxidants. La mitocodria, concretament el sistema citocrom P450, i els peroxisomes
representen una font important de produccié de ROS. S’ha vist que en I’esteatosi hepatica
es produeix un defecte estructural de les mitocondries associat a un empitjorament de la
cadena respiratoria mitocondrial, que com a resultat produeix un estat d’oxidacio i
fosforilacié que promou la produccié de ROS [83,85]. Tanmateix, s’ha comprovat que el
contingut de colesterol lliure en les mitocondries és critic en el pas d’esteatosi a
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esteatohepatits, per la sensibilitzacié dels hepatocits a TNFa. i FAS, i per la reduccio de la

concentracio de glutatié mitocondrial [86].
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Figura 10. Visi6 general dels processos implicats en I’aparicié d’esteatosis hepatica i
esteatohepatitis. Hi ha tres processos basics implicats: 1) increment de greix visceral,
alteracio sistemica i resposta hepatica a I’augment dels nivells d’insulina; 2) Alteracié en
I’exportacio dels acids grassos hepatics, oxidacioé i dessaturacié en I’interior del fetge; i 3)

Iniciacio i els consequents efectes de la lipotoxicitat. Adaptacié de Tiniakos 2010 [84].

Apoptosi cel-lular

Els hepatdcits pateixen els efectes de la citotoxicitat de I’estrés oxidatiu, que condueix a
mort cel-lular amb necrosis i apoptosis, amb el conseqiient increment dels processos
inflamatoris [84]. S’ha comprovat que en I’esteatosi hepatica la proteina anti-apoptotica
BCI2 (B-cell lymphoma formation) es troba significativament augmentada [87].

L’estres del RE i la UPR

Els pacients amb esteatosi hepatica presenten un activacié de la URP [83,88]. S’ha vist
com I’activacié de IRE-1 juga un paper important en el pas d’esteatosis hepatica a
esteatohepatitis, per la via de la fosforilaci6 de JNK. En els pacients amb

esteatohepatitis, tot i trobar-se un increment de la fosforilacié del factor elF2a, s’ha
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observat una aparent incapacitat de regulacio sobre els factors ATF4 i CHOP, contribuint
aixi a I’error en un intent de reconstituir I’estrés del RE.

Activaci6 dels processos inflamatoris

La inflamacidé hepatica contribueix a la resisténcia a la insulina i possiblement als
processos de risc cardiovascular per I’activacié d’una inflamacid sistémica [83,89].
Aquesta inflamacidé és en part causada per les citoquines. S’ha vist com I’expressio
intrahepatica i/o plasmatica de TNF-a i IL-6 esta augmentada en I’esteatosis hepatica i en
I’esteatohepatitis. Aquests factors es troben sota el control de la via de senyalitzacié NF-
kB i INK.

RESUM DEL CAPITOL

v' L’esteatosi hepatica és una malaltia associada a I’obesitat i és la
causa principal pel desenvolupament de malalties hepatiques
croniques en adult i infants.

v' El fetge és I’drgan regulador de I’homedstasi energética global de
I’organisme, essent el principal regulador del metabolisme dels
lipids i de la glucosa.

v' Tot i que s6n multiples els factors de transcripcié implicats en el
desenvolupament d’esteatosis hepatica cal destacar-ne: SREBP1,
ChREBP, AMPK i mTOR.

v' La resisténcia a la insulina, és un dels factors que promou el
desenvolupament d’esteatosis hepatica pel seu efecte en la
supressié de la lipolisis regulada per la insulina, resultant un
increment en I’alliberaci6 d’acids grassos a la circulacio.

v' En I’esteatosi hepatica és produeix un a) defecte estructural de les
mitocondries que produeix un estat d’oxidacid que condueix a
mort cel-lular i b) una activaci6 de la URP, clau en el pas
d’esteatosis hepatica a esteatohepatitis (inflamacié) per la via de
la fosforilacio de JNK.

v' La inflamacié hepatica contribueix a la resisténcia a la insulina i

possiblement als processos de risc cardiovascular per I’activacié

d’una inflamaci6 sisteémica.
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LA PROTEINA QUIMIOATRAIENT DE MONOCITS-1 (MCP-l ) CCL2)
Mediators of Inflammation 2010 (2010) 326580 (Annex 1) i

Cytokine 50 (2010) 121-128 (Annex 2)

1. Introduccié

Les quimioquines sén un superfamilia de petites molécules secretades i induides per
diferents factors amb implicacions importants en I’homedstasi i els processos patoldgics
de I’organisme. Tot i que el seu descobriment inicial les catalogava com a molécules
encarregades de dirigir la migracio leucocitaria i intervenir en una amplia varietat de
processos fisiologics i patologics, fonamentalment de caracter immunitari e inflamatori,
son diversos els estudis que els hi han donat un paper critic en els processos metabolics
(Figura 11). Les quimioquines tenen la capacitat de transmetre senyals cel-lulars que
generen multiples respostes, moltes de les quals no estan relacionades amb la seva funcio
quimiotactica. Es freqllent que s’assumeixi, que al contrari de les hormones, les
quimioquines puguin influir en les activitats cel-lulars d’una manera autocrina i paracrina.
S6n nombroses les malalties de caracter inflamatori o infeccids on s’ha detectat una
secrecié important d’una o varies quimioquines. En aquest tipus de malalties, les
guimioquines son responsables de I’acumulacié i I’activacié de leucocits en els diferents

teixits. La capacitat de tenir un control precis sobre el moviment de les cél-lules

inflamatories suggereix que son Autoimmune diseases
g M5, RA
nombroses les quimioquines i els Transplant Rejection Allergy

Atherosclerosis &.g. atopic dermatitis

seus receptors els que podrien Asthma

aportar noves dianes Fibrosis
terapeutiques d’intervencio.

Angiogenesis o
Figura 11. Visi6 general dels

Cancer

processos on les quimiocines es Metastasis

troben implicades. it
HIV il
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2. Les Quimioquines

Les quimioquines son proteines de baix pes molecular (8-14 kDa) constituides per un
nombre variable de entre 60 i 100 aminoacids, amb un alta homologia de seqiiéncia amb
aquests (20-90%) [90-92]. Exceptuant algun cas concret, les quimioquines presenten
quatre residus de cisteina completament conservats que formen dos ponts disulfur dintre
d’aquestes petites proteines. Les quimioquines es subdivideixen en 4 families, en funcié
del nombre i de la posicié concreta dels residus de cisteina en la posicié N-terminal
(Figura 12). Aquestes families son: CXC (subfamilia o)), CC (subfamilia B), C (subfamilia y) i
C3XC (subfamilia 3). Les quimioquines exerceixen les seves funcions biologiques mitjancat
la unié especifica a receptors de la superficie cel-lular, provocant d’aquesta manera
senyals quimiques potents que alteren el patr6 d’expressid dels gens en les cél-lules. Cal
remarcar que la interaccio de les quimioquines amb els seus receptors es caracteritza pel
fet que la majoria d’aquest receptors sén capacos d’interaccionar amb multiples lligands,
i que a la vegada, la majoria dels lligands interaccionen amb més d’un receptor.

Tant les quimioquines com els seus corresponents receptors sén molécules mediadores en
la migracié dels leucocits als llocs d’inflamaci6 [92]. El procés de pas de leucocits des del
reg sanguini fins als diferents teixits és un procés on s’hi troben involucrades una serie
d’interaccions produides entre els propis leucocits i les cél-lules endotelials. Hi ha 4
passos fonamentals:

1. Activacio de les cél-lules endotelials per la presencia de molécules pro-inflamatories
(LPS, TNF, etc.). En resposta, les cél-lules endotelials expressen molécules d’adhesié com
les selectines. Aquestes s’uniran a altres molecules (tipus mucines), que s’expressen sobre
els leucocits, fent que els leucocits rodolin per I’endoteli vascular.

2. Les cel-lules endotelials secreten factors quimioatraients (quimioquines) que s’uneixen
als seus receptors, sobre la superficie dels leucocits, i activen les integrines. Com a
resultat es produeix una unié molt estreta entre els leucocits i cel-lules endotelials.

3. Les integrines s’uneixen a molecules d’adhesié de la familia de les immunoglobulines
que s’expressen sobre I’endoteli vascular. Els leucocits migren a través de les cel-lules
endotelials interactuant amb les molécules d’adhesio.

4. Els leucocits migren seguint un gradient de quimioquines, el qual es genera per
I’alliberacié de les mateixes cel-lules endotelials i macrofags, com a consequéncia del
dany produit en el teixit. D’aquesta manera els leucocits arriben selectivament al lloc on

es produeix la inflamacid, depenen del tipus de quimioquina que es secreti.
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Les proteines quimioatraients de monocits, conegudes com a MCPs [92,93], formen part de
la subfamilia B, ja que tenen les dues primeres cisteines consecutives (C-C). Els gens per
aquesta subfamilia es troben codificats en el cromosoma 17, que es troba tant en humans
com en ratolins, i com el seu nhom indica son proteines responsables del reclutament de
monocits als diferents llocs d’inflamacié. Les MCPs sén produides/secretades per diversos
tipus cel-lulars, que inclouen teixits, leucocits i cel-lules tumorals. En general, els
principals inductors per I’expressié de les MCPs son les citoquines pro-inflamatories com
és el cas de IL-1, TNF-a. 0 IFN-y. No obstant, també hi ha altres tipus de citoquines (ex. IL-
4, PDGF, etc.) i productes exodgens que actuen com a potent inductors de I’expressié
d’aquestes (ex. Virus, LPS, etc.).
Hi ha 4 MCPs humanes identificades (MCP1 o CCL2, MCP-2 o CCL8, MCP-3 o0 CCL7 i MCP-4 o
CCL13), les quals tenen menys del 40% de seqliéncia identica amb altres quimiocines C-C.
De les 4 cisteines, només 7 residus estan

completament conservats en totes les C-C
Wﬁ#‘,m . - - - R 0 O qguimioquines, mentre que en les MCPs son 42
umﬁ " | els aminoacids que es troben conservats. En
b

ratolins, també s’han arribat ha identificar 4

MCPs (MCP1/JE o CCL2, MCP-2 o CCL8, MCP-3 o
CCL7 i MCP-5 o CCL12).

(:mﬁ | con | s com cm cm | Figura 12, Les quimioquines i els seus
—

receptors. En vermell esta indicat on es troba

MCP-1 (CCL2) i el seu receptor CCR2. (Figura

extreta de I’article Chemokines: a new class of

' ‘« neuromodulators?, Rostene et al, Nature
' Reviews Neuroscience 2007, 8:895-903).

La MCP-1, tant humana com de rosegadors, és una de les MCPs més ben estudiada i
caracteritzada. Inicialment, MCP-1 va ser purificada a partir d’una linea de cel-lules
tumorals [94]. S’ha observat que I’expressié de MCP-2 és co-induible amb I’expressié de
MCP-1 en fibroblast i en cél-lules mononuclears, pero també en cel-lules tumorals. Tot i
aixo, I’expressié de MCP-2 és unes 10 vegades inferior a I’expressié detectada de MCP-1,
en aquest tipus cel-lulars [95]. S’ha detectat I’expressio de MCP-3 en cél-lules endotelials
i del tipus Thp-1 [96]. S’ha vist que existeix co-expressi6 de MCP-3 i MCP-1 en cél-lules
mononuclears, pero similar a MCP-2, la produccié de MCP-3 és molt menor que I’expressio
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de MCP-1. Tant la MCP-4 d’humans com la MCP-5 de rosegadors son les MCPs menys
estudiades. L’expressi6 de MCP-4 s’ha demostrat en cel-lules epitelials, fibroblast,
cel-lules del mascul llis i cél-lules mononuclears [97].-En quant a la MCP-5 de rosegadors,

s’ha demostrat una estreta homologia amb MCP-1 humana [98].

3. La proteina quimioatraient de monocits 1, MCP-1

La proteina quimioatraients de monocits 1 (MCP-1 o CCL2), com el seu nom indica és una
potent molécula quimioatraient de mondcits/macrofags a les zones d’inflamacio, essent
clau en la iniciacié dels processos inflamatoris. Basicament, MCP-1 exerceix la seva funcié
mitjancant la interaccié amb el receptor de membrana CCR2 (Figura 12).

a. Regulaci6 de MCP-1

MCP-1 es troba codificada pel gen Ccl2, localitzat en el cromosoma 17 en la posicié 17g11
[99]. L’expressié de MCP-1 es troba regulada a nivell de transcripcié genica per agents
estimuladors com TNF-a, IFN-y, PDGF i factors d’estrés. Pel contrari, I’acid retinoic, els
glucocorticoides i els estrogens s’han identificat com inhibidors de I’expressié de MCP-1
[100]. En la majoria d’aquestes respostes trobem una molécula comud, mediadora dels
diferents processos, el factor nuclear NF-gB. S’ha vist que NF-¢B també pot ser
rapidament activat per diferents estimuls patogénics, tals com TNF-a, IL-1y, lipoproteines
de baixa densitat oxidades (ox-LDL) o inclis per I’expressié d’homocisteina [101]. Tampoc
podem oblidar que la part distal de la regi6 del promotor de MCP-1 conté dos llocs d’uni6
NF-xB, conegudes com gB-1 i ¢B-2, ambdues necessaries per a la regulacié6 de MCP-1
mitjancant TNF. La regi6 proximal reguladora és suficient per I’expressio induida de PDGF
i IFN-y i necessaria per I’expressi6 de TNF. Aquesta regié proximal esta formada per 3
elements: caixa GC, lloc B i un tercer lloc d’unié per a NF¢B, el ¢B-3. La part referent a la
caixa GC esta relacionada a molts aspectes referents a la regulacié de MCP-1. Pel contrari,
tant el lloc B i xB-3, tot i ser funcionals in vivo, encara no s’han pogut relacionar a cap
factor.

b. MCP-1 en I’arteriosclerosi

L’arteriosclerosi es considera una malaltia inflamatoria cronica de les artéries que
presenta un desenvolupament lent i silencids, i on intervenen mdltiples factors genétics i
ambientals. De entre totes les proteines quimioatraients de mondcits podem dir que en la
malaltia arteriosclerotica destaca MCP-1. S’ha vist que la interaccié de MCP-1 amb el seu

receptor de membrana CCR2, és clau en el reclutament de monocits a través de la paret
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endotelial cap a I’interior del vas sanguini [102]. MCP-1 indueix I’adhesié de monocits a la
paret vascular [103], facilita i promou la diferenciacié de monocits a cel-lules escumoses

[104], i contribueix a la proliferacid de

—8 cél-lules musculars llises [105] (Figura
sl 13).
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Estudis clinics suggereixen una associacio entre la concentracié de MCP-1 en plasma i la
incidéncia d’episodis coronaris aguts, la incidéncia de restenosis després d’una
angioplastia, [I’arteriosclerosi subclinica o [I’arteriosclerosi periférica [106-109].
Tanmateix, en un estudi realitzat en pacients infectats pel virus de la immunodeficiéncia
humana (VIH) es demostrava una associacié entre nivells elevats de la concentracié de
MCP-1 en plasma i la preséncia d’arteriosclerosis subclinica, i que ambdés factors
s’associaven concretament a la presencia del SNP-2518G de MCP-1 [108], postulant que
variacions genétiques en MCP-1 podien tenir importancia en I’arteriosclerosi.

La generaci6é d’animals d’experimentacié deficients en MCP-1 o CCR2 (models knockout) i
en models susceptibles a desenvolupar lesi6 (el model MCP-17/"LDLr”") han demostrat un
paper clau d’aquesta proteina en la iniciacié i progressié de la lesid arteriosclerotica.
Aquests animals presenten reduccions notables en la mida de la placa de la lesio
arteriosclerotica degut a alteracions en I’adhesié leucocitaria i la internalitzacié de
monacits i macrofags dins de la paret vascular [110, 111]. Tanmateix, s’ha comprovat com
el bloqueig temporal de MCP-1 en models experimentals utilitzats per I’estudi de la lesié
arteriosclerdtica (model deficient en I’apolipoproteina E, ApoE”"), contribueix a limitar la
progressio de la lesié [112]. De forma inversa, la sobre-expressi6 de MCP-1 en aquest
mateix model experimental (ApoE”") produeix un augment de la superficie afectada en
I’arc aortic [113].

c. L’absencia de MCP-1 activa vies alternatives d’inflamacié en un model

de lesi6 arteriosclerotica (Annex2)
Com hem vist en I’apartat anterior, els estudis amb models experimental estableixen un

paper clau de la via d’accié MCP-1/CCR2 en I’arteriosclerosi, que s’argumenta en el fet
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gue la deficiencia en MCP-1 o el seu receptor CCR2 contribueixen a una disminucié en la
migracié de mondcits cap a I’intima. No obstant, I’efecte protector de la deficiéncia de
MCP-1 podria estar regulat per canvis en I’expressio d’altres citoquines o quimioquines, en
un mecanisme probablement multi-factorial, com es mostra en un estudi amb el model
doble knockout MCP-17"LDLr”"[114, Annex 2]. En aquest estudi, es va considerar que les
guimioquines representen un sistema redundant, on la deficiéncia en MCP-1 podia causar
canvis important en I’expressio d’altres citoquines o quimioquines com a resposta
compensatoria.

Els resultats d’aquest estudi van confirmar el paper protector de MCP-1 en un model
susceptible a desenvolupar lesions arteriosclerdtiques (MCP-17-LDLr”") en condicions
dietétiques normals. No obstant, quan els animals eren alimentats amb una dieta rica en
greix i colesterol, per potenciar la preséncia de placa arteriosclerotica, la resposta no era
tan evident. La deficiéncia en MCP-1 limitava la progressié de la lesi6 en comparacié amb

el model control (LDLr”"

), pero no en prevenia completament la seva presencia donat que
les lesions observades eren considerables (Figura 14).

Figura 14. La deficiencia de MCP-1 limita la

MCP-1-4-LDLr-/- LOLr-/- g

TR % ) progressié de la placa perd no evita la seva

preséncia. Fotografies microscopiques de les

; aortes en models alimentats en dieta rica en
% ] 1“ "1' Ly
. . Placa
P e

greix on en color marr6 es poden veure les

-

cel-lules tenyides per MCP-1. Figura de Rull A,
Cytokine 2010 [114, Annex 2].

Analisis funcionals van ser utilitzats per caracteritzar les vies de senyalitzacié implicades i
per identificar els processos bioldgics involucrats en el desenvolupament i progressio de la
lesid arteriosclerotica quan hi havia una deficiéncia en MCP-1. Les dades suggerien que la
lesié arteriosclerotica i la composicié de la placa es trobaven associades a les interaccions
citoquina-citoquina. Dels resultats obtinguts es va poder concloure que la deficiéncia de
MCP-1 era compensada amb I’augment considerables d’altres citoquines o quimioquines,
concretament es va comprovar que la proteina quimioatraient de monocits- 5 (MCP-5)
actua en el lloc de MCP-1 quan aquesta es troba absent. Aixi doncs, dels resultats
obtinguts vam poder afirmar que hi ha una complexa xarxa d’interaccions entre

I’expressié de MCP-1 i I’expressié d’altres citoquines i quimioquines (Annex2).



UNIVERSITAT ROVIRA I VIRGILI

INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI
HEPATICA.

Anna Rull Aixa

DL: T-1516-2011 | Introduccio

d. Expressio de MCP-1 en teixits i el seu paper general en el metabolisme

MCP-1 es secretada per una gran varietat de tipus cel-lulars que inclouen fibroblasts,
cel-lules endotelials, cél-lules del muscul llis, cél-lules epitelials, monocits, cel-lules T, i
altres tipus cel-lulars que fan d’intermediaris en el pas de les cel-lules als llocs
d’inflamaci6é. Tanmateix, s’ha detectat expressi6 de MCP-1 en hepatdcits, adipocits, i
illots pancreatics, i tot plegat fa que molts autors considerin que MCP-1 s’expressa en
gairebé tots els teixits (Figura 15) [115-117]. Aquesta distribuci6 tan ubica fa pensar que
MCP-1 podria tenir una funci6 endocrina amb implicaci6 en moltes malalties
metaboliques, incloent els desordres metabdlics relacionats amb el metabolisme de la
glucosa [118, 119], en particular podria contribuir a les patologies associades amb la
hiperinsulinemia [119]. Tant I’expressié de MCP-1 al teixit adipds com els nivells circulants
de proteina estarien augmentades en I’obesitat i es veurien disminuides amb el
tractament de thiazolidinediones [120,121]. En un model d’obesitat induida amb dieta, la

deficiéncia en el receptor de MCP-1

atenua el desenvolupament d’obesitat,
acumulacié de macrofags al teixit adipos,
inflamaci6 en el teixit adipos, i
resistencia a la insulina sistémica. El
tractament amb antagonistes de CCR2
redueix el contingut de macrofags del
teixit adipds i empitjora la sensibilitat de
la insulina in vivo [122]. Estudis en
animals deficient de MCP-1 suggereixen
un paper minim de MCP-1 en el
metabolisme de la glucosa i la sensibilitat
a la insulina en ratolins alimentats amb
una dieta normal, perd que pren
protagonisme en la infiltraci6 de
macrofags al teixit adipos, la resisténcia a
la insulina i I’esteatosi hepatica quan
aquest animals so6n tractats amb dietes
riques en greix [123]. LN N
Figura 15. Expressi6 de MCP-1 en els Muiscul ~ horta
teixits. Figura de Rull A 2010 [5, Annex 1].
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e. MCP-1 i resistencia a la insulina en I’obesitat
La peroxidacio de lipids i el conseqlient estrés oxidatiu i sobre-expressio de MCP-1 s’ha
relacionat recentment amb episodis primerencs d’inflamacié al teixit adipés [124-126]. En
els processos d’oxidacio cel-lular, el 40% de la LDL fosfatidilcolina pot convertir-se en LPC
(lysophosphatidylcholine) mitjancant la fosfolipasa A2 associada a LDL [124]. LPC estimula
la produccié de MCP-1 per un mecanisme que requereix la via de les MEK/ERK tirosina
quinasa, i I’activitat PKC [125]. Estudi recents suggereixen que la 12/15-lipoxygenase
(12/15L0) es necessaria per I’activacio de la inflamacio6 en el teixit adipés i la resisténcia
a la insulina en animals tractats amb dietes riques en greix [126]. Les cél-lules que sobre-
expressen 12/15L0 segreguen grans quantitats de MCP-1.
f. En I’obesitat, MCP-1 es troba associada a un procés independent a la
funcié de reclutament de macrofags
Un estudi recent [127] exposa que la deficiencia de MCP-1 no és I’encarregada de
disminuir el reclutament de macrofags en I’obesitat i sembla ser que estaria involucrada
en desordres metabolics fins i tot en animals tractats amb dietes pobres en greix. Aquest
resultats indicarien un paper independent per MCP-1 en el metabolisme, que déna peu a
I’inici de molt estudis. De fet els resultats presentats en L’esTubl 1 corroboren aquesta
troballa.
g. MCP-1 presenta funcions independents a la quimiotaxi
La quimiotaxi no és I’Gnica funcié per MCP-1 [128]. Concentracions elevades de CCL2
indueixen nivells elevats de I’expressié de les xaperones de I’estrés del RE (basicament
GRP78) que protegirien de la mort cel-lular, segons resultats establerts en estudis de
remodelacio post-infart [129,130]. Altres estudi suggereixen que MCP-1 esta involucrada
en I’expressio de metaloproteinases, en el reclutament de cel-lules actives en els
processos de fibrosis, i en la proteccié front I’acumulacié de proteines de I’estrés oxidatiu
[128]. Tanmateix, la interacci6 MCP-1 amb el receptor de membrana CCR2 indueix
I’expressié d’un factor de transcripcio inductor de mort cel-lular (MCP-1 induced protein,
MCPIP) [131]. Aquest factor causa la produccié d’espécies reactives d’oxigen (ROS) o de
nitrogen, via inducci6 de NADPH oxidasa i sintasa induible per NO [132]. Aquest estrés
oxidatiu causa estrés del RE que propicia els processo d’autofagia i mort cel-lular.
L’autofagia és un procés catabolic mitjancant el qual el material macromolecular (com les
proteines) i els organuls cel-lulars sén absorbits dins de vesicules citoplasmatiques de
doble membrana cel-lular (autofagosomes), per a ser degradats i reciclats per a la

generacié de substrats metabolics via fusi6 amb els lisosomes. D’aquesta forma es fa
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plausible I’interessant interaccié entre MCP-1 i
mort cel-lular i els processos d’autofagia en un a
complex programa de progressio tumoral (Figura HHHHHFH-H,' I“H

|l i

16) [133]. CCF@_{!*. Wit %ﬂi‘l

Figura 16. Relaci6 de MCP-1 i autofagia. Un
nutohsosoma

estudi recent proposava un mecanisme pel qual eg|adac1n

MCP-1 controlaria la mort cel-lular en el cancer

Auto
de prostata (Figura adaptada de Roca H, a dfly}
Autcfagnfnm

Autophagy 2008; 4:969-71).

h. El receptor CCR2 no és I’Unic receptor per MCP-1: Influéncia de les
variacions genétiques en les concentracions de MCP-1 circulant
Tot i que el receptor més reconegut per MCP-1 en teixits és CCR2 [134], s’ha vist que hi ha
una altre molécula anomenada DARC (Duffy antigen receptor for chemokines) que pot
estar implicada en la interaccié de MCP-1 en els eritrocits i les cél-lules endotelials [135].
Degut a la seva estructura, DARC no és pot acoblar a proteines G i per aix0 s’ha agrupat
en una familia de 2 molécules heptahéelix, D6 i CCX-CKR, per formar part d’una familia de
receptors de quimioquines silencioses atipiques [136]. Tanmateix s’ha comprovat que
DARC no pot actuar com a atraient pero si pot recolzar I’activitat de les quimioquines i és
requerida per una optima migracio quimiotactica de leucocits in vivo i in vitro [137].
Son diversos els polimorfismes (SNPs) de MCP-1 que s’han trobat associats a
concentracions circulant de MCP-1 [138]. Recentment, s’ha realitzat un estudi
d’associacié genomica en tres poblacions diferents per identificar les bases genétiques de
les concentracions en circulaci6 de MCP-1. S’ha vist que I’associaci6 més evident es la
trobada entre les nivells de MCP-1 en sérum i un polimorfisme no sindonim de DARC
(rs12075) [139].
i. MCP-1, diana terapéutica
En un estudi recent amb animals d’experimentacié s’han examinats els efectes d’un
increment en les concentracions de MCP-1 en la circulacié degut a I’administracié de MCP-
1 recombinant a curt i llarg termini [140]. Un increment cronic dels nivells de MCP-1
indueixen resisténcia a la insulina, infiltracié de macrofags al teixit adip6s, i un increment
del contingut de triacilglicerol hepatic. S’ha comprovar que un increment agut també

induia resisténcia a la insulina, present en aquest animals sense infiltracié de macrofags
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en el teixit adipds. Per altra banda, es va veure que I’administracié d’un antagonista de
CCR2 podia millorar la resisténcia a la insulina de ratolins tractats amb dieta rica en greix
sense que la infiltraci6 de macrofags en el teixit adipds es trobes afectada. Tots aquest
resultats en conjunt indiquen que un increment en les concentracions circulants de MCP-1
son suficients per induir resisténcia a la insulina sistémica no depenen de la inflamacio del
teixit adipds i suggereixen que MCP-1 pot ser un efector en la regulacié del metabolisme.
Per tant, es concebible que noves estratégies terapeutiques podrien passar per un
bloqueig del receptor de les quimioquines amb antagonistes especifics. Estudis amb
animals han demostrat un reduccidé efectiva en la formacié de la lesi6 en les artéries
coronaries i en stents experimentals de estenosis [141,142]. Sorprenentment, aquests
bloquejadors no han estat encara testats per al tractament de complicacions
metaboliques, tot i que si podem trobar-ne alguna referéncia [143]. No obstant aix0, hem
de tenir en compte que I’Gs d’aquests agents en humans és qilestionable donat que no
sabem quin efecte podria tenir la supressi6 de MCP-1, i si podria ser perillés per la
seguretat humana. El que si podria ser una opcio seria la disminucié de MCP-1 amb I’Gs de
flavonoides derivats de plantes i la seva acci6 sobre la via CCL2-CCR2. L’Gs de petites
molécules, encara sota investigacido per la seguretat i I’eficiéncia, obre noves vies
d’exploraci6 on els estudis han estat plantejats sota la hipotesis que algunes
complicacions metaboliques podrien ser mitigades mitjancant la modulacié de I’expressio
de MCP-1 [144,145].
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RESUM DEL CAPITOL
En I’obesitat i malalties associades (resisténcia a la insulina, diabetis
tipus 2, esteatosis hepatica, malalties cardiovasculars) la preséncia
d’inflamacio sistemica esta associada a un defecte en el balang del
sistema immune, on les quimioquines juguen un paper clau.
Les quimioquines actuen com a mediadors inflamatoris que
s’encarreguen de desencadenar una resposta d’estres cel-lular en els
teixits produint una resposta general que no és limita a efectes locals
perd que si pot estar associada a la generacio6 de respostes multiples.
Tradicionalment, MCP-1 era reconeguda per la seva implicacio en la
regulacié de monocits, macrofags i altres cel-lules inflamatories en la
formacié de la lesi6 arteriosclerdtica. Actualment s’ha postulat un
paper fonamental per MCP-1 en diversos desordres metabolics.
El gen de MCP-1 estaria involucrat en la resposta de la insulina,
disminuint la captacié de glucosa per I’accié de la insulina i
incrementant en I’expressio de gens adipogenics.
L’analisi d’expressi6 de MCP-1 amb tecniques immunohistoquimiques
mostra una expressié ubiqua d’aquesta molécula, suggerint-ne una
funcié endocrina similar a I’accié de les hormones, que explicaria la
importancia de MCP-1 en multiples processos biologics i el seu paper en
la inflamacid.
Hi ha una complexa xarxa d’interaccions entre MCP-1 i altres citoquines
i quimioquines, de manera que I’abséncia de MCP-1 queda compensada
amb I’augment de I’expressio d’altres molécules, com MCP-5.
Tot i que el receptor més reconegut per MCP-1 en teixits és CCR2, s’ha
vist que MCP-1 també pot interactua amb una altre molécula
anomenada DARC, de la familia de receptors de quimioquines
silencioses atipiques.
La disminuci6 de MCP-1 amb I’Gs de flavonoides derivats de plantes

podria plantejar-se com una mesura terapéutica.
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PAPER DELS MODELS ANIMALS EN L’ESTUDI DEL METABOLISME

1. Introduccié

La cerca de les bases moleculars implicades en les alteracions metaboliques depenen de la
disponibilitat de models experimentals que comparteixin similituds fisioldgiques,
anatomiques i metaboliques amb els humans. Un dels models animal més comunament
utilitzat per I’estudi malalties metaboliques és el ratoli (Mus Musculus), ja que presenta
I’avantatge de poder ser manipulat genéticament
amb precisié, representa un cost relativament
baix en comparaci6 amb altres models animals
d’experimentacié, i ofereix la possibilitat de
poder controlar els factors ambientals que poden
influir en la progressié de la malaltia que es vol
estudiar [146].

Figura 17. El ratoli és un dels models animals més

utilitzat en I’estudi de desordres metabolics.

No obstant, no podem oblidar que el fet de treball amb animals d’experimentacio
requereix unes consideracions etiques importants i que comencen amb el disseny del
projecte. L’experimentacié amb animals esta regulada amb el principi de les 3Rs:
Reaplace, Reduce & Refine. Aquest principi va ser creat com a mesura alternativa a I’Us
d’animals d’experimentacio, i es basa en el concepte de 1) reemplacar I’Gs d’animals
d’experimentacié quan sigui prescindible per altres vies d’estudi, 2) reduir al maxim el
nombre d’animals per projecte i 3) refinar el métode de treball existent per disminuir el
dolor i malestar dels animals. El seguiment d’aquest principi s’aconsegueix amb la creaci6
de comités etics d’experimentacié animal, integrats per diferents estaments socials que

valoren les hipotesi i els protocols de treball proposats pels investigadors.

37



UNIVERSITAT ROVIRA I VIRGILI
INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI

HEPATICA.

Anna Rull Aixa
DL: T-1516-201fhtroduccio

38

2. Models d’esteatosi i inflamaci6 hepatica

L’elevat nombre d’estudis amb animals d’experimentacié en ha proporcionat les bases
fonamentals per entendre la complexitat molecular que envolta la iniciacié i la progressio
de I’esteatosi i la inflamaci6 hepatica, tot i que s6n molts els enigmes que encara resten
per resoldre [147,148]. Els models d’esteatosis i inflamacié hepatica poden dividir-se
basicament en dos categories, 1) aquells models que presenten esteatosis i/0 inflamacio
de forma espontania o induida per mutacié genética, o bé 2) aquells models que
adquireixen I’esteatosi per manipulacié dietética o farmacologica. L’excés de nutrients,
una condicidé habitual en la nostra societat, predisposa al desenvolupament de sobrepes,
obesitat, resisténcia a la insulina i esteatosi hepatica. Els animals que sén exposats a una
excés caloric, amb dietes riques en greix, acaben mostrant complicacions metaboliques
similars a les observades amb els humans. Una de les avantatges que ens proporciona 1’Us
d’animals d’experimentacié és la combinacié d’ambdés models, la possibilitat de
combinar la manipulacié genética i dietética en el mateix model, i que ens proporciona

condicions d’estudi diverses i estables (Annex 3).

3. Manipulacié genética per la creacioé de models experimentals

La generaci6 de nous animals d’experimentacié facilita I’estudi de condicions especifiques
que es troben en la patologia humana i es basa en la creacié de models per tecniques de
manipulacio6 genéetica(Figura 18):

Creacid de models animals
Maodel Tansgénic Model knockout o knockin

PYUFPS Recombinant DNA O = Targating vector

a) Models Knockout i Knockin, s6n models

amb una mutacié dirigida basada en | |
RTI ./ . ./ R o fGenetargetedin
I’eliminacié  (knockout) o la insercio (. wgﬁgg,m; - i“ﬁ :E:%L:gk
(knockin) d’un gen d’interés. La i |
. ., <. . T TargetedES cells
modificacié genética es construeix en un 1 b webama
vector que conté una regid selectiva < i
) . R i g.;;:sungyva Targeted ES calls
resistent a un determinat farmac i una e g 3 sl
regié homologa. | i
i . i 7_//_’&?\ me\mnrmwa 7__/’_"5\ Frrxxvmmukﬂlw
Figura 18. Esquema il-lustratiu de la [T @ imiwd, ——Q . omems,
mouse mouse
creaci6 de models animals modificats |

L 'j—):ﬁ Crimeric mouse bom
=) X e=<_[) andmatedwith
e Y oomal mouse

genéticament. Figura extreta de Chen J,

Journal of Investigative Dermatology Imea A
. i 6‘;*_'—'\/5_3&_;\-\ T
Symposium Proceedings 2005; 10, 37-46.
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La técnica consisteix en transferir aquest vector, per electroporacio, a un cultiu de
cel-lules embrionaries (Stem Cells) i posteriorment escollir les que han estat
correctament transferides per la identificacié selectiva d’antibiotics. Les cel-lules
gue han estat correctament transferides son inoculades a blastdcits que seran
trasplantats a I’ater de femelles pseudoprenyades. Aquests tipus de models s’utilitzen
basicament per estudiar el paper fonamental d’un determinat gen. Actualment, és
molt comu trobar estudis en animals que son doble knockout, és a dir, models en els
que s’ha produit una doble mutacio.

b) Models Transgénics, son models que contenen un segment de DNA recombinant
portador d’informaci6 genética especifica. Un cop creat, el DNA exogen és injectat en
el pronucli d’un oocit fertilitzat. EL DNA recombinant és rapidament introduit en el
genoma de I’oocit, que desenvolupa en un embri6 de ratoli. L’embri6 es trasplantat a
I’Gter d’una femella pseudoprenyada i I’animal que es desenvolupa a partir d’aquest

embrié és un model transgénic.

4. La soca C57BL/6J

La soca de ratoli triada per la generacié de nous models animals és molt important, ja que
conjuntament amb els factors ambientals, sera un dels contribuidors més rellevant en la
variabilitat fenotipica dels resultats que s’obtindran [149]. De fet cada soca presenta una
susceptibilitat diferent a desenvolupar anormalitats bioquimiques i metabdliques, que
poden ser determinants per I’estudi d’una patologia concreta. La soca C57BL/6J és la soca
més utilitzada per la creacié de nous models animals i aixo fa que sigui comercialment
molt assequible. Aquest model quan és alimentat amb una dieta aterogenica (quantitats
elevades de lipids i glucosa) és susceptible a I’obesitat induida per la dieta, a la diabetis
tipus 2, i I’arteriosclerosi. EI model C57BL/6J es frequentment utilitzat com a control i
soca base en una gran varietat de projectes amb models experimentals modificats
genéticament per I’estudi de I’obesitat i malalties associades, arteriosclerosi i/0
esteatosis hepatica [146,149].

5. Ratoli deficient en el receptor de les LDL (LDLr"")

EL receptor de les lipoproteines de baixa densitat (LDLr) té un paper clau en la regulacio
del metabolisme del colesterol. El receptor de les LDL s’encarrega de regular la captacio

de lipoproteines a I’interior cel-lular per garantir la necessitat de la creacié de
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membranes cel-lulars i la sintesi de salts biliars, promovent a la vegada una reducci6 de la
concentracio de colesterol i lipoproteines que circulen pel plasma. El receptor de les LDL
s’encarrega de la captacio de les lipoproteines de baixa densitat (LDL) i de densitat
intermedia (IDL) que es troben a la circulacié, pel reconeixement de les apolipoproteines
B i E (ApoE i ApoB) que es troben al voltant de les particules de LDL i IDL. Tot i que el
receptor de les LDL es troba en un gran nombre de teixits i cél-lules, el fetge és el
principal organ on es produeix aquesta captacié i per conseqiient I’eliminacio de les
lipoproteines que es troben a la circulacio.

El model experimental deficient en el receptor de les LDL (LDLr”") és un model que ha
estat tradicionalment utilitzat en I’estudi de I’arteriosclerosi per la facilitat de formar
plaques de lesi6 arteriosclerdtica considerables quan son alimentats amb dietes riques en
greix i colesterol [150]. De fet, aquest model (en la soca C57BL/6J) en condicions on
I’alimentacié és normal ja presenta concentracions plasmatiques de colesterol que son el
doble que el model C57BL/6J, i la ingesta de greix i colesterol en la dieta potencia
I’aparicié d’obesitat i complicacions metaboliques associades com resisténcia a la insulina
o0 esteatosis hepatica [150, Annex 2 i 3].

RESUM DEL CAPITOL

v' La disponibilitat de models experimentals que comparteixin
similituds fisiologiques, anatomiques i metaboliques amb els
humans ens facilita la cerca de les bases moleculars implicades en
les alteracions metaboliques.

v L’0s d’animals d’experimentacié requereix unes consideracions
etiques importants abans de considerar qualsevol estudi viable.

v' La generaci6 de models animals d’experimentacié a partir de
técniques de manipulacié genetica facilita I’estudi de condicions
especifiques que es troben en la patologia humana.

v" El model experimental deficient en el receptor de les LDL (LDLr”)
és un model viable per I’estudi de I’obesitat i les malalties
associades, resisténcia a la insulina, arteriosclerosis o esteatosis
hepatica. | per tant pot servir com a base per la creacié de models

doble knockout, que ajudaran a determinar la implicacié d’un gen o

d’una moléecula en tots aquest processos.
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1. Hipotesi

En I’obesitat, I’estrés metabolic produit per un excés de nutrients activa la
secreci6 de molecules dels processos inflamatoris que seran les detonants de
I’activacio de vies de senyalitzaci6 metaboliques implicades en la progressio i
manteniment de I’obesitat i les patologies associades, com I’esteatosi hepatica.
Una d’aquestes molécules podria ser la proteina quimioatraient de monocits-1
(MCP-1). Creiem que MCP-1 pot tenir un paper que va més enlla del reclutament

de monocits a la lesio arteriosclerotica. | per tant, creiem que:

v' La proteina quimioatraient de monocits-1 (MCP-1) intervé no solament

en la inflamaci6 siné també en la homeostasi metabolica

2. Objectius

v/ Estudiar el paper de la inflamacié en les complicacions metaboliques:
Avaluaci6 de I’abséncia de MCP-1 en ratolins deficient en el receptor de
la lipoproteina de baixa densitat (ratolins LDLr”")

v Explorar el paper de MCP-1 en la iniciaci6 i la progressié de I’esteatosi
hepatica en el model LDLr”

v' Identificar les vies metaboliques implicades en I’esteatosi hepatica:

Estudi dels canvis metabolomics en el teixit hepatic

43
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BREU RESUM

Per explorar la influencia de la inflamacié en les complicacions metaboliques, vam
dissenyar aquest estudi que avalua I’efecte de la deficiéncia de la proteina quimioatraient
de monocits-1 (MCP-1) en ratolins que presenten hiperlipémia per la supressié del
receptor de les LDL. Es van utilitzar ratolins deficients en el receptor de les LDL (LDLr”")
(Jackson Laboratory) i ratolins deficients tant en el receptor de les LDL i la proteina
quimioatraient de monocits-1 (MCP-17/"LDLr”") (Dana-Farber Cancer Institute) de 11-12
setmanes d’edat, alimentats amb una dieta estandard de manteniment (n= 10-12 per grup
d’estudi). Per altra banda, i basant-nos en els resultats obtinguts, és va fer un grup
addicional d’estudi per comprovar si hi havia un possible efecte en resposta a una dieta
rica en greix i colesterol. Es va utilitzar un grup addicional de ratolins per cada soca (n= 8
per grup). Aquest animals van rebre durant 22 setmanes una dieta comercial rica en greix
(20% oli de palma) amb suplement extra de colesterol (0.25% w/w).

Els resultats obtinguts mostraven que tot i presentar una aparenca fenotipica idéntica i
similitud en quant al pes a les 11-12 setmanes d’edat, el model MCP-17/"LDLr”" presentava
una disminucié en I’aclariment de les lipoproteines, menor tolerancia a la glucosa i
empitjorament en el metabolisme dels acids grassos, quan el comparavem amb el model
LDLr”" en condicions dietétiques normals. Tot i que ambdés models presentaven
hiperlipémia, el model MCP-17"LDLr”" mostrava nivells més elevats de triglicérids i
colesterol, indicant un possible paper de MCP-1 en el metabolisme dels lipids. De fet, vam
poder comprovar com la deficiéncia de MCP-17" produia una disminuci6 del catabolisme de
les VLDL quan era comparat amb el model LDLr”". Tanmateix, el model MCP-1""LDLr”"
presentava un increment en el nivells circulants d’acids grassos, un fenomen associat a la
resisténcia a la insulina periférica, que causa una disminucié en la captacié d’acids grassos
en el teixit adipds i que promou un increment d’acids grassos a la circulacio, en un cercle
viciés. Aixi doncs, en aquest punt de I’estudi vam concloure que hi havia una connexié
entre els problemes observats en quant a I’aclariment de proteines i el metabolisme de la

glucosa, que va ser corroborat al comprovar que hi havia un increment de la concentracid

a7
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de glucosa en plasma en el model MCP-1""LDLr™", aixi com una menor i més lenta resposta
a I’aclariment de glucosa ingerida.

En I’estudi addicional amb animals alimentats amb dietes riques en greix vam poder
observar que el model MCP-1/"LDLr”" presentava una certa resisténcia a desenvolupar
obesitat induida per una dieta rica en greix i colesterol, acompanyada d’una resisténcia
parcial a les alteracions del metabolisme de la glucosa i dels lipids. Aquest resultats
indicaven que la hiperlipémia, un factor molt comu en I’obesitat i la sindrome metabolica
podia resultar un factor confus, i que I’abséncia de MCP-1 en certes condicions podia
resultar tan perjudicial com una sobre-expressié de la proteina. Les nostres conclusions
van ser clares, 1) MCP-1 estava implicada no només en la inflamaci6é siné també en
I’lhomedstasi metabodlica i 2) Per a un metabolisme controlat es necessita una quantitat
justa de MCP-1 i per tant MCP-1 podria ser considerada com a diana terapéutica.

Aixi doncs, vam considerar important esbrinar els efectes de MCP-1 en un organ clau en el
control de I’homedstasi metabolica de I’organisme, el fetge. La idea era explorar el paper
de MCP-1 en la iniciacié i la progressié de I’esteatosi hepatica en el model LDLr”". En
aquest primer treball s’havien avaluat els efectes que tenia I’abséncia de MCP-1, i per
tant era necessari primer esbrinar que passava en el model LDLr”" en condicions on

I’expressié de MCP-1 no estava restringida geneticament (Estudi 2).
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Abstract

We describe the effect of MCP-1 deficiency in mice rendered hyperlipemic by the concomitant ablation of the LDL receptor. The MCP-1"" “LDLr "~
mice in comparison with LDLr '~ mice showed a decreased lipoprotein clearance, derangements in free fatty acids delivery and less glucose tolerance
when fed a regular chow, and they showed a partial resistance to alterations in glucose and lipid metabolism induced by dietary fat and cholesterol.
They also were less prone to the development of diet-induced obesity. Our results suggest that the role of MCP-1 in metabolism is relevant and that,
although new hidden complexities are evident, the function of MCP-1/CCL2 extends far beyond the monocyte chemoattractant effect. Therefore, the
regulatory mechanisms influenced by MCP-1 should be fully ascertained to understand the metabolic consequences of inflammation and before

considering MCP-1 as a therapeutic target.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Hyperlipidemia; Inflammation; Insulin resistance; LDLr deficiency; Monocyte chemoattractant protein-1; MCP-1; Obesity

Introduction

The secretion of chemokines and the activation of their
receptors are important factors in inflammation (Luster, 1998)
and consequently in atherosclerosis. The chemokine monocyte
chemoattractant protein-1 (MCP-1, also called CCL2), through
the activation of its receptor (CCR2), promotes the adhesion of
blood circulating monocytes across the endothelium, partici-
pates in their recruitment into the subendothelium space and
contributes to the differentiation of macrophages to foam cells
(Steinberg and Lewis, 1997; Cushing et al., 1990). All these
effects are critical steps in atherogenesis (Tous et al., 2006a;
Nelken et al., 1991), and the selective absence of either MCP-1
(Gu et al., 1998) or CCR2 (Boring et al., 1998) significantly
decreases the atherosclerotic lesion formation.

Some findings suggest that the function of MCP-1/CCL2
extends far beyond the monocyte chemoattractant effect (Inouye

* Corresponding author. Fax: +34 977 312569.
E-mail address: jjoven@grupsagessa.com (J. Joven).

0014-4800/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.yexmp.2007.08.003

etal., 2007). Some results suggest that the reduced adipose tissue
macrophages in obese MCP-1 and CCR2-deficient mice and a
concomitant improvement in insulin resistance may be causally
related (Kanda et al., 2006; Weisberg et al., 2006). This is not
completely sustained by results obtained in CCR2-deficient mice
fed a high-fat diet (Chen et al., 2005). Further, it has been recently
(Inouye et al., 2007) reported that the absence of MCP-1 does not
limit obesity-associated infiltration of macrophages into adipose
tissue.

To further assess the putative role of MCP-1 in metabolism,
we have extended our studies in an MCP-1-deficient model
rendered hyperlipemic by the ablation of low density lipopro-
tein receptor (MCP-1""LDLr " double knockout).

Materials and methods
Experimental animals
We studied male LDLr '~ mice, MCP-1"'" mice and wild-type mice with the

same genetic background (C57BL/6J), obtained by inbreeding of animals
purchased from the Jackson Laboratory. The MCP-1""~ LDLr "~ mice used in



UNIVERSITAT ROVIRA I VIRGILI
INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI
HEPATICA.

Anna Rull Aixa

DL:

T-1516-2011

362 A. Rull et al. / Experimental and Molecular Pathology 83 (2007) 361-366

this study were the progeny of mice kindly provided by B.J. Rollins, from the
Dana-Farber Cancer Institute, from which details have been already described
(Boring et al., 1998). They were housed under standard conditions and
given a commercial mouse diet (14% protein rodent maintenance diet, 0.03%
cholesterol, Harlan) and water ad libitum until experiments began. The
littermates for each model were equally maintained and randomly assigned
to the different procedures. All mice were fasted for 13 h and had similar ages
(11-12 weeks) when measurements were performed (unless otherwise stated,
n=10-12 each). In search of a possible effect of dietary fat, additional LDLr '~
mice and MCP-1"" LDLr’~ mice were randomly assigned to two dietary
groups (n=8 each); one was fed with regular chow and the other with chow
supplemented with palm oil (20% fat w/w) and 0.25% (w/w) cholesterol. The
dietary experiment lasted for 22 weeks. All procedures were conducted in
conformity with the policies of the ethical committee of the Universitat Rovira i
Virgili.

Sample collection and laboratory measurements

When necessary, plasma was obtained from the tail of anesthetized
animals. Blood was also obtained at the moment of sacrifice and collected
into tubes containing EDTA. The relevant tissues were removed, flash-frozen
and stored at —80°C until further analysis. Plasma leptin and TNFa
concentration were measured by ELISA (DSL, Texas, USA and eBioscience,
San Diego, CA, USA, respectively). Plasma glucose, cholesterol, triglycer-
ides, phospholipids and free fatty acids (FFA) concentrations were de-
termined with commercial kits, as described (Escola-Gil et al., 2000). Plasma
lipoproteins were separated using a Superose 6HR gel FPLC column and
each fraction assayed for total cholesterol and triglycerides (Vilella et al.,
1993). Liver lipids were extracted and measured as described (Escola-Gil
et al., 2000).

In vivo VLDL metabolism

To assess the triglyceride production rates, we measured the accumulation of
triglycerides in plasma prior to and after the injection of Triton WR-1339
(Sigma) as described (Julve et al., 2000). The very low density protein (VLDL)
fraction isolated by ultracentrifugation from each type of mouse was
radiolabeled with [*H] triolein and then injected in fasted mice as described
(Escola-Gil et al., 2000). Serial blood samples were collected for [*H] counting
and the amount of radioactivity in the selected tissues was performed as
described (Escola-Gil et al., 2000).

Lipoprotein lipase activity

LPL activity was measured using a described radiolabeled emulsion and
method (Ribas et al., 2005). Fasted mice were injected intraperitoneally with
500 U/kg of heparin (Rovi, Madrid, Spain) and plasma was collected 30 min
later (postheparin plasma LPL). LPL was also determined in the gastro-
cnemian muscle and epididymal white adipose tissue (WAT). Tissues were
homogenized at 4 °C in appropriate buffer and centrifuged at 10,000 rpm for
10 min to obtain the supernatants on which to measure LPL activity (Julve
et al., 1996).

Glucose, insulin and oral fat tolerance tests

Glucose concentrations in tail blood were measured with test glucose
strips (Roche Diagnostics). Plasma insulin concentrations were measured
using a radioimmunoassay (Linco, St. Charles, MO). The glucose tolerance
tests were performed by intraperitoneal administration of glucose (2 mg/g of
body weight) and measurement of blood glucose at =0, 15, 30, 60 and
120 min in anesthetized mice. The insulin tolerance tests were performed
similarly, by intraperitoneal administration of porcine insulin at a dose of
0.6 TU/Kg and blood glucose measured prior to and 15, 30, 60 and 120 min
after the insulin injection (Tous et al., 2006b). For the oral tolerance tests,
anesthetized mice were given an intragastric bolus of 150 pl of olive oil and
blood triglycerides determined with test strips (Roche Diagnostics) at r=0,
1.5,3,5,7 and 10 h.

Table 1
Plasma and liver concentration of selected variables in LDLr /" mice and MCP-
17"LDLr"" mice as measured in fasted (13 h) male 11-week-old mice

Plasma (mmol/L) Liver (pmol/g)

LDLr~  MCP-1""LDLr’" LDLr’~  MCP-1""LDLr "~

Cholesterol ~ 5.43+0.57 10.15+0.50%* 1.87+0.25 2.59+0.20%
Triglycerides  0.78+0.77  1.78+0.11* 1.09£0.10 1.88+0.21*
Phospholipids 4.12+0.16  6.18+0.30%* 7.54+£0.83 10.72+0.66*
Free 1.60£0.60  2.71:£0.54** ND ND

Cholesterol
Free fatty 0.40£0.06  0.98+0.21* ND ND

acids
Glucose 456+0.15 6.86+0.19% ND ND
Insulin 0.78£0.06  0.80+0.05 ND ND

(ng/ml)

Data are shown as mean+SEM of 10 male mice per group. *p<0.05 and
##p<0.001 vs. LDLr /" mice. ND: not determined.

Histology

In selected samples, microscopic examination was performed on the
epididymal adipose tissue. Tissues were removed, fixed for 24 h in 10% neutral-
buffer formalin, processed and embedded in paraffin. The area of adipocytes was
quantified using AnaliSYS (Soft Imaging System, Munster. Germany). Sections
were stained with F4/80 (rat anti-mouse macrophages/monocytes; Serotec,
Oxford, UK). Images were acquired, and results were analyzed as a fraction of
nuclei of F4/80 expressing cells divided by the total number of nuclei.

Statistical analyses

Values are expressed in means+SEM. Data were compared using either
ANOVA or the unpaired Student’s r-test. GraphPad Prism 4.0 software
(GraphPad, San Diego, CA) was used to perform all statistical analyses. A P
value <0.05 was considered statistically significant.

Results and discussion

LDLr " and MCP-1"" LDLr"’" mice had identical apparent
phenotypes and similar body weight at 11-12 weeks of age
(21.08+0.87 g and 21.53+0.68 g, respectively). Both strains
were hyperlipemic but the MCP-1""LDLr"~ mice showed
higher plasma cholesterol and triglycerides (Table 1) indicating a
possible role of MCP-1 in lipid metabolism. The higher
hypercholesterolemia in double KO mice was due to a higher
enrichment of cholesterol in all lipoproteins (Fig. 1A) and the
excess in plasma triglycerides to a selective accumulation in
triglyceride-rich lipoproteins (Fig. 1B). To further assess the
effect of MCP-1 deficiency in hyperlipidemia, we measured
plasma lipid levels in MCP-1""" mice as compared with wild-
type mice and we found similar but lower (p<0.05) plasma
cholesterol concentration (1.58+0.08 mmol/L vs. 1.95+
0.03 mmol/L) and lower plasma triglyceride concentration
(0.22+0.07 mmol/L vs. 0.31£0.03 mmol/L). Therefore, in
normal conditions, at this age and body weight, the deficiency in
MCP-1 seems not to have substantial effects in the maintenance
of plasma lipid levels but, in a hyperlipidemic state, the loss of
MCP-1 seems to alter plasma lipid concentrations. Subsequent
analyses were focused on triglyceride metabolism in hyperlipi-
demic mice.
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mice (Table 1 and Fig. 2C). All these findings suggest that there is

0.60 A not an increased lipoprotein production and that the putative defect
I 050 o " in plasma lipid clearanc'e may be §xac§rbated ‘t?y dietary fat. To
3 LDLR further assess the possible defective lipoprotein clearance, we
E 0.404 ——MCP-1"LDLR" explored LPL activity in plasma and selected tissues. We did not
= 0.304 find differences in the postheparin plasma LPL activity (92.5+
g 0.204 22.46 mU/ml in LDLr "~ mice and 127.70+20.66 mU/ml in
‘g,'; ’ MCP-1""LDLr "~ mice) nor in the gastrocnemian muscle LPL
oS 0.10+ activity (28.61+2.38 mU/g tissue in LDLr "~ mice and 25.58+
S 0,004 2.13 mU/g tissue in MCP-1""LDLr '~ mice). However, the LPL
: : . activity of the epididymal fat pad was significantly (p=0.0159)
10 20 80 40 reduced in MCP-17"LDLr " mice (10.59+1.02 mU/g tissue)
Fraction Number with respect to LDLr '~ mice (17.59+7.84 mU/g tissue). This
selective reduction of LPL activity in adipose tissue may be
VLDL IDLLDL  HDL relevant because although the physiological pathways by which
B
R 0.35+ s A .
El 0.30 c
2 025 § 10.0-
£ 0201 83 751
é 0.154 §'g
8 0104 -E é 5.0
> 2
2 0.05 D 259
[t =
0.00 . d . 0.0
10 20 30 40 1h 2h
Fraction Number B Time (hours)
Fig. 1. FPLC fractionation of fasting plasma lipids from LDLr "~ and MCP- 1.0
17"LDLr " mice 11-12 weeks of age maintained in a regular chow diet °
indicating an excess of cholesterol and triglycerides in the double KO mice. 8 _ o8-
Plasma samples were pooled and fractions were collected and assayed for g -%
cholesterol (A) and triglycerides (B). The elution of the VLDL, IDL/LDL L35
and HDL fractions is indicated. .g 5 067
c
% 2 0.4
The balance in plasma lipid levels is determined by their é,,f
production, their clearance or a combination of both factors. No § = 029
differences were found between MCP-1""LDLr '~ and LDLr /~ = 00 : : :
mice when we explored the accumulation of triglycerides in the "o 1 2 3
fasting plasma of mice after the intravenous injection of Triton Time (hours)
WR-1339, which completely blocks plasma triglyceride clear- C
ance (Fig. 2A). Therefore, increased production is not likely. g 1007 7
However, the MCP-1""LDLr "~ mice showed a trend towards g
a decreased in vivo [PH] VLDL catabolism compared with £ 759
the LDLr '~ mice (Fig. 2B). There were no differences be- é
tween models in the tissue content of [*H] triolein in adipose E 5.0
tissue (0.15+0.05% of injected dose in LDLr ™~ mice and 0.16+ 3
0.02% in MCP-1""LDLr""~ mice) but we observed an increased £ 2.5
amount of [*H] triolein in the heart (1.48+0.01% of injected dose) £
and liver (p<0.05) (6.46%0.23%) of MCP-17"LDLr™"~ mice g ool ‘ \ ‘ ‘ .

with respect to LDLr ’~ mice (0.32+0.05% and 2.47+0.50% 0 1,5 3 5 7 10
respectively). As expected, we found a significant increase in the Time (hours)

hepatic lipid concentration of MCP-1"""LDLr " mice (Table 1)
although the liver weight (0.83+0.02 g) was lower (p<0.05) than
that of LDLr /"~

Fig. 2. In vivo triglycerides production (A), the decay of autologous [*H] VLDL-
triglyceride injected intravenously (B) and the response to an oral fat tolerance

significantly (»<0.05) higher plasma FFA levels and an abnormal
postprandial response to an oral fat overload in MCP-1""LDLr /~

mice (1.09+0.05 g). Finally, we also found -

test (C). In MCP-1""LDLr "~ mice (black bars and full circles) with respect
to LDLr”" mice (white bars and circles). *p<0.05. There was no change in
lipoprotein production but delayed clearance is likely.
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fat is stored in adipose tissue and muscle are not clear, it is
generally agreed that abnormalities of fatty acid delivery
and storage underlie the metabolic derangement of insulin
resistance. Further, epididymal fat pad mass was increased in
MCP-1""LDLr " mice compared with LDLr /" mice (8.8+0.6
vs. 7.0+0.9 mg/g of mouse, p<0.05). The mechanism for this
impaired metabolic regulation in our mice is unknown but
differences in systemic inflammatory response is unlikely because
plasma TNFa concentrations were similar in both models (2.8+0.5
vs. 3.1£0.6 pg/ml) but a differential response in the tissues in-
volved cannot be discarded.

The addition of fat to the diet disclosed further differences
between the two models. The relative hyperlipidemia observed
in MCP-1"7"LDLr"" mice at the 10-weeks time point was
further confirmed (Fig. 3) but the differences rapidly disappear.
The increase in plasma cholesterol concentration was faster in
LDLr~ mice when fed a high-fat, high-cholesterol diet and at
the 32-week time point, the absence of MCP-1 propitiated
significantly lower plasma cholesterol levels. When fed regular
chow, the course of plasma cholesterol concentration was
similar. Despite initial differences in plasma triglycerides
concentration, both strains showed the same course at the 24-
and 32-week time points. These results are even more difficult to
interpret because the LDLr '~ mice developed obesity at the 32-
weeks time, a condition that was prevented in MCP-1-deficient
animals (Fig. 3C). There was, on average, a 9-fold increase in

----- Chow Diet

Plasma Cholesterol (mmollL)
=]

Age (weeks)

50
C
40+

304

204

Body weight ()

10 weeks 32 weeks

—— High-Fat diet +0.25% Cholesterol

plasma leptin concentration of LDLr /" mice (49.73+5.84 ng/
ml) with respect to MCP-17"LDLr /" mice (4.9+0.30 ng/ml)
fed on a high-fat, high-cholesterol diet. At this 32-week time
point, food intake was slightly smaller, but not significantly
different, in LDLr "~ (3.57+£0.49 g/day) as compared with
MCP-1"""LDLr "~ mice (3.83+0.95 g/day). Although LDLr '~
mice at this age showed higher adiposity, in the epididymal
adipose tissue the adipocytes were significantly smaller
(<0.01) (1557460 pm?) than in MCP-1""LDLr~ mice
(2107+76 um?) suggesting that MCP-1 is clearly involved in
the development and maintenance of diet-induced obesity when
hyperlipemia is prominent. Also, the fraction of macrophages
was significantly lower (p<0.01) in MCP-1""LDLr "~ mice
(0.08+0.06) than in LDLr '~ mice (0.19+0.05), a difference
that deserves further research (Fig. 3D).

Because double KO mice also showed a significant increase
in plasma FFA concentration, we predicted a link between these
lipoprotein derangements and glucose metabolism. High plasma
FFA concentration may cause peripheral insulin resistance but
insulin resistance may also elicit a decreased uptake of fatty
acids by the adipose tissue that promotes increased circulating
plasma FFAs (Lewis et al., 2002; Baldeweg et al., 2000).
Hyperlipemia may also be a confounding factor through an
increase in the uptake of free fatty acids by the liver (Lewis,
1997). 1t is also well-known that LPL activity is stimulated by
insulin and glucose; hence, an LPL activity disturbance in
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Fig. 3. Course of plasma cholesterol (A) and triglycerides concentrations (B) in LDLr "~ mice (white circles and bars) and MCP-1"""LDLr "~ mice (black circles and
bars) fed either a chow diet or a high-fat diet supplemented with cholesterol (0.25% w/w) for 22 weeks of treatment. (C) Body weight before the dietary treatment and
at the 32-week time point after a high-fat diet supplemented with cholesterol (0.25% w/w) indicating a resistance to diet-induced obesity in double KO mice, which is
accompanied by an increase in the adipocyte size in the epididymal fat (D). *p<0.05 vs. LDLr '~ mice in the same dietary group.
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adipose tissue may also be an indicator of alterations in glucose
metabolism (Fielding and Frayn, 1998; Farese et al., 1991).

We found higher fasting plasma glucose concentration in
MCP-1""LDLr"~ mice than in LDLr '~ mice (Table 1). The
response to the glucose overload was also less intense and slower
(Fig. 4A) in the double knockout mice in which the area under
the curve was 1.7-fold higher and the plasma insulin levels,
although similar in both models, remained higher at the 60-min
time point (Fig. 4C). It is noteworthy that normolipemic MCP-
17" mice showed also an abnormal tolerance to the injected
glucose. We did not observe significant differences in the insulin
tolerance tests but there was a trend towards impaired insulin
sensitivity in the MCP-1"""LDLr "~ mice (Fig. 4D). As expected
(Paolisso et al., 1992), glucose tolerance was significantly worse
in LDLr "~ mice fed on a high-fat, high-cholesterol diet at the
32-week time point but we noted certain improvement in MCP-
17"LDLr"" mice (Fig. 4B). Taken together, these results
indicate that MCP-1 is important in both lipid and glucose
metabolism and its role may differ in response to both
hyperlipidemia and the ingestion of dietary fat and cholesterol.
These results may also suggest that circulating MCP-1 may have
endocrine effects in different tissues.

Transgenic overexpression of MCP-1 in adipose tissue
results in systemic insulin resistance in mice fed a high-fat diet
(Kanda et al., 2006; Kamei et al., 2006). Mice lacking CCR2
show an improved systemic glucose homeostasis with reduced
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macrophage content in adipose tissue while on a high-fat diet
(Weisberg et al., 2006). This contrasts with the recent findings
indicating that the absence of MCP-1 in mice is not critical for
adipose tissue macrophage recruitment and impairs lipid and
glucose metabolism (Inouye et al., 2007). We partially confirm
these findings in mice rendered hyperlipemic by the ablation of
the LDLr gene. However, we also describe contrary effects that
may be influenced by the dietary fat, hyperlipidemia, age and
possibly obesity. In lean and young mice, in which there is not
macrophage infiltration, MCP-1 seems responsible for a
decreased lipoprotein clearance as well as a clear impairment
in glucose metabolism. Conversely, when mice are fed a high-
fat diet and, consequently, macrophage infiltration is likely, the
absence of MCP-1 seems to be a modulating factor of
improvement in both glucose and lipid metabolism.

In conclusion, our data suggest an intense and relevant
metabolic role of MCP-1 that is not clearly defined, indicating
the presence of multiple layers of regulatory mechanisms that
may be influenced by MCP-1. Our results should be con-
sidered in a framework including the relationships among the
presence or absence of inflammation and/or hyperlipidemia,
the action of proinflammatory cytokines and the metabolic
consequences of dietary fat, physiological stress and insulin
resistance (Hotamisligil et al., 1993). These influences should
be fully ascertained before considering MCP-1 as a therapeutic
target.
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Fig. 4. Glucose tolerance tests in LDLr '~ mice (white circles), MCP-1"""LDLr "~ mice (black circles) and MCP-1""" mice (black squares). Mice were fed a chow diet
(age 11-12 weeks) (A) or a high-fat diet supplemented with cholesterol (0.25% w/w) for 22 weeks (B). Plasma insulin concentrations determined by RIA in LDLr '~
mice (white bars) and MCP-1"""LDLr "~ mice (black bars) during the glucose tolerance tests are in panel C and the blood glucose concentration during the insulin

tolerance test in panel D. *p<0.05 vs. LDLr "~ mice and +p<0.05 vs. MCP-1""" mice.
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BREU RESUM

Inflamacioé i metabolisme es troben estretament lligats, i com a conseqgiencia la regulacio
i el manteniment de I’homeostasi metabolica requeriran la coordinacié mdultiple entre
diferents organs. Un dels organs clau és el fetge, pel seu paper en el control de la
homeostasi energética de tot I’organisme. L’objectiu d’aquest segon treball era explorar
el paper de MCP-1 en la iniciacid i la progressié de I’esteatosi hepatica en un model
susceptible a aquesta complicaci6 metabodlica, el model LDLr”", i del qual haviem
comprovat en el treball anterior (Estudi 1) que la deficiéencia en MCP-1 alterava el
metabolisme dels lipids i la glucosa. Es van utilitzar ratolins LDLr”~ (Jackson Laboratory)
de 10 setmanes d’edat per obtenir els valors basals (n= 8) i es van fer 2 grups d’estudi
diferents per veure I’efecte de la dieta rica en greix i colesterol: dieta 1, dieta estandard
de manteniment (n= 24) i dieta 2, dieta estandard de manteniment amb un suplement de
0.20% d’oli de palma i 0.25% (w/w) de colesterol (n=24). En cada grup d’estudi es van fer
tres subgrups (n= 8 per grup d’estudi), depenen de les setmanes de tractament dels
animals: 1) 16 setmanes d’edat (6 setmanes de tractament; 2) 24 setmanes d’edat (14
setmanes de tractament) i 3) 32 setmanes d’edat (22 setmanes de tractament). Els estudis
bioquimics i histologics van ser complementats amb I’analisi d’expressié de gens en el
fetge. Finalment, per corroborar I’efecte de MCP-1 en I’esteatosi hepatica vam crear un
projecte preliminar amb ratolins MCP-17"LDLr”" (Dana-Farber Cancer Institute) i MCP-1*/"
LDLr”" (heterozigots).

Els resultats van mostra com I’expressi6 genica de MCP-1 en el teixit hepatic és
rapidament induida per la dieta i que a la vegada aquest increment és paral-lel a un
increment de les concentracions de MCP-1 circulants i associat al nivell d’esteatosi
hepatica. Les técniques immunohistoquimiques van corroborar I’expressio proteica de
MCP-1 en el teixit hepatic, els hepatocits presentaven una intensa immunoreactivitat per
MCP-1 que curiosament es trobava predominantment localitzada al voltant de les gotes de
lipids. Tanmateix, la ingesta de colesterol també incrementava la concentracid proteica

de MCP-1 en el teixit hepatic. Aquest fenomen es trobava acompanyat de diferéncies en
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I’expressié dels gens membres de la familia dels Peroxisome proliferator-activated
receptors (PPARS).

Els resultats addicionals i completament preliminars amb els models totalment
(homozigots) i parcialment (heterozigots) deficients en MCP-1 completaven els resultats
d’aquest segon treball. La deficiéncia parcial o total de MCP-1 (MCP-1*/"LDLr”", MCP-17-
LDLr”") protegeix del desenvolupament d’esteatosis hepatica en el aquest model d’estudi,
el ratoli LDLr . Aquestes dades demostraven que MCP-1 és important en la regulacié de
la resistencia a la insulina hepatica i pot representar una molecula clau no només en la
inflamaci6 siné també en el metabolisme, i per tant es confirmava la hipotesi presentada
en aquesta Tesi doctoral.

En resum, la sobre-regulacié de MCP-1 en el fetge com a conseqiiéncia de les dietes riques
en greix i colesterol contribueix al desenvolupament de I’esteatosi hepatica. | per tant, la
induccié de I’expressi6 de MCP-1 mitjancant la dieta ens podria ajudar a entendre el
paper de MCP-1 circulant en condicions on els problemes hepatics s6n clinicament
importants, aixi com estudiar I’associacié6 de I’esteatosi hepatica amb la sindrome
metabolica.

Per poder definir les vies d’actuacié de MCP-1 en el fetge d’aquest model, primer era
necessari establir les vies metaboliques que estaven afectades en la iniciacio i progressio
de I’esteatosi hepatica. D’aqui el tercer estudi presentat en aquesta Tesi, on es va
plantejar que la identificacid i la quantificacié6 de metabdlits associats a diferents vies
metaboliques podia facilitar el descobriment de nous biomarcadors i dianes terapéutiques,

com podia ser MCP-1.
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To assess the role of monocyte chemoattractant protein-1 (MCP-1/CCL2) in the development of fatty liver,
we have used LDLr/~ mice as an animal model of high-fat, high-cholesterol diet-induced liver steatosis.
The rapid dietary induction of hepatic mRNA MCP-1 expression was paralleled by a concomitant increase
in plasma MCP-1 that was strongly associated with the degree of liver steatosis. Hepatocytes showed an
intense immunoreactivity for MCP-1 that was mainly located surrounding the hepatic lipid droplets. The
intake of cholesterol also increased the concentration of MCP-1 in liver homogenates. This was accompa-
nied by a differential expression of members of the PPAR family. Additionally, complete MCP-1 deficiency
prevents the development of liver steatosis in LDLr /- mice and partial deficiency is accompanied by a
certain protective effect. Our data also suggest that MCP-1 may be important in the regulation of hepatic
insulin resistance and may represent a link between inflammation and metabolic diseases. We conclude
that dietary cholesterol upregulation of hepatic MCP-1 may help to understand the role of circulating
MCP-1 in conditions where liver derangements are clinically important and in the association of liver ste-

Keywords:

Dietary cholesterol
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Liver steatosis
MCP-1
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atosis with the metabolic syndrome.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The clinical association of liver steatosis, obesity, hyperlipid-
emia, insulin resistance and atherosclerosis is usually related to
inappropriately high-fat, high-cholesterol diets [1]. Therefore, the
excess of some nutrients, through their role as important signaling
molecules in transductional pathways [2], may be a major partici-
pant in the pathogenesis of the metabolic syndrome.

The dietary cholesterol-induced hepatic inflammation is a com-
plex and poorly understood process in which chemokines are crit-
ically involved [3]. The hepatic monocyte chemoattractant protein-
1 (MCP-1) production in response to the fat and cholesterol intake
and its contribution to the plasmatic pool has not been previously
determined but it is likely that the leukocyte recruitment from the
circulation during liver inflammation is a consequence of hepatic
synthesis and release of MCP-1. It has been already documented
that MCP-1 is upregulated in the adipose tissue during high-fat
feeding, but it is plausible that MCP-1 may be expressed and
secreted by virtually all somatic cells [4-10]. Notably, the soluble
forms of MCP-1/CCL2 are readily detected in plasma where they
may contribute to systemic effects and metabolic regulation [11].
We, and others [12-18], have studied plasma MCP-1/CCL2 in a

* Corresponding author. Tel.: +34 977 310300; fax: +34 977 312569.
E-mail address: jjoven@grupsagessa.com (J. Joven).

1043-4666/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cyt0.2009.08.006

number of pathological conditions characterized by liver monocyte
infiltration and have found that plasma MCP-1 concentration is
consistently increased and represents a significant predictor of li-
ver disease, hepatic inflammation and also of low-grade systemic
inflammation.

Inflammation and metabolism are closely interconnected and
the regulation of both processes requires communication between
multiple tissues. Recent findings reinforce the concept that the li-
ver may play a pivotal role documenting that the adipose tissue
regulates hepatic insulin resistance [19] and that the liver may reg-
ulate pancreatic B cell mass [20]. Taken together, our data suggest
that the hepatic over-expression of MCP-1 in response to a high-
fat, high-cholesterol diet in hyperlipemic mice may represent a
contributing factor for the development of liver steatosis and other
metabolic derangements.

2. Material and methods
2.1. Experimental animals and diets

All procedures were performed in accordance with our Institu-
tional guidelines. All mice used in this study were in C57BL/6]
background and were housed under standard conditions and given
a commercial mouse diet (14% Protein Rodent Maintenance diet,
Harlan, Barcelona, Spain) until the experiment begins. Male
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LDLr '~ mice were the progeny of mice purchased to the Jackson
Laboratory. The size of the experiment was planned according to
previous data [6]. The animals were allocated to experimental
groups by computer-generated randomization schedules. At 10-
weeks of age, 8 animals of LDLr /= strain were sacrificed and vari-
ables analyzed (baseline values). The remaining littermates were
assigned to 2 dietary groups (n = 24 each). Diet 1 is the same main-
tenance diet (3% weight fat, 0.03% cholesterol) and mice were con-
sidered as controls; diet 2 was prepared with the addition to diet 1
of cholesterol (0.25% w/w) and palm oil as the source of fat (20% w/
w). Diets were prepared and labeled by an independent investiga-
tor according to the randomization schedule to assure allocation
concealment. At 16, 24 and 32 weeks of age, variables were ana-
lyzed in 8 animals of each group.

The male double knockout mice, LDLr/~MCP-1-/~ were kindly
provided by the Dana Farber Cancer Institute and the heterozy-
gotes LDLr/~MCP-1*/~ derived by breeding. We studied the devel-
opment of liver steatosis in these mice that were equally handled.
There were no animals excluded from analysis. Investigators
responsible for the different assessment of outcomes had no
knowledge of the experimental group to which the animals belong.

2.2. Laboratory measurement

Blood samples were collected from anesthetized animals into
EDTA-treated blood collection tubes after 12 h of food deprivation.
When applicable, MCP-1 concentration in plasma and liver homog-
enates was measured using an ELISA kit (Mouse MCP-1 ELISA kit,
Pierce, Rockford, USA). Plasma glucose, AST, ALT and cholesterol
concentration were determined by standard laboratory proce-
dures. Plasma insulin concentrations were measured using a radio-
immunoassay (Linco, St. Charles, MO). The livers were perfused,
removed, prepared in portions and either flash-frozen and stored
at —80 °C until used or fixed for 24 h in 10% neutral-buffered for-
malin for histology. A portion of the liver was weighed, frozen in
liquid nitrogen, homogenized in ice-cold PBS (5 mL PBS per 1 g of
tissue) and centrifuged at 13,000g for 10 min at 4 °C for measure-
ment of MCP-1 and protein concentration. The liver-tissue content
of cholesterol and triglycerides was determined after lipid extrac-
tion with isopropyl alcohol-hexane.

2.3. Assessment of liver morphology

The amount of MCP-1-stained cells was revealed using specific
antibodies from Santa Cruz Biotechnology, CA, USA. For each indi-
vidual mouse, 30 fields from each of 3 different sections were ana-
lyzed. The amount of inflammation and the degree of steatosis
were estimated as previously described [6]. Oil Red O stains was
prepared using reagents from Sigma-Aldrich, St. Louis, MO, USA.
Other immunoreactivity studies were performed using specific
antibodies from Santa Cruz Biotechnology. Quantitative measure-
ments were performed by using the image analysis software,
AnaliSYS™ (Soft Imaging System, Miinster, Germany).

2.4. Analysis of mRNA expression

Total RNA was isolated from liver tissue using the ABI PRISM
6100 (Applied Biosystems, Foster City, USA). TagMan primers and
probes were obtained from validated Assays-on-Demand products
(Applied Biosystems) (Assays ID, Mm00441242-m1, ccl2; Mm004
40939-m1, ppare; MmO00803186-g1, ppars; MmO00440945-m1,
ppary) to be used in real time PCR amplifications on the 7900HT
Real Time PCR system. Relative transcript levels were quantified
as a comparison of measured threshold cycle numbers (Ct) for each
reaction to a designated endogenous control via the 222
method.

2.5. Statistical analyses

Data were initially analyzed using ANOVA (single-factor or two-
factor) and when necessary U Mann-Whitney or Student’s un-
paired t-test, with the level of significance set at p <0.05. The
SPSS/PC + 12.0 (SPSS, Chicago, II) software was used throughout.

3. Results

3.1. The metabolic response to high-fat, high-cholesterol diet in LDLr~/~
mice

We first assessed the metabolic response of LDLr~/~ mice to
high-fat diet using diet 2 as a source of cholesterol that resembles
the total amount ingested in Western-type diet. Mice were as-
sessed with respect to the development of liver steatosis and ex-
pected MCP-1 overstimulation. The food intake was similar in all
the experimental groups (data not shown). However, mice on diet
2 increased their body weight as an age-dependent effect, doubled
that observed in mice on normal chow and the maximal difference
reached after 22 weeks of dietary treatment (Fig. 1A). These
changes were paralleled by significant increases in plasma glucose
and insulin concentrations (Fig. 1B) at the end of dietary treatment
that correlated with the increased body weight, indicating the
presence of different degrees of adiposity-induced insulin resis-
tance. Similarly, plasma cholesterol and triglyceride concentrations
increased significantly in mice on high-fat diet respect to the con-
trol group (Fig. 1C). The relative liver weight respect to body
weight increased constantly in mice fed high-fat, high-cholesterol
diet and decreased in mice fed the chow diet (Fig. 1D). Cellular
necrosis is unlikely as a response to high-fat diets because we
did not observe changes in plasma transaminases in any of the
experimental groups (data not shown). This trend was also accom-
panied by a significant increase in the content of liver cholesterol
and triglyceride (Fig. 1E, F). This higher hepatic lipid storage was
further confirmed examining the amount of Oil red O stained cells
(Fig. 1G, H).

3.2. Hepatic MCP-1 is upregulated by the abundance of fat and
cholesterol in the diet

We then examined the relative MCP-1 transcript abundance in
the livers and we found a consistently higher rate of transcription
in mice on high-fat diet respect to controls (Fig. 2A). This diet-in-
duced hepatic MCP-1 mRNA expression was rapid and maximal
after 6 weeks of treatment although it remained significantly high
in all the time-points. These results were similar to those obtained
assessing the MCP-1 immunoreactivity. The immunoreactivity for
MCP-1 in macrophages/Kuppfer cells, in vascular and bile duct
endothelial cells, and in some leukocytes were higher (p <0.01)
in mice fed high-fat diet than in those on regular chow. Hepato-
cytes, when placed in close vicinity to inflammatory infiltrates,
were also strongly stained (Fig. 2E). Interestingly, MCP-1 was de-
tected in every cell with a significant degree of steatosis and pre-
dominantly located in the periphery of hepatic lipid droplets
(Fig. 2F). In liver homogenates (Fig. 2B), we found that hepatic
MCP-1 concentration was similar in mice on diets 1 and 2. The
measured MCP-1 concentration in plasma paralleled the response
obtained with mRNA transcription analysis. This relationship is
not appreciated with the expression of the protein in the liver
(Fig. 2B, C). Such apparent discrepancy may indicate a continuous
exit from the cell and consequently that hepatocytes may be the
source of increased plasma MCP-1 levels. However this cannot be
inferred from our model in which other organs may contribute.
Particularly the adipose tissue, because plasma MCP-1 correlated
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Fig. 1. The excess of nutrients elicited a metabolic stress in LDLr~/~ mice. There was a high propensity to gain weight (A), insulin resistance (B) and hyperlipidemia (C). These
effects were accompanied by a higher relative liver weight respect to body weight (D) as a response to higher accumulation of cholesterol and triglyceride in the liver (E and
F), confirmed histologically by the staining of neutral lipids (G) from which a representative microphotograph is shown of liver in LDLR-deficient mice fed diet 2 at the 32-

weeks time-point. Values are mean + SD. p <0.001 and “p < 0.01 respect to diet 1.

(r=0.635) with the increase in body weight and the increased
adiposity observed. In addition, the course in plasma MCP-1 con-
centration also correlated (r=0.721) with the degree of steatosis,
which was consistently higher in mice on high-fat, high-choles-
terol diet as assessed by histological analysis (Fig. 2G). All these

data suggest that the expression of MCP-1 is determined by the
dietary manipulations. To further assess the role of inflammatory
stimuli, we evaluated the proportion of hepatic F4/80 stained cells,
a specific marker of mature macrophages. We found no significant
changes in the degree of macrophage infiltration in mice with re-
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Fig. 2. Hepatic MCP-1 is upregulated by dietary cholesterol and is associated with the degree of steatosis. The relative MCP-1 transcript abundance (A), and MCP-1
concentration in liver homogenates (B) and plasma (C) showed a strong association with the experimental diet. Most hepatic cells showed MCP-1 immunoreactivity
especially when located in close vicinity to inflammatory infiltrates (E) and in every cell with a significant degree of steatosis where it was mainly located in the periphery of
lipid droplets (F). MCP-1 over-expression correlated with liver steatosis as measured with the steatosis score (G). This relationship was not observed with the degree of
macrophage infiltration measured by the proportion of hepatic F4/80 stained cells (D and H). Values are mean + SD. p < 0.001 with respect to diet 1.

spect to the composition of the diet (Fig. 2D, H) and this was no vated receptors (PPARs o, y and /&) which are related to the
correlated with the increase in either plasma or liver MCP-1. It is MCP-1 expression in experimental liver disease and play important
therefore unlikely that the mechanism of action of MCP-1could documented roles in lipogenesis and inflammation. This was per-
be related to increased monocyte recruitment. We then investi- formed measuring the relative transcript abundance and using
gated the gene expression of liver peroxisome proliferator-acti- immunohistochemistry to assess the correspondence with the pro-
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tein expression. The dietary response in PPARa expression was
similar in diets 1 and 2 (Fig. 3A). Conversely, the PPARY expression
was moderately increased in diet 2 respect to chow diet (Fig. 3B).
We also found a negative PPARB/3 expression response to the die-
tary treatment. Whereas diet 1 did not elicit a significant response,
a significant decrease in the expression throughout the study was
observed with high-fat, high-cholesterol diet (Fig. 3C).

3.3. MCP-1 is a necessary factor to develop diet-induced liver steatosis

To ascertain if MCP-1may play a prominent role in the
mechanisms of hepatic lipid accumulation, we then included in
the experiment a group of male double KO mice (LDLr/~MCP-1~/
~; n=8) fed the diet 2 and liver steatosis was examined after
22 weeks of treatment. Results were compared with those obtained
in controls (LDLr/~MCP-1*/*) and heterozygotes (LDLr~/~MCP-1*/-)

~diet 1
diet 2

Relative PPARa
mRNA expression

[0

T T T
10 16 24 3
Age (weeks)

Relative PPARY
mRNA expression

0 T T T
10 16 24 3
Age (weeks)

t2

Relative PPAR /8
mRNA expression

0.5

0.0 T T T
10 16 24 32
Age (weeks)

Fig. 3. PPARq, vy and B/3 expression in liver tissue. The dietary response in PPARo
expression (A) was similar in diets 1 and 2. The PPARy expression was moderately
increased in diet 2 respect to chow diet (B). Conversely, there was a significant
decrease in the expression of PPARB/S (C) in mice on high-fat, high-cholesterol diet.

(n = 8 for each group). We found that the deficiency in MCP-1 does
not completely prevent the development of liver steatosis as as-
sessed at the 32-week time-point but the degree of steatosis de-
creased considerably. Also, morphology was substantially changed
and, when present, it was mainly microvesicular. Moreover, the dou-
ble KO mice heterozygote for MCP-1 (LDLr~/~MCP-1*/~) showed an
intermediate degree of hepatic lipid accumulation indicating that
the hepatic MCP-1 expression could be a quantitative requirement
for hepatic steatosis (Fig. 4).

LDLr-/-MCP-1+/+

LDLr-/-MCP-1+/-

LDLr-/-MCP-1-/-

Steatosis score
[
1

Fig. 4. The influence of MCP-1 in the development of diet-induced liver steatosis.
Representative microphotographs of liver tissue of the indicated strains (A-C) after
feeding mice (n=8 for each group) with high-fat, high-cholesterol diet (diet 2)
during 22 weeks. (D) Quantitative measurement of the degree of steatosis in the
groups studied. In LDLr~/~ MCP-1-/" mice, steatosis was microscopically undetect-
able in most samples although a limited extent of microvesicular steatosis was
detected in others. p <0.001 respect to MCP-1 deficient animals.
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4. Discussion

We have shown that dietary fat and cholesterol, inappropriately
high in the Western-type diet, are potent inducers of the hepatic
expression of the MCP-1 gene in this animal model which is
accompanied by intense MCP-1 immunoreactivity in hepatocytes
and a related and significant increase of MCP-1 concentration in
plasma and liver homogenates. None of these effects were present
in hyperlipemic mice on normal, low-fat chow. Therefore, MCP-1
upregulation is not associated with hyperlipidemia but to the
diet-induced metabolic stress responsible of concomitant glucose
and lipoprotein derangements. Particularly, the excess of nutrients
increased the propensity to gain weight, to present insulin resis-
tance and we found a strong dose-dependent relationship between
the hepatic MCP-1 upregulation and the extent and severity of liver
steatosis. Upon lipid loading of hepatocytes, MCP-1 was detected
at or near the protein envelope of the lipid droplets, a suggesting
finding that argues in favor of a determinant role of hepatic
MCP-1 in the frequent association between the cytoplasmic accu-
mulation of lipid in hepatocytes and the metabolic syndrome
[18]. Such relationship may be quantitative. In the complete ab-
sence of MCP-1 the development of fatty liver is nearly prevented
and in heterozygotes, which presumably have a limited potential
for MCP-1 over-expression, the degree of liver steatosis is also con-
siderably limited.

Our data also suggest that the liver is a major contributing
organ to the plasma MCP-1 pool. There is not an available method
to specifically address the question of which are the cellular
sources of circulating plasma MCP-1 but it is plausible that some
other tissues may contribute. Particularly, the role of the adipose
tissue has been previously documented [21-23]. We also suggest
that, in the liver, MCP-1 expression could be involved in a complex
metabolic network. Our observations seem to confirm previous re-
sults obtained in vitro indicating that MCP-1 may induce lipid accu-
mulation in hepatocytes via activation of PPARo gene expression
[24]. Also, the differential PPARa and 7y gene expression may sup-
port previous data indicating their role in the regulation of multi-
ple lipogenic genes [25] in which MCP-1 may play a significant role
[26]. The differential response on PPARB/3 expression is intriguing.
A recent study has revealed potential implications of PPARB/S in li-
pid homeostasis and insulin resistance [27]. Moreover, the PPARB/3
over-expression in hepatocytes and treatment with PPARB/$ ago-
nists markedly reduce the intracellular lipid accumulation. Accord-
ing to this concept, the reduced PPARB/5 expression in LDLr '~
mice may contribute to the development of liver steatosis. Further
studies are necessary to explore the relationship between MCP-1
and PPARB/s that our data suggest.

Another important question to be addressed is whether plasma
circulating MCP-1 may play a role in distant tissues and conse-
quently may influence the relative contribution of the different
pathologies associated with the metabolic syndrome. The
metabolic dysfunction observed in our mice clearly arises from
exposure to an excess of nutrients which develops inflammation
and probably secretion of multiple cytokines. These molecules
may have the ability to influence the whole body energy balance
and inflammatory mediators, such as MCP-1, circulating in plasma,
may reach every cell and may play an important role in spreading
cell signaling and activation. Plasma MCP-1, then, could be a good
candidate to be such a common metabolic link as supported by
data indicating that MCP-1 possesses physiological activities going
far beyond the recruitment of immune cells [22,28-32].

In conclusion, the hepatic MCP-1 upregulation induced by
dietary fat and cholesterol contributes to the development of liver
steatosis. This may be important in the understanding of metabolic
syndrome because the liver is the main organ in regulating the

metabolic homeostasis and it is continually exposed to the threat
of inappropriate diets. Dietary intervention is pivotally positioned
in the management of metabolic disturbances but our data suggest
potential therapeutic applications for MCP-1 and/or PPARB/3
modulators.
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BREU RESUM

L’esteatosi hepatica es considera com la manifestaci6é hepatica de la sindrome metabolica
i correntment esta relacionada amb les dietes riques en greix i colesterol. En el present
estudi vam realitzar un estudi metabolomic del teixit hepatic del model deficient en el
receptor de les LDL, per investigar els efectes del greix i el colesterol de la dieta en la
etiologia de la progressi6 de I’esteatosi hepatica a esteatohepatitis. L’objectiu era la
identificacié i la quantificacié dels metabdlits dels diferents processos metabolics
implicats, i que puguin facilitar el descobriment de biomarcadors clinics. Es van utilitzar
ratolins LDLr”~ (Jackson Laboratory) de 10 setmanes d’edat per obtenir els valors basals
(n= 8) i es van fer 3 grups d’estudi diferents per veure I’efecte de les dietes: dieta 1,
dieta estandard de manteniment (n= 16); dieta 2, dieta estandard de manteniment amb
un suplement de 0.20% d’oli de palma (n= 16); i dieta 3, dieta estandard de manteniment
amb un suplement de 0.20% d’oli de palma i 0.25% (w/w) de colesterol (n= 16). En cada
grup d’estudi es van fer dos subgrups (n= 8 per grup d’estudi), depenen de les setmanes
de tractament dels animals: 1) 16 setmanes d’edat (6 setmanes de tractament; i 2) 32
setmanes d’edat (22 setmanes de tractament). Per I’estudi metabolomic es van utilitzar
els protocols de treball posats a punt amb mostres hepatiques d’aquest mateix model
(Annex 3). Es va realitzar la identificaci6 de 55 metabolits en la quantificacié individual
dels metabdlits presents en I’extracte aquds i I’extracte de lipids de cada mostra. Vam
poder establir que el colesterol de la dieta incrementa les concentracions hepatiques de
colesterol, triglicérids, i acid oleic perd que a la vegada disminueix la el ratio PUFA/MUFA
i la quantitat d’acids grassos de cadena llarga poliinsaturats al fetge. Aquest efectes en el
metabolisme del lipids van acompanyats de variacions en les concentracions hepatiques de
taurina, glutatio, metionina, i carnitina. Amb analisis de correlacions vam poder confirmar
qgue la inflamacié hepatica es correlaciona amb les senyals de ressonancia magnética
nuclears corresponents al colesterol i que el grau d’esteatosi es correlaciona amb les

senyals de ressonancia magnetica nuclear corresponent als triglicerids.
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Amb aquestes dades vam concloure que 1) el colesterol de la dieta és un factor implicat
en el desenvolupament de I’esteatosi i la inflamacié hepatica i 2) de entre tots el
metabolits estudiats en I’esteatosi hepatica d’aquest model en destaquen la disminucié
dels nivells de PUFA (ARA, EPA, DHA) i I’augment dels nivells de MUFA amb la consequent
disminucié del quocient PUFA/MUFA, i la disminucié en la concentracié de taurina,
glutatid, carnitina i metionina, i que ens fan concloure que 3) els mecanismes involucrats
en el desenvolupament i progressi6 d’esteatosi hepatica en aquest model estan
relacionats amb I’empitjorament de la funcié mitocondrial, i particularment amb les
variacions del metabolisme normal d’acids grassos i 4) en I’esteatosi hepatica d’aquest
model els processos de metilacio i sulfuracié estan alterats

No hem d’oblidar que aquest estudi es va plantejar com a base per I’estudi de la
implicaci6 de MCP-1 en les vies metaboliques involucrades en el desenvolupament de
I’esteatosi hepatica. Es per aixd, que un cop establerts els metabdlits implicats en
I’esteatosi hepatica i determinades les vies metabdliques involucrades en el model LDLr”",
s’ha realitzat un analisi metabolomic del teixit hepatic, idéntic al presentat en aquest
treball, en el model deficient en MCP-17/"LDr”" i que ha estat complementat amb I’analisi
de I’expressio dels gens més destacats en el control de I’homeostasi energetica i lipidica.
Els resultats d’aquest estudi s’estan treballant per I’elaboracié d’un manuscrit on es
confirma que la deficiéncia de MCP-1 en aquest model preveu I’aparicié d’obesitat i
esteatosi hepatica induida per la dieta. Aquestes conclusions ens van fer plantejar la
creacié d’un nou model animal totalment oposat, el model que pugui sobre-expressar

MCP-1, tant a nivell general com a nivell especific de teixit.
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Nonalcoholic fatty liver disease is considered to be the hepatic manifestation of metabolic syndrome
and is usually related to high-fat, high-cholesterol diets. With the rationale that the identification and
quantification of metabolites in different metabolic pathways may facilitate the discovery of clinically
accessible biomarkers, we report the use of '"H NMR metabolomics for quantitative profiling of liver
extracts from LDLr~~ mice, a well-documented mouse model of fatty liver disease. A total of 55
metabolites were identified, and multivariate analyses in a diet- and time-comparative strategy were
performed. Dietary cholesterol increased the hepatic concentrations of cholesterol, triglycerides, and
oleic acid but also decreased the [PUFA/MUFA] ratio as well as the relative amount of long-chain
polyunsaturated fatty acids in the liver. This was also accompanied by variations of the hepatic
concentration of taurine, glutathione, methionine, and carnitine. Heat-map correlation analyses
demonstrated that hepatic inflammation and development of steatosis correlated with cholesterol and
triglyceride NMR derived signals, respectively. We conclude that dietary cholesterol is a causal factor
in the development of both liver steatosis and hepatic inflammation.

Keywords: dietary cholesterol « '"H NMR spectroscopy e liver steatosis e LDLr-deficient mice « metabolomics

quantitative profiling ¢« NASH

1. Introduction

The liver is the major metabolic organ that performs a variety
of biochemical functions necessary for whole-body metabolic
homeostasis. It is sensitive to many pathological insults leading
to an array of different clinical signs and symptoms. In
particular, nonalcoholic fatty liver disease (NAFLD) is the most
common cause of liver dysfunction characterized by fatty
infiltration of the liver in the absence of alcohol abuse. NAFLD
is currently considered the hepatic manifestation of metabolic
syndrome and other related metabolic derangements such as
obesity, insulin resistance, hypertension, and dyslipidemia.'

NAFLD ranges from simple steatosis to nonalcoholic steato-
hepatitis (NASH), in which inflammation is present.*”” Al-
though steatosis is considered a relatively benign and reversible
condition, the progression from steatosis toward NASH rep-
resents a critical step in the progression toward more harmful
conditions including fibrosis, cirrhosis, or liver cancer."?

The actual risk factors that drive hepatic inflammation during
the progression from steatosis to NASH remain unknown,
although inflammatory, oxidative, and infectious cellular insults
have been previously implicated. ® Experimental studies in
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several animal models of hepatic steatosis demonstrate a direct
relationship between dyslipidemia and dietary cholesterol with
the development of liver injury.'®'' It has been generally
accepted that hepatic steatosis is the critical first step and
prerequisite for development of hepatic inflammation.® How-
ever, recent evidence have raised doubts about this hypothesis.
Dietary cholesterol, rather than hepatic steatosis, may be a risk
factor for NASH development in hyperlipidemic mouse mod-
els.'? Therefore, the characterization of the metabolic events
in the etiology of progression from steatosis to NASH might
provide a better knowledge-base to understand the exact
mechanisms underlying such progression and to predict as well
as prevent further complications.

In this regard, metabolomics is a highly valuable tool because
it can provide a holistic evaluation of low molecular weight
compounds present in hepatic tissue of animal models indicat-
ing a particular biochemical phenotype.'® The utility of the so-
called fingerprinting NMR-based metabolomics approach in
the analysis of liver tissue extracts has already been demons-
trated.'®~'® However, most of these works report their findings
upon a statistical comparison of samples based on spectral
patterns or statistically relevant NMR spectral signatures.
Currently, there is an emerging and growing preference for
using quantitative metabolic profiling as it offers a number of
important advantages over existing fingerprinting methods."*
Profiling studies can be either holistic or targeted and quantita-
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tive or semiquantitative. A targeted metabolic profiling focuses
on a group or category of metabolites of interest defined a
priori. It involves the quantification or semi- quantification of
such group of metabolites using an analytical methodology
specifically developed for such purposes. When no a priori
assumptions on metabolites describing the biological phenom-
ena under study are made, a holistic or global profiling
methodology can be attempted. Then, data are acquired by
high-throughput generic analytical methods under certain
analytical conditions. When referring to NMR spectroscopy,
holistic quantitative profiling is based on the deconvolution
of resonances in each NMR spectrum into a list of metabolites
and their associated concentrations obtained by properly
matching and fitting the reference peaks to the sample
peaks.m,]a,zo

In the current study, we have performed a NMR-based
metabolomics study to investigate the metabolic effects of the
dietary cholesterol in the etiology of progression from hepatic
steatosis to NASH. A comparative study based on a nutritional
intervention in male LDLr~/~ mice on a C57BL/6] background
was designed according to previous data.'"'3?! At 10 weeks of
age, animals were assigned to three dietary groups, chow diet,
high-fat diet and high-fat, high-cholesterol diet. At baseline (10
weeks of age), 16- and 32-week time point variables were
analyzed and the metabolic rearrangements in the diet-and
time-dependent progression from steatosis to NASH were
assessed in liver tissue extracts using '"H NMR spectroscopy.'®
We have attempted a holistic metabolomics quantitative profil-
ing study performing a quantification of individual metabolites
present in aqueous and lipidic liver extracts analyzed by 'H
NMR spectroscopy. In addition, we have submitted this
quantification to unsupervised multivariate analysis obtaining
a combination of biochemical markers that characterize the
metabolome changes in the progressive development of fatty
liver disease induced by the addition of dietary cholesterol. We
reasoned that the identification and quantification of metabo-
lites might facilitate downstream pathways and network analy-
ses and, therefore, may lead to drawing specific conclusions
and formulating testable hypothesis.

2. Materials and Methods

2.1. Experimental Animals and Laboratory Procedures. All
animal studies were carried out under appropriate guidelines
according to the code of conduct of Animal Care Committee
of the Universitat Rovira i Virgili and previously published
results.?’ Mice were housed at constant room temperature (22
°C), air humidity (55%), and a light/dark cycle of 12 h. Water
and food (14% protein rodent maintenance diet, Harlan,
Barcelona, Spain) were given ad libitum.

A comparative study was designed with male LDLr~'~ mice
on a C57BL/6J background, which were the progeny of mice
purchased from the Jackson Laboratory (Bar Harbor, ME). The
animals were allocated to experimental groups by computer-
generated randomization schedules and investigators respon-
sible for the assessment of outcomes had no knowledge of the
experimental group to which the animals belonged. Mice were
maintained under a normal chow diet for 10 weeks. At 10 weeks
of age, four animals were sacrificed, and plasma and liver tissue
samples were obtained. The remaining littermates were as-
signed to three dietary groups (n = 8 each) and maintained
under the same regime condition until 16 and 32 weeks of age
where plasma and liver tissue samples were taken in four
animals from each group. Chow diet (considered the control
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diet) is the same as the maintenance diet (3% fat by weight,
0.03% cholesterol). The second diet, which was high-fat, was
commercially prepared with the addition of palm oil to diet 1,
providing a source of fat (20% w/w) that provides equal
amounts of saturated (42.5%) and monounsaturated (43.4%)
fat (PF 1973, Mucedola, Harlan, Barcelona, Spain). Finally, a
third diet was prepared with the addition of cholesterol (0.25%
w/w) to diet 2 to resemble some of the characteristics of the
Western-type diet (PF 1973/A, Mucedola, Harlan, Barcelona,
Spain). Diets were prepared and labeled by an independent
investigator according to the randomization schedule to ensure
allocation concealment. There were no animals excluded from
analysis.

Body weight was monitored weekly. Plasma cholesterol and
triglyceride concentration were determined by standard labora-
tory procedures.' The liver-tissue content of cholesterol and
triglycerides was determined after lipid extraction with isopro-
pyl alcohol-hexane method.?* Liver histological examination
was performed to measure the lipid droplet content (percentage
of lipid droplet area/cell) using the AnaliSYS system (Soft
Imaging System, Miinster, Germany). The amount of inflam-
mation and the degree of steatosis were estimated as previously
described.?*** Oil Red O stains were prepared using reagents
from Sigma-Aldrich (St. Louis, MO). The hepatic proportion
of macrophages (anti-F4/80, Serotec, Oxford, UK) was deter-
mined by immunohistochemistry. For each individual mouse,
30 fields from each of three different sections were analyzed.?!
For the assessment of atherosclerosis, hearts and regions 2 mm
below the ascending aorta were removed, cut transversely,
embedded in OCT, and immediately flash-frozen. Aortic valve
leaflets were used as an anatomic reference point. Pathological
evaluation and quantitative measurements were performed as
previously described®® using the image analysis software
AnaliSYS.

2.2. Liver Extraction Procedures for 'H NMR Based
Metabolomics Assays. Liver extraction was performed following
the procedure described by Shi et al.*® with slight modifica-
tions.'® A portion of hepatic tissue (~50 mg) was removed,
flash-frozen, and mechanically homogenized using the Pre-
cellys24 instrument in 1 mL of H,O/CH3;CN (1/1). The homo-
genates were centrifuged at 5000x g for 15 min at 4 °C.
Supernatants (hydrophilic metabolites) and pellets (lipophilic
metabolites) were separately lyophilized overnight to remove
water for NMR experiments and stored at —80 °C until further
analysis. For NMR measurements, the hydrophilic extracts were
reconstituted in 600 L D,0 containing 0.67 mM trisilylpropi-
onic acid (TSP). The lipophilic extracts were subsequently
extracted in 700 4L of a solution CDCl3/CD3OD (2:1) containing
1.18 mM tetramethylsilane (TMS) and then vortexed, homog-
enized for 20 min, centrifuged for 15 min at 6000x g at room
temperature, and transferred into 5-mm NMR glass tubes.

2.3. 'H NMR Measurements. One- and two-dimensional 'H
NMR spectra were measured at a 600.20 MHz frequency using
an Avance III-600 Bruker spectrometer equipped with an
inverse TCI 5 mm cryoprobe. For 1D aqueous extract spectra,
a one-dimensional (1D) nuclear Overhauser effect spectroscopy
with a spoil gradient (noesygpprld) was used. Solvent presatu-
ration with low irradiation power (10 Hz) was applied during
recycling delay and mixing time (tm = 100 ms) to suppress
residual water. A total of 256 transients of 12 kHz of spectral
width were collected at 300 K into 64 k data points, and
exponential line broadening of 0.3 Hz was applied before
Fourier transformation. A recycling delay time of 8 s was
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applied between scans to ensure correct quantification. In the
case of lipophilic extracts, a 90° pulse with presaturation
sequence (zgpr) was used. We performed measurements at 287
K, shifting the residual water signal to 4.65 ppm to allow the
quantification of the characteristic glycerol-backbone signals.
Besides, residual water was presaturated during recycling delay
(RD = 8 s) using a low irradiation power (10 Hz). A total of 256
FIDs of 12 kHz of spectral width were collected into 64 k data
points and exponential line broadening of 0.3 Hz was applied
before Fourier transformation. The frequency spectra were
phased, baseline corrected, and then calibrated (TMS or TSP,
0.0 ppm) using TopSpin software (version 2.1, Bruker).

2.4. Metabolite Identification and Quantification. Reso-
nance assignments were done on the basis of literature
values?* ™% and different database search engines (BBioref
AMIX database, Bruker and HMDB). Chemical shifts were
identified as described elsewhere.?”?93%34 Both a two-dimen-
sional (2D)-'H,*C- HSQC (heteronuclear single quantum cor-
relation) and a two-dimensional (2D)-"H—'*H COSY (correlation
spectroscopy) were used for structural confirmation. The one-
dimensional S-TOCSY (Statistical Total Correlation Spectros-
copy) approach® was also used to elucidate some of these
assignments.

After baseline correction, selected peaks in the 1D-NMR
spectra were integrated using the AMIX 3.8 software package
(Bruker, GmBH). The absolute concentration of single metabo-
lites either in water-soluble or lipid extracts was assessed
according to the methodology described by Serkova et al.* The
integral at 0.87 corresponding to w-CH3 was used as a reference
for total fatty acid chains to estimate the molar percentage of
fatty acid signals.

A list of metabolites identified in 'H NMR lipidic and
aqueous liver extracts that have been integrated and further
used to assess metabolic rearrangements produced by progres-
sive development of fatty liver disease is summarized in Table
1.

2.5. Data Processing and Multivariate Analysis. Absolute
concentrations derived from both lipophilic and hydrophilic
extracts were arranged together in one single data matrix, which
was used as the input matrix for the PCA multivariate model.
Previously, data were scaled to unit variance to give all the
identified metabolites the same opportunity to enter to the
model. Data (pre-) processing, data analysis, and statistical
calculations were performed with Matlab (Matlab version 6.5.1,
Release 13, The Mathworks, 2003 and the PLS Toolbox, version
4.2). For 'H NMR correlation heat-maps and S-TOCSY calcula-
tion, a Matlab in-house script based on Cloarec et al.*® was
used.

3. Results

3.1. Course of Liver Steatosis in the Animal Model. A
summary of relevant changes in this model under different
dietary conditions is depicted in Figure 1. Mean body weight
increased in an age- and diet-dependent manner, and the
maximal differences were observed from the high-fat, high-
cholesterol diet at the end of dietary treatment (Figure 1A).
These changes were paralleled by significant increases in
plasma cholesterol and triglyceride concentrations (Figure 1B,
C), significantly apparent in mice on the high-fat, high-
cholesterol diet at the 32-week time point. For descriptive
purposes, this model develops significant atherosclerosis (Fig-
ure 1D) that is closely linked to hyperlipidemia and other
metabolic disturbances. At 16 weeks of age, the atherosclerotic

lesion size was not detectable in animals fed the chow diet and
was minimal in mice fed high-fat diet, high-cholesterol diets.
At 32 weeks of age, the plaque progression increased in mice
fed high-fat diets with respect to controls, although the
differences in lesion size were only significant in animals fed
on the high-fat, high-cholesterol diet. In the liver, the intake
of a high-fat diet produced inflammation and steatosis (Figure
1E, F), an effect clearly evident when there was a supplementa-
tion of cholesterol to the diet. However, when the infiltration
of inflammatory cells in the liver was measured as the hepatic
presence of F4/80 cells, there were minimal differences among
dietary treatments (Figure 1G). Dietary cholesterol significantly
increased the hepatic cholesterol concentration at both the 16-
and 32-week time point (Figure 1H). This trend was also
observed in the hepatic triglyceride content, although it did
not reach statistical significance (Figure 1I). Hepatic neutral
lipid storage was also confirmed by examining the amount of
Oil red O stained cells (Figure 1J—L).

3.2. Analysis of 'H NMR Spectroscopic Profiles of Liver
Extracts. Aqueous extracts 'H NMR profiles of liver from mice
underwent a chow diet were markedly different to those in a
high-fat, high-cholesterol diet (Supplementary Figure S1, Sup-
porting Information). 'H NMR spectrum of aqueous soluble
liver tissue extracts shows resonances mainly associated with
low molecular weight metabolites such as amino acids and
related compounds, glucose, lactate, nucleotides, intermediate
metabolites, and soluble membrane components, such as
choline. 'H NMR spectra of the lipophilic extracts are composed
of several dominating regions with major peaks attributable
to double bonds mainly from protons belonging to di- or tri-
acylated glycerols, the phospholipids polar head groups, me-
thylene and methyl groups of the fatty acyl chains, and methyl
cholesterol. The spectra allowed a detailed assignment of
unsaturated fatty acyl moieties from components such as
phospholipids and triglycerides (Supplementary Figure S2,
Supporting Information).

'H NMR resonance assignments with chemical shifts, mul-
tiplicity, and J-coupling constants of the signals elucidated in
'H NMR spectra of both the water and lipid-soluble mice liver
extracts are shown in Table 1.

3.3. Diet- and Time-Dependent Metabolic Changes As-
sociated with Gradual Development of Liver Steatosis and
Inflammation. Multivariate PCA analysis in a strategy designed
to compare diets were initially performed on the data derived
from metabolites quantification at either 16 or 32 weeks of age.
Supplementary Figure S3 (A, B, Supporting Information) shows
the scatter scores and loading plots for these two PCA models.
The PCA scores plot at 16 weeks of age revealed a distinct mice
group clustering trend according to their dietary manipulation
along PC1, which accounts for a 37% of total variation within
the data matrix (Figure 2A). Along PC1, samples appeared
gradually arranged according to the presence of hepatic lesions.
This was minimal in mice fed on the chow diet at 10 weeks of
age, which had positive PC1 values and were considered as
baseline. Those mice fed with the cholesterol supplemented
diet characteristically showed negative values of PCl and
presented significant hepatic lesions. Thus, moving along PC1
from positive to negative values, liver damage produced by
different dietary conditions appears progressive. At the 16-week
time point, hepatic inflammation was evident in all groups,
especially in mice fed on cholesterol supplemented diets, and
steatosis was considered incipient for mice fed on high-fat,
high-cholesterol diets. Conversely, at 32 weeks of age, steatosis
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Table 1. 'H NMR Resonance Assignments with Chemical Shifts, Multiplicity, and J-Coupling Constants for Signals Identified in
Water and Lipid-Soluble Extracts?
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o (' shift
code metabolite ppm # protons moieties assignment multiplicity
Water-soluble metabolites
1 Glucose-6-Phosphate (q) 523 +4.64 1(C-a) + 1(C-p) HC—a + HC—§ d+d
2 Glucose-1-Phophate-(Glycogen) (q)  5.49 1 Cl1-H m
3 UDPG (q) 7.96 1 H6-ring d (8.2)
4 Pyruvate (q) 2.40 3 CH3;—-CO— s
5 3-hidroxybutyrate (q) 1.20 3 CH;—CHO— d (6.20)
6 Lactate (q) 4.11 1 oCH q (7.0)
7 Fumarate (q) 6.52 1 CH= s
8 Free glycerol (q) 3.65 2=1(C1) + 1(C3) CH,—OH dd (7.4, 4.4)
9 NAD/NADP/NADPH (q) 8.25 1 H4-ring nicotinamide m

10 ATP/ADP/AMP (q) 8.34 1 H2-ring adenine s

11 UTP/UDP/UMP (q) 7.87 1 H6-ring d (8.10)

12 Uracil (q) 5.80 1 ring C5—H d (7.70)

13 Carnitine (q) 4.58 1 S(CH)—OH s

14 Cholines (q) 3.20 9 (CH3);—N s

15 Acetates (q) 1.91 3 CH5;—CO s

16 Ascorbic acid (q) 4.50 1 C4—H d (2.0)

17 Leucine (q) 0.96 6 y(CH3) + y(CHs) t (6.40, 6.40)

18 Valine (q) 1.04 3 7(CH3) d (4.40)

19 Alanine (q) 1.48 3 S(C Ha) d (7.20)

20 Isoleucine (q) 1.01 3 y(CHj) d (7.0)

21 Lysine (q) 1.72 2 O(CH,) m

22 Glutamine (q) 2.45 2 y(CHy) m (broad)

23 Glutamate (q) 2.35 2 y(CHy) m (broad)

24 Methionine (q) 2.64 2 y(CH,) t(7.3,7.3)

25 Phenylalanine (q) 7.38 5 H2—HS6 ring m (broad)

26 Threonine (q) 4.25 1 S (CH) m

27 Tyrosine (q) 6.90 2 H3, H5 ring d (8.50)

28 Histidine (q) 7.06 1 H4-ring s

29 Taurine (q) 3.26 2 CH,—N t (6.80, 6.80)

30 Glutathione (oxidized) (q) 2.55 4 y(CH2) Glu m

31 Creatine (q) 3.04 3 N—CH;, s

32 Creatinine (q) 3.05 3 N-CHj; s

Lipid-soluble metabolites
1 Total Cholesterol (q) 0.69 3 C18—Hj3 s
2 Free Cholesterol (q) 1.02 3 C19—Hjs s
3 Esterified Cholesterol (q) 1.04 3 C19—H;3 s
4 Total Cholesterol 0.86 3 (+3) C26/27—Hjs (one of the doublets is 2 xd
embedded in 0.88 triplet signal
arising from w-CHj)
5 Total Cholesterol 0.92 3 C21-Hjs d (6.6)
6 Triglycerides 4.17 2 Glycerol (C1—H") and (C3—H") dd (11.8,6.1)
7 Triglycerides 4.34 2 Glycerol (C1-H%) and (C3—HY) dd (12.1,4.1)
8  Triglycerides (q) 5.29 1 Glycerol (C2—H) q (5.1)
9 Diglycerides 3.69 2 Glycerol (C3—H,). C-3 position is d (5.2)
not acylated, then C-3 has fast free
rotation leading to a doublet.
10 Diglycerides 4.38 1/2 (+1/2) Glycerol (C1-HY) (The other proton  d (5.3)
(H") attached to C1 remains
embedded inside 4.34 dd). Only a
doublet of dd is visible

11 Diglycerides (q) 5.10 1 Glycerol (C2—H) m

12 Monoglycerides 2.29 2 FA oH —CH,—CO—-0-C2 t (7.5

13 Monoglycerides 3.72 4,2 +2 Glycerol (C1,3—H>) acylated in pos t(5.2)

C-2

14 Monoglycerides (q) 4.89 1 Glycerol (C2—H) acylated in pos C-2  q (5.1)

15 Total phospholipids 4.01 2 Glycerol (C3-Hy) m (broad) two
overlapping
pairs of
quartets

16 Total phospholipids (except 4.42 1(+D) Glycerol (C1—H,) (The other proton  m

lysophosphatidylcholine) attached to C1 remains embedded
inside 4.34 position)

17 Total phospholipids (except 5.24 1 Glycerol (C2—H) quartet of

lysophosphatidylcholine) (q) doublets

2530 Journal of Proteome Research « Vol. 9, No. 5, 2010



UNIVERSITAT ROVIRA I VIRGILI
INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI
HEPATICA.

Anna Rull Aixa

DL:

7-1Effert af 1 Bietary Cholesterol on Fatty Liver Disease

Table 1 Continued

research articles

o (H' shift)

code metabolite ppm # protons moieties assignment multiplicity

18 Phosphatidylcholine 3.22 9 —CH,;—N—(CH3)3 s

19 Phosphatidylcholine (q) 3.60 2 Alkyl-PC (Phosphoether) m
CH,—N—(CHzs);

20 Phosphatidylethanolamine (q) 3.11 2 Alkyl-PE (Phosphoether) m
R—PO—-CH-CH,—N"H;

21 Phosphatidylinositol (q) 3.79 1 Inositol cycle 6 —CH—OH t (9.5)

22 Phosphatidylserine (q) 6.67 3 NH;+—-CH-COO m

23 Phosphatidylglycerol 3.59 2 C-3’ CH,—OH dd

24 Lysophosphatidylcholine 3.87 2 C-3 CH,—OP m

25 Lysophosphatidylcholine (q) 4.12 2 C-1 CH,—0C m

26 Sphingomyelin 3.21 9 —CH,—N—(CH3)3 s

27 Sphingomyelin (q) 5.68 1 CH;(CH,),—C"H=C*H—C'HOH— m
C*HN—-C*H,—O0—-P

28 Plasmalogen (q) 5.92 1 CH;(CH,),,—CPH=C*H—C'H,0R— d (6.7)
C*HOCO—C°*H,0—P

29 FA, w-CH; 0.88 3 FA chain CH3(CH,), t (6.90)

30 w—3, (DHA+ EPA+ linolenic) (q) 0.98 3 w—3 CH3—CH,—C=C t (7.50)

31 FA, (Total Fatty acyl chains) 1.30 2 FA chain —(CHp),— m

32 FA, fH, 1.62 H, R—CH,CH,CO—OR m

33 FA, ARA+EPA 1.70 2 SH, m
—CH=CH-CH,—CH,—CH,CO—-OR

34 FA, OLEIC (q) 2.02 4 —CH=CH-CH,— m

35 FA, ARA+EPA (q) 2.12 2 yH, m
—CH=CH-CH,—CH,—CH,CO—-OR

36 FA, aH, 2.35 2 aH, —CH,—CO—OR m

37 FA, DHA (q) 2.41 4 oH, and fH, m
—CH=CH-CH,—CH,—CO—-OR

38 FA, LINOLEIC (q) 2.78 4 —CH=CH-CH,—(CH=CH—-CH,—),, t (6.4)
n=1

39 FA, PUFA (q) 2.85 2 —CH=CH-CH,—(CH=CH—-CH,—),, m
nz2

40 FA, MUFA (with PUFA) (q) 5.36 2 —CH=CH- m

“In water-soluble extracts, only quantitative signals are indicated. Subscript (q) indicates signals used for quantitative purposes. ARA, arachidonic acid;
DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; FA: fatty acid chain.
s = singlet; d = doublet; dd=double doublet; ¢ = triplet; g = quartet; m = multiplet.

clearly increased, and the PCA model did not show such a
gradual separation on the three different diets (Supplementary
Figure S3B, Supporting Information). PC1 gathering the highest
variance is rather discriminating among baseline and 32 weeks
of age mice regardless of the dietary manipulation intervention.
However, mice fed the cholesterol-supplemented diet were
clearly differentiated along PC2, which explained 22% of the
total variation (Figure 2B). To assess the metabolites putatively
implicated in the variations observed in inflammation and
steatosis through the progressive lesions induced by dietary
modification, we have studied the loadings bar plots of PC1 at
16 weeks of age (Figure 2A) and PC2 at 32 weeks of age (Figure
2B). Metabolites accounting for higher absolutes value in the
loadings bar plot exert higher influence in the PCA model. Data
are also color-coded according to significance determined by
a Kruskal—Wallis test (p < 0.05). Gray bars indicate that their
corresponding metabolites are significantly different among the
dietary groups entering the PCA model. Thus, at the 16-week
time point, when steatosis is not yet fully developed, livers from
mice fed the cholesterol supplemented diet presented signifi-
cantly raised levels of free and esterified cholesterol as well as
triglycerides and oleic acid in comparison to their counterparts
on cholesterol free diets. However, mice undergoing lower
levels of hepatic lesions, inflammation and steatosis score
(baseline and chow diet mice), which are characterized for
positive values of PC1, presented depleted levels of triglycerides
and total cholesterol but increased hepatic levels of PUFA (w—3

fatty acyls, docosahexanoic 22:6(n-3) (DHA), arachidonic 20:
4(n-6) (ARA) + eicosapentaenoic 20:5(n-3) (EPA), and PUFA/
MUFA and PC/PE ratios. These changes were paralleled by
increased levels of metabolites such as free glycerol, lactate,
G-6-P, carnitine, taurine, glutathione, and methionine, among
others. At the 32-week time point, in the presence of severe
steatosis and clear evidence of hepatic lesions, mice fed the
cholesterol supplemented diet showed significantly higher
levels of triglycerides, free and esterified cholesterol, oleic acid,
and some amino acids, such as leucine, valine, and lysine. Also,
at this end time point there was a significant depletion of PUFA
(ARA + EPA, DHA, and linoleic) and carnitine levels, among
others.

3.4. Characterization of Differential Metabolite Patterns
Associated with Liver Steatosis and Inflammation. The actual
concentration of the 55 metabolites identified and segregated
by dietary condition and time of observation is shown in
Supplementary Table S1 (Supporting Information). For com-
parison, baseline values are also included and significant
changes between chow and high-fat or high-fat supplemented
cholesterol diets (Mann—Whitney U test, p < 0.05) are indicated.
Of note, dietary cholesterol significantly raises the levels of total
hepatic cholesterol and triglycerides at both the 16- and 32-
week time points (Figure 3A, B). Additionally, the levels of
MUFA were increased significantly at the expense of PUFA,
resulting in a significantly decreased PUFA/MUFA ratio (Figure
3C) that correlated with hepatic lesions.
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Figure 1. High-fat, high-cholesterol diets elicited metabolic changes in LDLr~~ mice. There was a significant increase in body weight
(A), hyperlipidemia (B, C), and arteriosclerosis progression (D). The influence of diet is also evident in the liver as indicated by the
measurement of inflammation (E), the degree of steatosis (F), and the infiltration of inflammatory cells (G). These effects were
accompanied by an increased accumulation of cholesterol and triglycerides in the liver (H, I), confirmed histologically by Oil Red O
staining (J—L) from which a representative microphotograph of each diet is shown at the 32-week time point. Values are mean + SD

* p < 0.05 with respect to controls.

Fatty acyl chain composition was analyzed and represented
in terms of molar percentages, in both time points (Figure 3D,
E). Dietary cholesterol seems to be responsible for a significant
increase in the proportion of oleic acid and a significant
clearance of long chain polyunsaturated fatty acids such as
ARA, EPA, and DHA.

The hepatic concentrations of taurine, glutathione, carnitine,
and methionine were also decreased with respect to baseline
values (Figure 4). At 16 weeks of age, the hepatic taurine,
glutathione, and carnitine levels (Figure 4A, B, C) were signifi-
cantly decreased for those mice fed a cholesterol enriched diet
when compared to their chow diet counterparts.
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Finally, heat-map correlations of lipid-soluble 'H NMR
spectra with inflammation and steatosis (Figure 5) demonstrate
that the inflammation score correlates with dietary cholesterol
as this is observed in all resonances from different proton nuclei
belonging to cholesterol molecules (Figure 5A). Although
cholesterol also contributes to the steatosis score, this is mainly
correlated with the triglyceride NMR-derived signals (Figure
5B).

4. Discussion

Our data indicate that dietary cholesterol has a profound
impact in the composition of fatty acids in the liver. In



UNIVERSITAT ROVIRA I VIRGILI

INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI
HEPATICA.

Anna Rull Aixa

pL: T-1EffertoafiBietary Cholesterol on Fatty Liver Disease research articles
<< @
oL
)
238
It [ aujunEID = e =
oty suljesiy = 2 8
(pazipixo) suomieNio l (pazip|x0) suoliEw|S) mEcg
auune | ouunE) Y
BUIPISIH | suipsiH oF o
BUAL 3 QUS0IAL @ 5=
aulLoal BB oy
suilepejfiayd c eujueye|fusyg °% o
EITRET] o] aujuoiyiay L g e
LAY TS [ LTI TS v > g
BUILEN|S | BuiLeINES o ==
aulsk] auisky S5 2
DUEN|OS| BURNAHOS| NFT
auluepy auiuefy © -
BulleA I aulleA °T58
aujona [ } sujane] Scw
PrE 200038y | PIOE 2IQIODSY _5 2
sajea0y  sale00y L ao¥
SBULOYD SIUNOYD = 090s
BUED eulwed) Cqc
Snidan/dun SNNlan/dLn 5L 2
d !
5] AW/ LY 5) AWY/daYid1Y PO
=l Hdﬂ’:N.’dQVNFHUVN =1 HJOYN/dOYNMHOYN S . 8
o 10192415 3514 o - joaokie) saiy o8
w ajeewng 23 — | @jesBwIng £ 9,
2 [iriad yoed = ‘mm‘ i o, 2
A — e, NOUPAL-E >
a ::lmm R = ajennfg g 3 o
s odan 3 odan Lo
| aleydsoyd-| -0s0anis) ' BIEYOEY-|-B802ND) = o >
b ajeydoy d-g-9800nj9 N 81eYdoyd-g-850In|D) L2
(&} 15 o >3
3diod & L 3dod >0 0
o WANWENd I S vdnwvand = -5
AN | ] ° =
¥4nd 1 vand = g
_ a|our] oejour] £ ?, s
' [ | - ami0 C | 3RI0 -N
| | - Yd3+vuy =3
: E‘gﬂ"v — | e-eBauio S5 g
] uabiojewse|q ._ T usbopewse|d <Y
ugshuobunids - unakuioBunids G 5 E
auljoyafpneydsoydosi suloys|fpneydsoydosiy n gD
auuas|fpieydsoyd = auuss|fpjeudsoyd g » O
jonsoufpueydsoyd jensou fpneydsol g O © &
BUILEOUEYIARNEYd S0y suleoUByBlApneydsold S 2 T
BUILEOURIADIEYd S0U suweoueyaifpreydsoyy T C 5.
spidjioydsou [eioL [ spidijoydsoyd oL S B
Aouopy  sepuead) £Z¢c
S8pUa = sappaafiBig o3 8
sapusafibul ‘sapuof|Bul E &
|sERIOYD) pRyLEIE] | [UR1SBIOYD PRURIST T g5 C
I0uSiSeInuD) B i [ [osBsR0UD SRl JCE==
[osRisRIoy T B0 L I ([0ERISIOUD) [Ej0 L ‘= q:.) ”n
o W - o - w0 o M o @ - © g - w 52 o
s 358 ﬁ < 5 9 8338358 ﬁ S 2 °og
®
1od zod c= 2
s 5
w w© £ 8 9
@ e @ € GSboe
SR
o
@ o] =g E
22 e
] ) o]
iz . ® b T ggc:
! 2 S
H e @ 0] E23
sl 0 2 82
2838 @) o o] ¥ $e9
Z a5 c» ‘g
= 5 é 62z @ = 5 '®) _g 8
&) p 22
< af| BOee o e 2 & o) e %33
= w O 7] @ Qw5
c U ® a8 W © =53
£ [ E JcsH
] Q o B g e} o® o0
3 s ] (%] Q =
= g o 2 55
- o ©
- &) 5 8 o Q'
= o | c > & o =238
b/ a c o
@ o =
g = 2 a
= + = < o 00
2 E g g_.{:
] < ] a3
o < EsS
e N = ! o S5 2
z J Z _ o M ool g
< g w ¢ v No T O we I ©® © v & o § 3 6 ® 585
; o ¥ uo saio ]
£ (%22°98) | Od UO sa1008 bt (%1¥722) 2 Od o8 €355
< -] ]
o9 3
5235

N
a1
w
@

Journal of Proteome Research ¢ Vol. 9, No. 5, 2010



UNIVERSITAT ROVIRA I VIRGILI
INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI
HEPATICA.

Anna Rull Aixa

DL:

r-1E8§eaych articles

150+ A

100 *

Total Cholesterol
(umol ig)

10 16 32
Age (weeks)

500

Triglyceries
(nmol /g)

=]

10
Age (weeks)
0.5+ e
0.4+ l
<
[T
2 03
‘E *
% 0.2 v
o
0.14
0.0-
10 16 32
Age (weeks)

*
400
300
200 *
1004 |Il i |l| r:l
= | |
16 32

Vinaixa et al.

] Baseline
[ Chow Diet
[ HF Diet
B HF Diet + 0.25% Chol.
D
50
40
Fatty acyl chains
| composition (% mol)
30
10 |l| '
g (1}
4]
= o :
9 g E © e
a ;3 3 T
4 ] a
= <
16 weeks
E
50
40
Fatty acyl chains
composition (% mol)
30
20
10
o .

ARA+EPA

32 weeks

Figure 3. Dietary cholesterol elicited metabolic changes in lipid-soluble metabolites associated with liver steatosis and inflammation.
A significant increase in hepatic cholesterol (A) and triglyceride (B) content was detected whereas the PUFA/MUFA ratio (C) was decreased
in mice fed high-fat diets. The effect of dietary cholesterol was also evident in the fatty acyl chain composition (D, E). There was a
significant increase in the hepatic proportion of oleic acid, although decreased ARA, DHA, EPA, and w—3 content was detected.

particular, a decreased PUFA/MUFA ratio is observed at an
early stage, probably indicating excessive lipid peroxidation and
oxidative stress.>!*” This is in accordance with previous find-
ings obtained in obese humanswith significantliver steatosis.>**~°
Moreover, the significant depletion of PUFA indicates a reduc-
tion in fatty acid oxidation and triglyceride release from the
liver with a consequent increase in triglyceride synthesis that
may contribute significantly to the development of triglyceride
accumulation in hepatocytes.*!

Our dietary conditions, as shown by the relative enrichment
of several fatty acids, clearly indicate variations in metabolism
that suggest that 12/15 lipoxygenase (12/15LO) or related
molecules may play a role in exacerbating the situation. High-
fat diet-induced liver steatosis is an inflammatory condition
that involves the recruitment of macrophages. Among candi-
date genes that regulate inflammation in tissues, it has recently

2534 Journal of Proteome Research « Vol. 9, No. 5, 2010

been proposed that 12/15LO0 is involved. Cells overexpressing
12/15L0 secret potent chemokines, mainly monocyte chemoat-
tractant protein-1, and 12/15LO knockout mice exhibit no high-
fat diet induced change in tissues.*? The family of 12/15LO
enzymes has a relevant role in the metabolism of fatty acids.
For instance, 12/15LO catalyzes the insertion of molecular
oxygen in ARA resulting in a fatty acid hydroperoxide and also
oxygenates linoleic acid 18:2(n-6). Free unsaturated fatty acids
and fatty acids esterified in phospholipids and cholesteryl esters
are substrates for 12/15L0.*3

We found decreased hepatic methionine concentrations
respect to baseline values regardless of the dietary treatment.
This is also accompanied by a significant decrease in glu-
tathione and taurine concentrations in animals fed a high-fat,
high-cholesterol diet. Both taurine and glutathione are down-
stream products of methionine metabolism via S-adenosyl-L-
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Figure 4. Representation of the most significant changes in water-soluble metabolites. Significant decreases in the hepatic taurine (A),
glutathione (B), and carnitine (C) levels were observed at 16 weeks of age in mice on high-fat, high-cholesterol diet. At 16 weeks of
age, hepatic methionine concentration is also decreased as compared to baseline levels in both chow diet and high-fat diets (D).

methionine (SAMe) and transsulfuration pathways. Thus, the
concomitant decrease of these metabolites together with
methionine depletion suggests that SAMe and transsulfuration
pathways fluxes are probably decreased because of dietary
conditions. Such a relationship is more evident with inflam-
mation (16 weeks of age) rather than with steatosis, suggesting
that dietary cholesterol may elicit a relative SAMe deficiency.
This may be supported by the fact that intact SAMe concentra-
tions are crucial for the critical balance of pro-inflammatory
and anti-inflammatory cytokines in the pathogenesis of liver
disease.** Our data may also be concordant with recent findings
indicating that the transition from fatty liver to a more intense
inflammatory condition is associated with SAMe depletion in
ob/ob mice fed a methionine and choline-deficient diet.*
Moreover, knockout mice deficient in hepatic SAMe synthesis
(MAT1A/7)*¢ developed steatohepatitis associated with a
significant downregulation of mitochondrial proteins (e.g.,
prohibitin 1, cytochrome c oxidase I and II, and ATPase
b-subunit), some of them directly regulated by SAMe. Ad-
ditionally, hepatic taurine and glutathione depletion might also
be related to other metabolic pathways. Taurine is linked to
the activity of the hepatic cholesterol-7a-hydroxylase (CYP7A1),
a key enzyme in the process of cholesterol excretion and bile
acid synthesis. As we previously described, a decrease in the
hepatic concentration of taurine in animals fed high-fat, high-
cholesterol diets could be due to increased excretion of taurine-
conjugated bile acids caused by an excess of cholesterol
accumulation in the liver.'® Likewise, the possible metabolic
consequences related to glutathione depletion are also remark-
able. Glutathione, the major low-molecular-weight thiol in
animal cells, plays crucial roles in antioxidant defense, nutrient
metabolism, and the regulation of whole-body homeostasis.*”

Depleted glutathione levels can be either attributed to increased
gamma-glutamyl cycle®® or glutathione-S-transferase activi-
ties.®?

Increased dietary cholesterol also resulted in a significant
decrease of hepatic carnitine concentrations. It is well docu-
mented that the essential role of carnitine consists of the
facilitation of mitochondrial import and oxidation of long chain
fatty acids but that it also functions as an acyl group acceptor
that facilitates mitochondrial export of excess carbons in the
form of acylcarnitine. It is therefore possible that diminished
carnitine reserves in the liver may be accompanied by marked
perturbations in mitochondrial fuel metabolism, including low
rates of complete fatty acid oxidation. Interestingly, it has been
recently demonstrated that carnitine insufficiency may be
caused by chronic overnutrition in mice and that this com-
promises not only mitochondrial performance but also meta-
bolic control.>

Taken together, our results suggest that dietary cholesterol
is a causal factor in the development of liver steatosis, probably
through an impact in the overall metabolism of fatty acids via
a mitochondrial impairment. Dietary cholesterol is also caus-
ative of hepatic inflammation and consequently of associated
metabolic abnormalities, indicating that dietary manipulation
is critical in the clinical care.

5. Conclusions

The present work offers a proof-of-concept, where we are
able to detect clear changes in metabolite levels driving hepatic
inflammation to NASH using a holistic, quantitative profiling
NMR-based metabolomics approach. NMR-derived quantita-
tive data have been used for further multivariate modeling to
ascertain the role of dietary cholesterol in the progression of
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Figure 5. Heat-map correlation of lipid-soluble "H NMR spectra demonstrated the crucial role of dietary cholesterol in liver steatosis
and inflammation. The hepatic inflammation score was correlated to all resonance related to cholesterol molecules (A) and the hepatic
steatosis score was mainly correlated with triglyceride NMR derived signals (B).

fatty liver disease. This method may become a useful comple-
mentary tool in the in vivo mice experiments in which
metabolic phenotyping is required.

Our data established dietary cholesterol as a causative factor
in the development of both liver steatosis and hepatic inflam-
mation. Analysis of the affected metabolites suggests that the
mechanisms involved are related to impairment in mitochon-
drial function, particularly to variations in normal fatty acid
metabolism. This metabolomic approach may provide infor-
mation to indicate dietary modifications to modify the revers-
ible components of the associated metabolic derangements.
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P T_1516_201§upplementary Figure S1: 'H NMR spectra (600 MHz) of liver aqueous extracts of
Chow and High Fat + 0.25% Chol. diets at 16 weeks of age. For identification of the

peak numbers, refer to codes in Table 1.
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i%upplementary Figure S2: "H NMR spectra (600 MHz) of liver lipidic extract. For

identification of the peak numbers, refer to codes in Table 1.
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Supplementary Figure S3: Results of the two PCA models fit either at 16-weeks time
Anna Rull Aixa

Loadings on PC 1 (31.39%)

Total Cholesterol: TC; Free Cholesterol: FC; Esterified Cholesterol: EC; Triglycerides : TG; Diglycerides: DG;
Monoglycerides : MG; Total Phospholipids : TP; Phosphatidylethanolamine: PE; Phosphatidylcholine: PC;
Phosphatidylinositol : PI; Phosphatidylserine : PS; Lysophosphatidylcholine : LPC; Sphyngomyelin : SPHM;
Plasmalogen : PLAS; omega-3 : w-3; Arachidonic acid + Eicosapentaenoic acid: ARA+EPA; Oleic acid : OLEIC;
Docohexanoic Acid: DHA; Linoleic acid: LINOLEIC; Polyunsaturated Fatty Acyls: PUFA; Monounsaturated Fatty
Acyls: MUFA; PUFA/MUFA ratio: PUFA/MUFA; Phosphatidylcholine/Phosphatidyletanolamine ratio: PC/PE;
Glucose-6-Phophate: G-6-P; Glucose-1-Phosphate (Glycogen): G-1-P; UDPG: UDPG; Pyruvate: Pyr; 3-
hydroxybutyrate: 3-OH-but; Lactate: LAC; Fumarate: FUM; Free Glycerol: Free Gly; NADH/NADP/NADPH:
NADH/NADP/NADPH; ATP/ADP/AMP: ATP/ADP/AMP; UTP/UDP/UMP: UTP/UDP/UMP; Uracil: Uracil;
Carnitine: CAR; Cholines: CHOL; Acetates: ACET; Ascorbic acid: ASC; Leucine: LEU; Valine: VAL; Alanine:
ALA; Isoleucine: ILEU; Lysine: LYS; Glutamine: GLN; Glutamate: GLU; Methionine: MET; Phenylalanine: PHE;
Threonine: THR; Tyrosine: TYR; Histidine: HIS; Taurine: TAU; Glutathione (oxidized): GSSG;Creatine: CRE;
Creatinine: CREAT.
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Tradicionalment, la secreci6é de quimioquines i I’activacié dels receptors associats s’havia
considerat un mecanisme de defensa enfront a la inflamacié per la seva capacitat de
conduir molécules del sistema immune al llocs de dany cel-lular [91]. Es el cas de MCP-1
(I-capiToL 3), una proteina quimioatraient de monocits descoberta per les seves funcions
immunologiques i sobretot pel seu papar fonamental en el transit de mondcits a la lesié
arteriosclerotica [111,151]. Originalment, MCP-1 va ser descrita com un proteina que
mitjangant I’activacié del seu receptor de membrana CCR2, promovia I’adhesié dels
monocits circulants a través de I’endoteli, participava en el reclutament d’aquests a
I’espai sub-endotelial i contribuia a la diferenciaci6 de macrofags cap a ceél-lules
escumoses [152,153]. Va ser al cap d’uns anys quan es va evidenciar que aquesta proteina
també podia estar involucrada en els processos metabolics [106], especialment en
I’obesitat i la resistencia a la insulina. Estudis contemporanis al nostre laboratori,
suggerien una relacié entre la reduccié de la quantitat de macrofags infiltrats en el teixit
adipds de ratolins obesos deficients en MCP-1 [123] i CCR2 [154], i la concomitant
resisténcia a la insulina present en aquests animals. Resultats que s’havien de sumar a un
tercer estudi on es considerava que la sobre-expressio de MCP-1 en el teixit adipés era la
causa del reclutament de macrofags i la resisténcia a la insulina [155]. No obstant, un
altre grup [127] postulava al mateix temps que I’abséncia de MCP-1 no era un requisit
limitant per la infiltracié6 de macrofags al teixit adipés en animals obesos, suggerint que
MCP-1 tenia una funcié que anava més enlla del seu efecte quimioatraient, coincidint amb
I’objectiu del primer treball presentat en aquesta Tesi (Estupi 1). Particularment, en
aquest estudi ens vam adonar que la deficiencia de MCP-1 tenia efectes en el metabolisme
de la glucosa i del lipids. En condicions on la dieta no era un factor influent en les
modificacions metaboliques perd si la hiperlipémia, per la deficiéncia del receptor de les
LDL, la perdua de MCP-1 no afectava el pes d’aquest animals pero si influia negativament
en el metabolisme dels lipids. Els resultats indicaven que I’augment de colesterol i
triglicérids plasmatics, deguts a un enriquiment del colesterol i triglicérids de les
lipoproteines, només és produia quan aquests animals també presentaven hiperlipemia, i
per tant s’establia una connexié directa entre la proteina MCP-1 i el receptor LDL. Un
increment en la concentracié de lipids plasmatics es pot associar o bé a un increment en

la producci6 o bé a un defecte en I’aclariment, o simplement una combinacié de tots dos.

89



UNIVERSITAT ROVIRA I VIRGILI
INFLAMACIO COM A NEXE D'UNIO ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI

HEPATICA.

Anna Rull Aixa

DL:

T-1516-20,

90

ADiscussio i Conclusions

Els resultats van evidenciar que hi havia un augment en la produccié de particules VLDL
tant en el cor com en el fetge dels animals amb deficiéncia de MCP-1, una situacié comu
en els pacients que presenten resisténcia a la insulina. Un increment de la concentracié
d’acids grassos en el fetge pot causar resisténcia a la insulina periférica, que propicia a la
disminucié de la captacio d’acids grassos en el teixit adipds i que promou de nou un
increment d’acids grassos circulants [156,157]. Per altra banda, els resultats obtingut en
I’analisi de I’activitat lipopoproteina lipasa (LPL) avalaven un empitjorament en la
regulaci6 de la glucosa i la insulina, donat que un defecte en [I’alliberament i
emmagatzematge d’acids grassos en el teixit adip6s alteren el metabolisme de la glucosa
[158,159]. De fet, a I’explorar el metabolisme de la glucosa,vam veure que MCP-1 era
important tant pel metabolisme dels lipids com de la glucosa i que el seu paper depenia
dels factors de risc del metabolisme, com la hiperlipémia i la ingesta de greix i colesterol
a la dieta. | encara que només suggerents, els dades indicaven que les concentracions
circulants de MCP-1 podien exercir funcions endocrines en diferents teixits.

Els resultats obtinguts en el model LDLr”" confirmaven el treball presentat per el grup de
Inouye et al [127]. Tot i que el nostre treball evidenciava efectes contraris que depenien
de la dieta, de la hiperlipémia, de I’edat i possiblement de I’obesitat induida per la dieta.
En condicions normals, on no hi ha aparentment una infiltracié important de macrofags en
els teixit, MCP-1 és responsable de la disminuci6 de I’aclariment de les lipoproteines aixi
com de I’empitjorament del metabolisme de la glucosa. Contrariament, quan hi havia una
evident infiltraci6 de macrofags, propiciada per I’abus de greix i colesterol a la dieta,
I’abséncia de MCP-1 actuava com a factor modulador de I’empitjorament del metabolisme
de la glucosa i dels lipids. D’aquesta manera, concloiem que MCP-1 té un paper intens i
rellevant en el metabolisme, lluny de ser definit per la multitud de processos i vies de
senyalitzacié6 probablement involucrades. Tanmateix, evidenciavem la necessitat
d’estudiar en conjunt les relacions entre abséncia o presencia d’inflamacié i/0
hiperlipémia, I’accié de citoquines pro-inflamatories i les conseqliéncies metaboliques de
la dieta, I’estres fisiologic cel-lular i la resisténcia a la insulina [6]. En resum, estudiar
I’estreta relacid entre inflamacid i metabolisme amb la idea que tots dos processos estan
estretament connectats i que la regulacié dels quals requereix la coordinacié de multiples
teixits (I-capiToL 1). En aquest sentit, un dels organs a ser estudiat és el fetge per ser el
coordinador de I’homeostasi energética de tot I’organisme (I-cApiToL 2). Degut a la seva
implicaci6 tant en el metabolisme de lipids com de la glucosa es va convertir en I’6rgan

diana per seguir I’estudi de MCP-1 en el metabolisme. D’aqui que en el segon estudi
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(Estubi 2) ens plantegéssim estudiar el paper de MCP-1 en el desenvolupament de
I’esteatosi hepatica en el model animal que ja coneixem, el model LDLr”", i que sabiem
gue amb una intervencio dietética de greix i colesterol empitjorava la hiperlipémia
present de base i acabava presentant efectes metabolics importants [Estupi 1; 150].

El greix i colesterol de la dieta, freglient en I’alimentacié actual del paisos desenvolupats,
és un inductor de I’expressio génica de MCP-1 en el teixit hepatic que es veu avalada per
un increment qualitatiu de I’expressié proteica de MCP-1 (avaluacié histologica amb
tecniques immuonochistoquimiques) en els hepatocits i que es relaciona amb un increment
de la concentraci6 de MCP-1 en plasma i homogenat de teixit hepatic (determinacio
realitzada amb la técnica ELISA). Un efecte que no apareixen quan s’explora aquest
mateix model animal en condicions dietetiques normal. Aixi doncs, podem dir que la
sobre-regulacié de MCP-1 no esta associada a I’efecte de la hiperlipemia provocada per
una deficiéncia en el receptor de les LDL pero si a I’estrés metabdlic produit per la dieta,
responsable d’un empitjorament en el metabolisme de la glucosa i dels lipids.
Particularment, aquest excés de nutrients incrementa la predisposicié a I’augment de pes
i a la preséncia de resisténcia a la insulina. Els nostres resultats indiquen una forta
associacio, que resulta ser dosi-depenen, entre I’expressio hepatica de MCP-1 i I’extensio i
gravetat de I’esteatosi hepatica. Tanmateix, la troballa de MCP-1 al voltant de les gotes
de lipids, caracteristiques de I’esteatosi hepatica, avalen el possible paper determinant
de I’expressi6 de MCP-1 hepatica en I’associacié entre I’acumulacié citoplasmatica de
lipids en els hepatocits i la sindrome metabolica [160]. Una completa deficiencia de MCP-1
és gairebé determinant en la prevencié de I’esteatosi hepatica en aquest models, que en
el cas de ser parcial (model heterozigot per MCP-1) també es manté controlada.

De les dades obtingudes suggerim el fetge com a major contribuent de la concentraci6 de
MCP-1 en plasma, i tot i que no en podem dir les fonts cel-lulars exactes també hem
d’afirmar que probablement si troben implicats altres organs. Concretament no podem
passar per alt el paper del teixit adip6s, préviament ja establert [115,119,121]. Aixi
doncs, cal especificar que aquestes relacions farien que I’expressio hepatica de MCP-1
estes involucrada en un complex entramat metabdlic on hi actuessin multiples factors de
transcripcio. De les nostres observacions, podem confirmar resultats previs in vitro que
indicaven que MCP-1 podia induir I’acumulaci6 de lipids en els hepatocits via activacio de
I’expressié de gens de la familia dels PPARs, concretament PPARa [161]. Les diferencies
en I’expressi6 de PPARa i PPARy corroboren estudis previs que indiquen la implicacio

d’aquests receptors en la regulacié de multiples gens lipogenics [162], i en els que MCP-1
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tindria un paper important [163]. Les diferencies observades en I’expressio de PPARB/3
sén més complicades d’entendre donat que la implicacié d’aquest factor en el
metabolisme dels lipids i la glucosa ha esta menys explorada, i les dades que es tenen sén
relativament recents [164]. Una sobre-expressi6 de PPARB/3 en els hepatocits i el
tractament amb antagonistes de PPARB/3 reduirien de forma significativa I’acumulacié
intracel-lular de lipids. D’acord amb aquest concepte, la disminucié en la expressio de
PPARPB/3 en el model LDLr”" contribuiria al desenvolupament de I’esteatosi hepatica, tot i
que serien necessaris més estudis per poder-ne fer una afirmacié clara.

Per altra banda també cal destacar el possible paper que tindria la concentracié de MCP-1
circulant en els diferents teixits periférics i la conseqient contribucié a les diferents
patologies associades amb la sindrome metabolica. La disfuncié metabolica observada en
el nostre model és conseqliencia de I’excés de nutrients que propicien un esta inflamatori
i que probablement potencien la secrecié de multiples citoquines. Aquestes moléecules
podrien tenir I’habilitat d’influir en el metabolisme energétic de I’organisme a més a més
d’actuar com a mediadors inflamatoris, degut a la seva rapida distribucio tissular
mitjangant la circulacié. | per tant, aquesta doble funcionalitat de MCP-1, tant de
mediadora en la inflamaci6 com en els processos metabdlics, suposaria que la
concentraci6 plasmatica de MCP-1 podria convertir-se en candidata a ser un factor comu
en els desordres metabolics [119, I-capiToL 3, EsTuDI 1]. Tanmateix, hem de tenir en compte
que la sobre-expressi6 de MCP-1 en el teixit hepatic, induida per un excés de greix i
colesterol a la dieta, contribueix al desenvolupament d’esteatosi hepatica, una troballa
important per entendre les complicacions associades a la sindrome metabolica, donat que
com ja hem vist el fetge és I’0rgan principal en la regulacié de I’homeostasi energetica (I-
CAPITOL 2) i es troba en continua exposicid a dietes inapropiades. De fet, val la pena
recordar que I’esteatosi hepatica és la manifestacié hepatica de la sindrome metabdlica, i
tot i estar considerada com una malaltia benigne i reversible, la progressio d’esteatosis a
esteatohepatitis representa un pas clau en el desenvolupament de malalties croniques
associades més complexes i extremadament perjudicials, com fibrosis, cirrosi o fins i tot
cancer [84,165]. Processos en el quals la implicacié de MCP-1 podria tenir molt a veure
per la seva participacio en diversos processos metabolics. Es per aixd0 que vam proposar
posar a punt I’exploraci6 del fetge a nivell metabolic (Annex 3), amb técniques de
ressonancia magnética nuclear, ja que petites variacions en el metabolisme suposen
canvis importants en les concentracions dels metabolits implicats en les diverses vies

metaboliques. L’objectiu era poder detectar els canvis generats per MCP-1 en el fetge,
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per poder-ne detectar les vies metaboliques implicades, estudiar-ne el seu efecte, i aixi
poder proposar dianes terapéutiques reals on el tractament d’un metabolisme especific no
acabi essent perjudicial per a un altre. Es per aquest motiu que primer vam voler
caracteritzar els metabolits implicats en la progressié d’esteatosi hepatica induida per la
dieta, aixi com els metabolits implicats en la progressi6 d’esteatosi hepatica a
esteatohepatitis (Estupl 3) en el model LDLr”".

L’analisi metabolomic del fetge va confirmar que el colesterol de la dieta té un efecte
molt important en la composicio dels acids grassos emmagatzemats al teixit hepatic.
Particularment, es va trobar una disminucié del quocient obtingut entre els acids grassos
poliinsaturats i els acids grassos monoinsaturats (PUFA/MUFA), que indicaria un excés de
peroxidacio de lipids i estrés oxidatiu [166]. Una troballa que confirmaria dades trobades
en estudis clinics de pacients obesos amb esteatosis hepatica [167,168]. Tanmateix, la
disminucié significativa de PUFA indica una reduccié en I’oxidacié d’acids grassos i
I’alliberament de triglicerids per part del fetge, que resulta en un increment en la sintesi
de triglicerids que contribueix significativament al desenvolupament de I’acumulacié de
triglicerids en els hepatocits [167].

Les condicions dietétiques utilitzades en el nostre estudi mostraven variacions en el
metabolisme que suggereixen que la 12/15L0 o les molécules relacionades empitjorarien
aquesta situacio. L’esteatosi, induida per la dieta rica en greix, genera un estat
d’inflamacio en el fetge que suposa el reclutament de macrofags cap a aquest organ. De
tots els gens candidats que regulen la inflamacio en els teixits, s’ha proposat recentment
que la 12/15L0 seria una de les molecules involucrades. Les cel-lules amb sobre-expressio
de 12/15L0 secreten potents quimioquines, particularment MCP-1, i els ratolins deficients
en la 12/15L0 no presenten canvis induits per la dieta en els diferents organs [126]. De
fet, s’ha vist que la familia dels enzims de la 12/15LO tenen un paper clau en el
metabolisme dels acids grassos. La 12/15L0 catalitza la insercié de les molécules d’oxigen
en I’acid araquidonic (ARA) donant com a resultat I’acid hidroperoxid i I’oxigenacié de
I’acid linoleic 18:2 (n=6). Aixi doncs, els acids grassos lliures insaturats i els acids grassos
esterificats en fosfolipids i esters de colesterol son substrats per la 12/15L0 [169].

En quant a la resta de metabolits, vam trobar una disminuci6 de les concentracions
hepatiques de metionina en comparacié als valors basals, que no depenien de I’efecte de
la dieta. Un fenomen acompanyat per una disminucio significant de les concentracions de
glutatid, taurina i carnitina en animals alimentats amb una dieta rica en greix i colesterol.

Tant la taurina com el glutatié sén productes del metabolisme de la metionina en la via S-
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adenosyl-L-metiona (SAMe) i les vies de transsulfuracio. | per tant, la disminucié d’aquest
metabolits juntament amb la disminucié de les concentracions de metionina suggereixen
que aquestes dues vies metaboliques estan probablement disminuides degut a les
condicions dietétiques. Una relacié que és fa més evident quan els processos d’inflamaci6
estan activats, un fenomen avalat per la teoria que les concentracions de SAMe son
fonamentals per mantenir el balan¢ entre les citoquines pro-inflamatories i anti-
inflamatories en la patogénesis del fetge [170]. Per altra banda, les concentracions de
taurina, glutatio i carnitina estarien relacionades a altres vies. Concretament, la taurina
esta vinculada a I’activitat de la CYP7A1 hepatica (colesterol-7a-hidrolasa), un enzim clau
en el procés d’excrecio de colesterol i la sintesi d’acids biliars. De fet, en una primera
aproximacié en I’avaluacié de I’efecte de MCP-1 vam trobar que la disminucié de
I’esteatosi hepatica en el model MCP-17/-LDLr”" podria explicar-se per un increment de
I’activitat CYP7AL induida per un increment en les concentracions hepatiques de taurina
(Annex 3).

Aquest resultats indicaven que 1) el colesterol de la dieta és un factor important en el
desenvolupament de I’esteatosi hepatica, probablement pel impacte en el metabolisme
general dels acids grassos degut a una disfuncié mitocondrial i 2) que és el causant de la
inflamaci6 hepatica. Pero sobretot, aquests resultats en serveixen com a base per poder
entendre el paper de MCP-1 en I’esteatosi hepatica (APARTAT VI) i en la inflamacid, i per

tant el paper de la inflamacié com a nexe d’uni6 en les complicacions metaboliques.
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La proteina quimioatraient de monocits 1 (MCP-1) intervé en la inflamacio i

en I’homeostasi metabolica

MCP-1 intervé en el metabolisme del lipids i de la glucosa, i la seva funcié
esta condicionada per la preséncia d’hiperlipémia aixi com per la ingesta de

greix i colesterol a la dieta

L’expressié hepatica de MCP-1 esta induida per la ingesta de greix i
colesterol, i contribueix al desenvolupament de I’esteatosi hepatica en

aquest model animal

En I’esteatosi i la inflamacié hepatica d’aquest model, el colesterol de la
dieta és el factor més rellevant

De entre tots els metabolits estudiats en I’esteatosi hepatica, en destaquen
els nivells de PUFA/MUFA, aixi com les concentracions de taurina, glutatio,

metionina i carnitina

En I’esteatosi hepatica d’aquest model, els processos de metilacio i

sulfuracio estan alterats

Un metabolisme controlat necessita una quantitat justa de MCP-1 i per tant

MCP-1 pot ser considerada com a diana terapeutica
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To maintain homeostasis under diverse metabolic conditions, it is necessary to coordinate nutrient-sensing pathways with
the immune response. This coordination requires a complex relationship between cells, hormones, and cytokines in which
inflammatory and metabolic pathways are convergent at multiple levels. Recruitment of macrophages to metabolically
compromised tissue is a primary event in which chemokines play a crucial role. However, chemokines may also transmit cell
signals that generate multiple responses, most unrelated to chemotaxis, that are involved in different biological processes. We
have reviewed the evidence showing that monocyte chemoattractant protein-1 (MCP-1 or CCL2) may have a systemic role in the
regulation of metabolism that sometimes is not necessarily linked to the traffic of inflammatory cells to susceptible tissues. Main
topics cover the relationship between MCP-1/CCL2, insulin resistance, inflammation, obesity, and related metabolic disturbances.

1. Introduction

Metabolic syndrome is currently one of the most serious
threats to human health and chronic systemic inflammation
caused by tissue malfunction or homeostatic imbalance is
a characteristic feature. Maintenance of homeostasis under
diverse metabolic disorders is mostly associated with obesity
and requires the coordination of nutrient-sensing pathways
with the immune response.

Monocyte chemoattractant protein-1 (MCP-1 or CCL2)
is a representative of the CC chemokine group, and its
main known function is related to guiding monocytes
to leave the circulation and become tissue macrophages,
the first step in the initiation of inflammation. However,
chemokines transmit cell signals that generate multiple
responses, most unrelated to chemotaxis, that are involved
in different biological processes. It is also frequently assumed
that, in contrast to hormones, chemokines influence cellular
activities in an autocrine or paracrine fashion. However,
confinement to the well-defined environments of these

actions is unlikely, and chemokines may be relevant effectors
in chronic systemic inflammation. Specifically, alteration
of plasma CCL2 concentration in metabolic disease
states, the presence of circulating chemokines reservoirs,
the recent evidence of novel mechanisms of action and
certain unexplained responses associated with metabolic
disturbances suggest the possibility that CCL2 may play a
systemic role in the regulation of metabolism.

2. Systemic Chronic Inflammation is Related to
Metabolic Disturbances

The classical view of inflammation needs to be expanded
to fully explain the inflammatory processes induced by
adverse metabolic conditions and the accompanying dele-
terious effects in cells and tissues [1]. The sequence of
events seems to be unaltered, and as such, the search for
inducers and defining mediators remains a valid approach
(Figure 1). The exact nature of the inducers that trigger the
inflammatory response in tissues under metabolic stress is
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FiGure 1: The inflammatory process and cellular metabolic control are convergent at multiple levels. Overnutrition, inactivity, old age, or
a combination of factors triggers a systemic chronic inflammation associated with immune response which consists of a complex cellular

adaptation in which chemokines play a crucial role.

presently unknown, but these inducers are known to differ
from those associated with infection and injury. Clinical
experience suggests that such inducers are tightly associated
with excess nutrients, a low level of physical activity, old age,
or a combination of factors leading to overweight, obesity,
type II diabetes, and/or metabolic syndrome. In all of these
conditions, an excess of oxidation (mainly lipid oxidation)
in cells, particularly in adipose tissue, is a common finding.
This leads to the activation of inflammatory cells that further
increase the oxidation in a vicious cycle that must be resolved
[2-11]. Therefore, to date, candidate molecules for such
inducers seem to be related to the production of reactive

oxygen species (ROS) and/or reactive nitrogen species. ROS
and the unstable balance between their production and the
naturally occurring defenses against increased oxidation, by
molecules such as paraoxonase, also have a role in converting
lipoproteins into inflammatory signals by oxidizing their
lipid and protein components [4, 5]. It is likely that
accumulation of excess lipids may have biological effects that
are signaled by unknown specific pathways. Regardless of the
nature of such hypothetical inducers, they should be suffi-
cient to trigger the production of inflammatory mediators,
which in turn alter the normal functionality of many tissues
and that can be classified into different groups according
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to their biochemical properties. Among such mediators,
inflammatory cytokines (i.e., tumor necrosis factor-a (TNF-
), IL-6) activate the endothelium and leukocytes and induce
acute-phase responses. Particularly, chemokines (i.e., CCL2)
control leukocyte extravasation and chemotaxis towards the
affected tissues. However, the action of chemokines and other
mediators cannot be limited to local effects; these molecules
will likely display neuroendocrine and metabolic functions
if we assume a more general role for inflammation in the
control of tissue homeostasis [6].

Cells are normally in a basal state. A first and necessary
step to induce a sequence of events is to stress these cells for
which excessive availability of nutrients (a relatively modern
alteration in humans) is a sufficient condition. The stress
response consists of a complex, and not completely under-
stood, cellular adaptation that is probably monitored by
tissue-resident macrophages. Their basic functions include
the removal of dead cells when necessary and maintenance of
tissue homeostasis by a variety of tissue-specific mechanisms
[7]. When cellular adaptation fails and malfunction becomes
extreme, additional macrophages are recruited to help the
tissues to adapt to these particular conditions of stress. The
recruitment of macrophages in response to malfunctioning
cells has been documented in adipocytes and hepatocytes,
and increased production of CCL2 has been identified
as a probable mediator [8, 9]. Obviously, if adaptation
is no longer possible, the cells die. When macrophages
recognize necrotic cells, a further inflammatory response
will be induced, but alternatively, there may be a silent
removal of dead cells if they are recognized as apoptotic. The
consequence is that there is a net loss of cells; this likely needs
to be compensated for by the generation of new cells of the
same type. Such a process requires a subtle change in the role
of macrophages and other cells to produce growth factors
that promote cell proliferation in a tissue-repair response.
The outcome is probably determined by additional unknown
signals with intense effects on the overall metabolic control of
the affected tissue and/or cells [10, 11].

3. How Does Obesity Initiate
an Inflammatory Response? The Role of
Macrophages, Endoplasmic Reticulum
Stress, and Autophagy

There are a number of events associated with obesity that
may result in the development of systemic inflammation,
but how and when obesity might initiate an inflammatory
response remains incompletely understood. It has been
argued that large adipocytes completely consume the local
oxygen supply, leading to hypoxia. This may activate cellular
stress pathways, causing cell autonomous inflammation and
the release of cytokines. Locally secreted chemokines attract
macrophages into the adipose tissue located mainly around
dead or dying adipocytes, forming characteristic crown-
like structures. These macrophages release cytokines that
further activate the inflammatory reaction in neighboring
adipocytes, exacerbating local inflammation and expanding
insulin resistance to other susceptible organs.

The underlying mechanism inside cells probably depends
on c-Jun N-terminal kinase (JNK) activation in insulin-
sensitive tissues, that it is probably the principal mechanism
by which the inflammatory signals interfere with insulin
activity [12, 13]. The endoplasmic reticulum (ER) is a
principal contributor to the various ways that cells sense
stress because it plays a central role in integrating multiple
metabolic signals critical for cellular homeostasis (Figure 2).
In particular, the increased synthetic demand for energy
availability challenges ER function, and alterations in cellular
ER stress increase serine phosphorylation of IRS-1 in a
JNK-dependent manner; a common finding in obesity,
insulin action, and type 2 diabetes [14—16]. Regardless of
the signals and sensors involved in this relationship, the
role of the ER-protective response, known as the unfolded
protein response (UPR), may be considered additive and
complementary to the response of macrophages. Under
mild conditions, the upregulation of chaperone proteins
may re-establish ER homeostasis. If stimuli persist or the
insult is intense, cell apoptosis is unavoidable [17]. The
UPR is initiated by pancreatic ER kinase (PERK), inositol-
requiring kinase (IRE1), and activating transcription factor
6 (ATF6) [18], three transmembrane proteins that mediate
three different stress-sensing pathways; such pathways may
lead to an inflammatory response. ER stress also elicits the
production of ROS [19] (with consequent oxidative damage
and activation of inflammatory signals), as well as the
activation of the transcription factor cyclic-:AMP-responsive-
element-binding protein H (CREBH), which induces the
production of acute-phase proteins [20]. Mitochondrial
dysfunction may add further deleterious effects.

The sequence of events leading to the link between
the UPR and the inflammatory response remains to be
determined. UPR signaling is extremely sensitive to nutrients
and plays a central role in the maintenance of glucose
homeostasis and in the regulation of energy fluctuations in
cells [21]. Moreover, recent findings demonstrated a central
role for lipid chaperones (fatty acid-binding proteins) in the
regulation of ER homeostasis in macrophages, and the ER
responses can be modified to protect the organism against
the deleterious effects of hyperlipidemia [22]. The ER stress
responses are also linked to the mTOR pathway, which is
essential for the regulation of numerous processes, including
the cell cycle, energy metabolism, the immune response,
and autophagy [23]. Recent findings have identified a
critical function for autophagy in lipid metabolism that
could have important implications for human diseases with
lipid overaccumulation [24]. Although further research is
necessary to firmly establish this paradigm, the regulatory
and functional similarities between autophagy and lipolysis,
along with the capability of lysosomes to degrade lipids,
suggest that autophagy may contribute to breakdown of
both lipid droplets and triglycerides [24, 25]. Unexpectedly,
the effects of a loss of autophagy on hepatocytes differ
from those reported for adipose tissue. In this tissue,
autophagy functions to regulate body lipid accumulation
by controlling adipocyte differentiation and determining the
balance between white and brown fat [25]. In the liver (or
other nonadipose organs) autophagy is protective preventing
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lipotoxicity via decreased hepatic lipid accumulation and
promoting safer storage in adipose tissue.

4. The Contribution of Other Immune Cells to
the Complications of Obesity

Macrophages recruited to adipose tissue in subjects receiving
a high-fat diet have unique inflammatory properties that
are not observed in resident tissue macrophages [26]. Com-
parative analysis of gene expression between those recruited
macrophages and the resident macrophages identified a total
of 46 unique genes differentially expressed between the
two populations. CCR2, which is required for recruitment
of inflammatory macrophages, and genes important for
macrophage activation, cellular adhesion, and migration are
overexpressed in recruited macrophages. In lean mice, resi-
dent macrophages have low inflammatory activity; with obe-
sity, newly recruited macrophages secrete pro-inflammatory
cytokines. Although largely defined in vitro, it is generally
accepted that macrophages can be classified in two different
states: M1 and M2 [27, 28]. M1, or “classically activated”
macrophages, are induced by proinflammatory mediators,
show enhanced pro-inflammatory cytokine production, and
generate ROS. At least in mice, diet-induced obesity leads

to a shift in the activation state of macrophages from an
M2-polarised state in lean animals (which may protect
adipocytes from inflammation) to an M1 pro-inflammatory
state (which contributes to insulin resistance) [29]. This
obesity-induced switch of activation state seems to be
coupled to the recruitment of a characteristic inflammatory
subtype cells from the circulation [30], similar to what has
been previously described for atherosclerotic lesions [31]. At
least two major conclusions can be drawn from the above
evidence. First, an intact CCL2/CCR2 axis, the principal
chemotactic pathway, is necessary for understanding the
mechanistic links between adipose tissue inflammation and
the effects of obesity. Second, T cells may play a significant
role as the plausible source of signals to initiate T helper-1
(Tu1) responses through phagocyte activation, or humoral
Tw2 responses through stimulation of B cell activity. A recent
array of studies substantially clarifies this issue [32-35].
Results from Nishimura et al. [32] support the notion that
CD8" T cells have an essential role in the initiation and
propagation of adipose tissue inflammation in obesity. It was
shown in diet-induced obesity that CD8" T cells infiltrate
into the epididymal fat pads before macrophage infiltra-
tion. Additionally, treatment with CD8*-specific antibodies,
resulting in CD8" T cell depletion, reduced M1 macrophage
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infiltration and ameliorated systemic insulin resistance in
ob/ob mice. It can then be hypothesized that obese adipose
tissue activates CD8" T cells, which in turn recruit and
activate macrophages. Winer et al. [33] performed a study
based on the fact that some obese individuals progress to
metabolic syndrome but others only have mild metabolic
abnormalities [36, 37] and found that the progression
of obesity-associated metabolic abnormalities is under the
pathophysiological control of CD4* T cells. Reconstitution
of CD4*T cells, but not CD8*T cells, in lymphocyte-free
obese Ragl-null mice improved glucose tolerance, enhanced
insulin sensitivity, and lessened weight gain. Winer et al. [33]
and Feuerer et al. [34] explored the ability of regulatory T
cells (Trg) in adipose tissue to provide anti-inflammatory
signals that block adipose tissue inflammation. Ty cells
normally account for 5%-20% of the CD4" compartment
but are thought to be one of the body’s most crucial
defenses against inappropriate immune responses [38, 39].
Visceral and subcutaneous adipose tissues have similarly
low fractions of Ty cells at birth, with a progressive accu-
mulation over time in the visceral, but not subcutaneous,
tissue [34]. This difference may be important given the
association of visceral, but not subcutaneous, fat with insulin
resistance 40, 41]. Visceral fat-derived Ty cells overexpress
a large number of genes that are not expressed in cells
from the spleen, lymph nodes, and subcutaneous adipose
tissue; these genes are mostly involved in leukocyte migration
(e.g., CCR2) [34]. Extremely high levels of IL-10 transcripts
were found that may block the production of inflammatory
mediators. When most of the T cells were ablated, pro-
inflammatory transcripts (e.g., RANTES and CCL2) were
strongly induced in the fat tissue, suggesting that the anti-
inflammatory properties of Ty cells may have therapeutic
potential to inhibit elements of the metabolic syndrome [34].
In conclusion [32-34], obesity seems to alter the balance
between Tyl and Ty2 stimuli in fat, probably through
depletion of Ty2 cells and adipose tissue Ty cells, increase
in CD8" and Tyl cells, or a combination of both effects,
leading to the infiltration of macrophages that promote
inflammation. At the same time, resident macrophages may
communicate with adipose tissue Ty cells to maintain
homeostasis (Figure 3), and other inflammatory cells may be
also contributors. For instance, mast cells are increased in the
adipose tissue from obese subjects as compared to that from
lean donors [35]. Furthermore, in mice receiving a high-fat,
high-cholesterol diet, genetically induced deficiency of mast
cells or their pharmacological stabilization (via disodium
cromoglycate or ketotifen) reduces body weight gain and
concentrations of inflammatory cytokines and chemokines
in serum and in adipose tissue [35]. The crucial role of CCL2
in the migration of immune cells remains to be determined,
but it should be highlighted that recruited macrophages
originate from monocytes produced in the bone marrow.
These monocytes give rise to two subsets of peripheral blood
monocytes. One subset (GR-17, CX3CR1Msh, CCR2-, and
CCL62L~ monocytes) produces resident tissue macrophages,
and the second subset (GR-1*, CX3CR1!™, CCR2*, and
CD62L" monocytes) is preferentially recruited to inflamed
tissues and gives rise to macrophages and dendritic cells [42].

5. The Role of CCL2 Regulating Inflammation
and Metabolic Disorders

The crucial question of what initiates the activation and
infiltration of relevant cells in adipose tissue and whether this
constitutes an absolute requirement remains unanswered.
Hypoxia, adipocyte death, or both [43, 44] (as a response to
a metabolic overload) may be responsible for the fat infil-
tration of inflammatory cells but secretion of chemokines,
mainly CCL2, is a necessary condition.

The absence of CCL2 or CCR2 in LDLR ™~ and ApoE~/~
backgrounds protects these mice from developing atheroscle-
rotic lesions, a condition in which macrophage recruitment
and lipid overload play a crucial role. In these and other more
complicated models, the CCL2/CCR2 axis may represent a
common pathway for many proatherogenic factors [45—49]
and plays a central role in monocyte recruitment, lesion
formation, and vascular repair. However, data may vary
under different experimental conditions and seem to be
dependent on the metabolic status of the mice. In partic-
ular, the putative role of CCL2 appears to differ between
normo- and hyperlipidemic models. The interpretation of
data in these models is difficult because the expression of
other chemokine genes, with redundant actions, is highly
influenced by both the absence of CCL2 and the presence of
dietary fat and cholesterol [50].

5.1. CCL2 Tissue Expression and Its General Impact in
Metabolism. CCL2 is produced either constitutively or after
selective induction (via oxidative stress, cytokines, or growth
factors) by many cell types, including fibroblasts as well
as endothelial, epithelial, smooth muscle, mesangial, astro-
cytic, monocytic, and microglial cells. It is also found in
hepatocytes, adipocytes, and islet cells, and some authors
consider that it is present in virtually every tissue [8, 9, 51—
54] (Figure 4). Such ubiquity suggests an endocrine rather
than paracrine function, as well as an important function in
several biological processes. Thus, CCL2 has been implicated
as a potential target in many disease states [55], including
liver diseases [56] and insulin-resistant states [57]. However,
it should be noted that knockout mice for CCL2 and its
receptor are viable, although with minor defects, [58]; thus
CCL2 may have effective surrogates. It is plausible that in the
absence of CCL2, other chemokines may function effectively,
but the data suggest important and pleiotropic functions. In
particular, CCL2 may contribute to pathologies associated
with hyperinsulinemia [57], given that ccl2 is an insulin-
responsive gene that may alter adipocyte function. Both the
adipose tissue expression and circulating concentrations of
CCL2 increase in obesity and decrease following treatment
with thiazolidinediones [58, 59]. In a mouse model of diet-
induced obesity, CCR2 deficiency attenuated the develop-
ment of obesity, adipose tissue macrophage accumulation,
adipose tissue inflammation, and systemic insulin resis-
tance. Also, in mice with pre-existing obesity, short-term
pharmacologic antagonism of CCR2 reduces adipose tissue
macrophage content and improves in vivo insulin sensitivity
[60]. However, the absence of CCR2 has no measurable
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properties of adipose tissue macrophages, it is necessary to study the contribution of other immune cells to specific cellular response to

metabolic stress.

metabolic effect in lean animals. Subsequent studies in
CCL2-deficient mice suggest that CCL2 plays a minimal role
in glucose metabolism and insulin sensitivity in mice fed a
normal diet, but is important for pathogenic macrophage

infiltration into adipose tissue, insulin resistance, and hepatic
steatosis induced by a high-fat diet [61]. Moreover, studies in
transgenic mice that over-express ccl2 under the control of
the adipose tissue-specific AP2 promoter indicate that CCL2
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Figure 4: CCL2 is ubiquitously expressed and may be found in
multiple cell types. It is easily detected via immunohistochemistry
in tissues related to metabolism, including the liver (a), where it is
also located in the periphery of lipid droplets (b), brown (c) and
white (d) adipose tissues, pancreas (e), spleen (f), muscle (g) and
aorta (h).

in adipose tissue, per se, induces macrophage recruitment
and insulin resistance [62, 63].

5.2. CCL2/CCR2 Pathway and Insulin Resistance in Obesity.
The CCL2/CCR2 axis is a major component of insulin
resistance in obese mice. Lipid peroxidation and the
consequent oxidative stress and oversecretion of CCL2 have
been recently implicated in early stages of adipose tissue
inflammation [64—66]. Lysophosphatidylcholine (LPC) is a
prominent component of oxidized low-density lipoproteins
(LDL). During oxidation, 40% of LDL phosphatidylcholine
can be converted to LPC by LDL-associated phospholipase
A2 [64]. LPC stimulates the production of CCL2 by cells at
the transcription level through a mechanism that involves

ENTRE OBESITAT I COMPLICACIONS METABOLIQUES: ESTEATOSI

MEK/ERK, tyrosine kinase, and (to a lesser extent) protein
kinase C (PKC) activities [65]. More recent data suggest
that 12/15-lipoxygenase (12/15 LO) is required for the early
onset of high fat diet-induced adipose tissue inflammation
and insulin resistance in mice [66]. Cells overexpressing
12/15LO secreted higher amounts of CCL2. Accordingly,
adipose tissue from 12/15LO KO mice fed a high-fat diet was
not infiltrated by macrophages, did not show any increase
in inflammatory markers, and did not exhibit changes in the
insulin-stimulated glucose disposal rate or hepatic glucose
output.

5.3. CCL2 and Obesity-Associated Macrophage Recruitment
Are Not Clearly Associated: Independent Effects on Metabolism.
A note of caution has been recently introduced by Inouye et
al. [67], who reported that the absence of CCL2 does not
attenuate obesity-associated macrophage recruitment and
appears to cause metabolic derangements, even in mice fed
low-fat diets. Although the lack of macrophage recruitment
may be masked by different experimental conditions, these
results clearly indicate that CCL2 may have independent
effects on metabolism that should be ascertained in future
studies. Moreover, we recently described that CCL2-deficient
mice, when rendered hyperlipemic by the concomitant abla-
tion of the LDL receptor, demonstrate decreased lipoprotein
clearance, derangements in free fatty acid delivery, and less
glucose tolerance when fed regular chow [68]. These mice
also show a partial resistance to alterations in glucose and
lipid metabolism induced by dietary fat and cholesterol.
LDLr~~ and CCL2~/~LDLr~/~ mice have identical apparent
phenotypes and similar body weight at 11-12 weeks of age.
Both strains are hyperlipemic, but the CCL2~/~LDLr~/~
mice show higher plasma cholesterol and triglycerides,
indicating a possible role for CCL2 in lipid metabolism.
Further, we found similar but lower plasma cholesterol and
triglyceride concentrations in CCL2~/~ mice as compared to
wild type mice. Also, we found that CCL2~/~LDLr~~mice
show decreased in vivo [3H] VLDL catabolism as compared
to LDLr~/~ mice. Interestingly, double KO mice also show a
significant increase in plasma FFA concentration that is not
observed in mice with only CCL2 deficiency. It is already
documented that high plasma FFA concentration may cause
peripheral insulin resistance, and that insulin resistance may
also elicit decreased uptake of fatty acids by adipose tissue,
promoting increased levels of circulating plasma FFAs [68]
in a poorly investigated cycle. We therefore predicted a link
between lipoprotein derangements and glucose metabolism
that was confirmed with the observation of higher fasting
plasma glucose concentration in CCL2~/~LDLr~/~ mice than
in LDLr~/~ mice as well as a less intense and slower response
to glucose overload in the double knockout mice. Taken
together, these results suggest that hyperlipidemia, which
is common in obesity and metabolic syndrome, may be
a confounding factor, and that the absence of CCL2 may
be as metabolically deleterious as overexpression of CCL2 in
certain conditions. Under these circumstances, it is therefore
possible that CCL2 may act as hormone rather than as
a cytokine, although it remains to be ascertained whether
CCL2 and LDLr sharea common metabolic pathway.
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5.4. CCL2 Mediates Biological Effects Other Than Leukocyte
Chemotaxis. Chemotaxis is not the only known function for
CCL2 [69]. For instance, CCL2-mediated angiogenesis has
been demonstrated in vivo and appears to be independent of
its induction of leucocyte recruitment [70]. Elevated CCL2
levels induce highly elevated expression of ER stress chap-
erones (mainly GRP78) that may protect against cell death.
This has been established in postinfarct remodeling studies in
transgenic mice with cardiomyocyte-targeted expression of
CCL2 [71, 72], although apparently contradictory data have
been found in CCL2-deficient mice [73]. Other evidence
suggests that CCL2 is also involved in the cell expression of
metalloproteinases, in the recruitment of cells active in the
fibrotic process, and in protection against accumulation of
oxidative stress proteins [69]. Moreover, signaling initiated
by CCL2 binding to CCR2 triggers the induction of a novel
zinc finger protein transcription factor that can induce
cell death [74]. This factor, which has been called MCP-1-
induced protein (MCPIP), causes the production of reactive
oxygen and nitrogen species via the induction of NADPH
oxidase and inducible NO synthase [75]. This oxidative
stress causes ER stress that leads to autophagy and cell death.
Interestingly, the interaction between CCL2, survival, and
autophagy in the complex program of tumor progression
has been previously suggested [76]. Whether other processes
induced by CCL2 are also mediated via MCPIP remains to be
ascertained.

5.5. CCR2 Is Not the Only Receptor for CCL2: Influence
of Genetic Variation in Blood Concentrations of CCL2.
Although CCR2 is the known receptor for CCL2 in tissues
[77], another molecule, the Duffy antigen receptor for
chemokines (DARCs) mediates the interactions of CCL2,
with erythrocytes and endothelial cells [78]. Because DARC
lacks completely the Asp-Arg-Tyr consensus motif in its
second cytoplasmic loop, it cannot couple to G proteins
and subsequent signaling pathways. Consequently, it has
been grouped with two other heptahelical molecules,
D6 and CCX-CKR, to form a family of atypical silent
chemokine receptors [79]. However, it has been recently
demonstrated that DARC does not act as a decoy but instead
supports chemokine activity and is required for optimal
chemokine-induced leukocyte migration in vitro and
in vivo [80].

Several single nucleotide polymorphisms (SNPs) in
the CCL2 gene have been reported to be related to blood
concentrations of CCL2, but only rs1024611 (-2518 A/G)
has been clinically replicated [81]. To identify the genetic
basis of circulating CCL2 concentrations, a recent genome-
wide association analysis has been conducted in three inde-
pendent cohorts and the strongest association was for serum
CCL2 with a nonsynonymous polymorphism, rs12075
(Asp42Gly) in DARC, indicating a possible role of vascular
reservoir of pro-inflammatory cytokines. This association
was supported by family-based genetic linkage at a locus
encompassing the DARC gene underscoring the relevance
of CCL2 pathophysiology for a broad spectrum of diseases
[82].

Mediators of Inflammation

5.6. CCL2 as a Therapeutic Target. A recent report has
examined the effects of an increase in the plasma con-
centration of CCL2 resulting from short-term (acute) or
long-term (chronic) administration of recombinant CCL2
in mice [83]. They found that a chronic increase in
the circulating level of CCL2 induced insulin resistance,
macrophage infiltration into adipose tissue, and an increase
in hepatic triacylglycerol content, but an acute increase in the
circulating CCL2 concentration also induced insulin resis-
tance without macrophage infiltration into adipose tissue.
In addition, the administration of a novel CCR2 antagonist
ameliorated insulin resistance in mice fed a high-fat diet
without affecting macrophage infiltration into adipose tissue.
Taken together, their results indicate that an increase in
the concentration of CCL2 in the circulation is sufficient
to induce systemic insulin resistance irrespective of adipose
tissue inflammation and suggest that CCL2 may be a direct
effector in regulating metabolism. It is therefore conceivable
that new therapeutic opportunities may arise from blocking
of chemokine/receptor interactions with specific antagonists
or blocking antibodies. Animal models have demonstrated
effective reduction of lesion formation in coronary arteries
and experimental in-stent restenosis [84, 85]. Surprisingly,
such blockers have not been tested as antiobesity agents or
as modulators of metabolic derangements, despite published
promising results [86]. Whether such agents can be used in
humans remains questionable because the effect of CCL2
suppression, as mentioned above, may not be absolutely safe.
However, it may be possibly safer to transitorily decrease the
expression of CCL2 with plant-derived flavonoids or inter-
fere with CCL2-CCR2 interactions using small molecules
currently under investigation for safety and effectiveness
[87, 88]. Current studies are also being performed to test
the hypothesis that metabolic disturbances may be alleviated
through the modulation of CCL2 expression.

6. Concluding Remarks and Future Perspectives

Metabolic syndrome involving obesity, insulin resistance,
type 2 diabetes, liver steatosis, and cardiovascular diseases
is a critically important health issue associated with over-
nutrition, inactivity, old age, or a combination of factors.
Growing evidence supports the presence of a systemic
chronic inflammation associated with immune imbalance
in all of these disorders, where chemokines play a crucial
role. Chemokines act as inflammatory mediators that trigger
the cell stress response in tissues and produce a general
response that is not limited to local effects but instead may be
associated with the generation of multiple responses. There-
fore, crosstalk between cells, hormones, and chemokines
is fundamental for maintaining metabolic homeostasis.
Specifically, CCL2 is a multifunctional chemokine implicated
as a potential target in many disease states. CCL2 was first
identified by its ability to regulate monocytes, macrophages,
and other inflammatory cells at sites of inflammation, but
it has recently been shown to be a major component of
insulin resistance in obese mice. Moreover, ccl2 is an insulin-
responsive gene that decreases insulin-stimulated glucose
uptake and increases the expression of adipogenic genes.
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Indeed, available data show ubiquitous expression of CCL2
that in turn may suggest an endocrine function similar to
the action of hormones, which may explain its importance
in several biological processes and its role in inflammation.

Future studies will need to address the possibility of new
therapeutic treatments that reduce inflammatory recruit-
ment and modulate chronic inflammatory processes but also
improve metabolic disturbances through the modulation
of CCL2 expression. The possibility of therapeutically and
transiently modulating CCL2 with safe-plant flavonoids
could offer clinical benefit.
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Background: Monocyte chemoattractant protein-1 (MCP-1) facilitates the recruitment of monocytes/mac-
rophages into vascular intima, and it is probably involved in the regulation of other signaling pathways rel-
evant to the pathogenesis of arteriosclerosis and metabolic disturbances. However, chemokines are
redundant. Consequently, the protective effect of MCP-1 deficiency may be mediated by changes in other
cytokine signals. Methods and results: Changes in the pattern of gene expression in the aorta were evaluated
inLDLr~/~ and MCP-1-/~ LDLr~/~ mice fed either chow or Western-style diet. Functional analyses were used
to characterize the pathways affected and to identify biological processes in which MCP-1 may play an addi-
tional role. Some data also suggest that MCP-5 may act as a surrogate for MCP-1 deletion. Arteriosclerosis
lesion and plaque composition are associated with enrichment in the cytokine—cytokine receptor interac-
tion pathway. Conclusions: There is a complex network of interactions linking MCP-1 and other cytokines.
The lack of MCP-1 limits the aortic response to atherogenic stimuli, but does not completely protect against
neointima formation. Activation of alternative inflammatory pathways in the vascular wall in response to

Keywords:

Atherosclerosis

Aortic gene profile
Dietary fat and cholesterol
Hyperlipemic mice

MCP-1

MCP-1 deficiency should be considered to fully understand the actual role of this chemokine.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Atherosclerosis is currently considered a chronic inflammatory
condition of the large and medium-sized arteries in which multiple
genetic and environmental factors contribute to the diverse sus-
ceptibility to the disease [1-8]. It is difficult to elucidate the precise
molecular mechanisms of disease progression in human studies,
and, consequently, a considerable amount of knowledge is derived
from susceptible mouse strains [9]. In particular, the pathophysio-
logical role and the therapeutic potential of cytokines, which are
capable of exerting both pro- and anti-inflammatory effects, have
been recently studied in animal models [10-12].

Cytokines are involved in cell-to-cell signaling and are conven-
tionally classified into interleukins, tumor necrosis factors (TNF),
interferons (IFN), colony stimulating factors (CSF), transforming
growth factors (TGF), and chemokines. Chemokines are important
in the recruitment of inflammatory cells to the intima, a necessary,
although not sufficient, step in the development and progression of
atherosclerosis [13-15].

Experimental studies in several mouse models demonstrate
that monocyte chemoattractant protein-1 (MCP-1/Ccl2), an impor-
tant CC chemokine expressed by macrophages, endothelial cells,

* Corresponding author. Tel.: +34 977 310300; fax: +34 977 312569.
E-mail address: jjoven@grupsagessa.com (J. Joven).

1043-4666/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cyt0.2010.02.010

and smooth muscle cells [16], is involved in atherosclerosis devel-
opment [17-21]. Whether MCP-1 acts just to inhibit the migration
of monocytes or whether there are additional mechanisms in-
volved remains to be established. However, it is likely that other
mechanisms exist since macrophage-rich lesions are still present
in the MCP-1"/~ LDLr /= model, and the chemokine system is a
highly redundant system in which other chemokines exhibit simi-
lar functions to MCP-1 (for example MCP-2, MCP-3, and MCP-5 in
mice). Moreover, the animal model in which their common recep-
tor is absent also shows a clear but incomplete attenuation in ath-
erosclerotic lesion [22]. It is also possible that a pleiotropic effect
exists with these chemokines, as illustrated by previous findings
that show expression of MCP-1 is tissue-specific [23,24], and
MCP-1 or CCR2 expression is related to additional alterations in
obesity and in lipid and glucose metabolism [25-27]. Our aim
in this study is to determine if MCP-1 deficiency causes changes
in the expression of other cytokine genes in the aorta that may
be relevant to the atherosclerotic process.

2. Material and methods
2.1. Experimental animals and dietary intervention

Animals were housed under standard conditions and given a
commercial mouse diet (14% Protein Rodent Maintenance diet,
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Harlan, Barcelona, Spain) in accordance with our institutional The size of the experiment was planned according to previous data
guidelines. Male LDLr/~ mice (n = 56) were the progeny of mice [8] and the animals were allocated into experimental groups by
purchased from the Jackson Laboratory, and the male double computer-generated randomization schedules. At 10 weeks of
knockout mice, MCP-1~/~ LDLr~/~ (n =56), were the progeny of age, eight animals of each strain were sacrificed and the variables
those kindly provided by the Dana Farber Cancer Institute (Rollins, were analyzed (baseline values). The remaining littermates for

BJ). All mice used in this study were in the C57BL/6] background. each model were assigned to two dietary experimental groups.
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Fig. 1. Development of atherosclerotic lesion in LDLr/~ mice and MCP-1/~ LDLr/~ mice fed chow and Western-style diets (A-F). MCP-1 deficient mice showed less
atherosclerotic lesions than LDLr/~ mice, but the differences were only significant when mice were on the Western-style diet. The composition of the plaque (G) differed

depending on whether MCP-1 is up-regulated or absent (H). n.d., not detectable.
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One group was continued on the same maintenance diet (3% fat
and 0.03% cholesterol, w/w) while the other group was put on a
diet that incorporated some of the more important characteristics
of the Western-style diet (20% fat and 0.25% cholesterol, w/w).
Diets were prepared and labeled by an independent investigator
according to the randomization schedule to assure allocation con-
cealment. At 16 and 24 weeks of age, eight animals from each
group were sacrificed to assess the course of the atherosclerotic le-
sion and macrophage accumulation, and at 32 weeks of age the
remaining animals (n =8, each group) were used for the assess-
ment of changes in aortic gene expression. Atherosclerotic related
variables were also analyzed at this time-point. No animals were
excluded from analysis. Investigators responsible for the different
measurements had no knowledge of the experimental group to
which the animals belonged.

2.2. Assessment of atherosclerosis

Samples for the assessment of atherosclerosis were obtained at
the 10, 16, 24, and 32-week time-points. Once the hearts and re-
gions 2 mm below the ascending aorta had been removed, they
were cut transversely, embedded in OCT, and immediately flash-
frozen. Aortic valve leaflets were used as an anatomic reference
point and a pathological evaluation was performed as described
previously [28]. The proportion of macrophages (MOMA) and
smooth muscle cells (actin) in the aorta were determined by
immunohistochemistry using reagents from Serotec, Oxford, UK.
To evaluate the collagen content in aortic lesions, Masson'’s trichro-
mic staining was used. MCP-1 and MCP-5 immunoreactivity stud-
ies were performed using specific antibodies from Santa Cruz
Biotechnology. Quantitative measurements were performed using
the image analysis software AnaliSYS™ (Soft Imaging System,
Miinster, Germany).

2.3. Microarray analysis

Total RNA was isolated from thoracic and abdominal aorta as
described [23]. One microgram of total RNA was reverse tran-
scribed into cDNA using random hexamer primers and MultiScribe
Reverse Transcriptase according to the manufacturer’s instruc-
tions. Assays were based on a pre-selected gene primer set per-
formed in a 96-well format (StellARrays™), which was loaded
with oligonucleotide primers (including genomic and endogenous
18S controls, Supplementary Table 1). Samples and SYBR Green I
master mix were added to the StellARrays™ plates and real-time
PCR was performed. To avoid possible confounding results, the pri-
mer for the MCP-1/Ccl2 gene was omitted. The increased MCP-1
gene expression in LDLr/~ mice and the absence of expression in
the MCP-1"/~ LDLr/~ mice were confirmed in separate experi-
ments as described [27].

Data were analyzed using Global Pattern Recognition™ analyt-
ical software (GPR) [29], which generates a ranked list of statisti-
cally significant changes between the test groups without

Table 1

reliance on the magnitude of expression. Datasets of genes with
statistically significant differences in gene expression were im-
ported to Babelomics™ (v. 3.0) [30] and linked to the gene expres-
sion profile analysis suite (GEPAS™ v. 4.0) [31] to further explore
diverse analysis options for tissue/phenotype-based profiling.

2.4. Functional association analyses

A hierarchical clustering algorithm, based on the average link-
age method, was used to arrange cytokine genes according to their
correlation coefficients. The results were expressed as a matrix
view of gene expression data (heat map) where rows represented
the genes analyzed and columns represented the groups studied.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) [32] and
Gene Ontology (GO) [33] analyses were used to evaluate enrich-
ment of the differentially expressed genes in specific pathways
and their involvement in certain biological process, respectively.
Calculated p values were adjusted using the Bonferroni post-hoc
test. The network was analyzed using Cytoscape™ [34].

2.5. Other statistical analyses

Data were initially analyzed using ANOVA (single-factor or two-
factor) and, when necessary, the U Mann-Whitney or Student’s un-
paired t test and Fisher’s exact test with the level of significance set
at p < 0.05. SPSS/PC+12.0 (SPSS, Chicago, IL) software was used as
necessary.

3. Results
3.1. Atherosclerotic plaque formation and related variables

The age-related development of lesion size in both mouse mod-
els fed chow and Western-style diet (Fig. 1A and B) confirmed that
although lesions are visible in both models, they are quantitatively
smaller in MCP-1~/~ LDLr/~ mice compared to LDLr /= mice. As
expected, the accumulation of macrophages in the lesion area are
more important in the LDLr—/~ model, although macrophage-rich
lesions are still present in MCP-1~/~ LDLr/~ mice. The differences
in plaque size were significant only at the 32-week time-point and
in those animals fed the Western-style diet. Consequently, further
analyses will refer to this time-point.

Mean body weight was similar in both mouse models at the 32-
week time-point when fed chow diet (Table 1). Both strains were
hyperlipemic but MCP-1~/~ LDLr/~ mice showed higher plasma
cholesterol and triglycerides. In mice fed Western-style diet differ-
ences between both models revealed that LDLr/~ mice were more
sensitive to diet-induced obesity. Under this dietary condition the
increase in plasma cholesterol and triglycerides was more impor-
tant in LDLr/~ mice. Plasma glucose concentrations remained
higher in LDLr~/~ mice fed both chow diet and Western-style diet
as compared to MCP-1-/~ LDLr~/~ mice. Detailed data on the lesion
sizes measured are depicted in Fig. 1C-F. Total mean lesion size

Changes in atherosclerotic related variables at the 32-week time-point for LDLr /= and MCP-1"/~ LDLr/~ mice according to diet.

Chow diet Western-style diet

LDLr /- MCP-1"/~ LDLr /- LDLr /- MCP-1"/~ LDLr /-
Body weight (g) 27.83+0.98 26.80+1.08 38.04+0.87 27.53 +0.80
Cholesterol (mmol/L) 7.23+0.30 8.70+0.27 28.26+1.09 19.03 +1.08"
Triglycerides (mmol/L) 1.38+0.03 1.98 +0.20° 3.20+0.20 293+0.25
Glucose (mmol/L) 10.80 £ 0.80 8.57+0.13" 18.55+0.35 10.97 £+0.50

Data are show as mean * SEM.
* P<0.05 versus LDLr/~ mice.
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Fig. 2. General hierarchical cluster analyses of cytokine gene expression profiles (A). The red or green colors of increasing intensity indicate up-regulation or down-regulation,
respectively. The dendrogram generated on the left of the cluster indicates the relatedness of the genes in the colored cluster. Further clustering analysis is shown for genes
exhibiting differential expression when comparing the baseline levels in MCP-1~/~ LDLr~/~ mice and LDLr/~ mice (B), or age-and diet-related gene changes (C), or gene
changes at 32 weeks in each strain following the dietary experiment (D), or when comparing gene changes in both models fed Western-style diet (E). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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was similar in both mouse models when fed chow diet

(76,823 um? in LDLr /- mice compared to 43,815 um? in MCP-
17/~ LDLr /- mice). However, the lesions were significantly
(p<0.05) attenuated in MCP-1-/~ LDLr/~ mice (665,444 um?)
compared to LDLr/~ mice (1,743,514 um?) when they were fed a
Western-style diet (Fig. 1D and F).

Analysis of the plaque composition (Fig. 1G) showed that ath-
erosclerotic lesions found on mice fed the chow diet were mainly
due to an accumulation of lipids and inflammatory cells. In mice
fed the Western-style diet, plaques exhibited an increased collagen
content as well as an increased number of macrophages and o-
smooth muscle cells. In both models, the increase in macrophage
positive cells correlated with the increase in collagen content.

3.2. Changes in the pattern of gene expression in aorta

At the 32-week time-point, we found a significantly higher rate
of MCP-1 transcription in the aortas of LDLr/~ mice when animals
were fed the Western-style diet (Fig. 1H) compared to those fed the
chow diet. The MCP-1 transcript was not detectable in the MCP-1~/

LDLr/~ model.

As expected from the genetic homogeneity of the animals stud-
ied, inter-individual variation in gene expression was minimal. For
clarity, only mean data from each group are shown. Clustering of
the rows (genes) and columns (mean data of all animals) of each
studied group is shown in Fig. 2A. It is immediately apparent that
diet-induced gene changes are more intense than those related to
either age or genotype. At the baseline point (10 weeks of age), the
differences in MCP-1~/~ LDLr/~ mice with respect to the LDLr /-
model, were only significant for the expression of Ccr3, Csf2, and
113 (Fig. 2B). These changes are significantly associated with the
cytokine-cytokine receptor interaction pathway (p =4.08 x 10~3)
and the cellular defense response (p =3.26 x 107>). We then as-
sessed gene expression changes at the 32-week time-point in ani-
mals fed the chow diet. Data obtained were compared with
respective expression levels at the baseline point. In this analysis,
we found no significant differences in LDLr~/~ mice. Conversely,
in MCP-1~/~ LDLr/~ mice we found a significantly higher expres-
sion of SDF-1 (+2.732 fold change) and 113 (+2.612 fold change).
The level of significance (p <0.05) was considered too low to be
relevant and these changes were not associated with any specific
pathway or biological process. We therefore conclude that age is
not a relevant factor in explaining changes induced by MCP-1 defi-
ciency with this particular diet. This is in accordance with the lack
of significant differences in the development of atherosclerotic le-
sions in mice fed the chow diet. As shown in Fig. 2C, when mice
were fed a Western-style diet, significant expression changes in
MCP-1"/~ LDLr"/~ mice were limited to six genes. LDLr/~ mice

Chow Diet

MCP-1"LDLr " i
’ Y,
7

5
v g
y tdell

showed differences in 13 genes. Interestingly, only 113 and MCP-5
gene expression were significantly altered in both models; with
both genes being over-expressed in MCP-1~/~ LDLr~/~ mice and
under-expressed in the LDLr '~ model. This suggests that in the ab-
sence of MCP-1, MCP-5 and 113 mRNAs are preferentially trans-
lated, possibly to substitute for the function of MCP-1.

Similar results were obtained when comparing results between
those fed either chow or a Western-style diet at the 32 week time-
point (Fig. 2D). Numerous statistically significant differences were
observed in LDLr/~ mice (32 genes), which were limited in MCP-
17/~ LDLr /- mice to nine genes. The expression of Ccl3, Kit, Ccr4,
and I16st were similar in both mouse models. MCP-1 deficiency
produced an increase in the expression of 1128b, Ccr1, and Il7r,
which was not observed in LDLr~/~ mice. Something similar oc-
curred with Ccl11 (Eotaxin) and II2rb; that is, their expression
was decreased in the absence of MCP-1, but their changes were
not statistically significant in the LDLr~/~ model. Interestingly,
the expression of MCP-5 and II3 genes were decreased in the
LDLr/~ model, but the expected increase in MCP-1~/~ LDLr /-
mice was not significant with this particular comparison. Finally,
data obtained at the 32-week time-point in animals fed the Wes-
tern-style diet was compared to detect specific gene expression
changes associated with genotype and diet. The differences in
MCP-1"/~ LDLr/~ mice with respect to the LDLr/~ model were
significant for the expression of Il1a, I1112a, 1112rb, 113, 117 and
MCP-5 (Fig. 2E). Again, it is notorious that 113 and MCP-5 expres-
sion remained significantly increased in MCP-1~/~ LDLr~/~ mice.
To confirm the differences observed in MCP-1 and MCP-5 expres-
sion, immunoreactivity studies were performed in animals fed
either chow diet or a Western-style diet (Fig. 3). As expected, the
immunoreactivity for MCP-5 was higher in the MCP-1~/~ LDLr /-
model than in the LDLr~/~ model, under both dietary conditions.

The interactome networks were represented and the biological
processes assessed for those comparisons with major significant
expression changes (Fig. 4). In Fig. 4A, networks of gene expression
changes at the 32-week time-point of animals fed on Western-
style diet compared with baseline expression levels are repre-
sented for both models. The enrichment of the cytokine-cytokine
receptor interaction pathway was statistically significant in both
models (p=4.01 x 102 for LDLr/~ mice, and p = 3.45 x 104 for
MCP-1-/~ LDLr~/~ mice). Again the absence of MCP-1 seems to
be a limiting factor in establishing further connections but, inter-
estingly, the JAK-STAT signaling pathway (p=3.41 x 107>) was
also significantly enriched in the MCP-1~/~ LDLr/~ model.

Finally, the networks based on the comparisons between the
two diets at the 32-week time-point (Fig. 4B) in LDLr/~ mice
and in MCP-1-/~ LDLr~/~ mice showed that in the LDLr~/~ model,
there was a statistically significant enrichment of the cytokine-

Western Diet

Fig. 3. Representative microphotographs from aortas of LDLr/~ mice and MCP-1~/~ LDLr /= mice fed chow and Western-style diets. Inmunochemistry studies confirmed

higher MCP-5 immunoreactivity when MCP-1 gene expression is absent.
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Fig. 4. Functional and direct protein interaction networks based on the genes that showed significantly different expression at the 32-week time-point on the Western-style
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the web version of this article.)
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cytokine receptor interaction (p = 2.57 x 10~'°), hematopoietic cell
linage (p=1.24 x 10~%), and the JAK-STAT signaling pathway
(p=1.25 x 10~°). However, in MCP-1-/~ LDLr/~ mice, only the
cytokine-cytokine receptor interaction pathway (p =1.68 x 107°)
was significantly associated with gene expression changes. The
most prominent biological processes were related to chemotaxis
and the cellular and inflammatory responses, but phosphorylation
processes were also identified as significantly altered in LDLr/~
mice.

4. Discussion

Previous studies have established a fundamental role for MCP-
1/Ccl2 in atherosclerosis [17-21]. It has been argued that this
may be simply due to a deficit in monocyte migration into the in-
tima but our data suggest that this approach is unlikely and that
the actual mechanism is probably multifactorial. The course of pla-
que formation in our mice confirms the protective effect of MCP-1
deficiency. Although the reduced atherosclerotic lesions size in the
MCP-1-/~ LDLr~/~ model is evident in mice fed a chow diet and sig-
nificantly reduced in mice on a Western-style diet at the 32-week
time-point, MCP-1 deficiency does not completely protect against
neointima formation. Consequently, and considering that chemo-
kines represent a redundant system, we have extended our study
to investigate if MCP-1 deficiency can cause changes in other cyto-
kine genes in the aorta whose expression may compensate for
MCP-1 as an inducer of monocyte migration. Our data suggest that
MCP-1 may play a fundamental role in modulating the response to
atherogenic stimuli in the pattern of cytokine gene expression in
the aorta. Such responses were completely different in animals
fed chow versus the Western-style diet, but in both cases, MCP-1
deficiency substantially limited the aortic response.

Several changes in aortic cytokine gene expression were already
observed at the baseline point, before the dietary experiment be-
gan and before there was any appreciable lesion development. Sur-
prisingly, up-regulation of Ccr3 and colony stimulating factor-2
(Csf2) in MCP-1 deficient animals apparently represents an activa-
tion of nuclear factor kappa B signaling pathways. Our data suggest
that such activation should be interpreted as a pathway of vascular
inflammation, but it is documented that expression of anti-apopto-
tic and anti-inflammatory pathways cannot be discarded [35].
Moreover, Ccr3 is the major receptor for eotaxin, Ccl5 (RANTES),
and MCP-2 [36]. In addition, down-regulation of 113 may represent
an increased activation of Ccr3 expression [37]. Since the available
data is scarce and inconclusive, these changes cannot be identified
as protective although it does confirm our hypothesis that MCP-1
deficiency alters aortic gene expression.

Age-related changes also confirm the modulator effect pro-
duced by MCP-1 deficiency. We report statistically significant
over-expression of SDF-1/Cxcl12 and 113 in MCP-1~/~ LDLr~/~ mice,
which is not observed in the LDLr~/~ model. Again, it is difficult to
discuss these findings with regard to our current data, but previous
studies suggest that these changes are pro-atherogenic [38], espe-
cially if combined with multiple inflammatory stimuli [39].

Changes in the pattern of cytokine gene expression are ostensi-
bly stronger when mice were fed a Western-style diet compared to
a chow diet. Dietary effects are also more evident in LDLr~/~ mice
than in MCP-1"/~ LDLr /- mice, indicating that MCP-1 may be
responsible for most of the gene expression changes in this model
and consequently may be related to plaque formation and compo-
sition. It is notable that the expression patterns of MCP-5 and 113
differed between the two models, being statistically down-regu-
lated in the LDLr/~ model and up-regulated in MCP-1~/~ LDLr /-
mice. This inverse relationship clearly suggests a role for MCP-1
in regulating MCP-5 and 113 expression. In LDLr~/~ mice, which

show an increased expression of MCP-1, MCP-5 is down-regulated,
but in the absence of MCP-1, MCP-5 is up-regulated. All monocyte
chemoattractant proteins exert their actions via activation of Ccr2.
To date, there is a paucity of data on the possible role of other MCPs
in the development of the atherosclerotic lesion [40,41], but it has
been documented that MCP-5 is highly homologous to MCP-1 [42]
and that MCP-3 shares some key biological features with MCP-1.
The expression of MCP-3 parallels to that of MCP-1 in monocyte
recruitment and host defense [43]. In our analysis, MCP-3 did not
change significantly in any of the models tested. These findings,
further confirmed in immunochemistry studies, suggest that
MCP-5 may act as a surrogate for MCP-1 when this chemokine is
absent. As shown by the interactome networks identified, the ef-
fects of diet on the differential expression of cytokine genes is evi-
dent. Dietary fat and cholesterol profoundly change the cytokine-
cytokine receptor interaction in the arterial wall. This effect is
clearly limited by MCP-1 deficiency, at least quantitatively. In or-
der to clarify this intricate response, further research efforts will
be required. Particularly, we have explored a model of increased
MCP-1 response in comparison with absolute deficiency that is ex-
tremely unlikely. An additional approach should be a similar
assessment in mice with a limited MCP-1 response. Further, we
have recently reported that the MCP-1 response may be decreased
via the chronic administration of xenohormetic compounds [44].
To test their efficacy in preventing the development of atheroscle-
rotic lesions may also blaze new trails in preventing efforts.

In conclusion, MCP-1 deficiency apparently activates other
inflammatory pathways in the vascular wall which may explain
similar lesion development in MCP-1~/~ LDLr/~ mice and LDLr/

mice fed a chow diet. However, the absence of MCP-1 severely
disrupts the arterial wall response in the development of arterio-
sclerosis when mice are fed a high-fat, high-cholesterol diet. Addi-
tionally, our data suggest that MCP-5 may act as a surrogate for
MCP-1.
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Monocyte chemoattractant protein-1 (MCP-1) plays a relevant role in macrophage migration but recent
findings suggest an additional role in lipid and glucose metabolism. We report the use of 'H NMR
spectroscopy as a useful complementary method to assess the metabolic function of this gene in
a comparative strategy. This metabonomic analysis was rapid, simple, quantitative and reproducible, and
revealed a suggestive relationship between the expression of the MCP-1 gene and hepatic glucose and
taurine concentrations. This approach should be considered in genetically modified mice when a meta-
bolic alteration is suspected, or in routine assessment of metabolic phenotype.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

The evaluation of the activity of candidate genes or proteins
through transcriptomics and proteomics is usually expensive and
complex. With the rationale that small differences in metabolism
may result in pronounced changes in metabolite concentrations,
we designed a metabonomic approach to assess the function of
selected genes in genetically modified mice using a comparative
strategy between knockout and derived double-knockout mice. To
test this approach we chose MCP-1. Although the main role
reported for MCP-1 is related to monocyte trafficking and other
immunological functions [1,2], there is evidence to suggest that it
participates in metabolism [3]. We have demonstrated that MCP-1
is involved in the development of obesity and in impaired glucose
metabolism in LDLr-deficient mice (LDLr /") fed a high-fat and
high-cholesterol diet [4]. Since altered glucose metabolism is
a prominent factor in the development of liver steatosis, a notorious
characteristic of these animals [5], we have explored the possible
role of MCP-1 using liver as an experimental tissue.

We reasoned that high resolution '"H NMR spectroscopy might
provide an adequate evaluation of the low molecular weight
compounds present in the hepatic tissue of animals and, therefore, may
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constitute a useful complementary tool to the classical phenotyping
protocols currently used in the metabolic exploration of the mouse.

2. Material and methods
2.1. Animals and diets

We conducted all experiments in male (C57BL/6]) LDLr/~ mice
(Jackson Laboratories), and the derived double-knockout male mice
that were also deficient in MCP-1 (MCP1 ’/’LDLr’/’). All procedures
were carried out in accordance with the ethical committee of the
Universitat Rovira i Virgili. Groups of 10-week-old mice (n = 5 for
each group) of both strains were used to assess reproducibility and
inter-assay variation, in all the studies performed. To explore the
effects of diet, ten animals of each strain were assigned to two die-
tary groups (n = 5 each), regular chow (diet 1) and chow diet sup-
plemented with palm oil (20% fat w/w) and 0.25% (w/w) cholesterol
(diet 2). The dietary experiment lasted for 22 weeks, after which five
animals of both groups were fasted for 13 h and euthanised as
described [4]. Blood samples were obtained and liver tissues were
removed, flash-frozen and stored at —80 °C until further analysis or
fixed for 24 h in 10% neutral-buffered formalin for histology.

2.2. Biochemistry and histological analysis

Plasma glucose concentration was determined by standard
laboratory procedures and liver histological examination was
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Fig. 1. Biochemical and histological variations observed in the studied mice. At the end of the experiment there was a significant increase in the body weight (A) and plasma glucose
concentration (B) in LDLr '~ mice fed with high fat, high cholesterol diet (HF + 0.25% cholesterol) as compared with MCP1~/~LDLr~/~ mice, suggesting that MCP-1 may have a significant
metabolic function. At 32 weeks of age, liver steatosis was consistently more evident in LDLr~/~ mice (C, D) fed with a high fat, high cholesterol diet than in MCP1~/~LDLr~/~ mice (E).
*p < 0.05 with respect to LDLr~/~ mice.

performed to measure the lipid droplet content (percentage of lipid 2.3. NMR methodology

droplet area/cell) using the AnaliSYS system (Soft Imaging System,

Miinster, Germany). For histological evaluation, paraffin-embedded For NMR spectroscopy, a portion of hepatic tissue (50 mg) was
sections were stained with haematoxylin and eosin (H&E). The mechanically homogenised using the Precellys®24 instrument in
amount of taurine-stained cells and the hepatic CYP7A1 content 1 ml of 1:1H,0/CH3CN. The homogenates were centrifuged at
were revealed using specific antibodies from Abcam (Cambridge, 5000 x g for 15 min at 4 °C and the supernatant was removed and
UK) and Santa Cruz Biotechnology (CA, USA), respectively. lyophilised until analysis. The extracts were reconstituted in 150 pl

Fig. 2. Metabonomic analysis of liver aqueous extracts from LDLr~/~ and MCP1~/~LDLr/~mice (A). Significant differences between both strains are shown in 1D representative
spectra at 3.26 and 3.42 ppm (taurine), 1.34 ppm (lactate) and at 3.5-4 ppm (glucose and glycogen). MCP1~/~LDLr~/~ mice showed higher concentrations of taurine (C) and lower
concentrations of glucose (B) and lactate (D) than LDLr~/~ mice. In MCP1~/~LDLr~/~ mice, most liver cells showed taurine immunoreactivity, whereas in the LDLr~/~ model taurine
content was especially located in macrophage/Kupffer cells. The expression of CYP7A1 was also higher in the double-knockout model (E). *p < 0.05 with respect to LDLr /= mice.
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of DO (0.1% 3-trimethylsilylpropionic-(2,2,3,3-d4)-acid (TSP)),
centrifuged at 13,000 x g for 10 min and the supernatant was
removed for analysis with a 5 mm triple-resonance cryoprobe.

TH NMR spectra were acquired at 600.13 MHz on an Avance
III-600 spectrometer (Bruker, Rheinstetten, Germany). One-
dimensional pulse experiments were carried out using a water
presaturation pulse sequence (RD-90°-t1-90°-t,-90° acquired
FID) to suppress the water peak. A secondary irradiation field was
achieved during the relaxation delay and during the mixing time t;,
(100 ms), with t; fixed at 4 ps. For each sample, 128 transients were
collected. The acquired NMR spectra were phased, baseline-cor-
rected and calibrated by setting the tetramethylsilane peak at
0.0 ppm using TopSpin software (version 2.0, Bruker). For metab-
olite identification, both heteronuclear single quantum correlation
(HSQC) and correlation spectroscopy (COSY) were used. For COSY
spectra, 400 increments of 4K data points were collected with 8
transients per increment and a 'H spectral width of 9600 Hz. For
HSQC spectra, 256 increments of 2 K data points were acquired
with 32 transients per increment and the data were zero-filled by
a factor before Fourier transformation.

The 'H NMR spectra were data-reduced using the AMIX 3.7
software package (Bruker) and referenced to TSP. The spectral
region was divided from 0.1 to 10 ppm into regions of 0.04 ppm
width and the regions of the spectrum containing residual water
(4.76-4.80 ppm) were excluded. All remaining spectral segments
were scaled and mean-centred prior to principal component
analysis (PCA). The PCA method reduced the spectral variance to
a number of principal components and was used to represent
spectra as points in multidimensional PC space. The corresponding
loading plots were used to visually identify which spectral variables
contributed to the differences observed between the studied
groups.

3. Results
3.1. General evaluation of metabolic changes

Once the measurement parameters were decided, the experi-
ments showed good repeatability and reproducibility with inter-
assay coefficients of variation lower than 3%. The effects of dietary
intervention on mice with the different genotypes are summarised
in Fig. 1. Mean body weight was similar in both strains on chow diet
as well as plasma glucose and the hepatic lipid droplet content.
However, a cholesterol-rich diet elicited significant increases in
body weight (p < 0.001) and hepatic steatosis (p < 0.001) (Fig. 1A,
C), that were histologically severe in LDLr~/~ mice (Fig. 1D) and
completely prevented or alleviated when MCP-1 was absent
(Fig. 1E). A similar effect was observed with respect to plasma
glucose (Fig. 1B), but it did not reach statistical significance.

3.2. Metabonomic profile of liver aqueous extracts

PCA plot analysis showed a constant and repetitive separation
into two distinct clusters according to the strain. This was observed
with both diets, but the data were more consistent in animals on
diet 1. Taurine, lactate and glucose in animals on both diets were
the metabolites responsible for this clustering (Fig. 2). MCP1~/~
LDLr '~ mice showed higher concentrations of taurine and lower
concentrations of lactate and glucose than their counterpart LDLr /-
mice on both diets. However, the effect on hepatic taurine
concentration was only significant in animals fed diet 2, and the
effects observed on lactate and glucose levels were only evident
when mice were fed regular chow. Such metabolite variations
suggest a metabolic role for MCP-1. This will require further research

in isolated hepatocytes to confirm our data and to ascertain the
mechanism.

Immunohistochemistry studies in liver samples were used to
confirm differences in the hepatic taurine content. The immuno-
reactivity for taurine was higher in the MCP-1"/-LDLr /= model
(Fig. 2E). Taurine was detected in most liver cells when MCP-1 was
absent, whereas in LDLr /= mice the immunoreactivity for taurine
was predominantly located in macrophages/Kupffer cells (Fig. 2E).
We then investigated the expression of cholesterol-7a-hydroxylase
(CYP7A1) and we found that immunoreactivity for CYP7A1 in MCP-
17/~LDLr/~ mice was also higher than in LDLr~/~ mice (Fig. 2E).

4. Discussion

The increased hepatic concentration of lactate and glucose in
LDLr~/~ mice suggests increased hepatic glucose production that is
not present in the absence of MCP-1. The results obtained for
taurine are consistent with previously published studies [6,7].
Taurine is found in high intracellular concentrations in most animal
tissues and is mainly provided by healthy diets. As previously
suggested, an increased hepatic taurine concentration could
represent a defensive mechanism to modulate the inflammatory
response [8,9] and/or to increase the energy expenditure [6], but
the physiological function remains unknown. It is also well docu-
mented that taurine supplementation in mice fed high-fat diets
increases the activity of hepatic microsomal expression of choles-
terol-7a-hydroxylase (CYP7A1), a key enzyme in the elimination of
excess cholesterol from the body [7,10]. Our data suggest that it is
plausible that the lower lipid liver content found in the MCP-1 =
LDLr~/~ mice could be due to a higher CYP7AT1 activity induced by
the elevated hepatic taurine concentration. Conversely, the relative
decrease in hepatic taurine concentration observed in mice fed diet
2 could be due to increased excretion of taurine-conjugated bile
acid caused by cholesterol accumulation in the liver [11].

In summary, we propose an NMR spectroscopy approach as
a comparative strategy to identify differences in liver metabolism in
animal studies. When the difference in one of the groups is the lack
of function of a selected gene, the comparisons are easily made and
the observed variations may be attributed to the function of the
gene. We suggest that this method should be incorporated into
strategies inherent to the in vivo mouse experiments in which
metabolic exploration is required.
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12/15L0: 12/15 Lipoxygenase

ACC: Acetil-CoA carboxilase

AMPK: Aadenosine-5’-monophosphate-activated protein kinase
AP-1: Activator protein-1

ATF: Activating transcription family; exemple ATF-6: Activating transcription factor 6
BIP: Immunoglobulin-heavy-chain-binding protein
BLC2: B-cell lymphoma formation

CCR2: C-C motif chemokine receptor 2

CPT1: Carnitine palmitoyltransferase 1

CREB: cAMP response element-binding

CREBH: cyclic-AMP-responsive-element -binding protein H
DAG: Diacilglycerol

DARC: Duffy antigen receptor for chemokines

DKO: Double knockout

elF2a: Eukaryotic translation initiation factor 2 alpha
FAS: Fatty acid synthase

FFA: Free fatty acid

FoxO: Forkhead box protein O

G6Pase: Glucose-6-phosphatase

GSK3: Glycogen synthase kinase-3

IKK: | kappa B kinase

IL-(n): Interleuquina (1, 2, 6, etc...), exemple IL-1, 1I-6
INF-y: Inerferon gamma

IRE-1: Inositol-requiring enzyme 1

JNK: c-jun N-terminal kinase

KO: Knockout

LDL: Low density lipoprotein

LPC: Lysophosphatidylcholine

LPL: Lipoprotein lipase

LPS: Lypopolysacharide

LXR: Liver X receptor

M1: Classically-activated macrophages
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M2: Alternatively activated macrophages

MCP: Monocyte chemoattractant protein (Ex: MCP-1, MCP-2)
MCP-1: Monocyte chemoattractant protein-1, també coneguda com CCL2
MUFA: Monounsaturated fatty acyls

NADPH: Nicotinamide adenine dinucleotide phosphate
NALFD: Nonalcoholic fatty liver disease

NASH: Nonalcoholic steatohepatitis

NF-«xB: Nuclear factor «B

OMS: Organitzacié Mundial de la Salut

PDGF: Platelet-derived growth factor

PEPCK: Phosphoenolpyruvate carboxylase

PERK: Pancreatic Endoplasmic Reticulum Kinase

PI3K: Phosphatidilinositol-3-kinase

PKC: Protein kinase C

PPARa: Peroxisome proliferator-activated receptor alpha
PPARB o PPARS: Peroxisome proliferator-activated receptor beta
PPARy: Peroxisome proliferator-activated receptor gamma
PPARGC1: Peroxisome proliferator-activated receptor y co-activator 1
PUFA: Polyunsaturated fatty acyls

RBP4: Retinol binding protein-4

RE: Reticle endoplasmatic

ROS: Reactive oxygen species

SREBP: Sterol Regulatory Element-Binding Proteins

SNPs: Single Nucleotide Polymorphisms

Thl & Th2: Type 1 and 2 T helper cells

THP-1: Human acute monocytic leukemia cell line

TNF-a: Tumor necrosis factor alpha

TRAF-2: TNF receptor-associated factor 2

UPR: Unfolded protein response

VLDL: Very-low density lipoprotein

XBP-1: X-box-binding protein 1
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