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PRESENTACIO

EI canvi en l'estil de vida que s’ha produit en les societats desenvolupades els
darrers anys ha tingut com a contrapartida I'aparicié de conductes sedentaries i
modificacions en la dieta. Com a conseqiiéncia d’aquests factors s’han produit diverses
alteracions metaboliques que han causat un augment de la prevalenca de I'obesitat.
Aqguesta obesitat té una série d’efectes adversos sobre la fisiologia cardiovascular i és
considerada un important factor de risc pel desenvolupament de la insuficiencia
cardiaca (IC) [Loehr i col.,, 2010], que a Espanya és la tercera causa de mortalitat
cardiovascular. De fet, el consum de dietes amb un elevat contingut en greixos (HFD,
de lI'anglés High Fat Diet) s’ha relacionat amb una série d’alteracions cardiaques
directes com soén la inflamacio, la hipertrofia i la disfuncié contractil [Tikellis i col.,
2008]. No obstant aix0, els mecanismes mitjancant els quals la ingesta excessiva de
greix participa en el desenvolupament i la progressié d'aguests trastorns sén molt
complexes i poc coneguts, ja que estan lligats a alteracions metaboliques sistemiques i

a canvis en el fenotip dels cardiomiocits.

La insuficiéncia i la hipertrofia cardiaques son trastorns que es caracteritzen per
estar relacionats amb processos inflamatoris [Yndestad i col., 2007; Miguel-Carrasco i
col., 2010]. Durant el procés inflamatori que es produeix en les malalties
cardiovasculars esmentades, les cél-lules cardiaques humanes secreten citocines i
guimiocines proinflamatories com el factor de necrosis tumoral-a (TNF-a), la proteina
quimiotactica de monocits-1 (MCP-1), i la interleucina-6 (IL-6) [Ancey i col., 2003].
Aquestes molecules estan sota el control transcripcional del factor nuclear-kB (NF-kxB),
qgue és un factor de transcripcid ubic i induible que s'activa en processos patologics
com la miocarditis, la insuficiéncia cardiaca congestiva i la hipertrofia cardiaca [Jones i
col., 2003]. Tanmateix, aquestes citocines proinflamatories exerceixen diversos efectes
pleiotropics autocrins en les cel-lules cardiaques, tot produint un efecte de
retroalimentacié positiva del procés inflamatori que contribueix al desenvolupament

d’aquestes malalties.
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lgualment, durant el desenvolupament de la hipertrofia i la insuficiéncia
cardiaques també es produeixen alteracions metaboliques. En condicions normals, el
cor de mamifers adults obté energia en forma d’ATP principalment a partir de la B-
oxidacié d’acids grassos en el mitocondri, encara que aquest organul és capac¢ de
catabolitzar altres substrats com la glucosa o el lactat per tal d’assegurar una font
constant d’energia. Ara bé, en determinades circumstancies, com és el cas de la
hipertrofia i la insuficiencia cardiaques, aquesta flexibilitat de substrat es veu
compromesa i la B-oxidacié d’acids grassos es redueix degut a que la font principal
d’energia passa a ser la glucosa [van Bilsen i col., 1998]. Aquests canvis metabolics
comporten una desregulacié del control transcripcional de gens relacionats amb el
transport, captacid i catabolisme dels acids grassos i la glucosa. En el miocardi, els
factors de transcripcié implicats en el control d’aquests gens inclouen el receptor
relacionat amb I'estrogen (ERRa) i el receptor activat per proliferadors peroxisomics
B/6 (PPARB/&). ERRa pertany a la superfamilia de receptors nuclears activats per
lligand, dels quals no se’n coneix encara cap lligand, natural o endogen, de manera que
son classificats com a receptors orfes [Giguere, 2008]. Aquest factor de transcripcio es
troba ampliament distribuit en tots els teixits de I'organisme i esta implicat en la
regulacié del metabolisme energétic tot interactuant directament amb determinats co-
reguladors transcripcionals. D’altra banda, PPARB/& pertany a una familia de receptors
nuclears que esta formada per tres subtipus, PPARa, PPARB/S i PPARy. Aquests PPARSs,
per tal de ser transcripcionalment actius, necessiten heterodimeritzar amb el receptor
d'acid retinoic (RXR). Un cop han format aquests heterodimers s'uneixen a seqiiéncies
especifiques de I'ADN anomenades elements de resposta als proliferadors
peroxisomics (PPRE, de I'anglés Peroxisome Proliferator Response Element), situades a

les regions promotores de gens diana de PPAR.

Ambdods factors de transcripcid, ERRa i PPARB/S, participen en I'activacio de la
piruvat deshidrogenasa cinasa 4 (PDK4), enzim clau en la modulacié homeostatica de
la glucosa. Aquesta cinasa regula I'activitat del complex de la piruvat deshidrogenasa
(PDC), enzim que catalitza la reaccié de descarboxilacié del piruvat a acetil-CoA, tot

limitant I'Gs de carbohidrats com a font d’energia en mitocondris i afavorint aixi la B-
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oxidacié d’acids grassos. En I'activacié de la transcripcié de PDK4 també hi participa el
coactivador-la de PPARy (PGC-la), que interacciona amb ERRa i PPARPB/S, tot
incrementant-ne la seva activitat transcripcional. Estudis recents pero, semblen indicar
gue no només aquests dos factors de transcripcié participen en la regulacié de PDK4.
Es el cas d’E2F1, un factor de transcripcié clau en la regulacié de la transicié de la fase
G1 a la fase S del cicle cel-lular i del qual la regié promotora del gen que codifica per
PDK4 en presenta dos llocs d’unié [Hlaing i col., 2004; Hsieh i col., 2008]. De fet, la
supressio d’E2F1 in vivo produeix una atenuacio de I'expressié de PDK4 en mioblasts
de ratoli i en fibroblasts humans IMR90, mentre que una sobreexpressid d’aquest

factor de transcripcié n’augmenta els nivells [Hsieh i col., 2008].

La primera aproximacid terapéutica en la majoria de patologies metaboliques
associades a l'estil de vida caracteristic de les societats industrialitzades, radica en
corregir els factors que I'originen. Aixi, en primer terme, el tractament consisteix en
introduir canvis en |'estil de vida com sén un increment de I'exercici fisic i una dieta
equilibrada [Grundy, 2007]. Malgrat tot, sovint aquestes mesures no son suficients per
corregir les alteracions metaboliques, i és aleshores quan s’ha de recérrer al
tractament farmacologic. Entre els tractaments farmacologics actuals destinats a
corregir aquests desordres metabolics trobem les estatines, que inhibeixen la HMG-
CoA reductasa, un enzim clau en la biosintesi del colesterol. Altres farmacs que podem
trobar sén els fibrats i les tiazolidindiones o glitazones, que sén activadors especifics de
PPARa i PPARy, respectivament, i estan indicats pel tractament de Ia
hipertrigliceridémia i de la hiperglucémia. PPARB/S és I'inic subtipus de PPAR que no
és diana de cap dels farmacs comercialitzats en I'actualitat, malgrat que s'han
desenvolupat diversos lligands sintétics, com sén L-165041, GW0742 i GW501516. El
darrer d’aquests mostra una selectivitat 1000 vegades major cap a PPARB/S que cap
als altres dos subtipus de PPAR, alhora que és un agonista més potent que els altres
dos lligands sintétics esmentats, ja que presenta una ECso menor [Sznaidman i col.,

2003].
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Estudis recents suggereixen que PPARB/S, que és la forma predominant en les
cél-lules cardiaques, pot atenuar les vies de senyalitzacié inflamatories i, per tant,
interferir en la remodelacio cardiaca [Planavila i col., 2005b]. Aquesta funcié és en gran
mesura deguda a la capacitat dels PPAR, un cop han estat activats per agonistes, de
formar complexos amb altres factors de transcripcio activats, com ara NF-xB i STAT (de
I"angles Signal Transducer and Activator of Transcription) resultant aixi en la inhibicié
de l'activitat transcripcional d’aquests ultims [Daynes i Jones, 2002]. Aixi I'ds
d’agonistes PPARB/S podria ser un cami forga interessant de cara a trobar potencials
farmacs per tal de palliar les afeccions cardiaques derivades d’alteracions

metaboliques i amb un rerafons inflamatori.

En conjunt en aquest treball es presenten una serie de resultats destinats a
coneixer de forma més detallada els mecanismes moleculars que relacionen les
alteracions metaboliques i els processos inflamatoris en cor, per tal de poder buscar
potencials dianes farmacologiques amb I'objectiu de prevenir i tractar aquests estats

patologics.
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1. FISIOPATOLOGIA CARDIACA.

EI cor huma és I'organ central i motor de |'aparell circulatori, que fa les funcions
d'una bomba aspirant i impel-lent, doncs atreu a les seves cavitats la sang que circula
per les venes i la impulsa, mitjancant les artéeries aorta i la pulmonar, a tota la xarxa
capil-lar. Interiorment s’hi distingeixen quatre cavitats: dues superiors, les auricules

dreta i esquerra, i dues inferiors, els ventricles dret i esquerre (figura 1).

Vena cava [ Epicardi

superior

Endocardi -
Auricula K. o
izquierda s
/ Miocardi |/ g

Ventriculo
izquierdo

Ventriculo
derecho

Figura 1. Detall de I'estructura del cor huma.

El cor esta constituit per una massa contractil o miocardi, coberta interiorment per

I'endocardi i envoltada exteriorment pel pericardi (figural).

e 'endocardi és una membrana serosa de revestiment intern constituida
d’endoteli i teixit connectiu, amb la que entra en contacte la sang. Inclou fibres
elastiques i de col-lagen, vasos sanguinis i fibres musculars especialitzades
anomenades fibres de Purkinje. Aquestes fibres sén les encarregades de conduir
I'estimul eléctric que intervé en I'impuls nervids del cor fent que aquest es
contregui de forma coordinada. En I'estructura de I’endocardi també hi trobem
les trabécules carnoses, que aporten resisténcia i permeten una amplificacié de

la contraccio cardiaca.
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o El miocardi esta format per unes cel-lules especialitzades només presents en el
muscul cardiac anomenades cardiomiocits, que integren una massa muscular
contractil autoexcitable que funciona involuntaria i ritmicament sense
estimulacié nerviosa voluntaria. El muscul cardiac és I'encarregat d’impulsar la
sang pel cos mitjancant la seva contraccié. En aquesta capa també hi trobem
teixit connectiu, capil-lars limfatics, fibres nervioses i una xarxa abundant de

capil-lars sanguinis indispensables per cobrir les seves necessitats energetiques.

e L'epicardi és una fina capa serosa mesotelial que envolta el cor i que conté

capil-lars i fibres nervioses. Aquesta capa es considera part del pericardi serods.

1.1. Hipertrofia cardiaca (HC).

El creixement del cor durant I'embriogenesi es produeix per proliferacié de miocits
cardiacs. Posteriorment, els cardiomiocits surten del cicle cel-lular i es diferencien de
forma definitiva en el periode perinatal. Després del naixement, aquestes cél-lules, en
tractar-se de cel-lules altament diferenciades, perden la capacitat de proliferar [Reiss i
col.,, 1993; Kajstura i col., 1994], malgrat que encara sén capaces de respondre a
estimuls que promouen el seu creixement [Sadoshima i lzumo, 1997; Russell i col.,
2000]. En conseqliéncia, el subseqlient creixement postnatal del cor es déna per
hipertrofia dels miocits existents, que si bé representen tan sols el 30% del nombre
total de cél-lules del miocardi, degut a la seva gran mida, constitueixen un 76% del
volum de I'organ [Ennis i Escudero, 2008]. Durant la vida adulta, enfront a diverses
condicions fisiologiques o patologiques com sén un augment de la carrega
hemodinamica i/o I'alliberacié de factors humorals circulants o provinents de les
mateixes cel-lules cardiaques, es produeix un augment de la mida dels cardiomiocits,
donant lloc a la hipertrofia cardiaca (figura 2). Aixi, la HC és una resposta cel-lular
adaptativa del cor a diferents factors com I’exercici fisic (especialment en atletes), el
creixement postnatal o un estimul biomecanic, que normalitza I'increment de la tensio
sobre la paret i preserva una funcié cardiaca normal [Frey i Olson, 2003; Dorn i Force,

2005], ja que un augment del gruix de la paret ventricular en disminueix la tensié
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[Dorn i Force, 2005]. Dins dels estimuls biomecanics diferenciem els d’origen extrinsec
com la hipertensio arterial, la isquemica associada a malalties coronaries arterials, les
malalties valvulars del cor, l'infart de miocardi, la miocarditis d’origen infecciés o la
cardiomiopatia diabetica, dels d’origen intrinsec, com és el cas de la cardiomiopatia
familiar hipertrofica [Frey i Olson, 2003; Dorn i Force, 2005; Heineke i Molkentin,
2006].

Figura 2. Cor normal (esquerra) i cor hipertrofiat (dreta).

Es poden establir tres tipus d’hipertrofia cardiaca: el creixement normal, que
succeeix durant el desenvolupament postnatal i es coneix també com a eutrofia; el
creixement induit per condicid fisica, anomenat hipertrofia en resposta a exercici o
fisiologica, ambdues subtipus de la hipertrofia adaptativa; i el creixement induit per
estimul patologic a altrament conegut com hipertrofia patologica o maladaptativa
[Frey i Olson, 2003; Dorn i Force, 2005; Gupta i col., 2007]. Els tres tipus d’hipertrofia
difereixen a nivell molecular i morfologic [Frey i Olson, 2003]. Per exemple, la
hipertrofia fisiologica, que es pot considerar com una resposta adaptativa, no
comporta acumulacié de col-lagen en el miocardi (fibrosi), no incrementa de manera
important el gruix de la paret ventricular, i els gens expressats difereixen respecte a la
hipertrofia patologica, tot i que algunes de les vies moleculars sén activades en
ambdds casos [Frey i Olson, 2003]. A llarg termini, si I'estimul hipertrofic no
desapareix, es produeix una remodelacid i dilatacié ventricular, una major incidéencia
d’apoptosi, una disminucié de la densitat dels capil-lars sanguinis i una reprogramacié

de I'expressié génica [Sadoshima i lzumo, 1997; Hunter i Chien, 1999; Chien, 1999; van
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Empel i De Windt, 2004]. Aquestes alteracions a nivell de miocardi, estan relacionades
amb un deteriorament de la funcié ventricular i s’associen amb un augment significatiu
del risc de mort sobtada, aritmia o aturada cardiaca i condueixen cap al
desenvolupament d’una insuficiencia cardiaca [Hardt i Sadoshima, 2004],
independentment de la causa originaria de la hipertrofia [Frey i Olson, 2003; Dorn i
Force, 2005]. De fet, diferents estudis epidemiologics han relacionat la HC patologica
amb un pronostic desfavorable de cara al desenvolupament d’una insuficiéncia
cardiaca, tant en la poblacié general [Kannel i col., 1987; Levy i col., 1990; Levy i col.,
1994], com en poblacions d’individus hipertensos [Casale i col., 1986; Schillaci i col.,
2000; Brown i col., 2000], o en pacients amb episodis previs d’isquémia aguda [Ghali i

col., 1998; East i col., 2003]

D’altra banda, nombroses evidencies sostenen que malgrat que la hipertrofia
previngui o atenui l'augment de |'estrés parietal, enfront a una situacié de
sobrecarrega hemodinamica, el desenvolupament d’'una hipertrofia cardiaca
patologica no implica que es produeixi una compensacié funcional [Akhter i col., 1998;
Wettschureck i col., 2001; Esposito i col., 2002]. De fet, la regressié de la HC produeix
una reduccié del risc cardiovascular independentment del tractament mitjangant el
qual s’aconsegueixi [Verdecchia i col., 1998; Mathew i col., 2001]. Aixi, malgrat que la
HC presenta en primer terme un caracter adaptatiu mitjancant el qual el cor respon a
diferents sobrecarregues, especificament en el cas dels estimuls patologics, la HC

constitueix el pas inicial en la progressié cap a la insuficiencia cardiaca.
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1.2. Insuficiencia cardiaca (IC).

La insuficiéncia cardiaca és un estadi terminal comu a la majoria de les malalties
cardiovasculars que es caracteritza per ser una alteracio greu, progressiva i irreversible
a la que, potencialment, la majoria dels pacients cardiopates hi poden desembocar. La
IC no es tracta d’una malaltia concreta siné d’un conjunt de simptomes i signes que la
converteixen en una malaltia complexa en la qual el cor no és capa¢ de bombejar la
sang suficient per tal de cobrir les demandes metaboliques dels teixits periférics. En
paisos desenvolupats, aquest trastorn ha passat a ser un problema de gran rellevancia,
ja que es tracta d’'un procés cada cop més freqlient degut a I'envelliment de la
poblacié [Braunwald E i col., 1999] i a I'increment de la prevalenca de factors de risc
per al desenvolupament d’aquesta patologia com sén les malalties coronaries, les
valvulopaties, la hipertensid, la diabetis mellitus i I'obesitat [Rosamond i col., 2008;

Baena-Diez i col., 2010].

D’altra banda, la IC presenta una elevada morbiditat, amb freqlents ingressos
hospitalaris, fet que implica un elevat Us de recursos sanitaris i un alt cost economic.
De fet, en la poblacié general, tant a nivell d’Espanya com en altres paisos occidentals,
entre un 1-2% dels individus amb una edat superior als 40 anys sofreix IC [McMurray i
Pfeffer, 2005]. Aquesta prevalenca augmenta progressivament amb I'edat i arriba al 6-
10% en els individus majors de 60-70 anys [Cortina i col., 2001; Cleland i col., 2001;
McMurray i Pfeffer, 2005]. Aixi mateix, la IC és una de les principals causes de
mortalitat a nivell mundial [Rodriguez-Artalejo i col., 2004], essent fins i tot major a la

de molts processos neoplasics [Stewart i col., 2001].
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1.3. Obesitat i fisiopatologia cardiaca.

L'obesitat és un dels principals factors de risc que condiciona el desenvolupament
d’un elevat nombre de malalties croniques entre les que es troben la diabetis i
nombroses malalties cardiovasculars [Lakhani i Fein, 2011]. En un primer moment tan
sols era un problema caracteristic de paisos desenvolupats, perd actualment, en part
degut a I'increment del consum de greixos en la dieta [Shikany i col., 2010], el fenomen
de l'obesitat es troba en augment i també resulta un problema en societats més
desfavorides, especialment en entorns urbans. De fet, en estudis recents es mostra un
augment de la morbiditat de I'obesitat que supera la de conductes nocives com el
tabaquisme o I'alcoholisme, de manera que si la tendéncia actual continua es preveu
que s’arribaran a més de 300.000 defuncions anuals als EEUU com a conseqliéncia de
I'obesitat, passant a ser la principal causa de mortalitat, inclis per sobre de I'abus del

tabac [Sturm i Wells, 2001; Manson i Bassuk, 2003].

L'obesitat es carecteritza, segons la Organitzaci6 Mundial de la Salut, per la
preséncia d’un index de massa corporal (BMI, de I'anglés Body Mass Index) per sobre
de 30. Aquest BMI és un niumero que resulta del quocient entre el pes d’un individu en

quilograms i la seva altura elevada al quadrat en metres.

L'obesitat suposa una carrega important en el desenvolupament de malalties
cardiovasculars, tot augmentant-ne la morbiditat i el risc de mortalitat. Aixi, I’obesitat
presenta un efecte negatiu sobre I'entorn bioquimic de l'individu tot afavorint la
progressio de la hipertensid i de determinades cardiomiopaties. El teixit adipds, no és
tan sols un magatzem passiu de greix, sind que també actua com a organ endocri
sintetitzant i secretant una amplia varietat de molécules al torrent sanguini que poden
jugar un paper important en ’homeostasi cardiovascular. Entre aquestes molécules hi
trobem citocines proinflamatories com TNF-a, la concentracio circulant de la qual esta
relacionada amb el BMI, i IL-6, de la que s’ha determinat que el 30% de la concentracid
en plasma s’origina en el teixit adipds [Yudkin i col., 1999]. L'obesitat també esta
associada amb una funcié endotelial anomala [Arcaro i col.,, 1999], la qual sembla
derivar d’una reduccié en la produccié d’oxid nitric (NO). Aquesta disminucié de NO

podria estar relacionada amb un augment de I'estrés oxidatiu o bé ser conseqliéncia
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de I'increment de citocines proinflamatories, i de la que en resulta una vasoconstriccié
i alteracions en la circulacié sistéemica i coronaria [Lakhani i Fein, 2011]. També s’ha
descrit que un excés de teixit adipds altera la morfologia del cor tot produint un
augment del volum de sang circulant i, com a conseqiiéncia, un increment de la
demanda metabolica i de la despesa cardiaca [Kasper i col., 1992], que en individus
obesos és major que I'observada en individus prims. Aquest augment de la despesa
cardiaca es atribuible principalment a I'augment del volum sistolic, ja que la freqiencia
cardiaca no sofreix cap augment significatiu. L'augment del volum sistolic pot derivar
cap a una dilatacié ventricular tot augmentant |'estrés parietal, que al seu torn, pot
arribar a produir una hipertrofia del ventricle esquerra [Lakhani i Fein, 2011]. Aquest
procés es veu agreujat per la hipertensid caracteristica dels individus obesos. D’altra
banda, en el desenvolupament de les cardiomiopaties derivades de [|'obesitat
possiblement també hi intervé I'acumulacié d’acids grassos que es produeix en el cor,
ja que s’ha descrit que la presencia excessiva d’acids grassos a nivell de I'epicardi,
observada en individus obesos, produeix canvis anatomics en el cor i disfuncid cardiaca
[Roberts i Roberts, 1983]. Aixi, 'obesitat sembla ser un important factor de risc en el
desenvolupament de malalties cardiovasculars tant per la seva participacid en

processos inflamatoris com per els desajustos metabolics que provoca.
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2. METABOLISME ENERGETIC EN EL COR.

La constant funcié de bombeig del cor, necessaria per tal de poder propulsar la

sang a tots el organs del cos, requereix una elevada demanda energetica per part

d’aquest, que és principalment coberta pels acids grassos i glucosa i, en menor mesura,

pel lactat [Taegtmeyer i col., 2002] (figura 3). En condicions normals, el cor huma adult

obté aproximadament entre el 60 i el 70% de I'energia del metabolisme dels acids

grassos i la resta de la glucosa (20%) i del lactat (10%) [Coort i col., 2007].
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Figura 3. Esquema simplificat de la regulacié del metabolisme energétic del miocardi [Doenst i col.,
2008]. G6P (glucosa 6-fosfat), GLUT (transportador de glucosa), FAT (transportador d’acids
grassos), GSK3 (glicogen sintetasa cinasa 3), GS (glicogen sintetasa), GP (glicogen fosforilasa), ACC
(Acetil-CoA carboxilasa), MCD (malonil CoA descarboxilasa), PDH (piruvat deshidrogenasa), PDK
(piruvat deshidrogenasa cinasa).
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El cor, a diferencia d’altres teixits com el cervell, és capa¢ d’adaptar el seu
metabolisme a la disponibilitat de substrat. Aixi, en condicions fisiopatologiques com la
hipertrofia i la insuficiencia cardiaques, la font principal d’energia sofreix un canvi
drastic passant a ser-ho la glucosa en detriment dels acids grassos [van der Vusse i col.,
1992; van Bilsen i col., 1998]. Aquests canvis metabolics en la utilitzacié del substrat
cardiac estan lligats a una desregulacié dels gens involucrats en la captacid, transport i

catabolisme de la glucosa i dels acids grassos.

2.1. Metabolisme de la glucosa.

La D-glucosa és una de les molécules organiques més abundants a la natura, alhora
gue la seva concentracid a nivell sanguini es manté dins un marge molt estret. Aquesta
elevada i constant disponibilitat fa que aquest sucre sigui un potencial substrat de cara
a la produccioé d’energia al cor. La glucosa que usa el cor deriva del torrent sanguini i de
les reserves intracel-lulars de glicogen. Aquesta glucosa un cop a l'interior de la cél-lula
és metabolitzada, en una primera fase anaerobica, obtenint ATP i piruvat.
Posteriorment, aquest piruvat entra al mitocondri on, mitjancant un procés aerobic
s’obté una major quantitat d’energia que en la fase anaerobica anterior. En condicions
d’aerobiosi, la glucosa sera metabolitzada a piruvat i aquest entrara al cicle dels acids
tricarboxilics, mentre que en condicions de manca d’oxigen, en les que no es pot
produir la respiracié aerdbica, la taxa d’entrada del piruvat al cicle del acids
tricarboxilics (que depén de I'entrada del piruvat al mitocondri) és inferior a la
produccié d’aquest a partir de la glucosa, produint una acumulacié de piruvat que
acaba essent reduit a lactat per tal de recuperar el NAD" necessari per que es pugui
continuar amb la glicolisi anaerobica. Aixi, I'energia obtinguda de la glucosa en
situacions en queé el piruvat no pot entrar al cicle dels acids tricarboxilics es limita a la
glicolisi anaerobica, essent 2 ATP per molécula de glucosa a diferéncia dels 38 que

s’obtenen en la glicolisi aerdbica [Lopaschuk i Stanley, 1997; Depre i col., 1999].
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2.1.1. Transport de glucosa.

El transport de la glucosa del torrent sanguini cap a l'interior del cardiomiocit es
déna mitjancant un gradient de concentracid que és regulat per diferents
transportadors especifics. Aquests transportadors que regulen la captacid de glucosa
pertanyen a la familia GLUT (de I'anglés Glucose Transpoter) [Pessin i Bell, 1992; Gould
i Holman, 1993; Mueckler, 1994] i constitueixen un sistema de transport de glucosa a
favor de gradient de concentracidé [Shepherd i Kahn, 1999]. D’aquests transportadors,
la isoforma predominant expressada en la superficie dels cardiomiocits adults és
GLUT4, un transportador de glucosa sensible a insulina que també es troba en teixit
adipds [Pessin i Bell, 1992]. D’altra banda, els cardiomiocits també expressen la
isoforma GLUT1, un transportador independent d’insulina predominant en el miocardi
fetal [Gould i Holman, 1993] i, en menor mesura, GLUT3. L’estimulacié del transport de
glucosa és produit per un reclutament a nivell de membrana plasmatica de
transportadors provinents de reserves intracel-lulars, tot resultant en un increment de

la velocitat del transport de glucosa cap a l'interior de la cel-lula.

2.1.2. Glicolisi i sintesi de piruvat.

La glucosa intracel-lular és rapidament fosforilada, de forma irreversible, a glucosa-
6-fosfat per la hexocinasa, esdevenint un substrat tant per la via glicolitica com per a la
sintesi de glicogen (figura 3). Aquesta reaccié és irreversible, ja que en el cor no
trobem glucosa-6 fosfatases, alhora que impedeix la sortida de la cél-lula de la glucosa,
ja que al ser fosoforilada no pot travessar la membrana. Hi ha dues isoformes
d’hexocinasa al cor, hexocinasa | i hexocinasa Il [Printz i col., 1993]. La primera és la
forma majoritaria en el cor fetal, mentre que la segona és la isoforma majoritaria en el
cor adult. El cami que pren aquesta glucosa-6-fosfat depén en gran mesura de la
disponibilitat de substrats sobre els quals actuen els enzims que condicionen un pas o
altre, i de la regulacié hormonal. Per exemple, tant la insulina com I'oxidacié dels acids
grassos afavoreixen la sintesi de glicogen tot incrementant I’activitat de la glicogen

sintetasa [Kodde i col., 2007]. A nivell de miocardi, sembla ser que tant la sintesi de
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glicogen a partir de glucosa-6-fosfat, com el seu pas invers, actuen com un mecanisme
de control del metabolisme de la glucosa [Taegtmeyer, 1994]. Malgrat que la
concentracid de glicogen en cor és variable, la quantitat disponible en cor és
relativament baixa. S’ha observat un augment de la quantitat de glicogen associada a
la capacitat del cor neonatal de resistir les condicions d’hipoxia. Aixi, el glicogen que en
condicions fisiologiques ocupa un 2% del volum d’un cardiomiocit adult, en un
cardiomiocit neonatal en representa el 30% del volum. A diferencia del fetge i del
muscul esquelétic, el muscul cardiac davant d’una situacié de dejuni augmenta la
quantitat de glicogen [Schneider i col., 1991]. Aquest fet coincideix amb que els acids
grassos, que en condicions de dejuni sén el principal substrat del miocardi, inhibeixen
la glicolisi més que no pas la captacié de glucosa, tot redirigint la glucosa cap a la
sintesi de glicogen. Aquestes reserves també augmenten per efectes de la insulina
degut a una estimulacio del transport de glucosa i de l'activitat glicogen sintetasa

[Moule i Denton, 1997].

En cas d’entrar a la via glicolitica, la glucosa-6-fosfat és transformada a fructosa 6-
fosfat per la glucosa-6-fosfat isomerasa i, a continuacid, a fructosa 1,6-bifosfat per la
fosfofructocinasa-1 (PFK-1, de I'anglés Phosphofructokinase-1). Després d’una serie de
reaccions enzimatiques a nivell de citoplasma, la glicolisi finalitza amb I'obtencié de
dues molécules de piruvat per cada molécula de glucosa [Depre i col., 1999]. El piruvat
entra al mitocondri mitjancant un transportador de monocarboxilats especific [Poole i
Halestrap, 1993; Sugden i Holness, 2003]. Un cop a la matriu mitocondrial el piruvat
passa a ser un substrat intermedi de diferents vies metaboliques. Aixi, la major part
d’aquest piruvat és oxidat pel complex de la piruvat deshidrogenasa (PDC, de I'anglés
Pyruvate Dehydrogenase Complex) a acetil coenzim A (acetil-CoA), que entrara al cicle

dels acids tricarboxilics (TCA de I'anglés TriCarboxylic Acid) [Depre i col., 1998].
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2.1.3. PDC.

El complex de la piruvat deshidrogenasa juga un paper clau en el metabolisme de
la glucosa catalitzant la descarboxilacié oxidativa del piruvat, tot produint acetil-CoA i
NADH, que seran usats en el cicle de Krebs. El PDC en humans és un complex
multienzimatic de simetria dodecaédrica integrat per multiples copies de tres tipus
d’enzims diferents (E1, E2 i E3). El nucli esta format per 60 subunitats de
dihidrolipoamida acetiltransferasa (E2), i a la periféeria es troben 30 heterotetramers
(azB2) de piruvat deshidrogenasa (E1), units per 12 monomers d’E3BP a 12
homodimers de dihidrolipoamida deshidrogenasa (E3) [Patel i Korotchkina, 2001;
Smolle i col., 2006]. El complex PDC es troba regulat en gran part per la interconversio
del component E1 de la seva forma activa (no fosforilada), a la inactiva (fosforilada). Els
encarregats de catalitzar els pas de la forma activa a la inactiva, i viceversa, de la
subunitat E1 de PDC sén la piruvat deshidrogenasa cinasa (PDK, de I'anglés Pyruvate
Dehydrogenase Kinase) i la piruvat deshidrogenasa fosfatasa (PDP, de I'anglés Pyruvate

Dehydrogenase Phosphatase) (figura 4).

Figura 4. Mecanismes de regulacié de PDK i PDP, enzims catalitzadors de la interconversio de la
forma activa de PDC (defosforilada) a la forma inactiva (fosforilada) i viceversa [Holness i Sugden,
2003].
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Tant la PDK com la PDP es troben unides als dominis lipoil de la subunitat E2 de

PDC [Yang i col., 1998]. S’han identificat tres residus serina o sites (site 1, Ser®®; site 2,
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Ser”’"; site 3, Ser”") a la subunitat a d’E1 humana que al ser fosforilats per PDK
provoquen la inactivacié d’E1. Aquests tres residus presenten diferents taxes de
fosforilacié per part de PDK, mentre que les taxes de defosforilacid per part de PDP, de
la que se n’han descrit dues isoformes en humans [Huang i col., 1998], sén

practicament idéntiques [Patel i Korotchkina, 2001].

2.1.4. PDK4.

Les PDK soén proteines mitocondrials que juguen un paper molt important en la
regulacio del metabolisme de la glucosa, tot inactivant el complex PDC del que en
resulta una reduccié de la conversié de piruvat a acetil Co-A. Aguestes PDK, que
pertanyen a la superfamilia d’ATPases/cinases, sén enzims dimérics amb una activitat
cinasa especifica de residus de serina [Bowker-Kinley i Popov, 1999]. Estudis
estructurals mostren que aquestes cinases presenten un domini N-terminal i un domini
C-terminal [Steussy i col., 2001; Kato i col., 2005]. El domini N-terminal esta format per
vuit helix a unides a una estructura integrada per un feix de quatre helix que formen el
nucli. El domini C-terminal conté el domini catalitic encarregat de transferir el grup
fosfat. En les diferents isoformes de PDK s’observen quatre motius altament
conservats que configuren un plegament on s’hi uneix I’ATP. Aquest plegament inclou
un element estructural conegut com a tapa d’ATP, el canvi conformacional del qual
esta associat tant a I’hidrolisi de I’ATP com a la interaccioé proteina-proteina [Kato i col.,

2005; Wynn i col., 2008].

En humans s’han descrit quatre isoformes diferents de PDK (PDK1-4) amb una
expressio tissular especifica [Gudi i col., 1995; Rowles i col., 1996]. Aquesta expressid
tissular especifica dels isoenzims de PDK, les diferencies en la seva activitat i les
diferents sensibilitats cap a efectors i metabolits, explicaria les diferéncies que
s’observen en la regulacié del metabolisme de la glucosa en els diferents teixits

[Bowker-Kinley i col., 1998; Holness i Sugden, 2003]. Malgrat que les quatre isoformes
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de PDK s’expressen en cor i en muscul esquelétic, PDK4 n’és la més abundant [Harris i
col., 2001], alhora que aquest isoenzim mostra una activitat de 4 a 9 vegades major
que la resta de PDK cap al segon residu de tirosina de la subunitat a d’E1 de PDC
[Korotchkina i Patel, 2001]. Aquests resultats concorden amb els obtinguts en altres
estudis en els que s’ha observat que aquesta cinasa mostra una activitat basal
considerablement superior a la resta d’isoformes de PDK [Wynn i col., 2008]. En
humans, el gen de PDK4 es troba en la regié g21.3 del cromosoma 7 [Rowles i col.,
1996]. Aquest gen de 13 Kb codifica per a una proteina de 411 aminoacids amb un pes
molecular de 46,4 KDa. PDK4 s’uneix al domini lipoil de la subunitat E2 de PDC tot

inhibint la seva activitat. La forma activa de PDK4 consisteix en un dimer en el que
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s’observa un motiu altament conservat anomenat DW (Asp™ - Trp™ "), localitzat en el
domini C-terminal de cadascun dels monomers, que permet la interacci6 amb el
domini N-terminal de I'altre monomer (figura 5). El creuament dels monomers forma
una estructura oberta, en forma de pin¢a, que li permet interactuar amb el complex
PDC. Aquesta conformacié oberta redueix I'afinitat de PDK4 cap a I’ADP, producte de
la fosforilaci6 de PDC, tot facilitant-ne I'eliminacié i evitant aixi la inhibicid per
producte. L’alteracié o delecid d’aquest motiu DW no permet la correcta interaccié
entre les dues subunitats que conformen PDK4, resultant en una conformacié tancada

que practicament comporta la inactivacié d’aquesta cinasa [Wynn i col., 2008].

A C-terminal B
Subunit A

N-terminal domain

Figura 5. A. Estructura del dimer PDK4. Cadascun dels monomers esta representat d’un color
diferent (verd i taronja). B. Detall del motiu DW d’una de les subunitats A unit al domini N-terminal
de I'altra subunitat [Wynn i col., 2008].
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Entre els estimuls que activen PDK, a curt termini, hi trobem I'acetil Co-A i el
NADH, les concentracions dels quals augmenten amb I'oxidacié d’acids grassos. El
NADH pot inhibir directament [I'activitat del complex PDC, malgrat que les
modificacions covalents d’aquest complex per part de PDK semblen ser més
importants per a la regulacié de la seva activitat [Harris i col., 2001]. Aixi, I'increment
de les ratios NADH/NAD" i acetil Co-A/Co-A intramitocondrials, que esta associat a
rapides reaccions reversibles catalitzades per les subunitats E2 i E3 del complex PDC,
augmenta la proporcié de grups lipoil acetilats o reduits presents en aquestes
subunitats. L’acetilacié o reduccié d’aquests grups lipoil d’E2 i E3 produeix un augment
de l'activitat de PDK [Roche i col., 2003]. Altres metabolits que també es troben
regulant PDK soén el piruvat i ’ADP, que actuen inhibint I’activitat de PDK tot permetent
una major activitat del complex PDC [Stanley i col., 2005]. En la regulacié de I'expressid
de PDK4, a llarg termini, hi participen diferents hormones com és el cas dels
glucocorticoides i la insulina. Els glucocorticoides produeixen un augment en
I'expressié de PDK4, mentre que la insulina en disminueix |'expressio, essent els
efectes de la insulina predominants sobre els dels glucocorticoides [Kwon i Harris,
2004]. Donada la importancia de PDK4 en el control del metabolisme energétic,
aquesta cinasa es troba regulada per mecanismes complexes en els que hi participen
diversos factors de transcripcié. Entre aquests factors hi trobem PPAR [Huang i col.,
2002] i ERRa [Wende i col., 2005; Zhang i col., 2006], ambdéds coactivats per PGC1-a
[Lini col., 2005] i implicats en la regulacié del metabolisme dels acids grassos i glucosa.
Recentment també s’han suggerit altres factors de transcripcid, com és el cas d’E2F1,
implicat principalment en el control del cicle cel-lular, que també sembla participar en

la regulacié de PDK4 [Hsieh i col., 2008].

En diversos estudis s’ha descrit un augment de I'expressié de PDK4 en situacions
de dejuni i diabetis [Harris i col., 2001; Wu i col., 2001]. En estats de dejuni aquest
augment juga un important paper, ja que participa en la reduccié de la hipoglicemia,
mentre que en diabetis una major expressid de PDK4 presenta efectes negatius ja que
la conservacié de substrat gluconeogénic contribueix a la hiperglicemia caracteristica
de la diabetis [Kwon i Harris, 2004]. Altres treballs també han descrit un increment

significatiu del contingut mitocondrial de PDK4 en hipertiroidisme i amb
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I’administraciéo de HFD [Kolobova i col., 2001], fet que concorda amb l'increment de
I'activitat de PDK4 observada en teixits oxidatius en resposta a un augment de I'aport
lipidic [Holness i Sugden, 2003]. D’altra banda, en altres estudis s’ha observat que
diversos inductors d’hipertrofia com PE (de I'angles Phenylephrine) i LPS (de I'anglés
Lipopolysaccharide) in vitro, i la constriccié de I'aorta in vivo també produeixen una
reduccido en l'expressié de PDK4 [Planavila i col.,, 2005]. En conjunt, aquests fets
suggereixen que PDK4 és el principal responsable dels canvis metabolics associats a

diferents malalties cardiovasculars [Abbot i col., 2005].
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2.2. Metabolisme del lactat.

En condicions normals el cor huma adult obté aproximadament el 10% de I’energia
del lactat, pero en determinades circumstancies, en les quals la demanda energética és
superior a I'aport d’oxigen per part de la sang, passa a ser un dels principals substrats
energetics, ja que davant una baixa disponibilitat d’oxigen I'oxidacié d’acids grassos i
glucosa es veu reduida [Taegtmeyer i col., 1998]. Aixi, en periodes d’hipdxia, com a
consequencia d’una limitacié en la disponibilitat d’oxigen, es produeix un canvi en el
metabolisme de la glucosa passant d’un estat aerobic de la glicolisi a un d’anaerobic,
del que en resulta un augment de la produccié de lactat [Doenst i col., 2008]. Enfront
de certes circumstancies patologiques o en condicions d’exercici, el muiscul esquelétic
cobreix les necessitats energétiques mitjangant un augment de la glicolisi anaerobica.
En aquesta reaccid s’oxida el NADH a NAD' cedint els electrons al piruvat que es
redueix a lactat per I'accié d’un enzim anomenat lactat deshidrogenasa (LDH, de

I’angles Lactate Dehydrogenase) (figura 6).

NADH O+ .20
+ H*  NAD' (‘:
. \/ HO—C—H
Lactat ‘
CHsx deshidrogenasa CHs
Piruvat Lactat

Figura 6. La Lactat deshidrogenasa (LDH) catalitza una reaccio redox reversible en la qual el piruvat
es reduit a lactat gracies a 'oxidacié de NADH a NAD". En funcié de |a relacié de concentracions de
substrat i producte i de la isoforma de LDH la reaccié pot anar en una direccié o altra.

Les cél-lules de mamifers contenen dos tipus de subunitats de la LDH, anomenades
M (predominant en el muscul esquelétic) i H (predominant en el muscul cardiac). Les
diferents combinacions d’aquestes dues subunitats en forma de tetramers donen lloc a
les cinc isoformes existents de LDH (LDH 1-5), de les quals LDH-1(4H) i LDH-2(3H1M),
isoformes especifiques del cor, s’ha suggerit que afavoreixen 'oxidacié de lactat a
piruvat mentre que de les isoformes especifiques de muscul, LDH-4(1H3M) i LDH-

5(4M), se n’ha suggerit que afavoreixen la reduccié de piruvat a lactat [Van Hall G.,
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2000]. Lexcés de lactat produit per la glicolisi anaerobica en muscul esqueléetic difon
cap a teixits altament aerdbics com el cor, travessant les membranes mitjangant un
cotransportador de H*-monocarboxilats especific (MCT, de I'anglés MonoCarboxylate
Transporter) [Poole i Halestrap, 1993]. Un cop dins les cel-lules cardiaques el lactat és
oxidat a piruvat per les isoformes de LDH especifiques de cor (que presenten una baixa
Kn per al piruvat). Aquest piruvat passara a ser substrat del cicle dels acids

tricarboxilics (TCA), essent usat com a font d’energia aerodbica.
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2.3. Metabolisme dels acids grassos.

En condicions fisiologiques normals, el 60-70% de I’energia necessaria en el cor de
mamifers adults prové de |'oxidacid d’acids grassos. En el cor, la capacitat
d’emmagatzemar i sintetitzar lipids de novo és limitada i, per tant, en condicions
normals, la majoria dels acids grassos que entren als midcits sén oxidats, de manera
gue aquest organ depén principalment de I'aport arterial d’acids grassos [Kodde i col.,
2007]. Els acids grassos també participen en la regulacié del seu propi metabolisme a
través de l'activacié de receptors nuclears com son els PPAR, ja que son lligands
naturals d’aquests factors de transcripcié relacionats amb el control de gens del

metabolisme lipidic [Moller i Berger, 2003].

2.3.1. Fonts d’acids grassos.

Els acids grassos necessaris per a I'organisme provenen principalment de la dieta i
en menor mesura de la biosintesi enddgena. En una dieta equilibrada I'aport d’energia
en forma de lipids no ha de ser superior al 30% de I'aport energetic total [Acheson,
2010]. Els canvis en l'estil de vida han condicionat la transicié de dietes baixes en
calories i en greixos cap a dietes amb una major proporcié d’acids grassos,
caracteritzades per un augment de I'aport energetic en forma de lipids (representant
fins a un 58% de I'aport energetic total) [Misra i col., 2010]. Aquests canvis en els
habits alimentaris s’han associat amb un augment de I'obesitat [Shikany i col., 2010].
Els acids grassos sén ingerits principalment en forma de triacilglicerols (TG). En I'intesti
els TG no poden ser absorbits com a tal i son metabolitzats per I'accié de les lipases a
acids grassos lliures i monoglicérids, en un procés anomenat lipolisi. Els productes de la
digestié dels TG sén incorporats als enterocits i retransformats de nou a TG. En
I’enterocit sén empaquetats conjuntament amb colesterol i proteines per tal de formar
els quilomicrons, un tipus de lipoproteines. Aquests quilomicrons sén excretats per la
cel-lula al sistema limfatic, des d’on sén abocats al torrent sanguini [Ratnayake i Galli,
2009]. Els acids grassos estan presents en la sang de forma esterificada (mono-, di- i

triacilglicerols, fosfolipids i ésters de colesterol) o bé com a acids grassos lliures. Els
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més emprats pel cor sén els acids grassos lliures units a I'albumina i els triacilglicerols
presents en el nucli de les lipoproteines plasmatiques. Els primers representen la
forma majoritaria d’acids grassos consumits en el cor, mentre que els TG en
representen menys d’'un 20-25% [Wang i col., 1998]. En la superficie de la llum de
I’endoteli vascular coronari, la lipoproteina lipasa allibera els acids grassos de les
lipoproteines, mentre que la triacilglicerol lipasa és I'enzim implicat en I'alliberament

dels acids grassos de les reserves de TG intracel-lulars [Lewin i Coleman, 2003].

2.3.2. Captacio dels acids grassos.

Els acids grassos poden entrar a l'interior dels cardiomiocits per difusié passiva o
bé mitjancant un sistema de transport facilitat per proteines [Musters i col., 2006]. La
majoria d’acids grassos que entren al muscul cardiac son captats a través d’aquest
sistema de transport facilitat per proteines, mentre que només una petita fraccio
travessen la membrana per difusié passiva. La difusié passiva consisteix en I'absorcid
dels acids grassos que es troben lliures a I'exterior de la membrana dels cardiomiocits
cap a linterior de la cel-lula a través de la membrana plasmatica i la subseqlient
desorcid cap al citoplasma. Malgrat tot, degut a la seva naturalesa hidrofobica, els
acids grassos lliures representen menys d’'un 0,01% dels acids grassos presents en
sang, de manera que la seva contribucié a la captacié total d’acids grassos és forca
baixa [Richieri i col., 1993]. En el cas del transport actiu d’acids grassos hi juguen un
paper clau tres tipus de proteines, les proteines d’unié als acids grassos (FABP, de
I'angles Fatty Acid Binding Proteins) [Makowski i Hotamisligil, 2004], amb membres a la
membrana plasmatica (FABPpm) i al citoplasma (FABPc), les proteines transportadores
d’acids grassos (FATP, de I'angles Fatty Acid Transport Protein) [Gimeno, 2007] i les
proteines translocadores d’acids grassos (FAT/CD36, de I'anglés Fatty Acid Translocase)
(figura 7). L'expressioé genica d’aquestes tres families de proteines és regulada a través
de mecanismes mitjancats per PPAR [Cha i col., 2001; Benton i col., 2006; Doege i
Stahl, 2006]. Després de dissociar-se de l'albumina o de ser alliberats de les
lipoproteines per la lipoproteina lipasa, els acids grassos poden difondre a través de la

bicapa lipidica o bé unir-se a alguna de les tres proteines suggerides com a
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transportadors d’acids grassos. Les FABP son membres d’una superfamilia de proteines
d’unid a lipids [Wang i col., 2005] que, conjuntament amb la glicoproteina integral de
membrana FAT/CD36, promouen la dissociacié dels acids grassos de I'albiumina i la
interaccido d’aquests amb les FATP. Aquestes ultimes formen part d’una familia de
proteines integrals de membrana que estan implicades en la captacié i internalitzacié
dels acids grassos que presenten activitat VLACS (de I'anglés Very-Long-chain Acyl-CoA
Synthetase). Un cop a l'interior del cardiomiocit els acids grassos s’uneixen a les FABPc,
que els transfereixen fins a la membrana mitocondrial externa on es troba I’acil-CoA
sintetasa (ACS, de I'anglés Acyl-CoA Synthase), una lligasa que activa els acids grassos
unint-los al coenzim A (CoA), tot transformant-los en acil-CoA de cadena llarga (Long-
Chain acyl-CoA). Una altra font de acil-CoA de cadena llarga son les esmentades FATP
[Hall i col., 2003]. L’acil-CoA és un component citoplasmatic que té un important paper
en la regulacié del metabolisme energetic i que és transportat per una proteina

citoplasmatica anomenada ACBP (de I'anglés Acyl-CoA Binding Protein).

Interstitial space
FA l

< FATP > FAT/CD36
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p > FA |\ FABP, |
COA'\
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\
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acylation oxidation esterification transduction

Figura 7. Esquema dels transportadors implicats en la captacié dels acids grassos [Brinkmann i col.,
2002]. S’ha proposat que FAT/CD36, FABPpm i FATP actuen sinérgicament. FA (acids grassos), FATP
(proteina de transport d’acids grassos), FABPpm/c (proteina d’unid als acids grassos de membrana
plasmatica/citoplasmatica), FAT/CD36 (translocasa d’acids grassos), ACBP (proteina d’unié a I’acil-
CoA).
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2.3.3. Entrada dels acids grassos al mitocondri.

Un cop els acids grassos han travessat la membrana plasmatica i han estat activats
a acil-CoA per I'ACS, aquests poden ser oxidats pel mitocondri, emmagatzemats en
forma de TG o bé hidrolitzats per I'’enzim CTE (de I'angles Cytoplasmatic Thioesterase),
amb la subseqlient obtencid d’acids grassos lliures i CoA. Per tal de que els acil-CoA de
cadena llarga puguin ser oxidats han d’entrar a linterior del mitocondri. Els
mitocondris sén organuls que es troben al citoplasma de les cél-lules eucariotes en
major o menor nombre segons la capacitat metabolica del teixit, i estan formats per
compartiments que duen a terme funcions especialitzades amb la finalitat de generar
energia per a la cél-lula en forma de trifosfat d’adenosina (ATP). En el muscul cardiac
els mitocondris desenvolupen un paper clau en el metabolisme energétic [Marin-
Garcia i col., 2001]. El mitocondri consta de dues membranes, la membrana externaila
membrana interna. La membrana externa és permeable als acil-CoA, pero la interna no
ho és, de manera que els acil-CoA de cadena llarga requereixen d’un sistema de
transport anomenat carnitina palmitoil transferasa (figura 8) per tal de poder travessar
la membrana mitocondrial interna [Beadle i Frenneaux, 2010]. Aquest sistema de
transport és dependent de carnitina i consta de tres proteines, la carnitina palmitoil
transferasa 1 (CPT-1, de l'anglés Carnitine Palmitoyl Transferase-1), la carnitina
acilcarnitina translocasa (CACT, de I'angles Carnitine-acylcarnitine translocase) i la
carnitina palmitoil transferasa 2 (CPT-2). La CPT-1 és un enzim transmembrana situat a
la membrana mitocondrial externa (MME), que és limitant en la B-oxidacié dels acids
grassos de cadena llarga [Ruderman i Saha, 2006], i que s’encarrega de formar
acilcarnitina a partir d’acil-CoA i carnitina, permetent aixi que els acids grassos puguin
travessar la membrana mitocondrial interna (MMI) [McGarry i Brown, 1997]. La CACT
és una translocasa que transporta la acilcarnitina de cadena llarga a través la MMI
mitjancant la CPT-2. Aquest enzim situat a la MMI transfereix el grup acil de la
acilcarnitina de cadena llarga al CoA formant acil-CoA de cadena llarga, que entrara a
la B-oxidacio, i alliberant la carnitina que retorna a [I'espai intermembrana
mitocondrial. Existeixen dues isoformes de CPT-1, la isoforma del fetge (L-CPT-1 o CPT-
1la) i la del muascul (M-CPT-1 o CPT-1b), amb diferents propietats cinétiques i

reguladores. S’ha descrit que la M-CPT-1 és més sensible que no pas la isoforma del
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fetge a la inhibicié per part del malonil-CoA, la concentracié del qual és un dels
reguladors més importants de I'activitat CPT-1 [McGarry i Brown, 1997]. La CPT-2, a
diferéncia de la CPT-1, no presenta un paper regulador en la captacioé d’acids grassos

per part del mitocondri [Kerner i Hoppel, 2000].
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Figura 8. Sistema de transport carnitina palmitoil transferasa [Bonnefont i col.,, 1999]. CACT
(carnitina acilcarnitina translocasa), CPT-1 (carnitina palmitoil transferasa-1), CPT-2 (carnitina
palmitoil transferasa-2), ACS (acil-CoA sintetasa).

2.3.4. B-oxidacio dels acids grassos.

Un cop l'acil-CoA de cadena llarga esta a linterior del mitocondri, aquest pot
entrar a la via de la B-oxidacid (figura 9). La B-oxidacié mitocondrial és la responsable
de la degradacié d’acids grassos de cadena curta (<C8), intermedia (C8-C12) o llarga
(C12-C20), i contribueix a la produccié d’ATP via fosforilacié oxidativa. En cada cicle
d’oxidacié, que consta de quatre reaccions, s’escurca la cadena de l'acid gras i
s’allibera una molécula d’acetil-CoA i cofactors reduits (NADH i FADH,) [Reddy i
Hashimoto, 2001]. Les quatre reaccions que es duen a terme sén, en primer lloc, una

oxidaciéo de I'acil-CoA per part de I'enzim acil-CoA deshidrogenasa que conté el
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coenzim FAD unit covalentment. Aquest enzim catalitza la formacié d’un doble enllag

entre els carbonis 2 i 3, tot obtenint FADH, i un acil-CoA B-insaturat. A continuacio es

produeix una hidratacié del doble enlla¢ trans entre els carbonis 2 i 3 per part de

I’enzim enoil-CoA hidratasa, tot obtenint un pB-hidroxiacil-CoA. El seglient pas

consisteix en I'oxidacié del producte anterior per la 3-hidroxiacil-CoA deshidrogenasa,

generant-se 3-cetoacil-CoA i NADH. El quart i ultim pas consisteix en la ruptura del

cetoacil-CoA entre els carbonis 2 i 3 pel grup tiol d’una altra molécula de CoA. Aquesta

reaccid és catalitzada per la B-cetotiolasa i dona lloc a una molecula d’acetil-CoA i un

acil CoA, amb dos carbonis menys que a l'inici del procés, que torna a entrar de nou a

aquest procés de B-oxidacio.
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Figura 9. (a) fases de la B-oxidacio dels
acids grassos. (b) Per cada cicle es forma
una molécula de FADH,, una de NADH i
una d’acetil-CoA. El procés es va
repetint fins a I'escissié6 completa de la
moléecula en unitats d’acetil-CoA.
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Aquestes quatre reaccions continuen fins a I'escissié completa de la molecula en
unitats d’acetil-CoA. Per cada cicle es forma una molécula de FADH,, una de NADH i
una d’acetil-CoA. Aguesta molécula, producte tant de la B-oxidacié com de la glicolisi,
té una importancia rellevant en el metabolisme energetic (figura 10), ja que és usada
com a substrat del cicle dels acids tricarboxilics (TCA) per I'obtencié d’energia i es troba
en un punt de confluéncia del metabolisme de la glucosa i dels acids grassos [Naimi i

col., 2010].
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Figura 10. Esquema resum dels principals substrats que participen en el metabolisme energetic del
cor d’un adult en condicions normals [Viollet i col., 2009].
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2.4. Control transcripcional del metabolisme energétic.

2.4.1. PPAR.

Els receptors activats per proliferadors peroxisomics (PPAR, de I'anglés Peroxisome
Proliferator-Activated Receptors) son factors de transcripcié dependents de lligand que
pertanyen a la superfamilia de receptors nuclears i que participen en el control
transcripcional de gens implicats en el transport i catabolisme d’acids grassos i glucosa
[Desvergne i Wahli, 1999; Kersten i col., 2000]. Aquests PPAR, dels quals n’hi ha tres
subtipus, PPARa, PPARB/& i PPARy, tenen una estructura molecular molt similar entre
ells i sén activats pels acids grassos, que actuen com a lligands naturals. Els tres
subtipus també presenten lligands sintetics especifics com els fibrats en el cas de
PPARaq, les glitazones en el cas de PPARy i agonistes com L-165041 o GW501516 en el
cas de PPARB/& [Berger i Moller, 2002]. PPARa s’expressa principalment en teixits amb
una elevada taxa de catabolisme dels acids grassos, com sén el miscul esquelétic, el
cor, el teixit adipds marrd, el fetge, el ronyd i I'intesti [Braissant i col., 1996]. Aquesta
isoforma participa en la regulacié de gens implicats en la recaptacio, |'activacio i la B-
oxidacio dels acids grassos. PPARB/S esta distribuit d’'una forma més homogénia per
tot I'organisme, perd es troba de forma més abundant al muscul esquelétic i al cor, on
n’és la isoforma majoritaria. S’ha vist que aquest PPAR indueix I'expressié de gens
implicats en l'oxidacié i la utilitzacié d’acids grassos en miocits. PPARy s’expressa
principalment en teixit adipds i en cél-lules del sistema immune, i s’encarrega de
controlar la funcié adipocitaria i la utilitzacié metabolica de la glucosa. L'estructura
molecular dels PPAR, compartida per la major part de receptors nuclears, consisteix en
cinc dominis funcionals independents, pero que interactuen entre ells [Berger i Moller,

2002; Blanquart i col., 2003] (figura 11).

« Domini A/B: regi6 amino terminal, amb una funcié d’activacié constitutiva
independent de lligand (AF-1, de l'anglés Activation Function-1). Es la regié
responsable de la funcié de fosforilacié del PPAR i és la menys conservada entre els

receptors nuclears.
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« Domini C o DBD (de I'anglés DNA Binding Domain): és una regié molt conservada
amb una localitzacié central en tots els receptors nuclears. Permet la unié de PPAR
a seqliencies especifiques anomenades Elements de Resposta a Proliferadors
Peroxisomics (PPRE, de I'anglés Peroxisome Proliferator Response Element)
situades a les regions promotores dels gens diana.

« Domini D: és un dels dominis menys conservats entre els diferents membres de la
familia PPAR i és I'encarregat de mantenir la unié entre les regions C i E. Esta
implicat en la interaccié del receptor amb cofactors que controlen l'activitat
transcripcional.

« Domini E o LBD (de I'anglés Ligand Binding Domain): es troba a I'extrem carboxi
terminal. Conté la funcidé d’activacié-2 (AF-2) i requereix la unid del lligand per
induir I'activacié transcripcional. Déna als PPAR una gran variabilitat d’unié a
lligands tant naturals com sintétics. La unid al lligand indueix un canvi
conformacional en el LBD que permet el reclutament de molécules coactivadores.

« Domini ©: és una regid petita i variable situada a I’extrem carboxi terminal que, de

moment, no se li ha atribuit una funcié especifica.

NH,- C D F }COOH
DBD LBD

Figura 11. Representacié esquematica de I'estructura de PPAR, compartida per la majoria de
receptors nuclears.

Per tal de ser transcripcionalment actius, els PPAR han d’heterodimeritzar amb
RXR (receptor de I'acid 9-cis-retinoic). Aquests heterodimers s'uneixen a seqiéncies
especifiques de la regidé promotora dels seus gens diana (PPRE). En abséncia de lligand,
el complex PPAR-RXR esta unit a proteines corepressores que n'impedeixen |'activitat
transcripcional [Desvergne i Wahli, 1999]. La unié de lligand a cadascun dels membres
del complex en modifica la conformacid estructural, fet que comporta un reclutament
de coactivadors, que afavoreixen la uni6 de PPAR-RXR a les seqliencies PPRE,

incrementant, aixi, la seva activitat transcripcional [Yessoufou i Wahli, 2010]. Aquest
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procés és conegut com transactivacio (figura 12 A). Entre els coactivadors que regulen
I’activitat de PPAR hi trobem proteines amb activitat histona acetilasa com CBP/p300
(de I'angles CREB Binding Protein) i SRC (de I'anglés Steroid Receptor Coactivator),
proteines que actuen com a pont entre el receptor nuclear i la maquinaria d’inici de la
transcripcié com PBP (de I'anglés PPAR Binding Protein) i altres coactivadors com
RIP140 i PGC-1a [Berger i Moller, 2002]. La transactivacié de PPAR permet regular la
transcripcié dels seus gens diana, molts dels quals es troben implicats en la regulacid
del metabolisme cel-lular. Entre els gens diana de PPAR hi trobem els que codifiquen
per proteines com la FATP, la FAT i la FABP involucrades en el transport d’acids grassos
a través de la membrana, I’ACC (Acetyl-CoA Carboxylase), la FAS (Fatty Acid Synthase) i
la SCD-1 (Stearoyl-CoA Desaturase-1) enzims implicats en la biosintesi d’acids grassos,
I’ACS que participa en I'activacié dels acids grassos, la CPT-1 que permet I'entrada
d’acil-CoA en el mitocondri, aixi com I'ACO (Acyl-CoA Oxidase) involucrada en la
B-oxidacid peroxisomica, la MCAD (Medium Chain Acyl Dehydrogenase), I'enoil CoA
hidratasa i la 3-hidroxiacil-CoA deshidrogenasa, enzims clau en la B-oxidacié
mitocondrial. Altres gens que també estan sota el control transcripcional de PPAR sén
el que codifiquen per enzims com la lipoproteina lipasa, que permet I'alliberament dels
acids grassos que formen part dels TG que es troben en les lipoproteines, la PEPCK
(Phosphoenolpyruvate Carboxykinase) implicada en la gluconeogenesi i les
apolipoproteines A-l, A-ll i C-lll components essencials de les lipoproteines que

s’encarreguen del transport d’acids grassos per la sang.

D’altra banda, els PPAR també poden regular I'expressié génica de forma
independent a la seva unié a ’ADN, per un mecanisme conegut com a transrepressio
(figura 12 B). Aixi, els complexes PPAR-RXR poden regular negativament I'activitat
d’altres factors de transcripcid mitjancant: (1) segrest de coactivadors; (2) formant
complexos amb altres factors (com és el cas de NF-xB) i inhibint la seva activitat
transcripcional; o (3) inhibicid de la fosforilacid i activacié de certs membres de la
cascada de les MAPK (de I'angles Mitogen-Activated Protein Kinase), com JNK i p38
MAPK [Daynes i Jones, 2002].
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1. Segrest de 2. Antagonisme 3. Inhibicié de
coactivadors  mutu de Receptors la MAPK

Figura 12. A. Mecanisme de transactivacio. La unio a lligand produeix un canvi conformacional que
allibera les proteines repressores permetent la unié del complex PPAR-RXR als elements de
resposta que es troben en la regié promotora dels gens diana. B. Els PPAR presenten tres
principals mecanismes de transrepressio independents d’'unié a ADN. 1. Els PPAR poden competir
amb altres factors de transcripcid (FT) per un mateix coactivador (coact). 2. Els PPAR poden
interaccionar fisicament amb altres factors de transcripcid tot inhibint-ne la seva activitat
transcripcional. 3. Els PPAR poden inhibir I'activacié de les MAPK tot inhibint els factors de
transcripcio que es trobin activats per la via de les MAPK.

2.4.2. ERRa..

ERRa és un factor de transcripcié que pertany a la familia de receptors relacionats
amb I'estrogen (ERR, de I'anglés Estrogen-Related Receptors). Els membres d’aquesta
familia sén receptors nuclears que actuen com a factors de transcripcié dependents de
lligand [Tremblay i Giguere, 2007]. Malgrat presentar una homologia estructural amb
els receptors d’estrogen, els ERR no son activats per aquesta hormona esteroidal ni per
cap altre lligand natural conegut, de manera que son considerats receptors orfes
[Gallet i Vanacker, 2010]. Com la resta de receptors nuclears, els ERR presenten un
domini d’unié a seqliéncies especifiques de I’ADN, anomenades ERRE (ERR Response
Element) i un domini d’unié a lligand (LBD) [Horard i Vanacker, 2003]. Aquest ultim
participa en la dimeritzacid i 'activacid transcripcional d’ERR aixi com en la interaccié
amb diferents coactivadors, com és el cas de PGC-1a [Willy i col., 2004; Tremblay i

Giguere, 2007].
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Aqguesta familia de receptors presenta tres isoformes ERRa, ERRpB, i ERRy [Heard i
col., 2000], que presenten una distribucié tissular similar en humans i ratolins. Les tres
isoformes s’expressen de forma ubiqua tot i que les isoformes ERRa i ERRy sembla que
son les més rellevants en els teixits que depenen del metabolisme mitocondrial
oxidatiu per generar I'energia, com és el cas del cor [Kodde i col., 2007]. Dels tres
membres, ERRa presenta una major expressido que ERRB, i aquest, major que ERRy
[Tremblay i Giguere, 2007]. ERRa activa la transcripcié d’un elevat nombre de gens de
multiples vies involucrades en la produccié d’energia, incloent aquells que participen
en el metabolisme d’acids grassos i glucosa. Entre aquests gens es troba el gen de
PPARa, de manera que molts dels gens activats per aquest factor de transcripcié
també ho seran per ERRaq, tot suggerint una forta interaccié entre ambdds receptors
nuclears [Huss i col., 2004]. Un altre dels gens regulats per la familia dels ERR és PDK4,
a la regidé promotora del qual s’hi poden unir ERRa i ERRy tot estimulant-ne la seva

expressio [Zhang i col., 2006].

L’activitat transcripcional dels ERR depén de la interacci6 amb diferents
coactivadors, com sén PGC-1a i PGC-1p [Laganiere i col., 2004]. PGC-1a actua com a
coactivador de la isoforma ERRa alhora que n’augmenta els nivells d’expressié genica
[Zhang i col., 2006]. La interaccié entre PGC-1a i ERRa produeix una induccioé dels
processos de fosforilacié oxidativa i biogénesi mitocondrial fet que concorda amb la
coexpressid de PGC-1a i ERRa en teixits amb una elevada demanda energeética [Dufour
i col.,, 2007]. Enfront de determinades patologies I'activitat d’aquest factor de
transcripcid es veu alterada. Aixi, en el desenvolupament de la hipertrofia cardiaca es
produeix un augment de la utilitzacié de la glucosa, acompanyada d’una reduccié en
I’oxidacio d’acids grassos [Stanley i col., 2005], que s’ha relacionat amb una davallada
en I'expressié i I'activitat tant de PGC-1a com d’ERRa [Huss i col., 2007]. Malgrat que,
aquest canvi en la font d’energia actua en un primer moment com un mecanisme
compensatori, a llarg terme passa a ser un resposta maladaptativa que pot derivar cap
al desenvolupament d’una insuficiéncia cardiaca. Aixi, sembla ser que la progressiva
desactivacié de l'eix PGC-1/ERR juga un important paper en la transicié d’'una

hipertrofia adaptativa cap a una insuficiencia cardiaca [Schilling i Kelly, 2010].
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2.4.3. Altres factors de transcripcio.

El creixement del cor de mamifers es produeix principalment per hipertrofia
cel-lular, ja que un cop passat el periode postnatal els cardiomiodcits perden la capacitat
de dividir-se. Aquest creixement fisiologic adaptatiu permet que el cor pugui mantenir
la despesa cardiaca necessaria. Lesions a nivell cardiac, conseqiiéncia d'un infart de
miocardi o d’'una hipertensid cronica, deriven cap a un creixement patologic del cor
gue pot acabar donant lloc a una insuficiencia cardiaca. El desenvolupament de la
hipertrofia cardiaca patologica es produeix conjuntament amb una reactivacié de la
maquinaria del cicle cel-lular que porta cap a la transicié de la fase G1 a la fase S del
cicle cel-lular dels cardiomiocits [Vara i col., 2003]. Entre les proteines implicades en la
regulacié de la transicié d’aquest punt de control del cicle cel-lular hi trobem E2F1, del
gue recentment s’ha determinat que també participa en la regulacié del metabolisme

de la glucosa [Hlaing i col., 2004; Hsieh i col., 2008].

2.4.3.1. E2F1.

El factor de transcripcid E2F1 és una de les proteines claus en la regulacié de la
transicié de la fase G1 a la fase S del cicle cel-lular, tot essent un punt critic en la
proliferacié i supervivéncia cel-lular [Vara i col., 2003]. Malgrat tot, E2F1 presenta
certes activitats antagoniques. Aixi, en funcié dels nivells d’expressié i de |'estat de la
cel-lula, pot induir proliferacid cel-lular o, per contra, induir a I'apoptosi [La Thangue,
2003]. A dia d’avui s’han identificat vuit membres de la familia d’E2F en cél-lules de
mamifers (E2F1-8, figura 13). Tots ells contenen un domini d’unié a I’ADN, perdo només
els membres E2F1-5 contenen un domini de transactivacidé que els permet activar
I’expressid genica i en el que es troba una curta seqliéncia que permet la unié amb la
proteina del retinoblastoma (pRB). Els membres E2F1-6 contenen un domini que els
permet heterodimeritzar amb un membre de la familia DP (DP-1 o DP-2) (de I'anglés
DRTF Polypeptide) per tal de formar complexes de transcripcié funcionals anomenats
DP/E2F. E2F7 i E2F8 no heterodimeritzen amb DP, pero poden unir-se a ’ADN en

forma d’homodimers o bé com heterodimers E2F7-E2F8.
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Figura 13. Representacidé esquematica de I'estructura dels diferents membres de la familia d’E2F
en mamifers [Chen i col., 2009]. DBD (DNA Binding Domain), NLS (amino-terminal Nuclear
Localization Signal), NES (Nuclear Export Signals), RB domini d’unid a pRB, LZ (Leuzine Zipper), MB
(Marked Box)

A nivell funcional podem dividir la familia E2F en dos grups: E2F1-3, que actuen
principalment com a activadors transcripcionals interaccionant amb histona-
acetiltransferases (HAT, de I'anglés Histone Acetyl Transferases), essent essencials per
una correcta progressio del cicle cel-lular, i E2F4-8 que principalment formen part de
complexes repressors de la transcripcié alhora que juguen un paper important en la
induccio de la sortida del cicle cel-lular i la diferenciacié [Ferreira i col., 2001; Polager i
col., 2008]. L’activitat transcripcional dels membres de la familia E2F és regulada per la
proteina del retinoblastoma (pRB), de manera que la interaccié de pRB amb E2F1
resulta en una inhibicié de I'activitat transactivadora d’aquesta ultima [Sellers i col.,
1998]. La progressié a través de les diferents fases del cicle cel-lular esta regulada per
I'activacié i inactivacié de complexes proteics formats per dues subunitats, una
subunitat catalitica anomenada CDK (de I'angles Cyclin Dependent Kinases) i una
subunitat que es troba regulant I'anterior anomenada ciclina. Quan els diferents
complexes CDK/ciclina es troben activats fosforilen pRB. Aquesta fosforilacié de pRB
produeix la seva separacié del complex E2F-DP, tot permetent la transcripcio dels gens
diana d’E2F [Morgan, 1997]. Entre les proteines regulades per E2F, i que estan

involucrades en la progressid del cicle cel-lular, hi trobem la ciclina A, la ciclina E, pRB, i

46



INTRODUCCIO

el propi E2F1 [Wells i col., 2002]. No obstant, s’ha vist que el complex pRB-E2F és diana
de diferents factors de creixement i senyals externs provinents de la dieta, fet que
sembla indicar que l'eix Rb 4 E2F1 -> PDK4 permet establir una relacié entre les
condicions nutricionals i la conseqient adaptacido metabolica de la cél-lula, en
particular en la regulacié mitocondrial de I'oxidacié de la glucosa [Hsieh i col., 2008].
Estudis recents mostren que la supressié d’E2F1 en mioblasts de ratoli produeix una
disminucio dels nivells d’expressié de PDK4, mentre que una sobreexpressid d’E2F1, en
fibroblasts IMR90, augmenta els nivells d’aquest enzim [Hsieh i col., 2008]. Aquests
resultats semblen indicar que E2F1 també pot regular altres gens a part dels que estan
implicats en el control del cicle cel-lular, com es el cas de PDK4 [Hlaing i col., 2004;
Hsieh i col., 2008]. Aixi, el factor mitogénic E2F1 interacciona fisicament amb el
promotor de PDK4, tot regulant-ne la seva expressid i activitat. Degut la funcié critica
de PDK4 en el control del metabolisme de la glucosa, aquesta interaccié descrita entre
E2F1 i PDK4 permet establir un vincle entre els reguladors del cicle cel-lular i el

processament de les diverses fonts d’energia.
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Figura 14. Transicio de la fase G1 a la fase S. La pRB hipofosforilada s’uneix al factor de transcripcié
E2F1. Diferents CDK fosforilen pRB tot alliberant E2F1 que dimeritza amb DP i s’uneix a I’ADN tot
induint la transcripcié dels seus gens diana [Schwartz i Shah, 2005].
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D’altra banda, E2F sembla jugar un paper important en el desenvolupament del
cancer [Chen i col., 2009], ja que en la majoria de cel-lules canceroses s’observen
alteracions en la via de pRB-E2F. Aquestes cel-lules tenen afectada, en gran part, la via
d’oxidacié de la glucosa a nivell de mitocondri tot desviant productes finals de la
glucolisi, fins i tot en condicions normoxiques, cap a la produccid de lactat. Tenint en
compte |'amplia varietat de mutacions de pRB presents en els cancers humans i el
paper central del complex pRB-E2F en la supervivencia i la proliferacié cel-lular, la
interaccid entre E2F i PDK4 podria ajudar a explicar les causes dels canvis en el
metabolisme que s’observa en les cel lules hiperproliferatives, en les que es produeix
una oxidacié mitocondrial de la glucosa deficient tot i I'aparent necessitat d'ATP [Hsieh

i col., 2008].

2.4.4. Coreguladors dels factors de transcripcid.

La gran majoria de receptors nuclears estan subjectes a una regulacié per part de
proteines coreguladores anomenades coactivadors o corepressors, capaces d'estimular
o inhibir, respectivament, |'activitat dels factors de transcripcié [McKenna i col., 1999].
Aquests coreguladors actuen formant complexos multiproteics que s’uneixen al domini
AF-2 present als receptors nuclears, tot induint o reprimint la transcripcié genica. S’ha
vist que les proteines coreguladores poden presentar activitat histona desacetilasa
(HDAC) o histona acetiltransferasa (HAT) [Puigserver i col., 1998; Lin i col., 2005; Soyal i
col., 2006]. Les HDAC desacetilen histones i impedeixen la transcripcié, mentre que les
HAT acetilen histones i per tant relaxen la cromatina, permetent l'accés de la
maquinaria de transcripcio a regions especifiques de I’ADN [Czubryt i col., 2003; Soyal i
col., 2006]. En abseéncia d'estimuls, els receptors nuclears romanen inactius, units a
proteines corepressores, perd en presencia de lligand, es produeix un canvi
conformacional en el receptor, que allibera les proteines corepressores i facilita la
dimeritzacid i interacci6 amb coactivadors. Aquests ultims, mitjancant |'acetilacié
d’histones o el reclutament i estabilitzacié dels complexos transcripcionals involucrats,
permeten la interaccid dels receptors nuclears amb seqiiéncies especifiques d'ADN en

el nucli, modulant d'aquesta manera l'activitat transcripcional.
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2.4.4.1. COREPRESSORS.

En abséencia de lligand, o bé en presencia d'antagonistes, els receptors nuclears
adopten una conformacié que afavoreix la unié de proteines corepressores. Aquests
corepressors es caracteritzen per formar complexos multiproteics amb activitat
histona desacetilasa, promovent la condensacié de la cromatina per hipoacetilacié de
residus presents en les histones [Nagy i col., 1997; Heinzel i col.,, 1997]. Com a
conseqliencia d’aquesta condensacié de la cromatina, es produeix una inhibicid de la
interaccié entre els factors de transcripcid i I’ADN que resulta en una reduccié de
I'activitat transcripcional [Spiegelman i Heinrich, 2004]. Entre aquests corepressors
destaquen la proteina RIP-140 (de I'anglés Receptor Interacting Protein-140), SMRT (de
I'anglés Silencing Mediator of Retinoid and Thyroid hormone receptors) i NCoR (de

I’angles Nuclear Receptor Corepressor) [Miyata i col., 1998; Dowell i col., 1999].

2.4.4.2. COACTIVADORS.

En preséncia de lligand, o mitjancant processos de fosforilacid dels receptors
nuclears o de proteines associades, es produeixen canvis conformacionals en
I'estructura dels factors de transcripcid que afavoreixen la unid de coactivadors
transcripcionals. Els coactivadors sén proteines o complexes proteics que augmenten
la taxa d’expressidé genica mitjancant la interaccio amb factors de transcripcié pero,
que a diferencia d’aquests, no s'uneixen a la seqiiéncia d’ADN de forma especifica,
doncs no tenen domini d’'unié a ADN [Puigserver i Spiegelman, 2003; Puigserver,
2005]. Tal i com s’ha descrit préviament, per tal de que un coactivador sigui considerat
com a tal ha d’interactuar directament amb el domini d'activacié d'un receptor nuclear
de manera dependent d’agonista (i no ho ha de fer en preséncia d'un antagonista), tot
produint un increment en la funcié d’activacié del receptor. De fet, la majoria de
coactivadors estan formats per un o més motius LXXLL (L, leucina i X, qualsevol
aminoacid), alguns dels quals sén necessaris per la seva unié al LBD del corresponent
receptor nuclear [Heery i col.,, 1997]. Per tal de ser considerat com a coactivador,
també hauria d’interactuar amb components de la maquinaria de transcripcio basal,
aixi com no hauria d’incrementar I'activitat transcripcional pel seu compte. De fet, en

absencia d’un receptor nuclear els coactivadors no poden ser reclutats als promotors i

49



INTRODUCCIO

per tant no poden coactivar la transcripcié [Robyr i col., 2000]. Molts coactivadors
presenten activitat enzimatica de la que en resulta la fosforilacié, acetilacid, metilacié
o ubiquitinitzacio de la proteina diana en qliestié, de manera que sovint proveeixen de
les activitats que els manca als factors de transcripcio per dur a terme la seva funcid.
Els coactivadors es poden dividir en diferents grups segons les seves caracteristiques
funcionals. Aixi, alguns coactivadors actuen de xaperones moleculars tot dirigint la
maduracié i el transit dels receptors, com és el cas de la HSP90 (de I'anglés Heat Shock
Protein 90). També en trobem amb activitat histona acetil transferasa (HAT), com és el
cas de CBP/p300 i el SRC-1, activitat que facilita la interaccié entre I'ADN i el complex
proteic encarregat d'iniciar la transcripcid. Altres participen en el reclutament de
complexes que interactuen amb la maquinaria de transcripcié basal, com passa amb
els membres del complex TRAP/DRIP/ARC (de I'anglés Thyroid hormone Receptor-
Associated Proteins/vitamin D Receptor-Interacting Proteins/Activator Recruited
Cofactor). Altres, com els membres del complex proteic SWI/SNF, estan implicats en la
remodelacié de la cromatina de manera dependent d’ATP [Wolf i col., 2008]. Altres
coactivadors es caracteritzen per no presentar activitat enzimatica propia, i per aixo
necessiten formar complexos amb altres proteines amb activitat histona acetil
transferasa. En aquest ultim grup hi trobem PGC-la, un dels coactivadors més
rellevants implicats en el control i regulacié del metabolisme energétic, en la regulacié

transcripcional del qual hi esta implicat el mateix PPAR [Hondares i col., 2007].

2.4.4.1.1. PGC-1a.

PGC-1a (de I'anglés Peroxisome Proliferator-Activated Receptor-y Coactivator 1o)
forma part d’una petita familia de coactivadors transcripcionals que també inclou PGC-
1B (o PERC) i el coactivador relacionat amb PGC-1 (PRC), amb una elevada homologia
en els seus extrems N- i C-terminal [Puigserver i Spiegelman, 2003]. PRC presenta una
expressid ubiqua i coactiva factors de transcripcié implicats en la biogénesi
mitocondrial [Huss i Kelly, 2005], mentre que PGC-1a i PGC-1 s’expressen en teixits
amb una elevada demanda energetica i capacitat oxidativa, com sén el teixit adipds

marrd, cor, muscul esquelétic, fetge, ronyd i cervell [Lin i col., 2005; Finck i Kelly, 2006].
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PGC-1a fou descrit inicialment com un coactivador de PPARy i es va aillar per primer
cop en cel-lules de teixit adipés marré de ratoli. En el mateix estudi es va demostrar
que PGC-la també interacciona amb el receptor d’acid retinoic (RAR) i el receptor
d’estrogen (ERa) [Puigserver i col., 1998]. Posteriorment també s’ha demostrat que
PGC-1a coactiva altres factors de transcripcié nuclears entre els quals trobem PPARq,
PPARB/S, TR (Thyroid hormone Receptor), FXR (Farnesyl X Receptor), HNF-4 (Hepatic
Nuclear Factor-4), LXR (Liver X Receptor), NRF-1 (Nuclear Regulatory Factor-1) i factors
de transcripcié no nuclears com FOXO1 (Forkhead box O1) o MEF2 (Myocyte Enchancer
Factor 2) [Lin i col., 2005; Finck i Kelly, 2006; Soyal i col., 2006].

La proteina PGC-1a, amb un pes molecular de 92 KDa, consta de 798 aminoacids i
conté un domini d’unié a I’ARN (RNA-binding motif, RMM, aa 677-709) i dos dominis
SR (regions riques en serina i arginina, aa 565-598 i aa 617-731) a I'’extrem C-terminal
(figura 15) [Puigserver i Spiegelman, 2003]. PGC-1a també conté tres llocs consens (aa
238-241, 373-376 i 655-658) de fosforilacid per la proteina cinasa A (PKA), fet que
suggereix que pot ésser activada per aquesta cinasa [Puigserver i col., 1998], i un lloc
consens en el domini RS de fosforilacid per I’Akt/PKB (Ser’’®) (de I'anglés Protein
Kinase B), probablement de caire inhibidor [Soyal i col., 2006; Li i col., 2007], doncs en
redueix 'estabilitat proteica [Rodgers i col., 2008]. PGC-1a també pot ser fosforilada
per p38 MAPK (de I'anglés p38 Mitogen-Activated Protein Kinase) en els residus Thr?®?,
Ser®® i Thr*®, tot evitant la unié de corepressors, com és el cas de la proteina p160
MBP (de I'anglés p160 Myb Binding Protein), en el motiu LXXLL present en aquesta
regio [Fan i col., 2004]. La p38 MAPK també pot activar PGC-1a indirectament per
I’estimulacid de diferents factors de transcripcid que indueixen I'expressié de PGC-1q,
com sén ATF2 (de I'anglés Activating Transcription Factor 2) i PPARa [Huss i Kelly,
2005; Lin i col., 2005]. L'extrem N-terminal de PGC-1a, PGC-1B i PRC conté el domini
d’activacié transcripcional (AD, de l'angles Activation Domain), mitjancant el qual
recluten complexes proteics amb activitat histona acetiltransferasa com CBP/p300 i
SRC-1 i que inclou el motiu LXXLL d’interacci6 amb receptors nuclears hormonals
(PPAR, HNF4a, ERRa) i d’altres factors de transcripcidé [Puigserver i Spiegelman, 2003;
Sano i col., 2007; Rodgers i col., 2008]. Els motius LXXLL de PGC-la (aa 142-146)

permetrien la interaccid entre el coactivador i el domini AF-2 del receptor nuclear
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PPAR [Puigserver i col., 1998; Moore i col., 2003], essent, a més, imprescindibles per a
la interaccid dependent de lligand amb ERa, RXRa i GR (de I'anglés Glucocorticoid
Receptor) [Puigserver i Spiegelman, 2003]. A més de LXXLL, altres regions de PGC-1a
també poden interaccionar amb factors de transcripcid, com el domini entre els aa
200-400, que interacciona i coactiva PPARy i NRF-1, i el domini entre els aa 400-570,
gue interacciona i coactiva MEF2c [Puigserver i Spiegelman, 2003; Moore i col., 2003].
D’altra banda, PGC-la, que no presenta activitat enzimatica intrinseca, sembla
interaccionar amb el domini C-terminal de la ARN polimerasa Il per mitja dels dominis
SR i RMM. Malgrat tot, la coactivacié per part de PGC-1a també sembla reclutar i unir
proteines amb activitat HAT, com les propies SRC-1 o CBP [Puigserver i Spiegelman,

2003; Puigserver, 2005; Rodgers i col., 2008].

GHR, TR, LXR, RXR, FXR FOXO1
PPAR«, MR, ER, NRF-1 HNF4o
CAR, HNF4x: ERRu  PPARy MEF2C CAR
1 | | [ 1] 1 1| | 798
RS [rs|TNLE rRM
| L1 L2 L3 HCB DEAD | |
USF1/USF2 : box L_____J z
| | ERRy MYBBP1a | TRAP220 Ui ?DF
SRC-1/CBP
SR proteins

Figura 15. Representacidé esquematica de I'estructura i dominis funcionals de la proteina PGC-1a
humana. En I'extrem N-terminal es troba el domini d’activacié (AD). PGC-1a presenta tres motius
LXXLL (L1-L3) altament conservats, aixi com tres llocs de fosforilacié de la p38 MAPK (ovals
vermells). En I'extrem C-terminal trobem dues regions riques en serina i arginina (RS) i un domini
d’unié a ARN (RMM).

El cor expressa quantitats relativament importants de PGC-la i PGC-1B
[Puigserver i Spiegelman, 2003]. L'estimulacié dels gens mitocondrials per part de PGC-
la i PGC-1B comporta un increment de I'activitat enzimatica de la B-oxidacié d’acids
grassos, del cicle de Krebs i de la fosforilacié oxidativa [Lin i col., 2005; Finck i Kelly,
2007]. PGC-1a actua com a regulador crucial del metabolisme oxidatiu durant el
desenvolupament cardiac o en resposta a estres [Lin i col., 2005; Finck i Kelly, 2006].
De fet, PGC-1a coactiva PPARa i ERRa, receptors nuclears que activen la transcripcio
de gens implicats en l'oxidacid d’acids grassos, la oxidacid de glucosa i respiracié
mitocondrial [Finck i Kelly, 2006; Finck i Kelly, 2007]. PGC-1a també coactiva NRF-1 i 2

gue sén activadors transcripcionals de gens nuclears que codifiquen per proteines de
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la cadena respiratoria mitocondrial (fosforilacié oxidativa) i proteines nuclears que
regulen la transcripcié de gens mitocondrials, com Tfam (de I'angles Transcription
factor of activated mitochondria) (figura 16) [Lehman i col., 2000; Finck i Kelly, 2007].
Aixi, la sobreexpressié de PGC-1a en cardiomiocits in vitro o in vivo indueix MCAD, M-
CPT-1 i la subunitat B de I’ATP sintetasa mitocondrial, a més d’augmentar I'expressid
de gens del cicle TCA (com la citrat sintetasa, enzim limitant del cicle de Krebs) o de la
cadena de transport d’electrons/fosforilacié oxidativa [Lehman i col., 2000; Puigserver
i Spiegelman, 2003; Finck i Kelly, 2006]. Aquest fet, conjuntament amb la coactivacié
d’ERRa i NRF, provoca que PGC-1a estimuli la biogenesi mitocondrial (creixement i
divisi6 de mitocondris preexistents) i la cadena de transport d’electrons, que
augmenten la capacitat productora d’ATP [Finck, 2007] i incrementen el consum

d’oxigen [Lehman i col., 2000; Finck i Kelly, 2007].
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Figura 16. Representacié esquematica de la cascada de regulacié genica de PGC-la en
cardiomiocits. PGC-1a coactiva PPAR tot activant la expressid de gens involucrats en I'oxidacié
d’acids grassos, aixi com ERRa tot incrementant I'expressioé d’enzims associats a I'oxidacié d’acids
grassos i a la fosforilacio oxidativa (OXPHOS) i inhibint I’oxidacio de glucosa. PGC-1a també coactiva
NRF-1 tot incrementant I'expressido de gens que codifiquen per enzims nuclears i mitocondrials
involucrats en la fosforilacié oxidativa, efecte que també es troba regulat de forma secundaria per
factors de transcripcié mitocondrials com Tfam [Finck i Kelly, 2007].
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En diferents estudis s’ha observat que en formes patoldgiques d’hipertrofia
cardiaca, en models murins d’hipoxia, malaltia isquémica cardiaca, i en cardiomiocits
en cultiu en preséencia d’agonistes prohipertrofics, I'expressié i activitat de PGC-1 q, i la
de les seves dianes, es troba reduida [Huss i Kelly, 2005; Finck i Kelly, 2007; Duncan i
Finck, 2008]. Per tal de poder estudiar els efectes d’aquesta reduccid, s’han emprat,
entre d’altres, ratolins knockout per PGC-la, que mostren una reduccié basal de

I’expressié de gens mitocondrials en fetge, cervell, muscul esquelétic i cor.
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3. INFLAMACIO EN EL COR.

S’ ha descrit que I'obesitat esta associada a una série d’efectes adversos sobre la
fisiologia cardiovascular i és considerada com un important factor de risc enfront al
desenvolupament de la insuficiencia cardiaca [Loehr i col., 2010]. També s’ha observat
que alteracions en el metabolisme participen en el desenvolupament del procés
etiopatogenic d’algunes malalties cardiaques [Neglia i col., 2007]. Cada vegada sén
més les evidencies que ens mostren I’existéncia d'un possible vincle entre la inflamacié
cronica de baix grau i els trastorns metabolics que s'associen amb un augment del
nivell d'acids grassos saturats, com ara la resisténcia a la insulina, I'obesitat manifesta i
la diabetis tipus 2. Al cor, el greix de la dieta afecta I'expressié génica, I'estructura, el
metabolisme i la funcié contractil, factors dels que en poden derivar tota una serie
d’efectes adversos sobre la fisiologia cardiovascular. De fet, dietes amb un elevat
contingut en greixos (HFD) s’han relacionat amb una serie d’efectes cardiacs directes
com son la inflamacid, hipertrofia i disfuncié contractil [Tikellis i col., 2008]. Aquestes
malalties estan associades a un increment significatiu de I'expressid d’IL-6, TNF-a i
MCP-1 en cor [Tikellis i col., 2008], citocines que alhora estan implicades en el

desenvolupament i progressio de la insuficiencia i la hipertrofia cardiaques.

3.1. Mecanismes moleculars implicats.

Durant el procés inflamatori que es produeix en les esmentades malalties
cardiovasculars, el cor huma secreta citocines i quimiocines proinflamatories. Entre
elles, trobem TNF-a (de l'angles Tumor Necrosis Factor-a), MCP-1 (de l'anglées
Monocyte Chemotactic Protein-1) i IL-6 [Ancey i col., 2003]. Aquestes citocines
inflamatories estan sota el control transcripcional d'un factor de transcripcid
anomenat factor nuclear kB (NF-«xB, de I'anglés Nuclear Factor-xB), I’activacio del qual
esta involucrada en diferents malalties cardiovasculars com la hipertrofia i la

insuficiencia cardiaca [Araki i col., 2008; Gupta i col., 2008].
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3.1.1. Via NF-kB.

NF-xB és un factor de transcripcié induible i expressat de forma ubiqua que esta
involucrat en els processos d’apoptosi i proliferacié cel-lular i en el desenvolupament
de la resposta inflamatoria [Perkins, 2007]. En mamifers, NF-kB consta de cinc
membres, p65 (RelA), RelB, c-Rel, p50/p105 (NF-kB1) i p52/p100 (NF-kB2) que formen

complexes com a homo- o heterodimers (figura 17).

Figura 17. Representacio
esquematica dels membres
de la familia de proteines
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Tots els membres de NF-kB comparteixen un domini RHD (de l'angles Rel-
Homology Domain) a I'’extrem N-terminal necessari per a la dimeritzacid, per la
translocacid al nucli, per I'associaci6 amb proteines inhibidores, com IkB (de I'anglés
Inhibitory xB), i per la unié a ’ADN [Winther i col., 2005]. Només les formes p65, RelB i
c-Rel contenen en el seu extrem C-terminal el domini TAD (de I'anglés Transcription
Activation Domain), necessari per tal de poder activar la transcripcié dels seus gens
diana, de manera que tant p50 com p52 han d’heterodimeritzar amb alguna de les
subunitats que contenen aquest domini per ser capaces d’activar la transcripcio
[Hayden i Ghosh, 2004]. La forma més abundant de NF-xB en mamifers sol ser
I'heterodimer format per p65/p50, essent p65 el que conté el potent domini
d’activacid transcripcional [Vermeulen i col., 2003]. Aquest factor de transcripcié es
pot veure activat per tota una série d’estimuls exogens, com son els lipopolisacarids
dels bacteris gram negatius [Li i col., 2002] i enddgens, com estats d’hiperglucemia,
nivells alts d’acids grassos lliures [Jove i col., 2005], especies reactives d’oxigen (ROS,
de I'anglés Reactive Oxygen Species) [Gloire i col.,, 2006] i per diferents mediadors
inflamatoris com TNF-a i IL [Brasier, 2010], que s’alliberen durant el procés inflamatori

que es produeix en malalties cardiovasculars, com la hipertrofia o la insuficiéncia
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cardiaques [Zandi i col., 1997]. En cél-lules no estimulades, NF-kB es troba inactiu al
citosol degut a la seva unid a kB, que li impedeix translocar a nucli [Gupta i col., 2008].
Existeixen set membres de la familia IkB: les IkB tipiques (lkBa, IkBpB i IkBg), les kB

atipiques (Bcl-3 i IkBy) (figura 18 A) i els precursors de les proteines p100 i p105.
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Figura 18. Representacid esquematica dels membres de les families de proteines kB (A) i IKK (B). A
la dreta s’indica en niumero d’aminoacids de cada proteina. NBD (domini d’unié a NEMO); LZ
(domini de cremallera de leucines); Z (domini dits de Zn2+)[Hayden i Ghosh, 2004].

La degradacié de les proteines kB és regulada per la cinasa d’IkB (IKK). Aquesta
proteina consta de dues subunitats catalitiques (IKKa i IKKB) i una subunitat reguladora
(IKKy o NEMO, de I'anglés NF-xB Essential Modifier) (figura 18 B). En preséncia d’un
estimul, com és el cas de la citocina proinflamatoria TNF-a, kB és fosforilada per la
IKK, convertint-se en substrat per la ubiquitinitzacié i essent posteriorment degradada
pel proteasoma. D’aquesta manera, I’heterodimer NF-kB queda lliure i pot translocar
al nucli, on s’unira a sequéncies especifiques dels promotors del seus gens diana, tot
activant-ne la transcripcid (figura 19) [Nakano i col., 1998]. El potencial de
transactivacid de NF-kB requereix de la preséncia de coactivadors amb activitat HAT,
com CBP/p300, p/CAF i SRC-1 [Miao i col., 2004]. D’altra banda, s’han descrit diferents
compostos que actuen inhibint I'activacié de NF-kB com el partenolide, que produeix
la retencid citoplasmatica de NF-kB, tot estabilitzant IkBa [Hehner i col., 1998; Kwok i

col., 2001], o la pirrolidina ditiocarbamat (PDTC) [Kumar i col., 2010].
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Figura 19. Esquema de I'activacié de NF-«B. Diferents estimuls poden provocar la ubiquitinitzacio i
posterior degradacioé per part del proteasoma de la proteina IkB, tot alliberant NF-kB i permetent la
translocacié a nucli on augmenta I’expressié dels seus gens diana [Winther i col., 2005].

Entre els gens més rellevants induits per NF-kB trobem gens proinflamatoris com
IL-1B, TNF-a, MCP-1 i IL-6, perdo també en trobem altres com IkBa (taula 1). Aixi, el
propi NF-xB indueix la sintesi de proteines IkBa que s’uneixen a aquest factor de
transcripcid, fent que retorni al citoplasma i finalitzi la seva activitat transcripcional,

evitant aixi una activacio excessiva de la via de NF-kB [Arenzana-Seisdedos i col., 1995].

| Funcio H Gens diana de NF-kB ‘
| Reguladors de la inflamacié H ‘
| Citocines/quimiocines || TNFa, IL-8, IL-6, IL-12, IL-1a, IL-1B, MCP-1 |
| Molecules d’adhesio cel-lular H ICAM-1, VCAM-1, E-selectin i P-selectin ‘
| Antioxidants H Mn-SOD, SOD1 ‘
| Enzims | MMP-1/3, iNOS, COX-2 i PLA, |
| Factors de transcripcio || GATA3, STAT4, IRF-1, p105, p100, c-Myci IRF-2 |
| Moduladors || 1L-2, Cyclin D1, VEGF, IL-6, c-Myc,TRAF1-2 i IkBa |
| Reguladors apoptatics || Al, c-IAPs, c-FLIP, Bcl-x|, Bcl-2 | GADD45R \
| Reguladors de I'angiogénesi H VEGF i MMP-9 ‘

Taula 1. Alguns dels gens diana de NF-kB i la seva funcié associada [Heiden K. i col., 2010].
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3.1.2. Estimuls proinflamatoris.

3.1.2.1. TNF-a.

El factor de necrosi tumoral-a (TNF-a) és una citocina proinflamatoria secretada
pel miocardi en resposta a diferents estimuls, que a curt termini indueix efectes
inotropics negatius [Yokoyama i col., 1993]. Un increment mantingut en la secrecié de
TNF-a, que actua principalment de forma autocrina, s’ha relacionat amb diversos
processos patologics com la hipertrofia i la insuficiéncia cardiaques [Oral i col., 1995;
Stetson i col., 2001]. A nivell cel-lular, s’ha observat que aquesta citocina participa en
I'activacié de diverses vies de senyalitzaci6 que modulen un ampli espectre de
respostes que inclouen la diferenciacid, la supervivencia, la proliferacié i la mort
cel-lular, aixi com la resposta inflamatoria [Bradley, 2008]. TNF-a és majoritariament
sintetitzat com una proteina transmembrana estructurada en homotrimers estables
[Tang i col., 1996], que per I'accié d’'una metaloproteasa anomenada TACE (de I'anglés
TNF Alpha Converting Enzyme, també coneguda com ADAM17) s’escindeix de la
membrana tot obtenint la forma trimerica soluble de TNF-a de 51 KDa [Black i col.,
1997]. Cadascun dels monomers de 17 KDa que integren el trimer consta de 185
aminoacids, i presenta una estructura tipica de la familia TNF, consistent en dues
lamines B plegades antiparal-leles formades per filaments B antiparal-lels [Wajant i
col., 2003]. Els membres de la familia TNF duen a terme les seves funcions biologiques
mitjangcant la interaccid amb el seus respectius receptors de membrana (figura 20)
[Locksley i col., 2001]. En el cas de TNF-a s’ha determinat que es pot unir a dos
receptors diferents de la superficie cel-lular, anomenats TNF-R1 i TNF-R2. El primer és
activat tant per la forma soluble de TNF-a com per la unida a membrana, mentre que
TNF-R2 respon majoritariament a ’homotrimer de TNF-a unit a membrana [Grell i col.,
1995]. Ambdds receptors s’expressen en el cor adult huma [Torre-Amione i col., 1995],
pero a diferéncia de TNF-R1, que presenta una expressié més generalitzada, TNF-R2 es
troba principalment en cél-lules del sistema immune [Grell i col., 1995]. Les diferéncies
en els dominis intracel-lulars d’aquests dos receptors, que no presenten activitat
enzimatica, permeten establir aquests receptors com a membres representatius de

dos subgrups diferents de la familia de receptors de TNF. Aixi, mentre que TNF-R2
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interactua directament amb les proteines TRAF (de I'angles TNF Receptor-Associated
Factor), TNF-R1 conté un domini d’interaccié proteina-proteina anomenat DD (de
I'anglés Death Domain) que pot reclutar altres proteines amb aquest mateix domini.
Entre aquestes proteines es troba TRADD, que unida a TNF-R1 serveix de plataforma
d’unié amb TRAF2, de manera que la via de senyalitzacié dels dos receptors esta

interconnectada [Wajant i col., 2003].

ED
MK R
3

" Apoptosis - <«——Gene expression——»

Figura 20. Esquema de les vies de senyalitzacié de TNF-a. Aquesta citocina participa en I'activacio
de multiples vies que modulen diferents processos cel-lulars [Clark i col., 2005].

La majoria dels efectes biologics coneguts de TNF-a sén mitjancats a través de
I'activacié de TNF-R1 [MacEwan, 2002]. Després de la unié de TNF-a a TNF-R1, aquest
sofreix un canvi conformacional que comporta la dissociacié de la proteina inhibidora
SODD del domini DD de TNF-R1, tot permetent que la proteina adaptadora TRADD
sigui reclutada. Aquesta proteina actua de plataforma per a la subseqlient unié de
diferents proteines, entre les que trobem TRAF2 i RIP (de I'anglés Receptor-Interacting
Protein), que al seu torn s’encarreguen, respectivament, de reclutar i activar la cinasa
IKK [Wajant i col., 2003]. TNF-a també pot activar altres vies de senyalitzacié com la
cascada de les MAPK. Aquestes cinases, que estan implicades en nombrosos processos
cel-lulars i que poden interaccionar a diferents nivells en les seves vies de senyalitzacid,

juguen un paper molt important en la transmissié de senyals captats per receptors de
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membrana cap a la maquinaria transcripcional del nucli, per mitja de la fosforilacio i
regulacié de multiples factors de transcripcié. Aquestes MAPK, de les que en cel-lules
de mamifers en trobem tres subfamilies, ERK (de l'anglés Extracellular signal-
Regulated Kinases), p38 MAPK i JNK (de l'anglés c-Jun N-terminal Kinases), sén
essencials per la diferenciacid, apoptosi i regulacié del creixement cel-lular [Wajant i
col., 2003]. Tant JNK com p38 MAPK també sdén conegudes com a proteines cinases
activades per estres, ja que les citocines proinflamatories i I'estres ambiental en
produeixen I'activacié [Frey i Olson, 2003]. S’ha descrit que TNF-a pot activar les tres
cascades de MAPK [Wajant i col., 2003], malgrat que en estudis recents s’ha demostrat
que, en fibroblasts cardiacs, TNF-a activa les vies ERK-1/2 i p38 MAPK, pero no la via
IJNK [Turneri col., 2007].

3.1.1.2. IL-6.

Una altra de les citocines proinflamatories d’expressié induida per NF-xB és IL-6,
una glicoproteina d’aproximadament 25 KDa i d’efectes pleiotropics, que pot actuar de
manera autocrina o paracrina [Schilling i Kelly, 2010]. La secrecié d’aquesta citocina es
déna en monocits i macrofags, fibroblasts, cel-lules endotelials, cél-lules musculars
esqueletiques i en adipocits. Aquest ultim teixit és el responsable d’entre el 10i el 35%
de I'lL-6 circulant, quantitat que es veu incrementada quan es déna un augment de
I'adipositat. De fet, s’ha demostrat que els acids grassos lliures poden activar la
produccié d’IL-6 a través de la via de NF-kB [Weigert i col., 2004]. En condicions
normals, els nivells plasmatics d’IL-6 son baixos, perd enfront de diferents estimuls
fisiologics o patologics com I'exercici, la sépsia o lesid muscular, la seva produccio es
pot veure augmentada [Schmidt i Duncan, 2003; Plomgaard i col., 2005]. A nivell
cardiac, s’ha demostrat que les citocines de la familia IL-6 indueixen hipertrofia dels
cardiomiocits alhora que n’inhibeixen I'apoptosi [Ancey i col.,, 2003]. La via de
senyalitzacié d’IL-6 desencadena I’activacié de la via JAK/STAT (figura 21) [Kerr i col.,
2003]. IL-6 s’uneix a la subunitat a del seu receptor (IL-6Ra), un polipeptid de 80 kDa
amb un domini citoplasmatic molt curt. Aquesta unid estimula I'associacié d’IL-6Ra

amb gp130 (la subunitat B del receptor d’IL-6, de 130 KDa), que posteriorment
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homodimeritza, tot permetent I'autofosforilacié creuada de la JAK (Janus Activated
Kinase). JAK1 fosforila gp130 en determinats residus tirosina que sén reconeguts pel
domini SH2 (Src Homology 2) de STAT-3 (Signal Transducer and Activator of
Transcription). La interaccid entre STAT-3 i gp130 permet a JAK1 fosforilar a STAT-3 en
els residus tirosina 705, tot possibilitant la dimeritzacié de STAT-3 i la seva posterior
translocacié a nucli, on regula la transcripcié de gens implicats en angiogenesi,
inflamacid, apoptosi, senyalitzacié cel-lular i formacié de la matriu extracel-lular

[Boengler i col., 2008].

gp130 B —

Jnk\ﬁ

s’

STAT1 APRF/STAT3

Jak

P STAT1 .

"JiDa APRF/STAT3

. STAT1 APRF/STAT3 zerine klnase /
> Homo or ‘

hetero-dimers

STAT1 x
APRF/STAT3

Figura 21. Esquema de la via de senyalitzacié d’IL-6. Aquesta citocina desencadena I'activacié
de la via JAK/STAT [Heinrich i col., 1998].

La fosforilacid de STAT-3 en serina 727 promou encara més aquesta activitat
transcripcional. Perd no només la fosforilacié regula I'activitat STAT, ja que SOCS-3
(Supresor Of Cytokine Signaling 3), un dels gens activats per aquest factor de
transcripcio, presenta un domini SH2 que li permet interaccionar amb el receptor d’IL-
6, tot impedint la unié de STAT, i inhibint aixi la via de senyalitzacid JAK/STAT.

D’aquesta forma, SOCS-3 regula l'activitat del propi STAT-3 tot actuant com un
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mecanisme de retroalimentacié negativa (figura 22) [Murray, 2007]. S’ha descrit que
processos com la hipodxia, la isquémia o la hipertrofia cardiaca incrementen els nivells
d’IL-6 i gp130, sovint associats a increments de STAT-1 i STAT-3, suggerint un paper

important de la via JAK/STAT en aquestes patologies [Boengler i col., 2008].

ot

SOCS-3 gene

Figura 22. Mecanisme de retroalimentacié negativa en la via de senyalitzacio de JAK/STAT. STAT

activa la transcripcié de SOCS-3 que s’uneix al receptor d’IL-6 tot impedint I'activacié de la via
JAK/STAT[Terstegen i col., 2000].
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OBJECTIUS

EI consum de dietes amb un elevat contingut en greixos s’ha relacionat amb una
série d’alteracions cardiaques directes com sén la inflamacid, la hipertrofia i la
disfuncié contractil. No obstant aix0, els mecanismes mitjancant els quals la ingesta
excessiva de greix participa en el desenvolupament i la progressié d'aquests trastorns
son molt complexes i poc coneguts, ja que estan lligats a alteracions metaboliques
sistemiques i a canvis en el fenotip dels cardiomiocits. L'objectiu general d’aquest
treball ha estat aprofundir en els mecanismes moleculars que relacionen les
alteracions metaboliques i els processos inflamatoris que es produeixen en el cor, per
tal de poder buscar potencials dianes farmacologiques que ens permetin prevenir i
tractar aquests estats patologics. Més concretament, els objectius plantejats en

aquesta tesi doctoral han estat els seglients:

l. Avaluar els efectes proinflamatoris d’una dieta rica en greixos en el cor de
ratolins, aixi com de l'acid gras saturat palmitat en cardiomiocits humans

AC16.

Il. Determinar si I'activador de PPARB/S6 GW501516 és capag de revertir aquesta

resposta inflamatoria en cel-lules cardiaques.

lll. Estudiar el efectes del desenvolupament d’un estat proinflamatori sobre el

metabolisme dels cardiomiocits humans AC16 tractats amb la citocina TNF-a.
IV. Aprofundir en els mecanismes moleculars que vinculen un increment de

I'estat proinflamatori amb els canvis metabolics que es produeixen en

cardiomiocits humans AC16.
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RESULTATS

Com a conseqiliéncia del seu alt contingut en greixos, la dieta Western classica o
també anomenada HFD (de I'anglés High Fat Diet) presenta un ampli rang d'efectes
adversos sobre el cor, entre els que hi trobem un increment de I'estat inflamatori, la
hipertrofia i la disfuncid contractil. Diversos factors proinflamatoris secretats per les
cel-lules cardiaques, que estan sota el control transcripcional del factor nuclear kB
(NF-xB), poden contribuir al desenvolupament de la insuficiéncia cardiaca i de la
cardiomiopatia dilatada. Els mecanismes subjacents involucrats en aquest procés sén
complexes, ja que estan vinculats a anomalies metaboliques sistemiques i a canvis en

el fenotip dels cardiomiocits.

Els receptors activats per proliferadors peroxisomics (PPARs) sén factors de
transcripcié involucrats en la regulacié del metabolisme dels que s’ha observat que
també poden participar en la reduccié de la inflamacid i la hipertrofia cardiaques a
través de la inhibicié de NF-kB. Donat que PPARPB/S és la isoforma de PPAR majoritaria
en el cor, es van analitzar els efectes de GW501516, agonista de PPARB/S, en els

parametres inflamatoris.

Una dieta rica en greixos indueix |'expressio de citocines com el factor de necrosi
tumoral-a (TNF-a), la proteina quimiotactica de monocits-1 (MCP-1) i la interleucina-
6, aixi com un augment de l'activitat de NF-xB en el cor de ratoli. Aquest increment
del perfil proinflamatori observat en els ratolins alimentats amb una HFD va revertir al
ser tractats amb GW501516. Es van obtenir resultats similars quan cel-lules
cardiaques humanes AC16 exposades a palmitat es van coincubar amb GW501516.
D’altra banda, I'activacié de PPARB/& induida per GW501516 va incrementar la
interaccid fisica entre PPARB/S i p65, el que suggereix que aquest mecanisme també
podria interferir en la capacitat de transactivacié de NF-kxB en cor. Aquesta activacid
de PPARB/S per part de GW501516 sembla atenuar la resposta inflamatoria induida
en les cél-lules cardiaques humanes (AC16) exposades a I'acid gras saturat palmitat i
en ratolins alimentats amb una dieta rica en greixos. Aquest fet és rellevant ja que
s'ha postulat PPARB/6 com una potencial diana en el tractament de I'obesitat i I'estat

de resistéencia a la insulina.
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Owing to its high fat content, the classical Western diet has a range of adverse effects on the heart, including
enhanced inflammation, hypertrophy, and contractile dysfunction. Proinflammatory factors secreted by
cardiac cells, which are under the transcriptional control of nuclear factor-«B (NF-xB), may contribute to heart
failure and dilated cardiomyopathy. The underlying mechanisms are complex, since they are linked to
systemic metabolic abnormalities and changes in cardiomyocyte phenotype. Peroxisome proliferator-
activated receptors (PPARs) are transcription factors that regulate metabolism and are capable of limiting
myocardial inflammation and hypertrophy via inhibition of NF-kB. Since PPAR[/6 is the most prevalent PPAR
isoform in the heart, we analyzed the effects of the PPARR/6 agonist GW501516 on inflammatory parameters.
A high-fat diet induced the expression of tumor necrosis factor-o,, monocyte chemoattractant protein-1, and
interleukin-6, and enhanced the activity of NF-«B in the heart of mice. GW501516 abrogated this enhanced
proinflammatory profile. Similar results were obtained when human cardiac AC16 cells exposed to palmitate
were coincubated with GW501516. PPARB/6 activation by GW501516 enhanced the physical interaction
between PPARR/6 and p65, which suggests that this mechanism may also interfere NF-<B transactivation
capacity in the heart. GW501516-induced PPARB/S activation can attenuate the inflammatory response
induced in human cardiac AC16 cells exposed to the saturated fatty acid palmitate and in mice fed a high-fat
diet. This is relevant, especially taking into account that PPARB/5 has been postulated as a potential target in
the treatment of obesity and the insulin resistance state.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

the ubiquitous inducible nuclear factor-«B (NF-kB), which is activated
in myocarditis, congestive heart failure, and cardiac hypertrophy [4].

Under various pathological stimuli, the human heart can secrete
proinflammatory cytokines and chemokines such as tumor necrosis
factor-a (TNF-at), monocyte chemoattractant protein-1 (MCP-1), and
interleukin-6 (IL-6) [1]. These molecules exert several autocrine
pleiotropic effects in cardiac cells that may contribute to states that
are associated with myocardial inflammation, such as ischemic
myocardial injury, heart failure, and dilated cardiomyopathy [2,3].
Proinflammatory cytokines are under the transcriptional control of

Abbreviations: AMPK, AMP-activated protein kinase; HFD, high-fat diet; IL-6,
interleukin-6; MCP-1, monocyte chemoattractant protein-1; NF-kB, nuclear factor-xB;
PPAR, peroxisome proliferator-activated receptor; SOCS, suppressor of cytokine
signaling; STAT, signal transducer and activator of transcription; TNF-ct, tumor necrosis
factor-at

* Corresponding author. Tel.: +34 93 4024531; fax: +34 93 4035982.

E-mail address: mvazquezcarrera@ub.edu (M. Vazquez-Carrera).

! These authors contributed equally to this work.

1388-1981/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbalip.2010.11.002

Owing to its high fat content, the classical Western diet has several
adverse effects on cardiovascular physiology that seem to account for
the development of cardiovascular diseases. Indeed, high-fat diets
have been related to a range of direct cardiac effects, including
inflammation, hypertrophy, fibrosis, and contractile dysfunction [5].
However, little is known about the mechanistic effects of fat intake on
the development and progression of such disorders. The underlying
mechanisms are complex, since they are linked to systemic metabolic
abnormalities and changes in cardiomyocyte phenotype. For instance,
during the development of heart failure and cardiac hypertrophy, the
myocardial energy substrate switches from fatty acids to glucose [6,7].
The uptake and metabolism of these substrates is under the
transcriptional control of peroxisome proliferator-activated receptors
(PPARs). In order to be transcriptionally active, PPARs need to
heterodimerize with the 9-cis retinoic acid receptor (NR2B). These
heterodimers bind to specific DNA sequences called peroxisome
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proliferator-response elements (PPRE), which are located within the
promoter regions of PPAR target genes. The PPAR subfamily consists
of three subtypes: PPARa (NR1C1), PPARB/d (NR1C2) and PPARYy
(NR1C3). PPARB/6 is the predominant form in cardiac cells and is the
only PPAR subtype that is not a target of current drugs, even though
several synthetic ligands have been developed, namely GW0742,
GW501516, and L-165041, which are useful for studying PPARR/d
functions.

Recent evidence suggests that PPARs may attenuate inflammatory
signaling pathways and, as such, interfere with cardiac remodeling.
This function is largely mediated through the ability of agonist-
activated PPARs to form complexes with other transcription factors,
such as NF-kB and STATs (signal transducers and activators of
transcription), thereby resulting in the functional cross-inhibition of
their transcriptional activity [8]. Treatment with L-165041 inhibits
phenylephrine- and lipopolysaccharide-induced NF-<B activation in
cultured neonatal rat cardiomyocytes and embryonic rat heart-
derived H9c2 cells [7]. The antihypertrophic effects of this PPARR/d
agonist involve downregulation of the NF-xB signaling pathway
through enhanced physical interaction between the p65 subunit of
NF-kB and PPARPB/5 [9].

Chronic feeding on a high-fat diet (HFD) in mice induces diabetes
and obesity, while an HFD for shorter periods results in systemic and
myocardial insulin resistance, which leads to increased left-ventricle
remodeling and dysfunction [10]. The present study aimed to examine
the effects of the PPARPB/6 agonist GW501516 on the inflammatory
processes induced in the heart of mice fed a high-fat diet for a short
period. HFD feeding for 3 weeks was selected to study the specific
effects of lipid-induced inflammation on the heart, while avoiding
other confounding factors such as obesity and established insulin
resistance. Many inconsistencies have been encountered when results
obtained with murine models have been extrapolated to humans. To
overcome this problem, we used AC16 cells, which are a cardiac cell
line of human origin, and exposed them to palmitate. This is
important, especially as PPARs are known to be expressed at lower
levels in human cells than in rodent cells [11], and gene expression is
also differentially regulated by PPARs in human versus rodent cells
[12].

2. Materials and methods

The Supplementary Methods section provides a detailed descrip-
tion of the methodology used.

2.1. Cell culture and mice

Human AC16 cells were maintained and grown as previously
described [13]. Palmitate-containing medium was prepared by
conjugation with fatty acid-free BSA [14].

Mice were maintained under standard conditions of illumination
(12-h light/dark cycle) and temperature (21+1 °C), and were fed a
standard diet before the studies began. Food and water were provided
ad libitum. This investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996). All procedures were
approved by the University of Barcelona Bioethics Committee, as
stated in Law 5/21 July 1995 passed by the Generalitat de Catalunya,
and the Commission de Surveillance de I'Expérimentation Animale of
the Canton de Vaud (Switzerland).

Five-week-old CD-1 male mice were randomized in two groups
(n=15 each) and fed with a Western-type high-fat diet (HFD, 35% fat
by weight, 58% Kcal from fat, Harlan Ibérica S.A., Barcelona, Spain) for
3 weeks. During this period, mice were given one daily oral gavage of
vehicle (0.5% w/v carboxymethylcellullose medium viscosity) or a
dose of 3 mg/kg/day of the PPARPB/6 agonist GW501516 (Alexis
Biochemicals, Lausen, Switzerland) dissolved in the vehicle solution.

Wild-type littermates fed with a chow diet (4% fat, Harlan Teklad)
served as control animals (n=15). Male PPARR/6 knockout mice and
control mice (PPARR/6™/T, wild-type, n=5) with the same genetic
background (C57BL/6X129/SV) and an initial weight of 20-25 g were
fed with a standard diet. The generation of PPARB/S null mice has
been described previously [15].

2.2. RNA preparation and quantitative real-time RT-PCR

Relative levels of specific mRNAs were assessed by real-time
reverse transcription-polymerase chain reaction (RT-PCR), as previ-
ously described [13].

2.3. Electrophoretic mobility shift assay and immunoblot analysis

The electrophoretic mobility shift assay (EMSA) and immunoblot
analysis were performed as previously described [13].

2.4. Coimmunoprecipitation studies

Cell nuclear extracts were brought to a final volume of 250 pL with
buffer containing 10 mM PBS, 50 mM KCl, 0.05 mM EDTA, 2.5 mM
MgCl,, 8.5% glycerol, 1 mM dithiothreitol, 0.1% Triton X-100, BSA 2%
and 1 mg/mL nonfat milk for 18 h at 4 °C and incubated with 4 pg of
antibody. Immunocomplex was captured by incubating the samples
with 50 pL protein A-agarose suspension for 6h at 4 °C. Agarose beads
were collected by centrifugation and washed. After microcentrifuga-
tion, the pellet was resuspended with SDS-PAGE sample buffer and
boiled for 5min at 100 °C. The resulting supernatant was then
subjected to electrophoresis on 10% SDS-PAGE and immunoblot
analysis as described in Supplementary material online.

2.5. Statistical analysis

Results are expressed as the mean 4 SD of at least two separate
experiments. Significant differences were established by either the
Student's t-test or one-way ANOVA, according to the number of
groups compared, using the computer program GraphPad Prism
(GraphPad Software Inc, San Diego, CA, USA). In the latter case, when
significant variations were found, the Tukey-Kramer multiple
comparisons post-test was performed. Differences were considered
significant at P<0.05.

3. Results

3.1. GW501516 prevents the proinflammatory profile induced in heart of
mice fed a high-fat diet

The heart of CD-1 mice fed a high-fat diet exhibited a significant
increase in the expression of various markers of cardiac inflammation,
such as IL-6, TNF-c«t, and MCP-1 (Fig. 1A), although plasma IL-6 levels
were not modified (Fig. 1B). Therefore, we also assessed the DNA
binding activity of NF-«B in the heart by means of an EMSA. As
expected, the high-fat diet increased the NF-<xB DNA binding activity,
specifically that of complexes I, I, and III (Fig. 1C). Supershift analyses
demonstrated that complexes I, Il and IV and, to a lesser extent,
complex III, contained the p65 subunit of NF-«B. In resting cells, NF-xB
is bound in the cytoplasm to the inhibitory protein, IkB. Upon
stimulation, IkB kinases phosphorylate IkB on Serine 32, thus
triggering its degradation by the proteasome. This results in the
release of NF-xB, which translocates into the nucleus, where it
stimulates the transcription of specific target genes. As shown in
Fig. 1D, the high-fat diet increased the phospho-IkB™? levels and
raised p65 translocation into the nucleus of heart cells. Interestingly,
the proinflammatory response displayed after feeding mice a high-fat
diet was prevented by GW501516 treatment, since this reduced
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Fig. 1. The PPAR[/5 agonist GW501516 prevents the proinflammatory profile induced in heart of CD-1 mice fed a high-fat diet. (A) Relative quantification of mRNA levels assessed by
real-time RT-PCR in CD-1 male mice fed either with a Western-type high-fat diet (HFD) or an HFD supplemented with GW501516 (3 mg/kg/day, HFD + GW) for 3 weeks. Wild-type
littermates fed a chow diet served as control animals (Control). The graphics represent the quantification of the APRT-normalized mRNA levels, expressed as a percentage of control
samples. (B) Determination by ELISA of plasma IL-6 levels. (C) EMSA assay showing NF-kB activity in the HFD, HFD 4+ GW and control mice groups shown in A. NE, nuclear extracts;
IC, immunocomplex. (D) Levels of phospho-IkBa®*™? and p65 subunit of NF-kB protein in total (total and phospho-IkBa) or nuclear (p65) protein extracts isolated from mice fed an
HFD or an HFD supplemented with GW501516. To show equal loading of protein, the [3-actin (total protein) or lamin B (nuclear extracts) signal is included from the same blot.
Graphics represent the quantification of the normalized protein levels expressed as a percentage of control samples. All autoradiograph data are representative of two separate

experiments. *P<0.05, **P<0.01 vs. Control; §P<0.05 vs. HFD.

cytokine expression, NF-kB DNA binding activity, phospho-IxB%>?
levels and p65 translocation into the nucleus.

The binding of IL-6 to its membrane receptor leads to the
phosphorylation of STAT3 proteins on a specific tyrosine residue
(Tyr705) by Janus kinases (JAK), which undergo homo- or hetero-
dimerization. These STAT3 dimers dissociate from the receptor and
translocate into the nucleus, where they induce the expression of
specific genes. The subsequent phosphorylation of Ser727 residue in
the STAT transactivation domain will further promote its transcrip-
tional activity. As shown in Fig. 2A, there was an increase in the
activity of the JAK/STAT3 signaling pathway in the heart of mice fed a
high-fat diet, as phospho-STAT3™™7% and phospho-STAT35¢7727
protein levels were increased with regard to animals fed a chow
diet. In agreement with this, CD-1 mice fed an HFD displayed an

increase in the expression of the suppressor of cytokine signaling
(SOCS)-1 and SOCS-3 genes (Fig. 2B), which are under the transcrip-
tional control of activated STAT proteins and have the ability to inhibit
Janus kinase activity. In agreement with the observed reduction in IL-6
expression, GW501516 treatment also blocked the enhanced STAT3
activity that was induced by HFD, although only SOCS-3 expression
was reverted after GW501516 treatment.

3.2. PPARB/S knockout mice exhibit an enhanced proinflammatory
profile in heart

To gain further insight into the mechanisms underlying the
proinflammatory profile blockade by GW501516, we examined
several components of the inflammatory signaling pathway in the
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Fig. 2. GW501516 prevents the activation of the JAK/STAT3 signaling pathway in the heart of CD-1 mice fed a high-fat diet. (A) Levels of phospho-STAT3™7%5 and phospho-
STAT3%¢'727 protein in total (phospho-STAT3™7%) or nuclear (phospho-STAT3%¢"727) protein extracts isolated from mice fed either with an HFD or an HFD supplemented with
GW501516 (3 mg/kg/day, HFD + GW) for 3 weeks. Wild-type littermates fed with a chow diet served as control animals (Control). To show equal loading of protein, the lamin B
(nuclear extracts) signal is included from the same blot. The graphics represent the quantification of the STAT3-normalized protein levels expressed as a percentage of control
samples. All autoradiograph data are representative of two separate experiments. (B) Relative quantification of SOCS-1 and SOCS-3 mRNA levels assessed by real-time RT-PCR in the
same HFD, HFD + GW and control mice groups shown in A. Graphs represent the quantification of the APRT-normalized mRNA levels, expressed as a percentage of control samples.

*P<0.05 vs. Control; P<0.05 vs. HFD.

heart of PPARB/5 knockout mice. Knockout mice displayed an increase
in IL-6 and MCP-1 expression with regard to their control littermates
(Fig. 3A). NF-xB DNA binding activity, specifically of complexes [ to [V,
was also clearly up-regulated in PPARB/d knockout mice (Fig. 3B). In
accordance with the enhanced IL-6 expression, the activity of the JAK/
STAT3 signaling pathway was up-regulated, as assessed by phosphor-
ylation of STAT3 at Ser727 (Fig. 3C). The expression of SOCS-3 was also
upregulated (Fig. 3D).

3.3. PPARP/6 activation prevents the proinflammatory profile induced by
palmitate in human cardiac cells

To study the effects of fatty acids on human cardiac cells, AC16 cells
were exposed to the saturated fatty acid palmitate (0.25 mmol/L),
which is among the most common fatty acids. The expression pattern
of IL-6 was chosen to establish optimal treatment conditions (see
Supplementary material online, Fig. S1). Palmitate induced IL-6
expression (Fig. 4A) and secretion (Fig. 4B) in cardiac AC16 cells.
Likewise, MCP-1 and TNF-a expressions were also up-regulated
(Fig. 4A). This is not surprising, as palmitate induced the NF-xB DNA
binding activity of complexes I to III with regard to control cells
(Fig. 4C). We also checked IkBax and p65 protein levels and, as
expected, palmitate downregulated IkBa and increased the p65
protein levels in nuclear extracts (Fig. 4D). Addition of GW501516 to
palmitate-treated AC16 cells completely abrogated the increase in
MCP-1 and TNF-a expression (Fig. 4A) and the enhanced NF-xB
activity (Fig. 4C and D). In contrast, IL-6 expression and secretion
(Fig. 4, A and B) were not reverted by GW501516. In agreement with
this, GW501516 did not prevent the increase in phospho-STAT3%¢727
protein levels (Fig. 4D) and SOCS (Fig. 4E) expression observed after
palmitate treatment. To elucidate whether PPARB/5 activity was
involved in the effects of GW501516 on such inflammatory processes
we used the specific PPARB/6 inhibitor GSK0660 [16]. This compound
prevented the anti-inflammatory effects of GW501516 in the
presence of palmitate. PPARB/d DNA binding activity was assessed

to verify the effects of GW501516 and GSK0660 on PPARR/6 activity
(see Supplementary material online, Fig. S2).

3.4. The anti-inflammatory effects of GW501516 are both AMPK- and
PPARpB/6-dependent

Obesity is associated with oxidative stress and mitochondrial
dysfunction, and reactive oxygen species (ROS) play a considerable
role in the development of heart failure [17]. The primary target after
ROS production is I«B inhibition [18], which is in agreement with our
results for AC16 cells. In contrast, there were no changes in the activity
of the following in human AC16 cells (data not shown): mitogen-
activated protein kinases ERK1/2 (extracellular signal-regulated
kinases 1/2), p38, and JNK (c-Jun N-terminal kinases), which are
induced partly through ROS in cardiac fibroblasts [18]. These
differences might be attributed to the different cell models, stimuli
and exposure times used throughout the studies. Interestingly, the
addition of the NADPH oxidase inhibitor DPI (diphenyleneiodonium)
to palmitate-treated AC16 cells completely abolished the enhanced
MCP-1 expression, while it only partially reversed IL-6 expression
(Fig. 5).

Next, we sought to determine the molecular mechanism by which
the PPARB/S agonist GW501516 inhibits palmitate-induced NF-<B
activation. PPARa activators have been reported to induce the
expression of IkBa, which forms a cytoplasmic inactive complex
with the p65-p50 heterodimer and thus results in the inhibition of
NF-B signaling [19]. Accordingly, IkBa protein levels were upregu-
lated after the addition of GW501516 in AC16 cells (Fig. 4D).
However, we did not observe a significant increase in the expression
of IkBa (see Supplementary material online, Fig. S3). Although short-
term induction of IkBa expression by GW501516 cannot be ruled out,
our results suggest that additional mechanisms inhibit NF-B. PPAR«
and PPARP/6 activators may also act through DNA-binding-indepen-
dent mechanisms that may involve physical interaction with NF-xB
[7,9,20]. This association prevents NF-kB from binding to its response
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Fig. 3. PPARP/6 knockout mice exhibit an enhanced proinflammatory profile in heart. (A) Relative quantification of IL-6 and MCP-1 mRNA levels assessed by real-time RT-PCR in male
PPARB/S knockout (KO PPARB/5) mice and wild type mice (PPARB/6™/*, WT) with the same genetic background (C57BL/6X129/SV) that were fed a standard diet. The graphics
represent the quantification of the APRT-normalized mRNA levels, expressed as a percentage of WT samples. *P<0.05, **P<0.01 vs. WT. (B) EMSA assay showing NF-kB activity in
PPARP/6 knockout and WT mice. NE, nuclear extracts; IC, immunocomplex. (C) Phospho-STAT3%¢'727 protein levels in nuclear protein extracts isolated from PPARB/6 knockout and
WT mice. To show equal loading of protein, the lamin B signal is included from the same blot. Graphs represent the quantification of the STAT3-normalized protein levels expressed
as a percentage of WT samples. All autoradiograph data are representative of two separate experiments. (D) Relative quantification of SOCS-3 mRNA levels assessed by real-time RT-

PCR, as described in panel A.

element and thereby inhibits its ability to induce gene transcription.
Data shown in Fig. 6A demonstrate that GW501516 strongly
enhanced the physical interaction between the p65 subunit of NF-
KB and PPARR/S in human cardiac AC16 cells, thus suggesting that
increased association between these two proteins is the mechanism
through which NF-«B activity is reduced after GW501516 treatment.
Furthermore, addition of GSK0660 partially blocked the enhanced
interaction between p65 and PPARB/6 in AC16 cells, thus linking this
physical interaction with PPARB/6 availability in the nucleus and its
subsequent activity.

On the other hand, it has been reported that GW501516 is able
to regulate lipid and glucose metabolism in human skeletal muscle

by AMP-activated protein kinase (AMPK)-dependent, but PPARR/6-
independent, mechanisms [21]. Since activation of AMPK may
block NF-«B signaling pathway through the blockade of IkB kinase
activity [22], it might be feasible that GW501516 was blocking
lipid-induced inflammatory pathways in mouse heart and human
cardiac cells through AMPK-dependent mechanisms. Thus, we
performed a treatment with AC16 cells in which the AMPK
inhibitor compound C (10uM, 20h) was added before
GW501516 and palmitate treatment. As it is shown in Fig. 6B,
compound C prevented GW501516-mediated MCP-1 downregula-
tion after palmitate treatment, thus confirming a role of this kinase
in the process.
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Fig. 4. PPARP/6 activation prevents the proinflammatory profile induced by palmitate in human cardiac AC16 cells. (A) Relative quantification of mRNA levels assessed by real-time
RT-PCR in human cardiac AC16 cells incubated with palmitate (Pal, 0.25 mmol/L) for 18 h in the presence or absence of GW501516 (GW, 10 umol/L) and GSK0660 (GSK, 1 umol/L).
Graphs represent the quantification of the 18S-normalized mRNA levels, expressed as a percentage of control samples. (B) Determination by ELISA of IL-6 secretion into the culture
media in AC16 cells. (C) EMSA assay showing NF-kB activity in AC16 cells incubated with palmitate, GW501516 and GSK0660 as described in panel A. NE, nuclear extracts; IC,
immunocomplex. (D) p65, IkBa, phospho-STAT3%¢'727 and total STAT3 protein levels in nuclear (p65 and phospho-STAT3%¢'727) or total (IkBax and total STAT3) protein extracts
isolated from AC16 cells incubated with palmitate, GW501516 and GSK0660, as described in panel A. To show equal loading of protein, the 3-actin (total protein) or lamin B (nuclear
protein) signal is included from the same blot. Graphics represent the quantification of the normalized protein levels expressed as a percentage of control samples. All
autoradiograph data are representative of two separate experiments. (E) Relative quantification of SOCS mRNA levels assessed by real-time RT-PCR in the same samples is shown.
The graphics represent the quantification of the 185-normalized mRNA levels, expressed as a percentage of control samples. *P<0.05, **P<0.01, ***P<0.001 vs. Control; {P<0.05 vs.

Palmitate; $P<0.01 vs. Palmitate; &P<0.05 vs. Pal +- GW.

4. Discussion

Increasing evidence demonstrates a potential link between
chronic low-grade inflammation and metabolic disorders that are
associated with increased levels of saturated fatty acids, such as
insulin resistance, overt obesity and type 2 diabetes. In the heart,
dietary fat affects gene expression, structure, metabolism, and

contractile function. For instance, cardiac glucose metabolism is
reduced in obese mice fed a high-fat diet for 6 weeks, in a process
which is associated with increased levels of proinflammatory
cytokines [23]. Accordingly, diet-induced inflammation and defects
in glucose metabolism are attenuated in IL-6 knockout mice [23]. The
mechanism by which IL-6 suppresses glucose metabolism and causes
insulin resistance in heart involves the SOCS-3-mediated inhibition of
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Fig. 5. Relative quantification of IL-6 and MCP-1 mRNA levels assessed by real-time RT-PCR in human cardiac AC16 cells incubated with palmitate (Pal, 0.25 mmol/L) for 18 h in the
presence or absence of diphenyleneiodonium (DPI, 10 umol/L). Graphs represent the quantification of the 18S-normalized mRNA levels, expressed as a percentage of control

samples. *P<0.05, **P<0.01, ***P<0.001 vs. Control; TP<0.001 vs. Palmitate.

the insulin receptor substrate (IRS)-1. This highlights the significant
role of cardiac inflammation in the pathogenesis of the diabetic heart
[23]. However, we did not observe any change in IRS-1 protein levels
after SOCS up-regulation in heart of CD-1 mice fed a high-fat diet or
cardiac AC16 cells exposed to palmitate (data not shown). This
suggests that IRS-1 degradation is not induced by SOCS in our
experimental models or, more probably, that the treatment period
was too short. In fact, CD-1 mice fed a Western HFD for 3 weeks were

A IP: p65
WB: PPARR/S

PPARB/3
1gG
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300 ~

200 4

100

% MCP-1 mRNA

Fig. 6. The anti-inflammatory effects of GW501516 are both AMPK- and PPARB/5-
dependent. (A) GW501516 enhances PPARP/& association with the p65 subunit of NF-kB.
Nuclear extracts from AC16 cells treated with palmitate (Pal, 0.25 mmol/L) for 18 h, in the
presence or absence of GW501516 (GW, 10 pmol/L) and GSK0660 (GSK, 1 umol/L), were
subjected to immunoprecipitation using anti-p65 antibody coupled to protein A-agarose
beads. Immunoprecipitates were subjected to SDS-PAGE and immunoblotted with an
anti-PPARB/6 antibody. All autoradiograph data are representative of two separate
experiments. (B) Relative quantification of MCP-1 mRNA levels assessed by real-time
RT-PCR in human cardiac AC16 cells incubated with palmitate (Pal, 0.25 mmol/L) for 18 h
in the presence or absence of GW501516 (GW, 10 umol/L) and compound C (Comp C,
10 umol/L). Graphs represent the quantification of the 18S-normalized mRNA levels,
expressed as a percentage of control samples. *P<0.05, **P<0.01, ***P<0.001 vs. Control;
TP<0.05, 1P<0.01 vs. Palmitate; &P<0.001 vs. Pal + GW; #P<0.05 vs. Compound C.

not insulin resistant, as measured by Akt phosphorylation on Ser478
or IRS-1 phosphorylation on Ser307 (data not shown). However, HFD-
fed mice displayed intolerance to glucose, as determined by an
intraperitoneal glucose tolerance test (data not shown), even though
no increases in body weight or plasma levels of glucose, insulin and
free fatty acids were observed. GW501516 treatment markedly
improved glucose tolerance in HFD-fed mice (data not shown), as it
has been reported in obese ob/ob mice [24]. Likewise, C57BL/6] mice
fed an HFD for 4 weeks do not display an increase in body mass,
despite impaired glucose tolerance [10], while long-term feeding of an
HFD results in an increase in body weight, hyperglycemia and
hyperinsulinemia [25]. AC16 cells exposed to palmitate for 18h did
not display enhanced insulin resistance either, as measured by
phospho-Akt>¢™78 or phospho-IRS-15¢"%7 (data not shown). Indeed,
the lack of an inhibitory effect on insulin action after STAT3 pathway
activation by IL-6 has also been reported in human myotubes [26].

The progression of heart failure and cardiac hypertrophy usually
entails a local rise in cytokines such as IL-6 and TNF-a [27], which
mainly act in an autocrine fashion via downstream activation of NF-<B
[28]. As has been previously reported in mice [5], the HFD resulted in a
significant increase in IL-6, TNF-o, and MCP-1 expression in heart.
Expression analyses also revealed that CD68 and F4/80, which are
widely used as macrophage-specific markers, were not up-regulated
(data not shown). This suggests that the increased cytokine
expression was not due to macrophage infiltration. Analogous results
were obtained when cardiac AC16 cells were exposed to palmitate,
since they also exhibited enhanced IL-6, TNF-c, and MCP-1 expression.
In fact, saturated fatty acids, especially palmitate, also induce
increased secretion of proinflammatory cytokines in skeletal muscle
cells [29,30]. In accordance with this result, NF-kB DNA binding
activity and nuclear p65 protein levels were enhanced in palmitate-
treated AC16 cells and in CD-1 mice fed an HFD. This correlates with
greater degradation of IxBa by the proteasome, as observed in cardiac
AC16 cells, and suggested by the hyperphosphorylation of I<Ba at the
Serine 32 residue in CD-1 mice. Our data are consistent with the slight
degradation of IkBa reported in C2C12 myotubes after exposure to
palmitate concentrations above 0.75 mmol/L [31]. Physiological levels
of circulating fatty acids are between 0.3 and 0.4 mmol/L, rising to
0.6-0.8 mmol/L in obese or type 2 diabetes patients. Thus, our data
suggest that human cardiac AC16 cells are more sensitive to
palmitate-induced inflammation than skeletal muscle cells, which
may develop at nearly physiological free fatty acid levels.

The main goal of this study was to examine the effects of the
PPARP/d agonist GW501516 on fatty acid-induced inflammation in
cardiac cells. This agonist is a selective ligand with a 1000-fold higher
affinity to PPARB/S than to other PPAR isotypes [32]. PPARR/S plays an
important role in the heart, where it has similar functions to PPARc.
Interestingly, activation of PPARB/6 may inhibit the NF-«B signaling
pathway, thus avoiding both cardiomyocyte hypertrophy and
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preventing downregulation of the genes involved in fatty acid
metabolism. PPARR/6 anti-inflammatory activity has been reported
in several experimental immunological diseases [33], as well as in
some experimental models. For instance, PPARR/6 activation by
GWO0742 or L-165041 inhibits cardiomyocyte hypertrophy in neonatal
rat cardiomyocytes in a process that involves downregulation of the
NF-kB signaling pathway [7]. Here, we show that PPARB/6 activation
by GW501516 reduced the induction of the NF-kB target genes MCP-1
and TNF-« in human cardiac cells stimulated by palmitate and in the
heart of mice fed a high-fat diet. This suggests that PPARB/5 may
antagonize NF-kB activity. We also report that IL-6 expression and NF-
KB DNA-binding activity is induced in heart of PPARB/ knockout mice
compared to wild-type mice, which is consistent with the anti-
inflammatory activity of PPARPB/6. Other studies also demonstrate that
PPARB/S activation by ligand administration or adenoviral over-
expression in cultured cardiac myocytes has potent anti-inflammatory
effects [34]. Enhanced myocardial MCP-1 expression may lead to the
infiltration and activation of inflammatory cells in the heart, hence
contributing to the left ventricular remodeling and heart failure
observed after myocardial infarction [ 7]. Therefore, PPARB/5 activation
might be therapeutically useful to reduce the expression of MCP-1 in
heart.

In the heart, IL-6 induces STAT3 and, to a lesser extent, STAT1
transcription factors, whose target genes encode proteins activated
under stress conditions such as acute myocardial infarction and
hypertrophic stimuli [35]. Mice with cardiomyocyte-specific over-
expression of STAT3 or IL-6 develop hypertrophy [35]. Therefore,
therapies aimed at downregulating cardiac IL-6 secretion during
obesity might improve cardiac performance and, thus, reduce the
occurrence of adverse cardiovascular events. Strikingly, GW501516
prevented activation of the IL-6/JAK/STAT3 signaling pathway in mice
fed an HFD, but not in AC16 cells treated with palmitate. This
discrepancy might be explained by species-specific differences and by
the fact that the effects of high dietary fat intake on the heart are
dependent on fatty acid composition. Some nutritional fatty acids may
induce inflammatory signaling through an increase in plasma
lipopolysaccharide and subsequent activation of the toll-like recep-
tor-4 [36]. In accordance with this result, palmitate and HFD may
trigger different inflammatory pathways in human AC16 and mice
cardiac cells, respectively, thus accounting for the different responses
observed after GW501516 treatment. Parthenolide prevented IL-6
and MCP-1 expression induction by palmitate in AC16 cells (see
Supplementary material online, Fig. S4), although only the latter was
prevented by GW501516 (Fig. 4). Consequently, it is feasible that IL-6
and MCP-1 transcription is initiated by NF-B in AC16 cells. However,
once IL-6 transcription has been induced, it may be controlled by
other signaling pathways. Alternatively, the effect of parthenolide on
IL-6 expression might be attributed to the inhibitory effect of this
compound on other transcription factors that regulate IL-6, such as
activating protein-1 [37].

Our results demonstrate that the anti-inflammatory effects of
GW501516 are due to both AMPK- and PPARP/6-dependent mech-
anisms. In fact, it has been already reported that AMPK may block NF-
KB signaling pathway through the blockade of IkB kinase activity [22].
On the other hand, several mechanisms have been proposed to
explain the anti-inflammatory effects of PPARB/6 activation, such as
the physical interaction between PPARP/6 and p65, the induction of
antioxidative genes or the release of nuclear corepressors. Indeed, it is
possible that PPARP/6 exerts its inhibitory effects on NF-kB via
multiple mechanisms, depending on conditions and cell types. Here,
we demonstrate that PPARR/5 activation by GW501516 enhances the
protein-protein association between PPARPB/6 and p65, which
indicates that this mechanism may also interfere with NF-xB
transactivation capacity in the diabetic heart. Similar results have
been reported in other cardiac cell types, such as in rat neonatal
cardiomyocytes or H9c2 myotubes [7,9]. PPARB/d also inhibits

enhanced cytokine production in adipocytes by preventing NF-xB
activation via ERK1/2, an effect that may help to prevent insulin
resistance [38]. However, we did not observe ERK1/2 activation after
GW501516 treatment in vivo or in vitro (data not shown), thus ruling
out a role for this kinase in the GW501516-mediated effects. Further
studies are required to elucidate whether additional mechanisms
after PPARPB/6 activation may inhibit the proinflammatory profile
induced in the heart by palmitate and high-fat diets, for instance by
inhibiting other transcriptional factors such as nuclear factor of
activated T lymphocyte (NFAT) or activating protein-1.

In summary, the novel finding of the present study is that
GW501516-induced PPARB/S activation, which is the predominant
isotype in cardiac fibroblasts and myofibroblasts, can attenuate the
inflammatory response induced in human cardiac AC16 cells exposed
to the saturated fatty acid palmitate and in mice fed an HFD. Since
chronic low-grade inflammation plays a significant role in cardiac
hypertrophy and heart failure, and GW501516 has been shown to
ameliorate metabolic disturbances in heart caused by high-fat diets, it
is tempting to speculate that PPARR/S may serve as a therapeutic
target to prevent cardiac hypertrophy and heart failure in metabolic
disorders. PPARPB/6 has many beneficial physiological functions
ranging from enhancing fatty acid catabolism, improving insulin
sensitivity and inhibiting inflammation, thus displaying a potential
therapeutic role for the prevention and treatment of diseases
including diabetes, dyslipidemias or metabolic syndrome. However,
activation of PPARB/6 has also been shown to increase the growth of
several human cancers (reviewed in [39]). Nevertheless, further
studies are guaranteed, since the role of PPARB/6 in carcinogenesis is
highly controversial at present, as there are data suggesting that it
either promotes or inhibits cancer, and overall data cannot distinguish
whether PPARB/S upregulation is a mechanistically inconsequential
result of carcinogenesis or an active player in this process [39].
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RESULTATS

Les respostes inflamatories que es donen en el cor, produides per un augment
sostingut de citocines, han estat associades a diversos processos patologics com la
hipertrofia i la insuficiencia cardiaques. Dades recents suggereixen una relacié entre
les cardiomiopaties i la desregulacié del metabolisme cardiac. Per tal de dilucidar la
relacié entre un perfil proinflamatori i la desregulacié del metabolisme en cor vam
tractar la linia cel-lular cardiaca d'origen huma, AC16, amb el factor de necrosi

tumoral-a (TNF-a).

L'exposicid de les cel-lules AC16 a TNF-a inhibeix I'expressié del coactivador-la
del receptor activat per proliferadors peroxisomics y (PGC-1a), un gen que participa
en la regulacio del metabolisme oxidatiu dels lipids i la glucosa. De la mateixa manera,
en estudis realitzats amb ratolins transgénics especifics de cor (Mus musculus), que
sobreexpressen TNF-a i que han estat caracteritzats com un model de cardiomiopatia
induida per citocines, també s’ha observat una reduccié de I'expressié de PGC-1a a

nivell cardiac respecte la que presenten els ratolins control.

En el mecanisme a través del qual TNF-a participa en la reduccid de I'expressié de
PGC-1a in vitro, sembla ser que en gran mesura hi intervenen les vies de la proteina
cinasa activada per mitogens p38 (p38 MAPK) i del factor nuclear kB (NF-kB). La
disminucio en I'expressié de PGC-1a resulta en un augment de la taxa d’oxidacio de la
glucosa, fet en el que hi esta implicat una reduccié en l'expressié de la piruvat
deshidrogenasa cinasa quatre (PDK4), alhora que depeéen de I'activitat d'unié a I'ADN
dels factors de transcripcié anomenats receptor activat per proliferadors peroxisomics

B/6 (PPAR B/6) i receptor relacionat amb I'estrogen (ERR).

Aguests resultats semblen indicar que la reduccié de I'expressi6 de PGC-la

contribueix en el desenvolupament de la disfuncié i la insuficiéncia cardiaques en els

trastorns metabolics amb un fons inflamatori.
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1. Introduction

Aims Inflammatory responses in the heart that are driven by sustained increases in cytokines have been
associated with several pathological processes, including cardiac hypertrophy and heart failure. Emer-
ging data suggest a link between cardiomyopathy and myocardial metabolism dysregulation. To further
elucidate the relationship between a pro-inflammatory profile and cardiac metabolism dysregulation, a
human cell line of cardiac origin, AC16, was treated with tumour necrosis factor-a (TNF-a).

Methods and results Exposure of AC16 cells to TNF-« inhibited the expression of peroxisome proliferator-
activated receptor coactivator 1a (PGC-1a), an upstream regulator of lipid and glucose oxidative metab-
olism. Studies performed with cardiac-specific transgenic mice (Mus musculus) overexpressing TNF-a,
which have been well characterized as a model of cytokine-induced cardiomyopathy, also displayed
reduced PGC-1a expression in the heart compared with that of control mice. The mechanism by which
TNF-a reduced PGC- 1o expression in vitro appeared to be largely mediated via both p38 mitogen-activated
protein kinase and nuclear factor-«B pathways. PGC-1a downregulation resulted in an increase in glucose
oxidation rate, which involved a reduction in pyruvate dehydrogenase kinase 4 expression and depended
on the DNA-binding activity of both peroxisome proliferator-activated receptor 3/8 and estrogen-related
receptor « transcription factors.

Conclusion These results point to PGC-1a downregulation as a potential contributor to cardiac dysfunction
and heart failure in metabolic disorders with an inflammatory background.

organelle can also catabolize other substrates, such as
glucose and lactate, in order to ensure an efficient and con-

The myocardium expresses and secretes several cytokines in
response to different stimuli, such as tumour necrosis
factor-a (TNF-a) and interleukin (IL)-6, which are under
the control of the ubiquitous inducible transcription factor
called nuclear factor-kB (NF-«B). Inflammatory responses
driven by sustained increases in TNF-«, which mainly acts
in an autocrine fashion, have been related to several patho-
logical processes, including ischaemic myocardial injury,
cardiac hypertrophy, and chronic heart failure."3

The adult mammalian heart generates ATP primarily from
fatty acid (FA) B-oxidation by mitochondria, though this

* Corresponding author. Tel: +34 93 4024531; fax: +34 93 4035982.
E-mail address: mvazquezcarrera@ub.edu

stant fuel source. However, cardiac energy substrate flexi-
bility becomes constrained under certain circumstances,
such as in cardiac hypertrophy and heart failure, owing to
a shift in the source of energy from FA to glucose. Metabolic
changes in cardiac substrate utilization entail dysregulation
of genes involved in the transport and catabolism of FA and
glucose. The expression of these genes is controlled at least
in part by the peroxisome proliferator-activated receptor
(PPAR) transcription factors family. There are three differ-
ent PPAR subtypes, PPARa, PPARB/d and PPARy, which
require heterodimerization with another nuclear receptor,
the retinoid X receptor, in order to be activated. Heterodi-
merization is then followed by coactivator recruitment and
subsequent induction of target gene transcription.

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2008.
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The PPARy coactivator-1a (PGC-1a) is a potent transcrip-
tional coactivator that acts as an upstream regulator of lipid
and glucose oxidative metabolism in a variety of tissues. In
the myocardium, PGC-1a may coactivate PPAR«x and PPARB/
d subtypes, although it also interacts with and coactivates
the nuclear respiratory factor-1 (NRF-1)° and the estrogen-
related receptor o (ERRa) transcription factors.® The
primary functions of PGC-1«a in the heart consist of the acti-
vation of mitochondrial biogenesis, oxidative phosphoryl-
ation, and respiration, and the transcriptional control of
enzymes involved in metabolism.>® PGC-1a expression in
the heart is activated perinatally, coinciding with a meta-
bolic shift towards major FA consumption and a burst of
mitochondrial biogenesis, which play a crucial role in
cardiac oxidative capacity.” Similarly, PGC-1a is induced in
the adult heart by physiological stimuli that increase its
dependence on FA oxidation for energy, such as fasting and
exercise.® On the other hand, the PGC-1a/ERRa axis regu-
lates genes involved in glucose oxidation, such as pyruvate
dehydrogenase kinase 4 (PDK4). This kinase is responsible
for the inactivation by phosphorylation of the pyruvate
dehydrogenase complex, which catalyzes the rate-limiting
step of glucose oxidation. Interestingly, cardiac ERRa
expression following birth is concordant with the upregula-
tion of PGC-1a and, furthermore, deletion of the ERRa
gene in mice has been found to accelerate heart failure in
a process which involves PGC-1a downregulation as
well.®®° Cardiac hypertrophy’ and heart failure'®'" have
been associated with decreased expression of PGC-1« and
its target genes in several animal models, thus providing
increasing evidence of a link between lessening of PGC-1a
activity and cardiac dysfunction.

To gain a better understanding of the mechanisms by
which exposure to TNF-a may result in the metabolic dysre-
gulation that underlies heart dysfunction and failure in
metabolic diseases, we have taken advantage of a human
cell line of cardiac origin, AC16. Results reported herein
demonstrate that TNF-a reduces PGC-1a expression in AC16
cells in vitro and also in a mouse model with cardiac-specific
overexpression of TNF-a. In AC16 cells, PGC-1a downregula-
tion eventually results in an increase in the glucose oxidation
rate. The mechanism by which TNF-a reduces PGC-1a
expression involves both p38 mitogen-activated protein
kinase (p38 MAPK) and NF-kB. Consequently, therapies aimed
at preventing PGC-1a downregulation in inflammatory states
associated with metabolic disorders might be useful for
preventing cardiomyopathies.

2. Methods
2.1 Reagents

GW501516 was obtained from Alexis Biochemicals (Lausen,
Switzerland). BSA was from Calbiochem (Darmstadt, Germany).
D-[U-"*C]-glucose was purchased from PerkinElmer (Waltham, MA,
USA), and 1-["“C]-oleic acid, [«-32P]-dATP, and [y->2P]-ATP were pur-
chased from GE Healthcare Life Sciences (Sant Cugat, Spain). All
other chemicals, except when specified, were purchased from
Sigma-Aldrich (Madrid, Spain). Antibody against IkBa was from
Cell Signaling Technology (Beverly, MA, USA); p65, Oct-1, and
PPARa were from Santa Cruz Biotechnology Inc. (Heidelberg,
Germany), ERR1 from Affinity BioReagents (Golden, CO, USA), and
B-actin from Sigma.

2.2 Cell culture and transfection

Human AC16 cells were maintained and grown as previously
described."? Briefly, non-differentiated AC16 cells were maintained
in medium composed of Dulbecco’s modified Eagle’s medium:F12
(Invitrogen, Barcelona, Spain) supplemented with 12.5% foetal
bovine serum, 1% penicillin-streptomycin, and 1% Fungizone (Invi-
trogen), and grown at 37°C in a humid atmosphere of 5% CO,/95%
air until they reached 70-80% confluence. For PGC-1a overexpres-
sion studies, AC16 cells were transfected with pcDNA4/His-myc/
PGC-1a (Addgene plasmid 10974, Cambridge, MA, USA)13 using the
Lipofectamine 2000 kit (Invitrogen) according to the manufacturer’s
recommendations, with both pcDNA4/His-myc/lacZ and pcDNA4/
His-myc (Invitrogen) as control vectors. Transfection time and DNA:-
lipofectamine ratio were set at 24 h and 1:3, respectively, after
optimization with pcDNA4/His-myc/lacZ using a B-galactosidase
reporter gene staining kit (Sigma).

2.3 TNF-a transgenic mouse cardiac sample
preparation

We used transgenic TNF1.6 male mice (8 to 12-week-old) with
cardiac-specific overexpression of TNF-a. These well-characterized
mice were created as a model of cytokine-induced cardiomyopathy
and congestive heart failure.' Ventricular sample tissues were
obtained as described previously.'®> The study was approved by our
Institutional Animal Research Committee and conformed with the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

2.4 RNA preparation and analysis

Relative levels of specific mRNAs were assessed by the reverse tran-
scription-polymerase chain reaction (RT-PCR), as previously
described.* Owing to its high transcription levels, PGC-Ta
expression after overexpression was analysed by real-time RT-
PCR. The sequences of the forward and reverse primers used for
amplification are displayed in Supplementary material online,
Table S1.

2.5 Electrophoretic mobility shift assay
and immunoblot analysis

The electrophoretic mobility shift assay (EMSA) and immunoblot
analysis were performed as previously described*'® (Supplementary
material online).

2.6 Glucose oxidation and fatty acid oxidation

Glucose oxidation rate was determined as reported in previously
published protocols,” using some modifications, while FA oxidation
was measured according to an adapted protocol from Roduit et al.'®
(Supplementary material online).

2.7 Statistical analysis

Results are expressed as the mean 4 SD of at least three separate
experiments. Significant differences were established by either
the Student’s t-test or one-way ANOVA, according to the number
of groups compared, using the computer program GraphPad Prism
(GraphPad Software Inc. V4.03, San Diego, CA, USA). In the latter
case, when significant variations were found, the Tukey-Kramer
multiple comparisons post-test was performed. Differences were
considered significant at P < 0.05.
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3. Results
3.1 PGC-1a expression is downregulated by TNF-a

Treatment of AC16 cells with TNF-a (100 ng/mL for 24 h, see
Supplementary material online) significantly induced the
expression of pro-inflammatory genes such as monocyte che-
moattractant protein (MCP-1, approximately two-fold, P <
0.01), IL-6 (approximately four-fold, P < 0.05), and TNF-«
(~20-fold, P < 0.001) (see Supplementary material online,
Figure S1). Next, we evaluated whether induction with
TNF-a led to a reduction in the expression of cardiac
genes involved in cell metabolism. Neither PPARB/& nor
PPARa expression was reduced after treatment with TNF-a
(data not shown). In consonance with this, the expression
level of PPAR target genes involved in mitochondrial FA
B-oxidation, such as medium-chain acyl-CoA dehydrogenase
(MCAD) or muscle-type carnitine palmitoyltransferase-|
(M-CPT-I), was not reduced. However, when we examined
the effects of TNF-a on the expression of PGC-1a, a signifi-
cant inhibition was observed (~80% reduction, P < 0.01)
compared with control cells (Figure 1A). On the contrary,
expression of the close homologue PGC-183 remained unal-
tered, despite the fact it was expressed at higher levels
than PGC-1a in AC16 cells (data not shown). Expression of
PDK4 was found to be reduced in parallel with PGC-1a
expression (Figure 1B), whereas a marked increase in
manganese superoxide dismutase (MnSOD) expression, an
antioxidant enzyme transiently stimulated by PGC-1«, was
observed upon TNF-a stimulation (see Supplementary
material online, Figure S7). To further confirm our results,
studies with cardiac-specific transgenic mice overexpressing
TNF-a (TNF1.6 strain) were performed. Consistent with the
in vitro studies, TNF1.6 transgenic mice displayed reduced
PGC-1a (~50% reduction, P<0.001) and PDK4 (~60%
reduction, P < 0.001) expression in the heart, compared
with that in control mice (Figure 1B).

3.2 NF-kB and p38 MAPK mediate PGC-1«
downregulation by TNF-a

To assess the role of NF-«B in the TNF-a-mediated control of
PGC-1a and PDK4, we treated cells with the inhibitor
parthenolide. As shown in Figure 1C, the ~75-80% reduction
observed in the transcript levels of PGC-1a and PDK4 after
treatment with TNF-a was prevented by parthenolide. The
induction in MCP-1, IL-6 and MnSOD mRNA levels, three
well-known targets of NF-«kB activity, was also inhibited
after parthenolide treatment. Pyrrolidine dithiocarbamate
was used to further confirm these results (see Supplemen-
tary material online, Figure S2A), since it can reduce inflam-
matory cytokine production in the myocardium as a
consequence of NF-kB inhibition. On the other hand,
addition of the p38 MAPK inhibitors PD169316 (Figure 1D)
or SB202190 (see Supplementary material online, Figure
S$2B) to AC16 cells reversed some of the effects of TNF-a.
Thus, PGC-1a and PDK4 expression reached basal levels
after p38 MAPK inhibition, suggesting that this kinase was
involved in the TNF-a-mediated PGC-71a inhibition.
PD169316 did not reduce the expression of IL-6 or MnSOD,
indicating that the pro-inflammatory profile induced by
TNF-a did not require the activation of the p38 MAPK
pathway.

An EMSA was carried out to verify whether incubation of
AC16 cells with TNF-a led to increased NF-kB activity.
NF-kB formed four specific DNA-binding complexes with
nuclear proteins, but supershift analyses demonstrated
that only complexes | and Il contained the p65 subunit of
NF-kB. Complexes I, I, and Ill increased in TNF-a-treated
cells, and this effect was completely reversed by partheno-
lide (Figure 2A). PD169316 addition also prevented complex
| formation, although, surprisingly, complexes Il and Ill were
induced even more than in TNF-a-treated cells (Figure 2A).
These results suggest that NF-kB and p38 MAPK interact in
mediating the TNF-a response, despite the fact that
PD169316 did not prevent pro-inflammatory cytokine upre-
gulation by TNF-a.

The nuclear localization of NF-kB is prevented by inter-
action with IkB inhibitors, which leads to its cytoplasmic
accumulation as an inactive heterodimer. Because the bio-
logical effects of NF-«B are dependent at least in part on
its translocation to the nucleus after protein IkB kinase-
mediated phosphorylation, we also assessed IkBa protein
levels after TNF-a exposure. As expected, cells exposed to
TNF-a showed reduced IkBa protein levels (Figure 2B).
This reduction in IkBa protein levels was not prevented
after coincubation with parthenolide or PD169316,
suggesting that PGC-1a downregulation by TNF-a did not
depend on IkBa protein levels. Although parthenolide may
specifically inhibit NF-kB activity by preventing IkBa
phosphorylation, our results are consistent with another
mechanism of parthenolide action, which involves alkylation
of p65 at Cys38, thus inhibiting DNA binding of NF-kB."® In
accordance with this, nuclear p65 protein levels rapidly
increased after TNF-a treatment, a phenomenon that
was prevented by parthenolide and PD169316 treatments
(Figure 2B).

3.3 PPARP/S and estrogen-related receptor a might
be involved in PDK4 downregulation

A plasmid carrying the PGC- 1« gene under the control of a
constitutive CMV promoter was used to overexpress this
coactivator in AC16 cells (see Supplementary material
online, Figure S3A). Exogenous PGC-1a overexpression for
24 h induced a substantial increase in the expression of
this gene, which completely abrogated its downregulation
after TNF-a treatment (see Supplementary material
online, Figure S3B). Expression analysis of PDK4, MnSOD,
and IL-6 in PGC-1a-transfected cells after addition of
TNF-a clearly demonstrated that only PDK4 transcription
was controlled by this coactivator in human AC16 cells
(Figure 3A). To exclude any undesired effect owing to unspe-
cific induction of the PGC-1a-related coactivator PGC-1,
the expression of this gene was also evaluated and no
changes were observed (data not shown).

PDK4 may be activated in various mouse tissues by admin-
istration of PPAR ligands. However, there is also a PPAR-
independent pathway in skeletal muscle that activates
PDK4 through the orphan nuclear receptor ERRa, in a
process which also requires PGC-1a recruitment. Since pre-
vious data obtained in our laboratory had indicated that
PPAR inhibition owing to repression of transcriptional
activity by NF-«kB might be responsible for PDK4 down-
regulation, we investigated the role of PPAR by means of
EMSA. The PPRE probe formed only one specific complex
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Figure 1 PGC-1a and PDK4 expression is downregulated by tumour necrosis factor-a in AC16 cells (A) and in left ventricle tissue of transgenic TNF1.6 mice (B) in
a process mediated by nuclear factor-kB (C) and p38 mitogen-activated protein kinase (D). AC16 cells were incubated with tumour necrosis factor-a (4, C, and D)
in the presence or absence of parthenolide (10 pmol/L, C) or PD169316 (10 umol/L, D). The panels display a representative autoradiogram of the reverse tran-
scription-polymerase chain reaction analysis of the corresponding mRNA levels. Graphics represent the quantification of the 18S-normalized (4, C, and D) or
Aprt-normalized (B) mRNA levels, expressed as a percentage of control samples. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 2 PGC-1a downregulation by tumour necrosis factor-a involves both nuclear factor-«B and p38 mitogen-activated protein kinase activation. (A) Elec-
trophoretic mobility shift assay showing nuclear factor-«B activity after treatment of AC16 cells with tumour necrosis factor-a in the presence or absence of
10 wmol/L parthenolide or 10 pmol/L PD169316 (NE, nuclear extracts; IC, immunocomplex). (B) Effect of exogenous tumour necrosis factor-a addition on
IkBa and the p65 subunit of nuclear factor-«B protein levels. Total (IkBa) or nuclear (p65) protein extracts were isolated from AC16 cells incubated with
tumour necrosis factor-a in the presence or absence of parthenolide or PD169316. To show equal loading of protein, B-actin signal from the same blot is included.

All autoradiograph data are representative of three separate experiments.

with AC16 nuclear proteins, and supershift studies demon-
strated that this DNA-binding activity was almost entirely
attributable to the PPARB/3 subtype (Figure 3B). This is
not surprising given that PPARB/3 was expressed at much
higher levels than PPARa in these cells (data not shown).
As expected, TNF-a significantly reduced the PPAR DNA-
binding activity. Although addition of PD169316 inhibited
the ability of TNF-« to alter PPARB/S activity, parthenolide
had no effect (Figure 3B). In addition, when the synthetic
PPARB/3 agonists L-165041 or GW501516 were added in
the presence of TNF-a, PGC-1a or PDK4 transcript levels
were not restored (data not shown). To clarify these
results, we analysed the expression of two additional
enzymes that are known to be PPAR-regulated, acyl
CoA-oxidase and the liver form of CPT-l, which are also

expressed in the heart. The expression of these genes was
not affected by TNF-a (data not shown). Moreover, in con-
trast with previous reports,2® overexpression of PGC-1a did
not increase M-CPT-1 or MCAD expression (data not shown),
thus ruling out this protein as a transcriptional coactivator
of these genes in AC16 cells. Addition of anti-PGC-1« anti-
body in a supershift assay performed with the PPRE probe
did not reduce the binding of Complex | (Figure 3B, right
panel), whereas addition of this antibody to an EMSA assay
performed with the same nuclear extracts but using the
ERRa probe yielded a strong reduction of the Complex |
(Figure 3C, right panel), thus reinforcing the lack of
binding of PGC-1a to PPAR in these cells.

ERRa DNA-binding activity, as examined by EMSA, yielded
only one specific complex, which displayed a reduction in
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the presence of TNF-a (Figure 3C). Addition of PD169316 in
the presence of TNF-« reversed ERRa transcriptional activity
but parthenolide did not. The reduction of ERRa complex |
formation after incubation with parthenolide alone might
account for the lack of effect of the latter when coincu-
bated with TNF-a, although the underlying mechanisms
still remain to be elucidated. Since it has been reported
that PGC-1a may induce the transcription of ERRa in an
autoregulatory feed-forward mechanism,?' in addition to
co-activating its transcriptional activity, the expression of
this transcription factor was also assessed. However, ERR«
expression was not reduced in parallel with PGC-1a after
TNF-« addition (data not shown).

3.4 Downregulation of PDK4 increases
the glucose oxidation rate

We next sought to determine whether changes in PDK4
expression affected glucose and FA oxidation in AC16 cells.
As shown in Figure 4A, TNF-a induced a significant increase
in the glucose oxidation rate (1.15 nmol glucose/g h) with
respect to untreated AC16 cells (0.79 nmol glucose/g h),
and coincubation with parthenolide or PD169316 reduced
glucose oxidation to basal levels (0.53 and 0.83 nmol
glucose/g h, respectively). By contrast, TNF-a treatment
had no effect on FA oxidation as measured by the rate of
oleate oxidation (Figure 4B).

4. Discussion

To date, most studies directed at understanding the mech-
anisms that underlie the shift in glucose metabolism during
cardiac hypertrophy have been performed with murine
models. In the present study, we have taken advantage of
a novel human cardiac model, the AC16 cell line, to
examine the metabolic disturbances that may arise from
inflammatory processes in the heart. To our knowledge,
this is the first report examining such inflammatory pro-
cesses in an in vitro model of human origin, thus potentially
overcoming many of the inconsistencies encountered when
results obtained with murine models have been extrapo-
lated to human beings. This is important, especially taking
into account that some of the transcription factors involved
in metabolism and inflammation, such as PPAR,?? are known
to be expressed at lower levels in human cells than in rodent
cells. In fact, gene expression is also differentially regulated
by PPAR in human vs. rodent cells.?> A major drawback of
the study might be the origin of the AC16 cell line itself,
since it consists of a fusion of primary ventricular cells
with SV-40-transformed fibroblasts. However, this cell line
develops many of the biochemical and morphological prop-
erties characteristic of cardiac muscle cells, even though
it does not form completely differentiated cardiomyo-
cytes.'? Cardiomyocytes play an important role in cardiac
pathobiology, even though other myocardial cells, such as
fibroblasts, which constitute up to 70% of the ventricular
myocardial cells, may also contribute to this process.?*
Both cell types secrete and respond to inflammatory
TNF-a,>?° although cardiomyocytes have been reported to
be the major local source of TNF-a in the myocardium
during inflammatory processes.?®

Results presented here show that a marked inhibition in
PGC-1a expression is produced in the presence of locally

increased TNF-a levels. In agreement with our previous
results obtained with human AC16 cells and transgenic
TNF1.6 mice, treatment for only 6 h with 10 ng/mL TNF-«
already reduced PGC-1a expression in rat neonatal cardio-
myocytes (data not shown). Numerous studies have indi-
cated that PGC-1a is a crucial regulator of cardiac
metabolism during development and in response to stress.
Cardiac PGC-1a expression, along with its target transcrip-
tion factors PPAR and ERRa, are all reduced in animal
models of heart failure>?” and in pathological forms of
cardiac hypertrophy,® suggesting that this decrease may be
responsible for an energetic failure that can eventually
lead to cardiac dysfunction. In support of this hypothesis,
PGC-1a null mice were found to develop early heart
failure and dysfunction.?” Not surprisingly, AC16 cells
exposed to TNF-«a displayed a pro-inflammatory profile as a
direct consequence of increased transcriptional activity of
NF-«kB, which has been implicated in the development of
cardiac hypertrophy and failure.?®

Recent studies suggest that mutations in cardiac mito-
chondrial DNA may contribute to the development of
dilated cardiomyopathy.”> However, analysis of the
expression of genes whose transcription is subjected to
PGC-1a coactivation and that are involved in mitochondrial
biogenesis, the electron transport chain, or muscle glucose
uptake, such as mtTFA (mitochondrial transcription factor
A), CytC (cytochrome c oxidase), NRF-1, COIl (cytochrome
c oxidase, subunit Il of complex 1V), ND1 (NADH dehydrogen-
ase subunit 1), and GLUT4 demonstrated that neither TNF-«
nor PGC-1a regulated their expression in AC16 cells (data
not shown). Studies with PGC-1B or PGC-1« deficient mice
have demonstrated that PGC-1a is not essential for the fun-
damental mitochondrial biogenesis process in the heart,?°
and this might explain the lack of effect on genes involved in
mitochondrial biogenesis and oxidative capacity that was
observed in our study. Since PGC-1p can also stimulate mito-
chondrial biogenesis and respiration, it is plausible that this
coactivator might compensate for the reduction in PGC-1a
even though its expression was not upregulated in AC16
cells. In fact, TNF1.6 mice displayed marked mitochondrial
structural and functional alterations which coincided with
reduced PGC-13 expression (data not shown). On the other
hand, the possibility that mitochondrial changes driven by
PGC-1a would become apparent over the course of time
cannot be ruled out, since our in vitro studies limited
gene expression analyses to up to 48 h after TNF-« addition.

A recent study has demonstrated that PDK4 modulation is
sufficient to cause metabolic inflexibility and exacerbate
cardiomyopathy in transgenic mice,** and we found that
PDK4 expression correlated with PGC-1a levels in AC16
cells treated with TNF-a and in myocardial tissue of
TNF1.6 mice. Accordingly, TNF-a stimulated the glucose oxi-
dation rate in AC16 cells, and coincubation with partheno-
lide or PD169316 confirmed that both NF-«xB and p38 MAPK
pathways controlled glucose metabolism, thus assuring a
constant energy supply. Likewise, TNF1.6 mice displayed a
shift from oxidative phosphorylation to glycolysis,
suggesting an increase in glucose utilization."”> These
results are attractive, especially taking into account that
during chronic ischaemia, cardiac hypertrophy, or heart
failure, myocardial energy substrate utilization shifts
towards increased glycolysis.®' The lack of a decrease in
FA oxidation rate observed in AC16 cells after TNF-«
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Figure 4 PGC-1a downregulation by tumour necrosis factor-a dysregulates metabolism. (4) Tumour necrosis factor-a induces glucose oxidation to '“C0,. The
graph represents the [U-'*C]-glucose oxidation rates in AC16 cells incubated with tumour necrosis factor-a in the presence or absence of parthenolide or
PD169316. (B) Effect of tumour necrosis factor-a-stimulated cells on fatty acid oxidation, measured as the production of CO, in the incubation medium
after treatment with tumour necrosis factor-a in the absence or presence of PD169316. *P < 0.05, **P < 0.01, and ***P < 0.001.

treatment further supports our previous results, indicating
that the expression of enzymes involved in FA oxidation
was not downregulated. Previous studies have already
reported that an increase in the activities of several glyco-
lytic enzymes may precede the metabolic changes observed
in cardiac hypertrophy.3? Since in this study AC16 cells were
collected for FA oxidation studies just after 24 h TNF-a
treatment, it is feasible that changes in the FA oxidation
rate took place after the increase in glucose oxidation.
Alternatively, the occurrence of other PDK isoforms
expressed in the heart might also explain the maintenance
of FA oxidation at basal levels.?'

Previous reports have proposed that ERRa and PPAR are
able to mediate the PGC-1a-induced activation of PDK4
expression, ! and our in vitro results point to a dysregulation
of both ERRa and PPARB/d transcriptional activity after
TNF-a treatment. However, addition of PD169316 inhibited
ERRa and PPARB /& downregulation by TNF-«, but partheno-
lide did not. In spite of this, parthenolide did prevent PDK4
downregulation, thus suggesting an additional mechanism by
which PDK4 is transcriptionally regulated. In agreement with
this, addition of parthenolide to neonatal rat cardiomyo-
cytes stimulated with phenylephrine has been reported to
induce PDK4 expression to levels that far exceed those
observed at the basal state.>?

The pro-inflammatory transcription factor NF-kB has
already been implicated in the regulation of PGC-Ta
expression.* However, an interesting question arises about
the mechanism by which PGC-1a is downregulated after
NF-kB activation. Stimulation of H9c2 myotubes with lipopo-
lysaccharide caused a fall in the expression of genes
involved in FA metabolism, in a process mediated by the
physical interaction between the p65 subunit of NF-kB and
PPARB/3.32 Since PGC-1a gene transcription is induced by
PPAR, it is possible that PGC-1a downregulation by TNF-«
was a direct consequence of the reduction in PPARB/3
activity. However, PPARB/ & expression was not reduced by
TNF-a treatment and, addition of PPARB/& agonists had no
effect on PGC-1a and PDK4 expression (data not shown),
although PPARB/3 DNA-binding activity was found to be

strongly inhibited after TNF-a treatment. As reported in
PPARa™’/~ mice,>* the compensatory effects on the part of
PPARa might account for our results. However, RT-PCR and
EMSA analysis confirmed that PPARB/& is the predominant
PPAR subtype in AC16 cells®* and, furthermore, PPAR«
mRNA did not increase in cells after TNF-a addition (data
not shown). As stated above, PD169316, but not partheno-
lide, was capable of blocking the reduction in PPARB/3 tran-
scriptional activity, suggesting that it was not a consequence
of increased NF-kB activity but was due instead to an
increase in p38 MAPK activity. These results imply that
PPARB /3 phosphorylation by p38 MAPK inhibits the transcrip-
tional activity of the former. In fact, p38 MAPK inhibition by
PD169316 has been related to increased PPARy activity in
adipose cells.>®

It has been reported that p38 MAPK is necessary for
cytokine-induced NF-xB activation,3® and both p38 MAPK
and NF-kB may influence PGC-1a expression.>” The addition
of PD169316 to TNF-a-treated AC16 cells further increased
NF-«xB binding with transcriptional complexes Il and Ill, an
effect that has also been detected in human HUVEC and
HEK293 cells,*® while almost abolished transcriptional
complex I. These results suggest that NF-«B binding to
complex |, which contains the p65 subunit of NF-«B, is
specifically involved in PGC-1a downregulation. Several
reports have stated a positive role for p38 MAPK in the
regulation of PGC-1a activity, not only at the transcrip-
tional?” but also at the post-transcriptional level.3? Conver-
sely, we now report that activation of p38 MAPK is
responsible for the reduction in PGC-1a expression. These
results are consistent with a recent report in which incu-
bation of C2C12 mouse myoblasts with palmitate decreased
the expression of PGC-1a via p38 MAPK-dependent tran-
scriptional pathways.3” In support of this, data obtained
with transgenic mice overexpressing the p38 MAPK
upstream kinase MAPK-kinase-6 suggest that p38 MAPK is
involved in the negative regulation of mitochondrial
biogenesis.’

Based on these data, we propose a new mechanism that
may explain the shift in glucose metabolism during cardiac
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Figure 5 Schematic representation of the mechanisms involved in the metabolic dysregulation of AC16 cells treated with tumour necrosis factor-a. Activation
of both nuclear factor-«B and p38 mitogen-activated protein kinase pathways by tumour necrosis factor-a mediates, besides a pro-inflammatory profile, the
reduction of PGC-1a and PDK4 expression and subsequent increase in glucose oxidation rate.

hypertrophy induced by pro-inflammatory TNF-«a
(Figure 5). The suggested hypothesis might involve: (i)
activation of NF-kB and p38 MAPK by TNF-«; (ii) NF-xB/
p38 MAPK-mediated inhibition of PGC-1«; (iii) reduction
of PDK4 expression; and (iv) stimulation of glucose oxi-
dation. Specific molecular repressors of PGC-1a have not
yet been thoroughly studied. Even so, it has been reported
that an E3 ubiquitin ligase, SCFCdc4, may reduce PGC-1a
protein levels through ubiquitin-mediated proteolysis in a
process that requires specific phosphorylation by p38
MAPK on two Cdc4 phosphodegron motifs located within
the PGC-1a sequence.”’ This is particularly important,
taking into account that PGC-1a contains a suppression
domain with several p38 MAPK phosphorylation sites*'
and that PGC-1a is capable of inducing its own
expression.*?

Decreased PGC-1a expression in the human heart may
contribute to the metabolic disturbances characteristic of
insulin resistance and obesity. Hence it is tempting to specu-
late that induction of PGC-1«a activity might have beneficial
effects on cardiac metabolism, and represents a novel mol-
ecular target that directly links cytokines with heart metab-
olism. These results also suggest a possible therapeutic
benefit for the inhibition of p38 MAPK and especially NF-«xB
activity in the heart. Likewise, blocking of local myocardial
TNF-a secretion by cardiomyocytes might also be useful
after cardiac transplantation, when intracardiac TNF-«
secretion contributes to accelerate cardiac allograft hyper-
trophy and fibrosis. In addition, both of them could be used
as early pathophysiological markers of heart failure in the
insulin-resistant state.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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RESULTATS

El factor nuclear kB (NF-xB) és un factor de transcripcié induit per una amplia
varietat d'estimuls, entre els que es troben la hiperglucémia i les citocines
proinflamatories. Aquest factor nuclear esta associat amb la hipertrofia i la
insuficiencia cardiaques. En estudis anteriors s’ha descrit que la inhibicid del
coactivador-1a del receptor activat per proliferadors peroxisomics y (PGC-1a) per part
de NF-xB podria explicar el canvi en el metabolisme de la glucosa que es produeix en
els processos patologics cardiacs induits per estimuls inflamatoris, malgrat que els
mecanismes especifics que hi participen encara no es coneixen. En aquest estudi vam
voler determinar aquests mecanismes especifics pels quals I'exposicid al factor de
necrosi tumoral-a (TNF-a) condueix a una disminucié de I'expressié de PGC-1a en les
cel-lules cardiaques, i com a conseqléncia, a la desregulaci6 metabolica que es

manifesta en la disfuncié i insuficieéncia cardiaques.

En aquest treball, mitjancant I’Us d’estudis de coimmunoprecipitacid, es presenta
per primera vegada que la subunitat p65 de NF-kB esta lligada constitutivament a
PGC-1a tant en cel-lules cardiaques humanes com en el cor de ratoli, i que |'activacid
de NF-xB per I'exposicié a TNF-a augmenta aquesta unid. Analisis de sobreexpressid i
silenciament génic han demostrat que el factor principal que limita el grau d'aquesta
associacié és p65, perqué només la modulacid d'aquesta proteina modifica la
interaccid fisica. Les dades obtingudes mostren que aquesta major interaccié fisica
entre p65 i PGC-1a després de l'activacié de NF-«kB és responsable de la reduccié en

I'expressio de PGC-1a i de la subseglient desregulacié en I'oxidacié de la glucosa.

En base a aquestes dades, proposem que p65 reprimeix directament l'activitat
PGC-1a en cel-lules cardiaques, fet que condueix a una reduccié de I'expressid de la
piruvat deshidrogenasa cinasa quatre (PDK4) i el consegiient augment en |'oxidacié de

la glucosa observat durant I'estat proinflamatori.

NOTA: Adjunto l'editorial referent a aquest article, publicada en la mateixa

revista, amb el titol Metabolic disorders in heart diseases with an inflammatory

background de Francois R. Boucher (Cardiovascular Research (2010) 87, 403—405).
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Nuclear factor-kB (NF-kB) is a transcription factor induced by a wide range of stimuli, including hyperglycaemia and
pro-inflammatory cytokines. It is associated with cardiac hypertrophy and heart failure. It was previously reported
that the NF-kB-mediated inhibition of proliferator-activated receptor-y coactivator-1a (PGC-1a) might explain
the shift in glucose metabolism during cardiac pathological processes induced by pro-inflammatory stimuli, although
the specific mechanisms remain to be elucidated. We addressed the specific mechanisms by which exposure to
tumour necrosis factor-o. (TNF-a) results in PGC-Tae down-regulation in cardiac cells and, as a consequence, in
the metabolic dysregulation that underlies heart dysfunction and failure.

By using coimmunoprecipitation studies, we report for the first time that the p65 subunit of NF-kB is constitutively
bound to PGC-1a in human cardiac cells and also in mouse heart, and that NF-kB activation by TNF-a exposure
increases this binding. Overexpression and gene silencing analyses demonstrated that the main factor limiting the
degree of this association is p65, because only the modulation of this protein modified the physical interaction.
Our data show that the increased physical interaction between p65 and PGC-1a after NF-kB activation is responsible
for the reduction in PGC-1a expression and subsequent dysregulation of glucose oxidation.

On the basis of these data, we propose that p65 directly represses PGC-1a activity in cardiac cells, thereby leading to
a reduction in pyruvate dehydrogenase kinase 4 (PDK4) expression and the subsequent increase in glucose oxidation
observed during the proinflammatory state.

NF-kB e PGC-1a e Inflammation

1. Introduction

Tumour necrosis factor-oo (TNF-a) is a pro-inflammatory cytokine
secreted by the myocardium in response to several stimuli. Sustained
increases in TNF-o have been related to several pathological pro-
cesses, such as ischaemic myocardial injury, cardiac hypertrophy,
and chronic heart failure. For instance, spontaneously hypertensive
rats show increased TNF-a production in heart, which contributes
to cardiac remodelling, decreased cardiac function, and faster pro-
gression to heart failure." Likewise, the failing human heart produces

large amounts of TNF-a,” while it has been proposed that persistent
intra-cardiac expression of TNF-a contributes to the development of
cardiac allograft hypertrophy.? Inflammatory cytokines are under the
transcriptional control of the ubiquitous inducible factor named
nuclear factor-kB (NF-kB), and activation of NF-kB itself is involved
in various cardiovascular diseases, such as cardiac hypertrophy and
heart failure.*

The adult mammalian heart generates ATP primarily from fatty acid
3-oxidation by mitochondria; however, under certain circumstances,
such as cardiac hypertrophy or heart failure, there is a progressive

TThe first two authors contributed equally to the study.

* Corresponding author. Tel: +34 9340 24531; fax: +34 9340 35982, Email: mvazquezcarrera@ub.edu

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2010. For permissions please email: journals.permissions@oxfordjournals.org.
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decline in overall mitochondrial oxidative catabolism while reliance
on anaerobic glycolytic pathways is increased. This metabolic shift
may become maladaptive over time owing to myocyte energy insuffi-
ciency and myocardial lipid accumulation, both linked to cardiac dys-
function. The peroxisome proliferator-activated receptor (PPAR)-y
coactivator-1a (PGC-1a) acts as a key upstream regulator of lipid
and glucose oxidative metabolism. In the myocardium, PGC-1a regu-
lates the expression of genes involved in glucose oxidation, such as
pyruvate dehydrogenase kinase 4 (PDK4). PDK4 is the enzyme
responsible for the phosphorylation-induced inactivation of the pyru-
vate dehydrogenase complex (PDC), which catalyzes the rate-limiting
step of glucose oxidation. Numerous studies have indicated that
PGC-1a is a crucial regulator of cardiac metabolism in response to
stress. Cardiac hypertrophy and heart failure have both been associ-

ated with decreased PGC-Ta expression,s'6

which implicates this
decrease in energy failure and perhaps, cardiac dysfunction. Increased
levels of TNF-a reduce PGC-Tae and PDK4 expression in human
cardiac AC16 cells in vitro as well as in heart of TNF1.6 mice, a
murine model with cardiac-specific overexpression of TNF-a that
has been established as a suitable model of cytokine-induced cardio-
myopathy.”’ However, an interesting question arises as to the mech-
anism by which PGC-Ta is down-regulated after NF-«kB activation.
Here we address the specific mechanisms by which exposure to
TNF-a results in PGC-1ae down-regulation in cardiac cells and, as a
consequence, in the metabolic dysregulation that underlies heart
dysfunction and failure.

2. Methods

Supplementary material online section provides a detailed description of
the methodology used.

2.1 Cell culture and transfection studies

Human AC16 cells were maintained and grown as previously described.?
Treatment conditions throughout the study were set up in a previous
study to 24 h and 100 ng/mL TNF-o, adding 10 uM parthenolide 6 h
before sample collection (see Supplementary Methods).” Cells were
transfected or cotransfected for 24—-48 h with Lipofectamine 2000 in
OPTI-MEM reduced serum medium following the manufacturer’s rec-
ommendations (Invitrogen).” For in vitro overexpression studies, the con-
structs used were pcDNA4/His-myc/PGC-1ac (human gene, Addgene
plasmid 10974, Cambridge, MA, USA),C’ pcDNA3/His-myc/PGC-1a
(mouse, Addgene plasmid 1026),"® pcDNA3/His-myc/PGC-1a-L2/3A
(LXXLL mutant, mouse, Addgene plasmid 48),"" pcDNA3/His-myc/p65
(mouse, Addgene plasmid 20012),"* and pCR3.1/Flag/lKKa (mouse,
Addgene plasmid 15467)."* Small-interfering RNA (siRNA)-mediated
PGC-Tae and pé5 gene silencing was carried out by transfecting AC16
cells with human PGC-Ta or p65 siRNA (Santa Cruz Biotechnology),
using a scrambled siRNA as a transfection control.

2.2 Preparation of cardiac samples from
TNF-a transgenic mice

We used transgenic male TNF1.6 mice (8—12 weeks old) with cardiac-
specific overexpression of TNF-a.” Ventricular sample tissues were
obtained as described previously."* The study was approved by The Insti-
tutional Animal Care and Use Committee of Thomas Jefferson University
and conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996).

2.3 RNA preparation and analysis

Relative levels of specific mRNAs were assessed by the reverse
transcription-polymerase  chain reaction (RT-PCR) as previously
described.” The sequences of the forward and reverse primers used
for amplification are shown in Supplementary material online, Table S1.

2.4 Electrophoretic mobility shift assay and
immunoblot analysis

The electrophoretic mobility shift assay (EMSA) and immunoblot analyses
were performed as previously described,' using nuclear extracts isolated
according to Andrews and Faller."®

2.5 Coimmunoprecipitation studies

Cell nuclear extracts (10 ng) were brought to a final volume of 250 plL
with buffer containing 10 mM PBS, 50 mM KCl, 0.05 mM EDTA, 2.5 mM
MgCly, 8.5% glycerol, 1 mM dithiothreitol, 0.1% Triton X-100, BSA 2%,
and 1 mg/mL non-fat milk for 6 h at 4°C and incubated with 4 ug of
anti-p65. Immunocomplex was captured by incubating the samples with
50 pL protein A—agarose suspension overnight at 4°C. Agarose beads
were collected by centrifugation and washed. After microcentrifugation,
the pellet was resuspended with SDS—PAGE sample buffer and boiled
for 5 min at 100°C. The resultant supernatant was subjected to electro-
phoresis on 10% SDS—PAGE.

2.6 In vitro coimmunoprecipitation assay
pcDNA3.1/His-myc/PGC-1a,, pcDNA3.1/His-myc/PGC-1a-L2/3A,  and
pcDNA3/His-myc/p65 were translated in vitro by using the TNT T7
polymerase-coupled reticulocyte lysate system and the transcend tRNA
chemiluminiscent non-radioactive detection system (Promega, Madison,
WI, USA), following the manufacturer’s instructions. Then, 10 uL of the
in vitro translated proteins were combined and incubated at room temp-
erature for 2h. Finally, coimmunoprecipitation was performed as
described above.

2.7 Glucose oxidation

The glucose oxidation rate was measured as reported in previously pub-

lished protocols'”'® with some modifications.

2.8 Statistical analysis

Results are expressed as the mean + SD of at least three separate exper-
iments. Significant differences were established by either the Student’s
t-test or one-way ANOVA, according to the number of groups compared,
using the computer program GraphPad Prism (GraphPad Software, Inc.,
San Diego, CA, USA). In the latter case, when significant variations
were found, the Tukey—Kramer multiple comparisons post-test was per-
formed. Differences were considered significant at P < 0.05.

3. Results

3.1 The p65 subunit of NF-kB is
constitutively bound to PGC-1a and NF-«kB
activation increases this binding

As a first approach, we assessed the binding of PGC-1a to NF-kB in
AC16 cells by means of supershift analyses during an EMSA. Addition
of TNF-a to AC16 cells led to increased NF-kB DNA binding activity
of complexes |, Il, and lll, an effect which was reversed by parthenolide
(Figure 1A). The competitor lane demonstrated that complexes [—llI
were specific for the NF-kB probe, whereas supershift analyses
demonstrated that only complexes | and Il contained the pé65
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Figure 1 pé5 is constitutively bound to PGC-1a and NF-kB activation increases this binding. (A) EMSA assay showing NF-kB DNA binding activity
after treatment of AC16 cells with 100 ng/mL TNF-a in the presence or absence of 10 wmol/L parthenolide (Parth) (NE, nuclear extracts; Ab, anti-
body; IC, immunocomplex). (B) Supershift analysis performed by incubation with antibodies directed to p65 (left panel) or Oct1 (control antibody,
right panel). (C) Supershift analysis performed by incubation with antibodies directed to PGC-1a or Oct1. (D) Nuclear extracts of AC16 cells treated
with TNF-a in the presence or absence of parthenolide were subjected to immunoprecipitation using an anti-p65 antibody, and then subjected to
SDS—PAGE and immunoblotted with an anti-PGC-1a antibody. Non-specific IgG and Oct1 antibodies were used as controls for immunoprecipitation
and western blotting, respectively. To demonstrate equal loading, the same blots showing IgG protein are also displayed. (E) Nuclear extracts from
AC16 cells transfected with the IKKa-carrying plasmid or the lacZ control were subjected to immunoprecipitation using anti-p65 antibody and sub-
jected to SDS—PAGE and immunoblotting with an anti-PGC-1a antibody. The blot data are representative of three separate experiments.

subunit of NF-kB (Figure 1B). Interestingly, incubation with an anti- : antibodies were used to verify the specificity of the physical inter-
body against PGC-1a, but not a control antibody against nuclear : action between p65 and PGC-1a..

Oct1 protein, attenuated the NF-kB DNA-binding activity observed - We next transfected AC16 cells with a plasmid carrying the IKKo
in non-induced cells or after stimulation with TNF-a (Figure 1C). : gene, in order to evaluate whether the TNF-a-mediated effects on
These data indicated that PGC-1a and pé5 were present in the : PGC-1a resulted solely from NF-kB activation. As expected, the
same NF-kB DNA binding complexes. Given that the most wide- : physical interaction between PGC-1a and pé5 was also induced
spread form of the NF-«kB transcription factor in mammalian cells is : after IKKa overexpression (Figure 1E).

the p65/p50 heterodimer, we performed coimmunoprecipitation - -
studies to elucidate whether PGC-1a and, specifically, p65, were : 3.2 PGC-1a binding to NF-kB depends

bound in AC16 cells. Figure 1D shows that p65 was constitutively - mostly on the expression of p65

bound to PGC-1a in resting cells, and this binding was increased : \When a plasmid carrying the PGC-Ta gene (pcDNA4/PGC-1a) was
upon NF-kB activation with TNF-a. Non-specific 1gG and Oct1 . transfected to AC16 cells, no differences in the interaction between
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PGC-1a and p65 were observed compared with control cells trans-
fected with a lacZ-containing plasmid (pcDNA4/lacZ), as assessed
by coimmunoprecipitation analysis (Figure 2A). Furthermore, addition
of TNF-a to cells transfected with pcDNA4/PGC-1a yielded an
increase in PGC-1a binding to p6é5 that was comparable to that
reached in control cells transfected with lacZ. Analogous results
were obtained when PGC-Ta expression was knocked down with
short-interfering RNA (siPGC-1a). Thus, siPGC-1a did not prevent
the basal or induced binding of PGC-1a to p65 as compared with
control cells transfected with a scrambled siRNA (Figure 2B).
However, a reduction of up to 70% in PGC-Ta. expression was
detected (Figure 3). This observation is consistent with the lack of
changes in PGC-Ta and PDK4 expression after transfection with
siPGC-1a and treatment with TNF-a (Figure 3). In the presence of
siPGC-1a, the NF-kB DNA binding activity of complexes | and |l
reached levels similar to those achieved in siRNA control-transfected
cells after the addition of TNF-a (Figure 2C). The lack of effect of
siPGC-1a on NF-kB DNA binding activity indicates that the associ-
ation between PGC-1a and p65 does not interfere with the transcrip-
tional activity of the latter. In support of this finding, the expression of
IL-6 and monocyte chemoattractant protein-1 (MCP-1), two well-
known target genes of NF-kB activity, was not further upregulated
in stimulated cells compared with control siRNA (Figure 3).

A IP: p65
WB: PGC-1a
3 & Oy
) & &
O > O
& & &5 §F
PGC-1a &

Next we examined the effects of knocking down p65 with a specific
siRNA (sip65). Transfection with sip65 down-regulated the levels of
this protein up to 30% when compared with control siRNA (see Sup-
plementary material online, Figure S1), and this reduction was sufficient
to prevent the enhanced interaction of p65 with PGC-1a induced by
TNF-a treatment (Figure 2B). Down-regulation of the sequestration of
PGC-1a by p65 had a slight repercussion on PGC-1a expression, although
there was a clear tendency towards weaker inhibition of its expression by
TNF-a (88 vs. 75% for siRNA control + TNF-a and sip65 + TNF-a,
respectively, Figure 3). Surprisingly, the inhibition of p65 expression did
not result in a minor activation of NF-kB after TNF-a treatment.
However, this inhibition promoted the DNA binding activity of
complex | (Figure 2C). In accordance with this observation, the expression
of IL-6 was further increased with regard to siRNA control and siPGC-1a
in the presence of TNF-a (P < 0.05, Figure 3).

3.3 The LXXLL domains of PGC-1a are
involved in its association with p65

When a plasmid encoding for the mouse PGC-1a protein, which con-
tained the mutated leucine motifs L2/3A (pCDNA3/PGC-1a-L2/3A),
was transfected into AC16 cells, it failed to suppress the enhanced
interaction with p65 in the presence of TNF-a (see Supplementary
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Figure 2 PGC-1a binding to NF-kB depends mostly on the expression of p65. Nuclear extracts from AC16 cells transfected with plasmids carrying
the PGC-1a or the lacZ control genes (A) or with specific siRNA to p65 or PGC-Ta (B), and in the presence or absence of TNF-a, were subjected to
immunoprecipitation with anti-p65 antibody and SDS—PAGE was immunoblotted with anti-PGC-1a antibody as detailed in Figure 1. (C) EMSA assay
showing NF-kB DNA binding activity after PGC-Ta or p65 gene silencing in AC16 cells, and in the presence or absence of TNF-a (NE, nuclear

extracts).
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Figure 3 Effects of PGC-T1a and p65 knock down on gene expression. Analysis of PGC-Ta, PDK4, IL-6, and MCP-1 gene expression in siRNA trans-
fected AC16 cells in the presence or absence of TNF-a.. The panels display a representative autoradiogram of the RT-PCR analysis of the correspond-
ing MRNA levels. Graphics show the quantification of the 18S-normalized mRNA levels (n = 3), expressed as a percentage of control samples + SD.
TP < 0.001 vs. siRNA control; *P < 0.05 vs. siPGC-1a; #P < 0.05 vs. siRNA control + TNFa; P < 0.001 vs. sip65; *P < 0.05 vs. siPGC-1a + TNF-a.

material online, Figure S2). This finding is not surprising given that
PGC-1a binding to p65 was not dependent on the protein levels of
the former, as indicated by human PGC-1a overexpression exper-
iments. We then analysed the effect of the mutated PGC-1alL2/3A
protein on PDK4 expression. Overexpression of PGC-1a strongly
induced PDK4 expression when compared with control cells
(six-fold, P < 0.001), whereas the mutant PGC-1a-L2/3A led to a
smaller increase (1.7-fold, P < 0.05, Figure 4A). Addition of TNF-a
reduced PDK4 expression in control cells (75% reduction vs.

control, P < 0.05) and PGC-1a-transfected cells (30% vs. PGC-1a,
P < 0.01), but not the PGC-1a-L2/3A mutant. Thus, a new approach
was undertaken to confirm the involvement of LXXLL motifs in p65
binding. With this aim, plasmids carrying the PGC-Ta,, PGC-Ta-L2/3A or
p65 genes were used to translate proteins in vitro, followed by binding
and a coimmunoprecipitation assay. The binding between PGC-1a
and p65 was markedly reduced when the leucine motifs were
mutated to AXXLL (L2) and AAXXL (L3), thus indicating that these
motifs are involved in this process (Figure 4B).
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Figure 4 The LXXLL domains of PGC-1a are involved in its association with p65. (A) Analysis of PDK4 gene expression in AC16 cells transfected
with mouse PGC-1a, PGC-1aL.2/3A or lacZ (Control) in the presence or absence of TNF-a, as detailed in Figure 3. (B) Mouse PGC-1a,, PGC-1ax-L2/
3A, p65, and lacZ (Control) were translated in vitro and then incubated separately for 2 h. Coimmunoprecipitation was performed as described in
Supplementary material online, Methods. (C) In vitro-translated PGC-1at, PGC-1a-L2/3A, p65, and lacZ proteins. TP < 0.01 vs. control; P < 0.01

vs. PGC-1a; P < 0.01 vs. TNF-a;; %P < 0.001 vs. PGC-1ar + TNF-av.

3.4 The physical interaction between
PGC-1a and pé65 is related to an increased
glucose oxidation rate

Treatment with TNF-a induced the glucose oxidation rate up to 80%
with regard to control cells and, as expected, down-regulation of
PGC-1a expression with siPGC-1a increased the glucose oxidation
rate up to 40% (Figure 5A). The glucose oxidation rate was further
increased when TNF-a was added to siPGC-1a compared with
siPGC-1a alone (P < 0.05 vs. siPGC-1a, Figure 5A). No effect on
the basal glucose oxidation rate was detected after p65 gene silencing;
however, in the presence of TNF-a, the knock down of pé5 pre-
vented AC16 cells from increased glucose oxidation. This effect is
consistent with the reduced capacity of p65 to bind to PGC-1a.
Overexpression of the human PGC-1a protein yielded a slight
reduction in glucose oxidation, although this decrease was not statisti-
cally significant. Addition of TNF-a to these PGC-1a-transfected cells
increased the catabolism of glucose (64 vs. 111%), although never
reaching the increase achieved in control non-transfected cells
treated with TNF-a. Finally, when the effect of L2/3A mutation on
the glucose oxidation rate was examined, a correlation was found
with PDK4 expression. Thus, addition of TNF-a to mouse

PGC-1a-transfected AC16 cells yielded a significant increase in the
glucose oxidation rate (1.65-fold vs. control, P < 0.05). This increase
was not observed when the mutant was used (Figure 5B).

3.5 The physical interaction between p65
and PGC-1a is also increased in vivo in heart
of TNF1.6 mice

To further confirm the results obtained in vitro, we also performed
studies with mice. Transgenic TNF1.6 mice displayed enhanced
NF-kB transcriptional activity in heart compared with control mice
(Figure 6A). However, and as reflected in the supershift analysis,
only complex | contained the p65 subunit of NF-kB. Of note was
the observation that the addition of anti-PGC-1a antibodies to the
nuclear extracts reduced the DNA binding activity of complex I,
thereby indicating that there is a physical interaction between
PGC-1ac and p65 also in mice. Consistent with the in vitro studies,
TNF1.6 transgenic mice displayed enhanced binding of PGC-1a
to p65 in heart compared with wild-type mice, despite the obser-
vation that the latter also showed weak binding in the basal state
(Figure 6B).
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Figure 5 The modulation of PGC-1a and pé5 levels has a direct effect on glucose oxidation. (A) The graph represents the [U-"*C]-glucose oxi-
dation rates in control AC16 cells, and AC16 cells overexpressing the human PGC-1a gene or with siRNA knock down of p65 or PGC-Ta genes, and
incubated with TNF-a.. (B) [U-"*C]-glucose oxidation rates in AC16 cells overexpressing the mouse PGC-Tac or PGC-1al.2/3A genes and incubated
with TNF-a.. Glucose oxidation rates were calculated as nanomoles added glucose g~ total protein total hour™ " (n = 3), and then expressed as a
percentage with respect to control cells. *P < 0.05 vs. control; **P < 0.01 vs. control; TP < 0.05 vs. TNF-a, %P < 0.05 vs. siPGC-1a.

4. Discussion

The progression of heart failure usually entails a local rise in
pro-inflammatory cytokines, such as TNF-a, which act mainly in an
autocrine fashion. The pharmacological blockade of TNF-a activity
has been associated with improved myocardial function in some
animal models of heart failure.'” The heart has the capacity to
adapt to various pathophysiological conditions by adjusting its relative
metabolism of carbohydrates and fatty acids. Consequently, the loss
of this metabolic flexibility is associated with cardiovascular disease.
The transcriptional coactivator PGC-1a plays a critical role in the
regulation of cell energy metabolism in the heart, particularly in
response to physiological stressors. PGC-1a expression and activity
are diminished in the pathologically hypertrophied and failing heart,
as well as in ischaemic heart disease.”® A recent study proposed the
hypothesis that the NF-kB-mediated inhibition of PGC-1a explains
the shift in glucose metabolism during cardiac hypertrophy and
heart failure induced by pro-inflammatory TNF-o..” However, specific
molecular repressors of PGC-1a have not yet been thoroughly
studied. Our results show that the p65 subunit of NF-kB and
PGC-1a interact in AC16 cells. Indeed, our findings not only demon-
strate that this binding is increased after stimulation of NF-«B activity,
owing to p65 accumulation in the nucleus, but also that these
two proteins are constitutively associated in the basal state. This
interaction depended on the TNF-a dose, because the binding
between p65 and PGC-1a was not increased after 24 h treatment

with 1 ng/mL TNF-a (data not shown). In accordance with this,
PGC-1a expression was not downregulated either. Despite TNF-a
levels are quite lower in ventricle of TNF1.6 mice” than those used
in vitro in AC16 cells, transgenic mice also displayed enhanced physical
interaction between p65 and PGC-1a with regard to control wild-
type mice. Incubation of AC16 cells with the NF-kB inhibitor parthe-
nolide reversed the enhanced binding of p65 to PGC-1a in the pres-
ence of TNF-a, while overexpression of a plasmid carrying the human
IkB kinase o (IKKor) gene increased it. In resting cells, NF-kB is found
in the cytoplasm in an inactive form bound to IkB inhibitory proteins.
After stimulation, the phosphorylation of IkB proteins by specific 1kB
kinases renders IkB proteins to ubiquitination and subsequent NF-«kB
translocation into the nucleus, where it binds to specific promoter
sequences on its target genes to begin the transcription machinery.
These observations clearly support the notion that the effects of
TNF-a are exclusively NF-kB-dependent in AC16 cells.

NF-kB, and pé5, in particular, localize inside the nucleus under
basal conditions, where they may constitutively silence gene transcrip-
tion by competing with other transcription factors.”’ In cardiac cells,
sequestration of PGC-1a protein by p65 in the presence of a proin-
flammatory stimulus might reduce the activity of the former, and this
is particularly relevant given that PGC-1a has the capacity to induce
its own expression.”? Our results are in consonance with those
reported in the human marrow stromal HS-5 cell line, where the
enhanced NF-kB DNA-binding activity stimulated by TNF-a is super-
shifted by PGC-1a antibody.? That study proposed that PGC-1a acts
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Figure 6 The physical interaction between p65 and PGC-1a also occurs in mouse heart. (A) EMSA assay showing NF-kB DNA binding activity of
transgenic (TNF1.6) or control wild-type (wt) mice (NE, nuclear extracts; Ab, antibody; IC, immunocomplex). Right panel shows the supershift analy-
sis performed by incubation with antibodies directed to the p65 subunit of NF-kB, PGC-1a or Oct1. (B) Nuclear extracts from TNF1.6 or control
wild-type (wt) mice were subjected to immunoprecipitation using an anti-p65 antibody and immunoprecipitates were subjected to SDS—PAGE and
immunoblotted with an anti-PGC-1a antibody. The blot data are representative of three separate experiments. To demonstrate equal loading, the

same blots showing IgG protein are also shown.

as a repressor of NF-kB activity by means of p65 sequestration. Con-
versely, our data rule out repressive activity of PGC-1a on NF-kB in
AC16 cells, since neither the NF-kB DNA binding activity nor the
expression of its target genes MCP-1 and IL-6 were induced or
reduced following PGC-1a silencing or overexpression, respectively.
However, PGC-1a is a short-lived coactivator that is prone to aggre-
gation and subsequent ubiquitination when it exceeds a critical
threshold.>* Consequently, ubiquitination might account for the lack
of repressive activity on NF-kB after PGC-1a overexpression.
Unlike HS-5 cells, PPARB/3, the most prevalent PPAR subtype in
AC16 cells, was not found to be associated with PGC-1c.” Further-
more, the addition of PPARB/S agonists did not reverse PGC-1a
activity, thereby indicating that PPARB/8 was not involved in NF-kB
inhibition. Nevertheless, nor can it be ruled out that PGC-1a acts
as a coregulatory protein of NF-kB in the basal state.

Data herein presented indicate that the main factor limiting the
degree of association between p65 and PGC-1a is the amount of
p65 present in the nucleus. Thus, modulation of the PGC-1a
protein levels by means of overexpression or gene silencing did not
result in an increase or the blockage, respectively, of its association
with p65 after stimulation of cells with TNF-a. On the contrary,
down-regulation of p65 levels by means of gene silencing prevented
p65 from establishing the TNF-a-induced association with PGC-1a.
Strikingly, and unlike parthenolide, p65 down-regulation with specific
siRNA did not reverse PGC-Ta expression in the presence of TNF-a.
This observation thus indicates that additional factors are involved in
PGC-Toe down-regulation. It is feasible that the up-regulation of other

NF-kB subunits, such as p50, which can also be constitutively associ-
ated with PGC-1a*® and might compensate for the lack of p65.
PGC-1a binds nuclear receptors through the leucine-rich LXXLL
motifs designated L2 and L3, which are located within the N terminus
of the coactivator.”* In contrast, NF-kB requires the binding to
specific LXXLL motifs located within the sequence of the p160
family members of coactivators to drive gene expression.”> Therefore,
it is plausible that p65 was able to bind the LXXLL motifs of PGC-1a
to modulate its activity. The results obtained with the mutant PGC-1a
suggest that the L2/3A motifs play a crucial role in p65 binding, and
point to NF-kB as a potential repressor of PGC-1a activity. In fact,
these mutations may block the binding of a putative titratable repres-
sor of PGC-1a,%¢ and it is widely recognized that PGC-1a associates
with other coregulators via three LXXLL motifs located within the N-
terminal domain.?” The mutant PGC-1a used in this study contained
only two mutated LXXLL motifs, L2 and L3, and this might explain the
residual binding to p65 observed after in vitro coimmunoprecipitation.
However, this remaining binding was not sufficient to up-regulate
glucose oxidation after stimulation with TNF-a.. Other mechanisms
might also account for the down-regulation of PGC-1a after NF-kB
activation. For instance, NF-kB activation by TNF-a may result in
the indirect stimulation of Akt kinase,”® and PGC-1a contains a con-
sensus binding site for Akt phosphorylation which reduces its stability
and, as a result, diminishes its transcriptional activity.”” Akt also has
the capacity to phosphorylate the forkhead members of the O class
(FOXO) transcription factors,*® thereby inducing their ubiquitination-
dependent degradation and finally leading to a decrease in the
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expression of their target genes. In fact, the inhibition of FOXO
reduces PGC-1a promoter activity.>’ As TNF-a induces the activation
of FOXO1 in human fibroblasts,>* we analysed the phosphorylation of
this transcription factor in the presence of TNF-a. As expected,
TNF-a induced the phosphorylation of both FOXO1 and Akt in
AC16 cells; however, parthenolide did not reverse this phosphoryl-
ation (see Supplementary material online, Figure S3), thus indicating
that these proteins do not participate in the NF-kB modulation of
PGC-1a. It has also been reported that the E3 ubiquitin ligase
SCFCdc4 reduces PGC-1a protein levels through ubiquitin-mediated
pro‘ceolysis.33 This process requires specific phosphorylation by p38
MAPK on a suppression domain held by two Cdc4 phosphodegron
motifs located within the PGC-Ta sequence.**** Thus, activation of
SCFCdc4 would lead to PGC-1a ubiquitination and, as a result, its
transcriptional activity would also be reduced.

PDK4 is a master regulator of cell metabolism and, for instance,
its selective overexpression in mouse heart results in a marked
decrease in glucose oxidation and exacerbated cardiomyopathy.>*
The expression of PDK4 was found to correlate with PGC-1a levels
in AC16 cells treated with TNF-a and in myocardial tissue of
TNF1.6 mice. In addition, PDK4 was strongly up-regulated after
PGC-1a overexpression in vitro.” Inhibition of p65 by means of
parthenolide treatment’ or siRNA p65 transfection is sufficient to
reverse PDK4 expression in cells transfected with sip65 in the pres-
ence of TNF-a. In accordance with this observation, glucose oxidation
was not reduced in the presence of TNF-a in sip65-transfected cells.
This finding, together with the reduced association of p65 and
PGC-1a observed in the coimmunoprecipitation studies, further
reinforces the notion that NF-kB participates in the regulation of
glucose oxidation during the inflammatory state. In agreement with
this, the addition of parthenolide to neonatal rat cardiomyocytes
induces PDK4 expression to levels that far exceeded those in the
basal state.*> The present study only considers the modulation of
PDK4 expression as a regulator of glucose oxidation. PDK is the
enzyme responsible for the phosphorylation-induced inactivation of
PDC. However, PDK activity may also be post-transcriptionally
regulated. Negative effectors of PDK are pyruvate, ADP, NAD™,
and coenzyme A, the levels of which increase when cellular energy
levels fall. Moreover, PDC activity is not only regulated by PDKs,
but also pyruvate dehydrogenase phosphatases are involved in regu-
lating its state of phosphorylation. Furthermore, additional enzymes
such as phosphofructokinase and glyceraldehyde 3-phosphate dehy-
drogenase are important regulatory factors of glucose oxidation.
Thus, it is feasible that, in vivo, additional factors other than the
PDK4 expression are regulating the metabolic shift that occurs in
AC16 cells after TNF-a stimulation.

Hyperglycaemia increases the transcriptional activity of NF-kB in
monocytes.*® Thus, it is conceivable that augmented glucose levels
inhibited PGC-1a expression in order to increase glucose oxidation
by means of PDK4 down-regulation. In this regard, glucose addition
to pancreatic islets in vitro represses PGC-Ta expression,37 whereas
PGC-1a ™/~
increased reliance on glucose oxidation.*® However, the glucose oxi-
dation rate after transfection with siPGC-1a did not reach the levels

knock-out mice exhibit lower cardiac power and

achieved after treatment with TNF-o. In a similar way, although
increased PGC-1a protein levels partially blocked the higher
glucose oxidation rates induced by TNF-a, no significant reduction
in glucose oxidation was found after PGC-1a overexpression. This
observation indicates that the presence of increased amounts of

PGC-1a hinders the deleterious effects of p65 activation on glucose
oxidation.

To our knowledge, this is the first report showing that the p65
subunit of NF-kB represses PGC-1a activity through physical inter-
action and, hence, dysregulates glucose oxidation in cardiac cells.
These results are of particular relevance given that during chronic
ischaemia, cardiac hypertrophy, and heart failure, myocardial energy
substrate utilization shifts towards increased glycolysis.39 A limitation
of this study is the origin of the AC16 cell line, since it consists of a
fusion of primary ventricular cells with SV-40-transformed fibroblasts.
However, fibroblasts account for up to 70% of ventricular myocardial
cells. Furthermore, both cell types secrete and respond to inflamma-
tory TNF-o,*%*" thus equally contributing to the inflammatory pro-
cesses that participate in cardiac pathobiology. More importantly,
the binding of p65 to PGC-1a was also found in heart of the
mouse model TNF1.6, which displays an increase in glucose utiliz-
ation," thereby indicating that this association also occurs in vivo
and that it is not species specific. Overall, on the basis of our
results, we propose that the down-regulation of PGC-1a activity in
heart, as a result of its increased physical interaction with p65,
accounts for the metabolic shift that might contribute to dilated car-
diomyopathy or the metabolic disturbances characteristic of insulin
resistance and obesity.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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This editorial refers to ‘The p65 subunit of NF-kB binds to
PGC-1q, linking inflammation and metabolic disturbances
in cardiac cells’, by D. Alvarez-Guardia et al., pp. 449-458,
this issue.

1. Introduction

Cardiac hypertrophy and heart failure are associated with nuclear
factor-kB (NF-kB) activation and PPARy coactivator-1ac (PGC-1at)
inhibition. In this issue of Cardiovascular Research, the study by Alvarez-
Guardia et al." evidences a key step of cellular signalling and makes the
link between these two major pathways.

2. Link between NFkB and PGC-1a
pathways

The general term NF-kB traditionally refers to the ubiquitous p50/p65
heterodimer. The p65 subunit provides the gene regulatory function.
NF-kB is retained in the cytoplasm complexed with |kBs such as |kBa.
The IkB kinase complex (IKK), when activated by diverse upstream
kinases, phosphorylates IkBs, inducing their degradation by the
ubiquitin proteasome. Free NF-kB heterodimers then translocate to
the nucleus (Figure 1). A previous report has proposed that
NF-kB-mediated inhibition of PGC-1a could explain the shift
towards increased glycolysis under pathophysiological conditions
with an inflammatory background.2 The mechanistic study by Alvarez-
Guardia et al' was performed on AC16 cells resulting from the
fusion of human primary ventricular cells with transformed
fibroblasts and on heart extracts from mice overexpressing TNF-a.
Co-immunoprecipitation experiments have allowed the authors to
demonstrate that the p65 subunit of NF-kB is constitutively bound
to PGC-1a and that NF-kB activation increases this binding.
Moreover, PGC-1a binding to NF-kB depends mostly on the level
of p65. Finally, the interaction between p65 and PGC-1a after
NF-kB activation results in decreased PGC-1a expression, and as a
consequence, in decreased pyruvate dehydrogenase kinase (PDK4)
expression, leading in turn to an increased glucose oxidation rate
(Figure 1).

3. Cardiac metabolism

In the heart, the large amounts of energy necessary to sustain contrac-
tile function and cellular homeostasis are generated primarily by mito-
chondrial oxidative metabolism, with a small proportion derived from
glycolysis. The heart is able to use a large variety of energy substrates
such as glucose, lactate, ketones and amino acids, but under normal
conditions, cardiac mitochondrial ATP is mainly produced by the oxi-
dation of fatty acids, which accounts for 60—90% of the total energy
production. The key system at the border between carbohydrate and
fatty acid oxidation in the mitochondrion is the pyruvate dehydrogen-
ase complex (PDC), which catalyses the rate-limiting reaction of pyr-
uvate decarboxylation to acetyl CoA. PDC activity is regulated by
glycolysis and inhibited by fatty acid oxidation. As a result, under
normal conditions, the high provision of fatty acids to the heart inhi-
bits pyruvate decarboxylation and glucose utilization. In addition, PDC
activity can be up-regulated through dephosphorylation by pyruvate
dehydrogenase phosphatase, and down-regulated through phos-
phorylation by pyruvate dehydrogenase kinase. Therefore, the contri-
bution of fatty acids and carbohydrates to oxidative ATP production
in the heart is influenced by a number of conditions, including cardiac
work, substrate and oxygen supply, but also by interactions with
general intracellular signalling.

The transcriptional co-activator PGC-1a plays a key role in the
regulation of lipid and glucose oxidation in many cell types. In the
myocardium, PGC-1a activates mitochondrial biogenesis and respir-
ation through powerful induction of nuclear respiratory factor -1
and -2 (NFR1 and NFR2) gene expression.® PGC-1a is highly
expressed in tissues with high oxidative activity.* The most illustrative
example is the developing heart before the burst of mitochondrial
biogenesis that precedes birth.” In addition, PGC-1a co-activates
the oestrogen-related receptor-a (ERRa) transcription factors, indu-
cing the expression of PDK4, a down-regulator of PDC.

4. Inflammation and heart failure

Since the original report of elevated levels of TNF-a in patients with
chronic heart failure (CHF),® there has been increasing speculation
that TNF-ae may contribute to the development of this pathology.”®
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Figure 1 Proposed mechanism for TNF-a-induced increased glucose oxidation." Activation of NF-kB after TNF-a stimulation increases the binding
of PGC-1a to pé5 in the nucleus. Binding of PGC-1a to p65 reduces PDK4 expression, thereby increasing PDC activity and glucose oxidation. GLUT,
glucose transporter; NF-kB, nuclear factor kB; IkB, inhibitory kB; IKK, IkB kinase complex; PGC-1a, PPARYy coactivator-1a; PDC, pyruvate dehydro-
genase complex; PDK4, pyruvate dehydrogenase kinase 4; IL-6, interleukin 6; MCP-1, monocyte chemoattractant protein 1; TNF-a, tumor necrosis

factora;; TNFR, TNF receptor.

For example, it has been shown that pathophysiologically relevant
concentrations of TNF-a are sufficient to mimic certain aspects of
the CHF phenotype, including left ventricular dysfunction and
dilation.” The pro-inflammatory cytokine TNF-a is known to modu-
late cardiovascular function by a variety of mechanisms. It has been
shown to depress myocardial contractility by uncoupling 3-adrenergic
signalling, increasing cardiac nitric oxide and peroxynitrite, or altering
intracellular calcium homeostasis. TNF-a may also induce structural
changes in the failing myocardium, such as cardiomyocyte hypertro-
phy, interstitial fibrosis, and dilation. Additionally, TNF-oc may
promote cardiomyocyte apoptosis; it may also activate metalloprotei-
nases and impair the expression of their inhibitors, possibly contribut-
ing to cardiac remodelling.'

In addition, several studies in patients as well as in animal models
have clearly established that ATP production is reduced in the
failing heart, therefore lowering the kinetics of energy utilization for
cell contraction."” The energetic impairment of the failing heart
includes a switch in energy substrate utilization from fatty acids to
glucose, a decreased overall oxidative metabolism, a decreased mito-
chondrial biogenesis, an impaired transfer of ATP by the creatine
kinase system, and an altered energy utilization."" The signalling path-
ways underlying these phenomena still remain largely unknown.
Therefore, the study by Alvarez-Guardia et al,' by demonstrating
for the first time that the p65 subunit of NF-kB in the nucleus directly
represses PGC-1a activity through physical interaction, elucidates

part of the cellular mechanisms linking pro-inflammatory states and
increased glucose oxidation in myocardial cells.

5. Conclusion

The maintenance of cardiac function requires a perfectly regulated
production of energy. Therefore, the control of cell metabolism in
the normal heart is complex, and the interactions and links
between the diverse signalling pathways are not yet fully elucidated.
It is now largely accepted that dysregulation of cardiac fuel metab-
olism is involved in the development of numerous cardiac diseases.
Alvarez-Guardia et al. provide improved understanding of the cellular
mechanisms responsible for the shift towards glucose metabolism in
pro-inflammatory conditions in the heart. A better understanding of
these pathways could result in the definition of new therapeutic
targets aimed at correcting metabolic disorders in pathological situ-
ations such as heart failure.

Conflict of interest: none declared.
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RESULTATS

La piruvat deshidrogenasa cinasa 4 (PDK4) és I'enzim que catalitza el pas limitant
que determina la taxa d'oxidacio de la glucosa. La inhibicié d’aquest enzim per part
del factor nuclear NF-xB es relaciona amb el canvi cap a un augment de la glicolisi, que
es produeix durant els processos patologics cardiacs induits per estimuls
proinflamatoris, com ara la hipertrofia i la insuficiéncia cardiaques. La inhibicié del
receptor relacionat amb |'estrogen a (ERRa) i del receptor activat per proliferadors
peroxisomics (PPAR) esta implicada en aquest canvi metabolic. En estudis recents s’ha
observat que el factor de transcripcid E2F1, que és crucial en el control del cicle

cel-lular, també pot regular I'expressié PDK4.

Amb aquest estudi es pretén determinar si els processos inflamatoris orquestrats
per NF-kB participen en la reduccié de I'expressio de PDK4 en cel-lules cardiaques

humanes AC16 a través de la inhibicié del factor de transcripcio E2F1.

Estudis de coimmunoprecipitacié ens van permetre determinar que el possible
mecanisme involucrat en la reduccid de I'expressid de PDK4 mitjancat per TNF-a,
implica un augment de la interaccio fisica entre la subunitat p65 de NF-xB i E2F1.
Mitjancant analisis d’'immunoprecipitacid de cromatina (ChIP) es va observar que la
translocacié de p65 evitava el reclutament d’E2F1 en el promotor de PDK4 i la seva
posterior transcripcié dependent d’E2F1. La inhibicid de NF-xB per partenolide, no
nomeés va evitar la translocacié de p65 al nucli sind que també va activar E2F1 tot
augmentant la fosforilacié de pRB, alliberant aixi la proteina inhibidora pRB del
complex transcripcional. Curiosament, la sobreexpressié de E2F1 va reduir I'expressid

i secreci6 d'interleucines en cel-lules cardiaques estimulades.

En base als resultats obtinguts, hipotetitzem sobre un possible model per a la
regulacié de I'expressié de PDK4 i del metabolisme de les cél-lules cardiaques en el
gue hi participen NF-kB i E2F1, on NF-xB actua com un interruptor molecular que

regula la transcripcié dependent d’E2F1 del gen de PDK4.
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Abstract

Pyruvate dehydrogenase kinase 4 (PDK4) inhibition by nuclear factor-kB (NF-kB) is related to a shift towards increased
glycolysis during cardiac pathological processes such as cardiac hypertrophy and heart failure. The transcription factors
estrogen-related receptor-a. (ERRa) and peroxisome proliferator-activated receptor (PPAR) regulate PDK4 expression
through the potent transcriptional coactivator PPARy coactivator-1a (PGC-10). NF-xB activation in AC16 cardiac cells inhibit
ERRo and PPARP/S transcriptional activity, resulting in reduced PGC-Toc and PDK4 expression, and an enhanced glucose
oxidation rate. However, addition of the NF-kB inhibitor parthenolide to these cells prevents the downregulation of PDK4
expression but not ERRa and PPARB/6 DNA binding activity, thus suggesting that additional transcription factors are
regulating PDK4. Interestingly, a recent study has demonstrated that the transcription factor E2F1, which is crucial for cell
cycle control, may regulate PDK4 expression. Given that NF-kB may antagonize the transcriptional activity of E2F1 in cardiac
myocytes, we sought to study whether inflammatory processes driven by NF-kB can downregulate PDK4 expression in
human cardiac AC16 cells through E2F1 inhibition. Protein coimmunoprecipitation indicated that PDK4 downregulation
entailed enhanced physical interaction between the p65 subunit of NF-kB and E2F1. Chromatin immunoprecipitation
analyses demonstrated that p65 translocation into the nucleus prevented the recruitment of E2F1 to the PDK4 promoter
and its subsequent E2F1-dependent gene transcription. Interestingly, the NF-kB inhibitor parthenolide prevented the
inhibition of E2F1, while E2F1 overexpression reduced interleukin expression in stimulated cardiac cells. Based on these
findings, we propose that NF-kB acts as a molecular switch that regulates E2F1-dependent PDK4 gene transcription.

Citation: Palomer X, Alvarez-Guardia D, Davidson MM, Chan TO, Feldman AM, et al. (2011) The Interplay between NF-kappaB and E2F1 Coordinately Regulates
Inflammation and Metabolism in Human Cardiac Cells. PLoS ONE 6(5): e19724. doi:10.1371/journal.pone.0019724

Editor: Holger K. Eltzschig, University of Colorado Denver, United States of America
Received February 2, 2011; Accepted April 8, 2011; Published May 23, 2011

Copyright: © 2011 Palomer et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from the Ministerio de Ciencia e Innovacion of the Spanish Government (SAF2006-01475 and SAF2009-06939).
CIBERDEM is an Instituto de Salud Carlos Ill project. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: mvazquezcarrera@ub.edu

® These authors contributed equally to this work.

regulation of the G1/S phase transition, hence it acts as a critical
regulator of cell survival and proliferation [4]. However, E2F1
activity has antagonistic functions, since it may induce cell
proliferation or apoptosis [5]. To form functional transcription

Introduction

Enlargement of the mammalian heart occurs principally by cell
hypertrophy, since post-natal cardiac myocytes lack the ability to

undergo cell division. This adaptive physiological growth allows
the heart to maintain sufficient cardiac output. Myocardial injury
owing to myocardial infarction or chronic hypertension leads to
pathological hypertrophic growth that may result in heart failure.
Tumor necrosis factor (TNF)-o is a pro-inflammatory cytokine
secreted by the myocardium that has been related to cardiac
hypertrophy and chronic heart failure [1,2]. Inflammatory
cytokines are under the transcriptional control of the ubiquitous
inducible factor named nuclear factor-kB (NF-kB), which has been
linked to wvarious cardiovascular diseases, such as cardiac
hypertrophy and heart failure [3].

The development of pathological cardiac hypertrophy occurs
together with re-activation of the cell cycle machinery of myocytes
[4]. The transcription factor E2F1 is one of the key proteins in the

@ PLoS ONE | www.plosone.org

complexes on DNA, E2F1 requires heterodimerization with the
partner differentiation regulated transcription factor (DRTT)
polypeptide DP-1. The transcriptional activity of E2F1 is sterically
inhibited by the retinoblastoma protein (pRB) family of pocket
proteins [6]. When pRB proteins are phosphorylated, the E2F-DP
complex is released, hence E2F-mediated gene transcription
commences.

The heart can adapt to various pathophysiological conditions by
adjusting its relative metabolism of carbohydrates and fatty acids.
Consequently, loss of this metabolic flexibility is associated with
cardiovascular disease. Metabolic changes in cardiac substrate
utilization entail the dysregulation of genes involved in the
transport and catabolism of fatty acids and glucose. The
transcription factors estrogen-related receptor-oo (ERReo) and
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peroxisome proliferator-activated receptor (PPAR) regulate the
pyruvate dehydrogenase kinase 4 (PDK4) expression, a key
enzyme in glucose homeostasis modulation [7,8]. In particular,
they regulate PDK4 expression through the potent transcriptional
coactivator PPARYy coactivator-lot (PGC-1a) [9,10]. A previous
study performed in our laboratory revealed that NF-kB activation
in cardiac cells inhibited ERRo and PPARB/& DNA binding
activity, which resulted in reduced PGC-Io and PDK4 expression,
and an enhanced glucose oxidation rate [11]. However, addition
of the NF-kB inhibitor parthenolide prevented the downregulation
of PGC-10. and PDK4 expression but not ERRa and PPARB/S
DNA binding activity [11]. Besides, addition of this NF-kB
inhibitor in the absence of TNF-a to human cardiac AC16 cells
[11] or neonatal rat cardiomyocytes [12] induces PDR4 expression
to levels that far exceed those observed at the basal state.
Importantly, this induction is not correlated with an upregulation
in PGC-Io expression or ERRa-PPAR/$ transcriptional activity.
These findings reinforce the notion that additional PGC-la-
independent transcription factors regulate PDR4 to keep cardiac
cell metabolism within a balanced physiological margin in these
cells. Interestingly, recent studies report that E2F1 may regulate
other genes besides those involved in cell-cycle regulation [13,14].
For instance, loss of E2F1 in vivo blunts PDK4 expression, while
exogenous E2F1 overexpression up-regulates PDK4 levels in
mouse myoblasts and IMR90 fibroblasts [14]. Such effects are
driven by the binding of E2F1 to the E2F binding sites located
within the promoter of the gene that encodes for PDR4. On the
other hand, other studies demonstrate that NF-kB may antagonize
the transcriptional activity of E2F1 in cardiac myocytes [15] and
human fibroblasts [16]. Therefore, since NF-kB may antagonize
the transcriptional activity of E2F1, and E2F1 is able to regulate
PDK4, the present study aimed to elucidate whether E2F1 was
involved in the downregulation of PDK4 expression induced by
NF-kB activation in cardiac myocytes.

Results

Inhibition of PDK4 expression by TNF-a coincides with
dysregulation of E2F1 activity in AC16 cells

Addition of TNF-o (100 ng/mL for 24 h) to ACI16 cells
inhibited PDK4 expression (~60% reduction, P<0.01,
Figure 1A). Parthenolide not only prevented this, but was also
capable of inducing PDE4 mRNA to levels beyond those observed
in non-stimulated cells. As a first approach, we investigated
whether these changes correlated with dysregulation of the E2F1
signaling pathway. No changes in E2F] expression were observed
after treatment with TNF-a for 6 h (see Supplementary Figure
S1A) or 24 h (Figure 1A). Cyclin A, whose expression is induced
by E2F1 [17], was not modified in these conditions. Nevertheless,
E2F1 DNA-binding activity displayed some changes when
examined by means of an EMSA (Figure 1B). E2F1 formed
four DNA-binding complexes, namely I to IV, with nuclear
proteins. However, the competitor lane demonstrated that only
complexes I to IIT were specific for the E2F1 probe, while complex
IV corresponded to a non-specific band. Supershift analyses
demonstrated that complexes I and II contained the E2F1
transcription factor, while pRB was exclusively present in complex
I. Thus, complex I might correspond to a complex containing the
E2F1-DP heterodimer along with pocket proteins such as pRB,
while complexes II and III might represent the free E2F1-DP.
Independently of the presence of TNIF-a, parthenolide downreg-
ulated complex I. This NF-kB inhibitor also increased complex II,
particularly in the absence of TNF-o.. This suggests that the levels
of pRB bound to E2F1 were downregulated by parthenolide. In

@ PLoS ONE | www.plosone.org
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contrast, treatment with TNF-o enhanced the DNA-binding of
complexes I and II (Figure 1B). We next evaluated the protein
levels of E2F1 and pRB. E2F1 remained unaltered in nuclear
protein extracts from AC16 cells treated with TNF-a for 6 h (see
Supplementary Figure S1B) or 24 h (Figure 1C). The addition
of parthenolide did not alter E2F1 protein levels either, although it
significantly enhanced the phosphorylation of pRB at serine 780.

PDK4 expression is regulated by E2F1 in AC16 cells

E2F1 overexpression significantly enhanced £2F7 mRNA levels
(Figure 2A) in human AC16 cells, even in the presence of TNF-a,
compared to control cells transfected with a lacZ-containing
plasmid. Despite the huge increment in E2F] expression, cyclin A
was not modified. In contrast, PDR4 expression correlated with
E2F1 mRNA levels, which demonstrates that this kinase is
transcriptionally induced by E2F1 in cardiac ACI6 cells
(Figure 2A). Furthermore, overexpression of E2F1 partially
counteracted TNF-a-induced PDE4 downregulation in these cells.
Forced E2FI expression in AC16 cells induced a significant
increase in E2F1 protein accumulation (Figure 2B). Strikingly,
this rise was further enhanced in nuclear protein extracts when
TNF-o0 was added to the medium. E2F1 levels correlated with
those of total pRB protein, while the ratio phospho-pRB>*7%/
pRB was reduced in cells overexpressing E2F1 (Figure 2B).
Overexpression of E2F] enhanced the DNA-binding activity of
complexes II and III of E2F1 in comparison to the control cells
(Figure 2C), although TNF-a did not alter this activity. The
overall results might explain why PDAR4 expression was not
enhanced by TNF-a in cells overexpressing E2F1 when compared
to cells lacking the stimulus, in spite of the increase of E2F1
protein. Subsequently, small interfering RNA (siRNA)-mediated
E2F] gene silencing was carried out by transfecting AC16 cells
with human E2FI siRNA. A reduction of up to 40% in E2F]
expression by means of siE2F1 did not reduce PDK4 or cyclin A
expression as compared to control cells transfected with scrambled
siRNA (Figure 3).

TNF-a. enhances the physical interaction between the
p65 subunit of NF-kB and E2F1 in human and mouse
cardiac cells

In non-stimulated mammalian cells, NF-kB mostly consists of an
inactive heterodimeric complex comprised of p50 and p65 subunits
sequestered in the cytoplasm by association with the inhibitory IxB
protein. In response to proinflammatory cytokines, IkB is
phosphorylated by the IxB kinase (IKK) complex, which leads to
its degradation by the proteasome. Once IkB is degraded, NF-xB
translocates into the nucleus where it binds to specific promoter sites
on its target genes. However, NF-kB may also localize to the nucleus
in non-stimulated cells, where it would act as a transcriptional
repressor [15]. Since NF-kB may associate with E2F, we next
investigated whether this mechanism might be involved in the
regulation of PDR4 expression in cardiac cells. Coimmunoprecipi-
tation studies revealed that p65 was constitutively bound to E2F1 in
resting cells, and this binding was increased upon NF-kB activation
with TNF-o (Figure 4A). The opposite behavior was observed after
parthenolide addition. Next, we investigated the effects of knocking
down p65 with a specific siRNA (sip63). Transfection with sip65
downregulated the levels of this protein by up to 30% when
compared to control siRNA [18], and this reduction was sufficient
to prevent the enhanced interaction of p65 with E2F1 induced by
TNF-o (Figure 4B). Then we examined the effect of E2F1 protein
overexpression on its association with the p65 subunit. As shown in
the graph in Figure 4C, overexpression of E2F1 increased the p65-
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Figure 1. NF-kB modulation influences E2F1 activity in human cardiac cells. (A) Relative quantification of PDK4, E2F1 and Cyclin A mRNA
levels assessed by RT-PCR in human cardiac AC16 cells incubated with TNF-o (100 ng/mL) for 24 h in the presence or absence of parthenolide (Parth,
10 umol/L). The graphics represent the quantification of the 785-normalized mRNA levels, expressed as a percentage of control samples =STD. (B)
EMSA assay showing E2F1 DNA-binding activity after treatment of AC16 cells with TNF-a in the presence or absence of parthenolide (NE, nuclear
extracts; Ab, antibody). (C) E2F1, phospho-pRB>*"72° and total pRB protein levels in nuclear protein extracts isolated from samples as described in
panel A. To show equal loading of protein, the Lamin B signal is also included. The graphics represent the quantification of the normalized protein
levels, expressed as a percentage of control samples ®£STD. All autoradiograph data are representative of three separate experiments. *P<0.05,
**P<0.01, ***P<0.001 vs. Control; TP<<0.01, £ P<<0.001 vs. Parth; # P<0.001 vs. TNFo.

doi:10.1371/journal.pone.0019724.g001

E2F1 association (2-fold, P<<0.01 vs. LacZ), which was further
enhanced when TNF-o was added to E2F1-transfected cells (4-fold,
P<0.001 vs. LacZ). In contrast, E2F1 gene silencing by means of
siRNA did not influence the binding between E2F1 and p65
proteins (data not shown).

To further confirm the results obtained in vitro, we performed
studies with mice. Transgenic TNFI1.6 mice, which present
reduced PDK4 expression in the heart compared with wild-type
mice (see Supplementary Figure S2A), also displayed enhanced
binding of p65 to E2F1 in heart (Figure 4D). Analyses of E2F]
and ¢pelin A mRNA, as well as E2F1 protein levels, showed no
differences between wild-type and transgenic TNF1.6 mice
(Supplementary Figure S2A and B).

The physical interaction between p65 and E2F1 results in
a diminution of the binding of E2F1 to the PDK4
promoter

Retinoblastoma family proteins (pRB, p107 and p130) inhibit
E2F transcriptional activity by disrupting histone acetyltransferase
binding and the recruitment of histone deacetylases. Since we
observed that parthenolide induced the phosphorylation of pRB at
Ser780, the release of E2F1 and its subsequent acetylation might
account for the enhanced PDE4 expression in ACI16 cells.
Therefore, acetylation of E2F1 was examined by means of
coimmunoprecipitation analysis. E2F1 acetylation was not mod-
ified after NF-xB inhibition with parthenolide. In fact, it appeared
to be enhanced by TNF-o (Figure 5A). These results were further
confirmed when E2F1 acetylation was examined in AC16 cells
overexpressing E2F1 (Figure 5B). Thus, we hypothesize that
enhanced acetylation was not involved in PDK4 upregulation, but
it might be a response of the cell to counteract the TNF-a-induced
inhibition of E2F1.

Subsequently, a ChIP assay was employed to determine
whether E2F1 is recruited to the promoter of the PDA4 gene in
cardiac AC16 cells. This analysis showed that the specific anti-
E2F1 antibody, but not the non-immune IgG control, successfully
co-immunoprecipitated E2F1 and significant quantities of PDEK4
promoter under basal conditions (Figure 5C). Figure 5C also
reveals that the E2F1 antibody pulled down significantly more of
the PDR4 promoter when the NF-xB inhibitor parthenolide was
added to the medium. In contrast, E2F1-binding to the PDR4
promoter region was largely reduced in the presence of TNF-o. In
support of a role for E2F1 in the transcriptional control of PDE4,
AC16 cells transfected with the pSG5L/E2F1 plasmid displayed
enhanced PDK4 promoter occupancy by E2F1 (Figure 5D). The
negative effect of NF-xB activation by TNF-a on the PDK4
promoter occupancy by E2F1 was further corroborated in cells
overexpressing E2F1 (Figure 5D).

The crosstalk between the p65 subunit of NF-kB and
E2F1 influences TNF-a-induced inflammation and

glucose oxidation in human cardiac cells
Gene expression analyses of IL-6'in cardiac AC16 cells carrying
PSGS5L/E2F] revealed that this transcription factor might inhibit

@ PLoS ONE | www.plosone.org

NF-xB activity in the presence of a proinflammatory stimulus.
Thus, the mRNA for IL-6 was partially inhibited by E2F1
overexpression in the presence of TNF-o0 when compared to
control LacZ samples (Figure 6A). In contrast, /L-6 mRNA was
upregulated when E2F1 expression was downregulated by siRNA
technology (Figure 6B). The levels of IL-6 secreted into the
medium correlated with the expression of the gene in both cases
(Figure 6C).

Finally, overexpression of the human E2F1 protein reduced the
glucose oxidation rate (~25% reduction, P<<0.05, Figure 6D).
Addition of TNF-a to these E2F1-transfected cells increased the
catabolism of glucose (75% vs. 115%), although the increase
observed in control LacZ-transfected cells treated with TNF-o was
not reached (Figure 6D).

Discussion

The progression of heart failure usually entails a local rise in
pro-inflammatory cytokines, such as TNF-o,, which mainly act in
an autocrine fashion. In cardiac cells exposed to TNF-o, the
inhibition of PDA4 expression by NF-kB is related to the shift
towards increased glycolysis that is observed during cardiac
pathological processes induced by pro-inflammatory stimuli, such
as cardiac hypertrophy and heart failure [11]. A previous study
performed in our laboratory revealed that NF-kB activation in
cardiac cells inhibited ERRa and PPARB/S DNA binding
activity, which resulted in reduced PDK4 expression and an
enhanced glucose oxidation rate [11]. Addition of the NF-kB
inhibitor parthenolide prevented the downregulation of PDK4
expression but not ERRa and PPARB/3 DNA binding activity,
thus suggesting an additional mechanism by which PDE? is
transcriptionally regulated. Besides ERRa and PPAR, a plethora
of different transcription factors have been proposed to regulate
PDR4 expression, such as FOXO1 (Forkhead box protein Ol),
HNF4 (hepatic nuclear factor 4), LXR (liver Xreceptor) or RXR
(retinoid Xreceptor) [7,8]. For instance, glucocorticoids stimulate
PDFK4 transcription in McA-RH7777 hepatoma cells through two
glucocorticoid receptor binding sites located within the distal
promoter region of the PDK4 gene [19]. Interestingly, PGC-la
does not appear to be necessary for the acute regulation of PDR4
by glucocorticoids [19]. Nevertheless, we did not found any
change in FOXO! activity in human cardiac AC16 cells treated
with TNF-o (data not shown), thus ruling out this transcription
factor as a regulator of PDK4 expression in our conditions. For the
first time, we propose a novel mechanism by which the
inflammatory processes driven by NF-xB can downregulate
PDK4 through inhibition of the E2F1 transcription factor in a
PPAR- and ERRa-independent manner. The results demonstrate
that inhibition of PDK4 expression by TNF-a in cardiac AC16
cells coincides with dysregulation in E2F1 activity. In addition, we
show that E2F1 can transcriptionally regulate the PDA4 gene.
E2F1 overexpression did not completely keep AC16 cells away
from the downregulation in PDAR4 transcription observed after
TNF-a addition, while silencing £2F/ through siRNA technology
had no effect on PDE4 expression either. In consonance with this,
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Figure 2. E2F1 overexpression induces PDK4 transcription in human cardiac AC16 cells. (A) Relative quantification of E2F1, PDK4 and
cyclin A mRNA levels assessed by RT-PCR in human cardiac AC16 cells treated with or without TNF-a: (100 ng/ml, 24 h) and transfected with LacZ- or
E2F1-carrying plasmids, as described in Figure 1A. (B) E2F1, phospho-pRB**"2° and total pRB protein levels in nuclear protein extracts. To show equal
loading of protein, the Lamin B signal from the same blot is included. The graphics represent the quantification of the normalized protein levels,
expressed as a percentage of control samples £STD. (C) EMSA assay showing E2F1 DNA-binding activity after treatment of AC16 cells as described in
panel A (NE, nuclear extracts; Ab, antibody). All autoradiograph data are representative of three separate experiments. *P<<0.05, **P<<0.01,

*#*p<0.001 vs. LacZ; TP<<0.05 vs. E2F1; $P<<0.01 vs. LacZ+TNF-o.
doi:10.1371/journal.pone.0019724.g002

enforced PDK% expression did not completely suppress glucose
oxidation in human ACI16 cells. These data indicate that
additional regulatory mechanisms control PDE4 transcription
and glucose metabolism in cardiac cells, to prevent the deleterious
effects of unrestrained E2F1 activities. Previous studies have
already reported a link between E2F1 and glucose oxidation in
muscle through the transcriptional regulation of PDK4 expression
[14]. This direct interaction between E2F1 and PDK4 might be
aimed at sparing the glycolysis end-product pyruvate for the
synthesis of the lipid and protein intermediates needed for cell
doubling. E2F1 itself stimulates 6-phosphofructo-2-kinase-fruc-
tose-2,6-bisphosphatase, a potent stimulator of glycolysis [20].
The activity and specificity of E2F1 is tightly regulated through
its gene expression and subcellular localization, as well as its
interaction with pRB, phosphorylation or acetylation. These
mechanisms of control do not act in isolation in time and space.
We found that NF-kB activity modulation did not change E2F1
mRNA and protein levels in non-transfected AC16 cells. However,
TNF-a significantly raised the E2F1 protein levels in cells carrying
the pSG5L/E2F1 construct compared to non-stimulated cells.

There is no simple explanation for this anomalous E2F1
accumulation, since it was not observed in control LacZ-
transfected cells. However, increased protein stability owing to
its interaction with p65 cannot be excluded. Regardless of the
reason for the accumulation, the occurrence of higher levels of
pRB concomitantly with a reduction in phospho-pRB levels
suggests that E2F1 activity is tightly controlled in these cells. E2F1
acetylation enhances its transcriptional activity [21] but, unex-
pectedly, we found that E2F1 acetylation was induced by TNF-a,
but not parthenolide. This indicates that enhanced acetylation
might be a response of the cell to counteract the inhibition of E2F1
activity. Alternatively, it might be a consequence of the ability of
IKK to potentiate E2F1 acetylation [22]. Consequently, parthe-
nolide would then completely abrogate such acetylation.

NF-xB, and p65 in particular, is localized inside the nucleus also
under basal conditions, where they may constitutively silence gene
transcription by competing with other transcription factors [15].
The mechanism involved in the E2F1-mediated TNF-o downreg-
ulation of PDR4 expression in ACI16 cells entails enhanced
physical interaction between the p65 subunit of NF-kB and E2F1.
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Figure 3. F2F7 gene silencing does not enhance the TNF-a-mediated PDK4 inhibition. Relative quantification of E2F1, PDK4 and cyclin A
mMRNA levels assessed by RT-PCR in human cardiac AC16 cells treated with or without TNF-o. and transfected with scrambled siRNA (siControl) or
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doi:10.1371/journal.pone.0019724.g003
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doi:10.1371/journal.pone.0019724.g004

Importantly, this association was also observed in vivo in heart of
TNF1.6 mice. Chromatin immunoprecipitation analyses demon-
strated that NF-xB translocation to the nucleus prevented the
recruitment of E2F1 to the PDK4 promoter and its subsequent
E2F1-mediated gene transcription. This view is supported by two
observations: E2F1 binding to the PDK4 promoter was reduced in
TNF-o-treated cells; and parthenolide prevented this reduction.
Importantly, parthenolide not only prevented the binding between
p65-E2F1 by reducing translocation of the former into the
nucleus, but would also activate E2F1 through enhanced pRB
phosphorylation, thus releasing the active E2F-DP complex. This
latter mechanism might account for the upregulation of PDAR%
expression induced by parthenolide in the absence of a
proinflammatory stimulus. The association between p65 and

@ PLoS ONE | www.plosone.org

E2F1 has already been established in human fibroblasts, in which
this physical interaction disrupts the E2F-responsive gene
expression [16]. Likewise, E2F1 has been reported to disrupt
antiapoptotic NF-kB signaling through downregulation of the NI-
kB activator TNF receptor-associated factor 2 [23,24], by
competing with p50 for RelA/p65 binding in murine fibroblasts
[24] or inhibiting the phosphorylation of IxB [25]. In human
AC16 cardiac cells, IL-6 expression and secretion was further
induced after E2F] gene silencing, but downregulated by E2F1
overexpression. This indicates that E2F1 in these cells acts as a
repressor of NF-kB activity. Although we only demonstrate the
physical association of E2F1 with p6), it is feasible that other NF-
kB subunits interact with this transcription factor, since other
studies have revealed that exogenous E2F1 can associate with both

7 May 2011 | Volume 6 | Issue 5 | 19724
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Figure 5. TNF-a inhibits PDK4 promoter occupancy by E2F1. (A) a

nd (B), protein extracts of AC16 cells treated with TNF-o (100 ng/mL, 24 h) in

the presence or absence of 10 umol/L parthenolide (A) or transfected with LacZ- or E2F1-carrying plasmids (B) were subjected to

immunoprecipitation using an anti-E2F1 antibody. They were then subj
The graphics represent the quantification of the immunoprecipitated
percentage =STD. The blot data are representative of three separate
incubated with TNF-o in the presence or absence of parthenolide (C); ol
plasmids (D). The graphics represent the E2F1-site fold enrichment at

ected to SDS-PAGE and immunoblotted with an anti-acetyl-lysine antibody.
protein normalized to its corresponding control samples, expressed as a
experiments. (C) and (D), chromatin immunoprecipitation from AC16 cells
r AC16 cells treated with TNF-o and transfected with LacZ- or E2F1-carrying
the PDK4 promoter, expressed as a percentage of control (C) or LacZ (D)

samples =STD. (A) and (C) *P<<0.05, **P<<0.01 vs. Control; 1P<<0.05, {P<<0.01 vs. Parth; # P<<0.05 vs. TNFa. (B) and (D) *P<<0.05 vs. LacZ; 1P<<0.05 vs.

LacZ+TNF-o; &P<<0.05 vs. E2F1.
doi:10.1371/journal.pone.0019724.g005

RelA and p50 upon LPS stimulation [26]. The occurrence of
additional mechanisms involving other E2Fs on the effects induced
by NF-xB activation cannot be excluded either. Thus, it has been
reported that IKKs may directly phosphorylate E2F4 in human
fibroblasts. This results in nuclear accumulation of E2F4 and
subsequent replacement of the activator E2F1 at the E2F-binding
element in responsive gene promoters [16].

In the myocardium, glucose is catabolized predominantly by the
aerobic glycolytic pathway [27]. PDK4 is the kinase responsible
for the phosphorylation-induced inactivation of the pyruvate
dehydrogenase complex, which catalyzes the rate-limiting step of
aerobic glucose oxidation. Under certain circumstances, such as
cardiac hypertrophy or heart failure, reliance on the glycolytic
pathways is increased due to the downregulation of PDK4 activity.

@ PLoS ONE | www.plosone.org

Based on our findings, we envision a model for the regulation of
PDEK% expression and cardiac cell metabolism by NF-kB and
E2F1, in which NF-xB serves as a molecular switch that regulates
E2F1-dependent PDK4 gene transcription. As inappropriate
PDK4 activity would have catastrophic consequences in high-
metabolic-rate organs, the basal repression of E2F1-dependent
PDE4 expression by NF-kB might be crucial for normal cardiac
function. Since E2F1 plays an important role in cardiac myocyte
growth and is also involved in metabolism regulation through
PDEK4 modulation, targeting this transcription factor could provide
us with an effective therapy for treating detrimental left ventricular
hypertrophy leading to heart failure. This is of particular
relevance, since cardiac hypertrophy and chronic heart failure
have both been related to inflammatory processes in the
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Figure 6. The crosstalk between the p65 subunit of NF-kB and E2F1 influences inflammation and glucose oxidation. (A) and (B),
Relative quantification of IL-6 mMRNA levels assessed by RT-PCR in human cardiac AC16 cells transfected with LacZ- or E2F1-carrying plasmids (A) or
with control siRNA (siCtrl) and siE2F1 (B) and treated with or without TNF-a (100 ng/ml) for 8 h (A) or 24 h (B). Graphics represent the quantification
of the 78S-normalized mRNA levels, expressed as a percentage of control samples =STD. The blot data are representative of three separate
experiments. (C) Levels of IL-6 (ng/mL) in the same samples as described in Panels A and B. (D) [U—”C]—glucose oxidation rates in AC16 cells
overexpressing the human LacZ-control or the E2FT genes incubated with TNF-a. (A), (C), and (D) *P<<0.05, **P<<0.01, ***P<<0.001 vs. LacZ; 1P<<0.01
vs. E2F1; &P<<0.01 vs. LacZ+TNF-o. (B) *P<<0.05, **P<<0.01, ***P<<0.001 vs. siCtrl; TP<<0.001 vs. siCtr+TNF-o; & P<<0.001 vs. siE2F1.

doi:10.1371/journal.pone.0019724.g006

myocardium and we have also demonstrated that triggering E2F1
in human cardiac cells partially abrogates cytokine secretion.

Methods

Reagents

D-[U-"*C]-glucose, [0-**P]-dATP and [y-**P]-ATP were pur-
chased from PerkinElmer (Waltham, MA, USA). All chemicals,
except when indicated, were purchased from Sigma-Aldrich
Quimica (Madrid, Spain). The antibodies utilized throughout
the study were purchased from Cell Signaling Technology
(Danvers, MA, USA), except Oct-1 and p65, which were from

@ PLoS ONE | www.plosone.org

Santa Cruz Biotechnology (Inc., Heidelberg, Germany), and
Lamin B (from Sigma-Aldrich Quimica).

Cell culture and transient transfection studies

Human cardiac AC16 cells were maintained and grown as
previously described [28]. In brief, non-differentiated AC16 cells
were maintained in medium composed of Dulbecco’s modified
Eagle’s medium (DMEM):F12 (Invitrogen, Barcelona, Spain)
supplemented with 12.5% foetal bovine serum (FBS), 1%
penicillin-streptomycin  and 1% Fungizone (Invitrogen), and
grown at 37°Cl in a humid atmosphere of 5% CO5/95% air until
they reached 70-80% confluence. For in vitro overexpression

9 May 2011 | Volume 6 | Issue 5 | 19724



studies, cells were transfected with Lipofectamine 2000 in OPTI-
MEM reduced serum medium, following the manufacturer’s
recommendations (Invitrogen). For in vitro overexpression studies,
the constructs used were pSG3L/E2F1 construct (human gene,
Addgene plasmid 10736, Cambridge, MA, USA) [6] and the
corresponding LacZ-carrying plasmid as a control. Transfection
time and the DNA to Lipofectamine ratio for overexpression
studies were set after optimization with the corresponding LacZ-
carrying plasmid and using a [-galactosidase reporter gene
staining kit (Sigma-Aldrich Quimica). Small interfering RNA
(siRNA)-mediated E2F] gene silencing was carried out by
transfecting AC16 cells with human E2F] siRNA (Santa Cruz
Biotechnology), using scrambled siRNA as a transfection control.
Fluorescein-labeled siRNNA was used to optimize siRNA transfec-
tions by means of fluorescence microscopy.

Preparation of cardiac samples from TNF-o transgenic
mice

We used transgenic male TNF1.6 mice (8 to 12 —~weeks old) with
cardiac-specific overexpression of TNF-o, which has been
established as a suitable model of cytokine-induced cardiomyop-
athy [29]. Mice were anaesthetized with 5% isoflurane and, after
monitoring the adequacy of anaesthesia by testing of rear foot
reflexes, they were euthanized by cervical dislocation. After this,
the heart was excised, rinsed in ice-cold PBS and snap-frozen in
liquid nitrogen [30]. The study was approved by the Thomas
Jefferson University’s Institutional Animal Care and Use Com-
mittee and conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

RNA preparation and analysis

Relative levels of specific mRINAs were assessed by the reverse
transcription-polymerase chain reaction (RT-PCR) [31]. Briefly,
total RNA was isolated using the Ultraspec reagent (Biotecx,
Houston, TX). RNA samples were cleaned (NucleoSpin RNA TI;
Macherey-Nagel, Diiren, Germany) and checked for integrity by
agarose gel electrophoresis. The total RNA isolated by this method
was undegraded and free of protein and DNA contamination.
Reverse transcription was performed from 0.5 pg total RNA using
Oligo(dT)os and M-MLV Reverse Transcriptase (Invitrogen).
Preliminary experiments were carried out with various amounts of
c¢DNA to determine nonsaturating conditions of PCR amplification
for all the genes studied. Therefore, under these conditions, relative
quantification of mRNA was assessed by the RT-PCR method
described in this study [32]. Radioactive bands were quantified by
video-densitometric scanning. The results for the expression of
specific mRNAs are always presented relative to the expression of
the control gene. The sequences of the forward and reverse primers
used for amplification are shown in Supplementary Table S1.

Electrophoretic mobility shift assay (EMSA) and
immunoblot analysis

Nuclear extracts (NE) from ACI16 cells were isolated as
previously reported [31]. To obtain total proteins, AC16 cardiac
cells or frozen tissue slides were homogenized in cold lysis buffer
(6 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.1 mM phenylmethyl-
sulfonyl fluoride, 1 mM sodium orthovanadate, and 5.4 pg/mL
aprotinin). The homogenate was centrifuged at 10,000g for
30 min at 4°C. Protein concentration was determined using the
Bradford method [33].

Electrophoretic mobility shift assay (EMSA) were performed
using double-stranded oligonucleotides for the consensus binding
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site of E2F1 (Santa Cruz Biotechnology). Oligonucleotides were
labeled by incubating the following reaction at 37°C for 2 hours:
2 uL oligonucleotide (1.75 pmol/uL), 2 pL. of 5x kinase buffer,
1 uL of T4 polynucleotide kinase (10 U/uL), and 2.5 uL [y-*2P]
ATP (3,000 Ci/mmol at 10 mCi/mL). The reaction was stopped
by adding 90 uL of TE buffer (10 mM Tris-HCI, pH 7.4, and
1 mM EDTA). To separate the labeled probe from the unbound
ATP, the reaction mixture was eluted in a Nick column
(Pharmacia, Sant Cugat, Spain) according to the manufacturer’s
instructions. Five micrograms of crude nuclear protein were
incubated for 10 min on ice in binding buffer (10 mM Tris-HCI,
pH 8.0, 25 mM KCI, 0.5 mM dithiothreitol, 0.1 mM EDTA,
pH 8.0, 5% glycerol, 5 mg/mL BSA, and 50 pg/ml poly[dI-dC])
in a final volume of 15 pL. Then, specific competitor oligonu-
cleotide or antibody for supershift assays were added and
incubated for 15 minutes on ice. Subsequently, the labeled probe
(100,000 cpm) was added and the reaction was incubated for an
additional 15 minutes on ice. Finally, protein-DNA complexes
were resolved by electrophoresis at 4°C on 5% polyacrylamide
gels in 0.5x Tris-borate-EDTA  buffer and subjected to
autoradiography.

Protein extracts were separated by SDS-PAGE on 10%
separation gels and transferred to Immobilon polyvinylidene
diflouride membranes (Millipore, Bedford, MA), as previously
described [31]. Detection was achieved using the EZ-ECL
chemiluminescence detection kit (Biological Industries, Beit
Haemek, Israel). The size of detected proteins was estimated
using protein molecular mass standards (Invitrogen).

Coimmunoprecipitation and Chromatin
immunoprecipitation (ChIP) studies

For coimmunoprecipitation, cell nuclear extracts (25 ug) were
brought to a final volume of 250 pl with buffer containing
10 mM PBS, 50 mM KCI, 0.05 mM EDTA, 2.5 mM MgCl,,
8.5% glycerol, 1 mM dithiothreitol, 0.1% Triton X-100, BSA
2% and 1 mg/ml nonfat milk for 6 hours at 4°C and incubated
with 4 pg of anti-p65. Immunocomplex was captured by
incubating the samples with 50 pl protein A—agarose suspension
(Santa Cruz Biotechnology) overnight at 4°C on a rocker
platform. Agarose beads were collected by centrifugation and
washed three times with PBS containing protease inhibitors.
After microcentrifugation, the pellet was washed with 25 pl
of SDS-PAGE sample buffer and boiled for 5 min at 100°C.
The resultant supernatant was subjected to electrophoresis on
10% SDS-PAGE and immunoblotted with the corresponding
antibodies.

Chromatin immunoprecipitation (ChIP) was performed with
the ChIP Kit (Abcam, Cambridge, UK), using an E2F1-specific
antibody. Input DNA, mock samples and E2F1-immunoprecipi-
tated DNA were subjected to real-time PCR analysis with
sequence-specific primers surrounding the E2F1 sites in the
PDK4 promoter, along with primers capable of amplifying the
genomic sequence lacking E2F binding sites (negative control, data
not shown) [11]. Mock immunoprecipitations correspond to
control reactions lacking antibodies. Results are reported as
E2F1 site fold enrichment, expressed as a percentage of control
samples *£STD, after normalization to the sample specific
background and to the total input DNA.

Glucose oxidation

AC16 cells were grown in 6-well plates as described above.
Following transfection, 1 mL of reaction mixture (25 mmol/L
NaHCOs;, pH 7.4, 1.2 mmol/L MgSOy, 0.5 mmol/L CaCl,,
10 mmol/L. HEPES, 1 uCi/mL D-[U-"*C]-glucose) containing

May 2011 | Volume 6 | Issue 5 | e19724



1 pmol/L insulin was added to each well. After incubation for
60 minutes at 37°C in a water bath with gentle shaking, reactions
were stopped by the injection of 100 puL 60% (w:v) perchloric acid,
and the plates were kept at 4°C overnight to trap the COy
produced. The release of "*CO, from glucose was measured by
scintillation counting of the filter paper for 1 minute in a -
counter. Wells containing no cells were used as blanks. Glucose
oxidation rates were calculated as nanomoles of added glucoserg ™"
total protein total-hour ™!, and then expressed as a percentage with
respect to control cells.

Statistical Analysis

Results are expressed as the mean *SD of at least three
separate experiments. Significant differences were established by
either the Student’s t test or one-way ANOVA, according to the
number of groups compared, using the computer program
GraphPad Prism (GraphPad Software Inc V4.03, San Diego,
CA, USA). When significant variations were found by one-way
ANOVA, the Tukey-Kramer multiple comparisons post-test was
performed.

Supporting Information

Figure S1 E2F1 levels are not modified after NF-kB
modulation. (A) Relative quantification of E2F/ mRNA levels
assessed by RT-PCR in human cardiac AC16 cells incubated with
TNF-o (100 ng/mL) for 6 h in the presence or absence of
parthenolide (Parth, 10 umol/L). The graphics represent the
quantification of the /8$-normalized mRNA levels, expressed as a
percentage of control samples =STD. (B) E2F1 protein levels in
nuclear protein extracts isolated from samples as described in
panel A. To show equal loading of protein, the Lamin B signal is
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also included. All autoradiograph data are representative of three
separate experiments.

(TIF)

Figure S2 NF-kB activation in transgenic TNF1.6 mice
does not modulate E2F1 levels. (A) Relative quantification of
PDE4, E2F] and Cyclin A mRNA levels assessed by RT-PCR in left
ventricle tissue of transgenic TNF1.6 and control wild-type (WT)
mice. Graphs represent the quantification of the Aprt-normalized
mRNA levels, expressed as a percentage of control samples
*=STD. (B) E2F1 protein levels in nuclear protein extracts isolated
from samples as described in panel A. To show equal loading of
protein, the Lamin B signal is also included. The graphics
represent the quantification of the normalized protein levels,
expressed as a percentage of control samples *£STD. All
autoradiograph data are representative of three separate experi-
ments. ¥*P<<0.05, *P<0.01, and ***P<<0.001 vs. WT

(T1F)

Table S1 Primers used for the RT-PCR reactions.
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Cada cop sén més les evidencies que ens mostren I'existéncia d'un possible vincle
entre la inflamacié cronica de baix grau i els trastorns metabolics que s'associen amb
un augment del consum d'acids grassos saturats, com ara la resisténcia a la insulina,
I'obesitat i la diabetis mellitus de tipus 2. Al cor, I'excés de greix procedent de la dieta
afecta I'expressio genica, I'estructura, el metabolisme i la funcié contractil, factors dels
quals en poden derivar tota una serie d’efectes adversos sobre la fisiologia
cardiovascular. De fet, dietes amb un elevat contingut en greixos (HFD) s’han
relacionat amb una série d’efectes cardiacs directes com sén la inflamacid, hipertrofia i
disfuncio contractil [Tikellis i col., 2008]. En ratolins obesos alimentats amb una dieta
HFD durant 6 setmanes, el metabolisme cardiac de la glucosa es veu alterat, en un
procés que esta associat a un increment del nivell de citocines proinflamatories [Ko i
col., 2009]. En altres estudis s’"han descrit resultats similars en ratolins alimentats amb
una HFD, que presenten un augment significatiu de I'expressié d’'/L-6, TNF-a i MCP-1 en
cor [Tikellis i col., 2008], citocines que estan implicades en el desenvolupament i
progressid de la insuficiencia i la hipertrofia cardiaques. En front aquestes patologies,
el cor adult, que obté principalment I'energia necessaria de la B-oxidacié dels acids
grassos, veu compromesa la seva flexibilitat de substrat, passant a usar de forma
preferencial la glucosa en detriment dels acids grassos [van Bilsen i col., 1998]. Aquests
canvis metabolics comporten una desregulaciéd del control transcripcional de gens
relacionats amb el transport i catabolisme d’acids grassos i glucosa, molts dels quals es
troben sota el control del factor de transcripcid6 anomenat receptor activat per
proliferadors peroxisomics (PPAR). En el miocardi, la isoforma majoritaria de PPAR és
PPARB/S. En diferents estudis s’ha descrit que PPARB/& presenta activitat
antiinflamatoria [Kino i col., 2007; Coll i col., 2010], ja que s’ha observat que I'activacié
d’aquest factor de transcripcié pot inhibir la via de senyalitzacié de NF-kB, tot evitant
la hipertrofia dels cardiomiocits. En aquestes cél-lules també s’ha descrit que PPARB/&
evita la reduccid de I'expressié de gens involucrats en el metabolisme dels acids
grassos caracteristica de processos inflamatoris. D’altra banda, en treballs recents

també s’ha observat un increment de l'activacié de PPARB/S en el creixement de
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diferents tipus de cancer [Wagner i Wagner, 2010], malgrat que el paper d’aquest
factor de transcripcié en la carcinogénesi presenta certes contradiccions, ja que, ara
per ara, no es coneix si 'increment de PPARB/S és una conseqiiéncia del procés
carcinogenic, i no té cap efecte sobre aquest, o bé juga una paper rellevant en el
desenvolupament d’aquest procés [Wagner i Wagner, 2010]. De fet, en la bibliografia
actual es descriu amb frequeéncia rols paradoxals i oposats de PPARB/& en cancer, aixi,
mentre que en alguns estudis impliquen a aquest factor de transcripcié en l'aparicid i
desenvolupament del cancer, en altres han presentat evidéncies d’un paper protector

de PPARPB/& en processos cancerigens [Youssef i Badr, 2011].

Per tal d’abordar els objectius que ens vam proposar, vam utilitzar diferents
models murins, ratolins CD-1 alimentats amb una HFD i ratolins knockout PPARB/S, aixi
com la linia cel-lular AC16, resultant de la fusié de cel-lules ventriculars procedents
d’un cultiu primari amb fibroblasts, als que se’ls havia desproveit de I'ADN
mitocondrial i s’havien transformat amb |'oncogen SV-40 [Davidson i col.,, 2005].
Aquestes cél-lules ens han permeés examinar les alteracions metaboliques que deriven
de processos inflamatoris en cor. Aquest fet es forga rellevant ja que I’estudi del nostre
grup ha estat el primer en examinar processos inflamatoris en un model in vitro de
cél-lules cardiaques d’origen huma, permetent sobrepassar certes inconsisténcies
trobades a I'extrapolar resultats obtinguts en models murins a humans. Per exemple,
s’ha vist que alguns dels factors de transcripcié implicats en el metabolisme i en
processos inflamatoris, com és el cas de PPAR, s’expressen en menor quantitat en
cél-lules humanes que no en cel-lules de rosegadors [Palmer i col., 1998]. De fet, la
regulacié de I'expressid genica per part de PPAR presenta certes diferencies entre

models murins i humans [Lawrence i col., 2001].

En ratolins alimentats amb una HFD el metabolisme cardiac de la glucosa es veu
alterat en un procés que esta associat amb un increment del nivell de citocines i
quimiocines proinflamatories, entre les que hi trobem IL-6, TNF-a i MCP-1 [Ko i col.,
2009]. En concordanca amb aquest fet trobem que la inflamacié induida per la dieta i

la desregulacié del metabolisme de la glucosa es veuen atenuades en ratolins knockout
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per IL-6 [Ko i col.,, 2009]. El tractament de cel-lules AC16 amb palmitat va generar
resultats analegs als obtinguts en ratolins alimentats amb una HFD, en els quals també
s’observava un augment de I'expressié d’IL-6, TNF-a i MCP-1. En el mecanisme pel qual
IL-6 suprimeix el metabolisme de la glucosa tot derivant cap a una resisténcia a la
insulina en cor, sembla estar-hi involucrada la inhibicio d’IRS-1 (de I'anglés Insulin
Receptor Substrate) per part de SOCS-3 [Ko i col.,, 2009]. Malgrat aix0, nosaltres no
vam observar cap canvi en els nivells d’IRS-1 després de I'augment de |'activitat de
SOCS en cor de ratolins CD-1 alimentats amb una HFD, ni tampoc en cel-lules AC16
exposades a palmitat, indicant-nos que o bé en aquests models la degradacié de IRS-1
no esta induida per SOCS o, el que és més plausible, que el periode de tractament va
ser massa curt com per observar canvis. A banda d’'un augment en I'expressié de
citocines proinflamatories, a I'administrar una HFD a ratolins CD-1 i en el tractament
amb palmitat en cel-lules AC16, vam observar una major activitat d’uniéo de NF-kB a
’ADN, aixi com un increment dels nivells de la proteina p65. Aquests resultats
concordaven amb una major degradacié d’lkBa per part del proteasoma en les
cel-lules AC16, i I'increment de la fosforilacié en el residu serina 32 d’lxBa en ratolins
CD-1. De la mateixa manera, en altres estudis s’ha observat una lleugera degradacié
d’lkBa en miotubs C2C12 després d’exposar-los a palmitat [Kadotani i col., 2009], fet
gue ens suggereix que les cél-lules AC16 sén més sensibles a la inflamacid induida per

palmitat que no pas les cel-lules musculars esqueletiques.

Tal i com hem descrit, PPARB/S és un dels factors principals implicats en la relacié
entre processos inflamatoris i alteracions metabdliques en cor, de manera que en
aquest estudi vam voler profunditzar en el mecanisme responsable. En primer lloc,
vam examinar els efectes de I'agonista de PPARB/6 GW501516 en la inflamacié induida
per acids grassos en cél-lules cardiaques. Aquest agonista és un lligand selectiu de
PPARB/6 amb una afinitat 1000 vegades major respecte a les altres isoformes de PPAR
[Oliver, Jr. i col., 2001]. PPARB/S juga un important paper en el cor, on desenvolupa
funcions similars a les de PPARa. L’activacié de la isoforma PPARB/S sembla que pot
inhibir la via de senyalitzacido de NF-kB tot evitant la hipertrofia cardiaca i la reduccié

de l'expressié dels gens implicats en el metabolisme del acids grassos. Diferents
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estudis corroboren I'activitat antiinflamatoria de PPARB/& tant en malalties del sistema
immune [Kino i col.,, 2007] com en models experimentals d’hipertrofia cardiaca
[Planavila i col., 2005b]. En el nostre estudi vam observar com I'activacié de PPARB/&
per part de GW501516 reduia la induccié de MCP-1 i TNF-a, gens diana de NF-kB, tant
en cel-lules cardiaques estimulades amb palmitat com en el cor de ratolins alimentats
amb una dieta rica en greixos, suggerint-nos un bloqueig de I'activitat de NF-kB per
part de PPARB/S. Per una altra banda, en el cor de ratolins knockout PPARB/S vam
observar una induccié de I'expressié d’/L-6 i de 'activitat d’unié de NF-xB a I’ADN en
relacié als ratolins wild-type, tot reforgant I'efecte antiinflamatori de PPARB/S. La
major expressio a nivell cardiac de MCP-1 pot derivar cap a la infiltracié i activacié de
cél-lules inflamatories en el cor, fet que podria derivar en una remodelacioé ventricular i
el desenvolupament d’una insuficiéncia cardiaca, de manera que l|'activacié de
PPARB/6 podria ser d’utilitat per tal de reduir I'expressi6 de MCP-1 en cor i les

cardiopaties derivades.

En el miocardi, IL-6 activa la via del factor de transcripcié STAT, tot induint STAT3 i
en menor mesura STAT1, els gens diana dels quals codifiquen per proteines activades
en condicions d’estrés com soén linfart agut de miocardi i estimuls hipertrofics
[Boengler i col., 2008]. També s’ha descrit que ratolins amb una sobreexpressié de
STAT3 o IL-6 desenvolupen hipertrofia cardiaca, de manera que les terapies enfocades
a disminuir la secrecié d’'IL-6 en cor, que es déna en I'obesitat, podrien millorar I'estat
cardiac tot reduint I'aparicié de processos cardiovasculars adversos. Sorprenentment
perd, GW501516 va evitar 'activacié de la via de senyalitzacié IL-6/JAK/STAT en
ratolins alimentats amb una HFD, pero no en cel-lules AC16 tractades amb palmitat.
Aquesta discrepancia pot ser explicada, entre altres motius, per I'existéncia de
diferencies entre espécies o pel fet de que els efectes d’'una HFD en el cor depenen de
la composicié dels diferents acids grassos presents en la dieta. En una dieta equilibrada
els lipids haurien d’aportar un 30-35% del total de calories provinents de la dieta (dels
quals només el 10% haurien de ser acids grassos saturats), mentre que en una HFD els
lipids representen un 60% del total de calories. Entre els acids grassos saturats el més

abundant és el palmitat, del que s’ha descrit que presenta efectes proinflamatoris
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[French i col., 2002; Ajuwon i Spurlock, 2005]. En altres estudis s’ha descrit que un
augment dels acids grassos en la dieta pot induir processos inflamatoris com a
conseqiiencia d’un increment de lipopolisacarids en plasma i la subsegiient activacié
de TLR-4 (de lI'anglés Toll-Like Receptor-4) [Cani i col., 2007]. En concordangca amb
aquests resultats, les diferents respostes observades al tractar amb GW501516 els
ratolins CD-1 alimentats amb una HFD i les cél-lules AC16 tractades amb palmitat, es
podrien explicar pel fet de que una HFD i el palmitat desencadenin processos

inflamatoris diferents.

D’altra banda, al tractar les cel-lules AC16 amb partenolide, un inhibidor de NF-kB,
vam observar una disminucié de l'expressié d’/L-6 i MCP-1 induida pel palmitat,
malgrat que el tractament amb GW501516 només va revertir I'expressio de MCP-1.
Per tant, és factible que en la transcripcié d’aquestes citocines en cél-lules AC16 hi
estigui implicat NF-xB, i que un cop induida la transcripcié d’/L-6, aquesta possiblement
estigui controlada per altres vies de senyalitzacid. Aixi, aquesta reduccié en I'expressid
d’/IL-6 per part del partenolide es podria atribuir als efectes inhibitoris d’aquest
compost sobre altres factors de transcripcio que regulen IL-6, com és el cas de AP-1 (de
I'anglés Activating Protein-1) [Zhou i col., 2007]. Entre els nostres resultats vam
observar que GW501516 incrementava la interaccié fisica entre la subunitat p65 de
NF-kB i PPARB/S en cel-lules AC16, mentre que I'addicié de GSK0660, antagonista de
PPARB/S, bloquejava parcialment aquest increment. D’altra banda, vam observar que
I’addicio de I'inhibidor de I’AMPK compound C, en cél-lules AC16 tractades préviament
amb GW501516 i palmitat, revertia la reduccid de I'expressié de MCP-1 produida per
GW501516 després de tractar amb palmitat, indicant-nos també la participacio
d’AMPK en aquest procés. Aquests resultats ens suggereixen que els efectes
antiinflamatoris de GW501516 son deguts a mecanismes dependents de PPARB/S i
d’AMPK. De fet s’ha descrit que AMPK podria bloquejar la via de senyalitzacié de NF-xB
mitjancant la inhibicié de l'activitat kB cinasa [Kramer i col., 2007]. Aixi, entre els
diferents mecanismes proposats per tal d’explicar els efectes antiinflamatoris de
I’activacié de PPARB/S, hi trobem I'esmentada interaccid fisica entre la subunitat p65

de NF-xB i PPARB/S, la induccid de gens d’efecte antioxidant o I'alliberament de
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corepressors nuclears. De fet, és molt probable que PPARB/& exerceixi els seus efectes
inhibitoris sobre NF-xB a través de diferents mecanismes que depenen de les
condicions i del tipus cel-lular. En altres estudis s’"han descrit resultats similars en altres
tipus de céel-lules cardiaques, com soén els cardiomiocits neonatals de rata i els miotubs
H9c2 [Planavila i col.,, 2005b; Planavila i col., 2005a]. En adipocits PPARB/& inhibeix
I'augment de citocines evitant I'activacié de NF-kB en un procés en que hi participa
ERK1/2 [Rodriguez-Calvo i col., 2008]. En el nostre treball no vam observar, ni in vivo ni
in vitro, una activacié d’ERK1/2 després de tractar amb GW501516, tot descartant la
participacié d’aquesta cinasa en els efectes mitjancats per GW501516. En futurs
estudis seria interessant determinar si després de l'activaci6 de PPARB/6 es
produeixen altres mecanismes addicionals, a part dels descrits en el nostre treball, que
puguin inhibir el perfil proinflamatori induit en el cor per palmitat i per HFD, com
podria ser el cas de la inhibicid d’altres factors de transcripcio com AP-1 (de I'angles

Activating Protein-1) o NFAT (de 'anglés Nuclear Factor of Activated T lymphocyte).

Tenint en compte que les respostes inflamatories produides en el cor per un
augment mantingut de citocines, com IL-6, TNF-a i MCP-1, s’han associat amb
diferents processos patologics entre els que es troben la hipertrofia i la insuficieéncia
cardiaques, i que, com hem descrit previament, nombroses evidéncies mostren un
vincle entre les cardiomiopaties i un trastorn en el metabolisme energetic a nivell
cardiac, vam voler profunditzar en els mecanismes que ens podrien permetre explicar
la relacié existent entre un perfil proinflamatori i les alteracions metaboliques
observades en cor en els nostres models. Per tal d’afrontar aquest plantejament vam
continuar usant com a model les cel-lules AC16, esmentades anteriorment,
caracteritzades per presentar la majoria de les propietats bioquimiques i
morfologiques propies de les cel-lules musculars cardiaques [Davidson i col., 2005], a
les que vam tractar amb TNF-a per tal de reproduir un estat inflamatori. Aixi, al tractar
cél-lules AC16 amb Ila citocina TNF-a vam observar un augment del perfil
proinflamatori, acompanyat d’una marcada inhibicié de I'expressié de PGC-1a, al que
nombrosos estudis han descrit com a un regulador crucial del metabolisme cardiac

durant el desenvolupament i en resposta a I'estrés. L'expressié de PGC-1a, aixi com
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I'activitat de PPAR i ERRa, factors de transcripcid coactivats pel propi PGC-1a,
disminueixen en models animals d’insuficiéncia cardiaca [Lin i col., 2005; Ventura-
Clapier i col., 2008] i en la hipertrofia cardiaca patologica [Finck i Kelly, 2007], suggerint
qgue aquesta reduccié participa en el desequilibri energetic que podria conduir cap a
una disfuncid cardiaca. Aquesta hipotesi es veu recolzada pel fet de que els ratolins
knockout per PGC-la desenvolupen una rapida progressido cap a la insuficiéncia
cardiaca [Lin i col., 2005]. En treballs de Li i col de 2001 s’ha suggerit que mutacions en
I’ADN cardiac mitocondrial podrien contribuir al desenvolupament d’una cardiomipatia
dilatada, de manera que vam realitzar una analisi de I'expressid dels gens, la
transcripcié dels quals esta coactivada per PGC-1a, i que es troben involucrats en la
biogenesi mitocondrial, la cadena de transport d’electrons o la captacié de glucosa.
Entre els gens implicats en aquest processos hi trobem mtTFA (de [I'anglés
mitochondrial Transcription Factor A), Cyt C (de I'anglés Cytochrome C oxidase), o
GLUT4, dels que vam observar que l'addicié de TNF-a no en modificava la seva
expressio en cél-lules AC16. D’acord amb aix0, en altres estudis en que es van emprar
ratolins deficients en PGC-1a o PGC-1 es va demostrar que PGC-1a no és essencial
per al correcte funcionament de la biogénesis mitocondrial en cor [Finck i Kelly, 2006;
Finck i Kelly, 2007]. La manca d’efectes sobre els gens involucrats en la biogénesis
mitocondrial i en la capacitat oxidativa davant I'expressié disminuida de PGC-1a,
observada en els nostres resultats, es podria explicar per una compensacié per part de
PGC-1B, malgrat que en ceél-lules AC16 no es va observar un augment de la seva
expressio, o bé pel fet de que aquests canvis orquestrats per PGC-1a no es produeixin
en el rang de temps en que realitzem els analisis d’expressid, que en el nostre cas es va

limitar a les 48 hores posteriors a I’addicié de TNF-a.

En diferents estudis s’ha determinat que p38 MAPK és necessaria per I'activacié de
NF-kB induida per citocines [Chandrasekar i col., 2006], i que tant la p38 MAPK com
NF-xB poden afectar en els nivells d’expressié de PGC-1a [Crunkhorn i col., 2007].
Quan nosaltres vam determinar I'activitat d’'unié de NF-xB a ’ADN vam observar que
I’addicio de I'inhibidor de p38 MAPK PD169316 a cel-lules AC16 tractades amb TNF-a

incrementava |'activitat transcripcional dels complexes Il i lll de NF-xB, efecte que

141



DISCUSSIO

també s’ha observat en cél-lules humanes HUVEC i HEK293 [Weber i col., 2003],
mentre que n’abolia per complet la del complex I. Aquests resultats ens suggereixen
qgue el complex |, que conté la subunitat p65 de NF-kB, esta involucrat en la disminucié
de I'expressid de PGC-1a. En diversos estudis s’ha determinat que p38 MAPK presenta
un paper positiu en la regulacié de I'activitat de PGC-1a, tant en a nivell transcripcional
[Lin i col., 2005] com post-transcripcional [Puigserver i col., 2001]. Contrariament a
aquests treballs, els nostres resultats semblen suggerir que I'activacié de p38 MAPK
participa en la reduccié de la expressido de PGC-1a, fet que es veu recolzat per els
resultats observats en mioblasts de ratoli C2C12 incubats amb palmitat en que es
produeix una reduccié de I'expressié de PGC-1a depenent de la via de p38 MAPK
[Crunkhorn i col., 2007], i per la presencia de multiples llocs de fosforilacié per p38
MAPK en el domini supressor present en PGC-1a [Puigserver i Spiegelman, 2003]. En
concordanca amb aquests fets, els resultats obtinguts en ratolins que sobreexpressen
MKK6 (de I'angles MAPK-Kinase-6), cinasa de p38 MAPK, suggereixen que la p38 MAPK
esta implicada en la inhibicid de la biogénesi mitocondrial [Ventura-Clapier i col.,
2008]. De fet, en altres treballs s’"ha determinat que SCFCdc4, una ubiquitina lligasa de
la familia E3, podria reduir els nivells de proteina de PGC-1a mitjancant protedlisis, en
un procés que requereix de la fosforilacié per part de p38 MAPK de dos motius Cdc4,
implicats en la degradacio proteica, i localitzats en la seqliencia de PGC-1a [Olson i col.,
2008]. Aixi, I'activacié de SCFCdc4 produiria una ubiquitinitzacié de PGC-1a tot reduint-
ne la seva activitat transcripcional. Aquests resultats, conjuntament amb que PGC-1a
conté un domini de repressio amb diferents llocs de fosforilacié de p38 MAPK
[Puigserver i Spiegelman, 2003] i que PGC-1a és capac d’induir la seva propia expressio
[Hondares i col., 2007], semblen suggerir una possible inhibicié de PGC-1a per part de

p38 MAPK.

Tal i com hem descrit, la inhibicié de PGC-1a mitjancada per NF-kB podria explicar
el canvi cap a la utilitzacié de la glucosa en detriment dels acids grassos en el
desenvolupament de la insuficiéncia i la hipertrofia cardiaques induides per TNF-q,
pero no es coneixen amb exactitud els mecanismes moleculars involucrats en aquest

procés. Per aquesta rad, vam voler determinar de forma més detallada els mecanismes
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implicats en el vincle existent entre la inflamacié cronica de baixa intensitat i les
alteracions en el metabolisme energéetic a nivell de cor. S’ha descrit que la
hiperglicemia augmenta I'activitat transcripcional de NF-kxB en monocits [Miao i col.,
2004], de manera que és raonable pensar que nivells augmentats de glucosa poden
inhibir I'expressié de PGC-1a tot incrementant la taxa d’oxidacio de la glucosa a través
d’una disminucié en I'expressié de PDK4. En aquest sentit, s’ha descrit que I'addicié de
glucosa en illots pancreatics in vitro redueix I'expressié de PGC-1a [Zhang i col., 2005] i
gue en ratolins knockout per PGC-1a s’observa una major dependéncia de la glucosa
acompanyada d’una menor poténcia cardiaca [Lehman i col., 2008]. No obstant aixo, la
taxa d'oxidacié de la glucosa després de la transfeccié amb siPGC-1a no va assolir els
nivells que haviem observat al tractar amb TNF-a. De manera semblant, malgrat que
els nivells augmentats de PGC-1a bloquejaven parcialment les taxes d’oxidacié de la
glucosa induides per TNF-a, no es va observar una reduccid significativa de la taxa
d’oxidacié de la glucosa al sobreexpressar PGC-1a. Aquests resultats semblen indicar
qgue nivells augmentats de PGC-1a participen en la reduccié dels efectes deleteris de
I'activacié p65 sobre la taxa d’oxidacid de la glucosa. Aixi, les nostres dades ens
suggereixen que la subunitat p65 de NF-kB reprimeix I'activitat de PGC-1a a través de
la interaccid fisica entre aquestes dues proteines tot conduint cap a una alteracié de la
taxa d’oxidacié de la glucosa en cel-lules cardiaques. Aquesta unié de p65 a PGC-1a
també es va observar en el model de ratolins TNF1.6, en els que també s’ha descrit un
augment de la utilitzacié de la glucosa [Li i col., 2001], tot suggerint que aquesta
interaccio entre p65 i PGC-1a també es ddna in vivo i que no és especifica d’especie.
Els nostres resultats han demostrat que aquesta interaccid descrita anteriorment entre
PGC-1a i NF-kB no només augmentava després de la estimulacié de NF-«xB, sind que
també es donava de forma constitutiva en estat basal en les cel-lules AC16. La
interaccid entre aquestes proteines depenia de la dosi de TNF-a, de manera que en
tractaments amb una baixa concentracié de TNF-a (1ng/ml) no es veia augmentada
aixi com tampoc no es veia reduida I'expressié de PGC-1a. Recolzant aquests resultats,
en ratolins TNF1.6, que sobreexpressen TNF-a a nivell cardiac, també es va observar
una major associacié entre PGC-1a i la subunitat p65 de NF-kB. A I'incubar cél-lules

AC16 amb partenolide revertia I'augment de la interaccid entre PGC-la i NF-xB
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observat al tractar amb TNF-a, mentre que la sobreexpressié de la cinasa d’IKB (IKK),
mitjangcant la transfeccié d’un plasmidi que en contenia el gen, I'augmentava. S’ha
descrit que, en condicions basals, la subunitat p65 de NF-kB es troba en el nucli on pot
silenciar la transcripcié de gens, de forma constitutiva, per competicié directa amb
altres factors de transcripcié [Shaw i col., 2008]. En cel-lules cardiaques, el segrest de
PGC-1a per part de p65 en presencia d’estimuls proinflamatoris, pot reduir-ne
I'activitat, fet forca rellevant tenint en compte que PGC-1a te la capacitat d’induir la
seva propia expressio [Jager i col., 2007]. Els nostres resultats es veuen recolzats pels
obtinguts en cel-lules humanes de moll de I'os HS-5, en les que I'augment de I’activitat
d’unioé a 'ADN de NF-kB, al tractar amb TNF-a, coincideix amb un retardament de la
mobilitat electroforetica al afegir un anticos contra PGC-1a [Wang i col., 2007]. En
aquest mateix estudi es planteja PGC-1a com a repressor de I'activitat de NF-xB per la
seva unié a p65. Malgrat aixo, en cel-lules AC16 no vam observar aquesta activitat
repressiva de PGC-1a, ja que ni I'activitat d’unid a ’'ADN de NF-kB, ni I'expressié de
gens diana d’aquest factor de transcripcié, com MCP-1 i IL-6, es van veure afectades

després de silenciar o sobreexpressar PGC-1a.

Segons els resultats obtinguts en aquest estudi, el principal factor limitant en el
grau d’interaccid entre p65 i PGC-1a sembla ser la quantitat de p65 present en el nucli,
ja que la modulacié dels nivells de PGC-la tant per sobreexpressid com per
silenciament no van alterar el grau d’associacié amb p65 en cel-lules AC16, després
d’estimular-les amb TNF-a. En canvi, la disminucié dels nivells de p65 mitjangant
silenciament génic va evitar 'augment de la interaccié entre aquestes dues proteines
observat al tractar amb TNF-a. Curiosament, a diferencia del partenolide, el
silenciament genic de p65 no va revertir la reduccid en I'expressié de PGC-1a produida
per TNF-a, suggerint-nos que en la regulacié de PGC-l1a hi estan implicats altres
factors, com podria ser I'augment de I'activitat d’altres subunitats de NF-xB, com és el
cas de p50, que també es podria trobar constitutivament unit a PGC-1a [Wang i col.,
2007] tot compensant el deficit de p65. S’ha publicat que PGC-1a s’uneix als receptors
nuclears mitjancant els motius LXXLL, una regid rica en leucines, anomenats L2 i L3 que

es troben a I'extrem N-terminal del coactivador [Sano i col., 2007]. D’altra banda,
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també ha estat descrit que NF-kB s’uneix a motius LXXLL especifics localitzats en la
sequencia de la familia de coactivadors p160 per tal de regular-ne I'expressio
[Sheppard i col., 1999], de manera que seria possible que p65 s’unis als motius LXXLL
de PGC-1a per tal de modular-ne I'activitat. Els resultats obtinguts amb el PGC-1a
mutat en el motius L2 (mutat a AXXLL) i L3 (mutat a AAXXL) semblen indicar que
aquests motius juguen un paper crucial en la unid a p65, tot suggerint que NF-xB actua
com a repressor de l'activitat de PGC-1a. Recolzant aquests resultats, en determinats
estudis s’ha observat que mutacions en aquestes regions riques en leucines poden
bloquejar la unié de possibles repressors de PGC-1a [Knutti i col., 2001]. De fet, sembla
ser que PGC-1a s’associa a altres coreguladors mitjangant tres motius LXXLL localitzats
en el domini N-terminal [Soyal i col., 2006]. El PGC-1a mutant usat en el nostre treball
tan sols contenia dos motius LXXLL mutats, L2 i L3, fet que podria explicar la unié
residual a p65 observada in vitro en les coimmunoprecipitacions. Malgrat tot, aquesta
unio residual no va ser suficient com per augmentar la taxa d’oxidacié de glucosa
després d’estimular amb TNF-a. Altres mecanismes també podrien participar en la
davallada de PGC-1a observada a I'activar NF-kB. De fet, aquesta activacié de NF-kB al
tractar amb TNF-a podria donar a lloc a I'estimulacid indirecta de la cinasa Akt [Meng i
col., 2002], i ja que PGC-1a conté un lloc consensus de fosforilacié d’Akt, la fosforilacié
per part d’Akt podria reduir |'estabilitat de PGC-1a, tot resultant en una disminucié de
la seva activitat [Li i col., 2007]. Per altra banda s’ha descrit que Akt pot fosoforilar
factors de transcripcio com FOXO (de I'anglés Forkhead box protein O) [Asada i col.,
2007], induint la seva degradacié, mitjancant ubiquitinitzacio, tot resultant en una
disminucié de I'expressio dels seus gens diana. Donat que TNF-a indueix I'activacié de
FOXOL1 en fibroblasts humans [Alikhani i col., 2005] i que la inhibicié de FOXO redueix
I'activitat de PGC-1a [Daitoku i col., 2003] vam analitzar la fosforilacié d’aquest factor
de transcripcié en presencia de TNF-a. Com era d’esperar TNF-a va induir la
fosforilacié de FOXO1 i Akt en les cél-lules AC16, malgrat que el partenolide no va
revertir aquesta fosforilacio, tot indicant-nos que cap d’aquestes dues proteines no

intervé la modulacié de PGC-1a per part de NF-kB.
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Entre els gens regulats per PGC-1a hi trobem PDK4, que és una peca clau en la
regulacié del metabolisme cel-lular ja que participa en la inactivacié, mitjangant
fosforilacié, de la PDC (de I'anglés Pyruvate Dehydrogenase Complex), un complex
enzimatic que catalitza el pas limitant en I'oxidacié de la glucosa. Recentment s’ha
demostrat que la modulacié de PDK4 és suficient per causar un desequilibri metabolic i
agreujar la cardiomiopatia en ratolins transgénics [Zhao i col.,, 2008]. Aquest fet
concorda amb qué en els cardiomiocits AC16 tractats amb TNF-a observéssim que la
disminucié de PGC-1a coincidia amb una reduccié de I'expressié de PDK4, reduccid
gue en diferents treballs s’ha associat a un augment de I'oxidacid de la glucosa [Jeoung
i Harris, 2010; Sugden i Holness, 2003]. Per tal de determinar els mecanismes implicats
en la reduccid de l'expressi6 de PDK4, vam emprar diferents inhibidors com el
partenolide, i PD169316, inhibidor selectiu de la p38 MAPK. Aixi, al tractar cél-lules
AC16 amb TNF-a vam observar una estimulacié de la taxa d’oxidacié de la glucosa, que
es veia revertida al coincubar amb partenolide i PD169316, confirmant-nos la
participacié de les vies de NF-xB i p38 MAPK en el control del metabolisme de la
glucosa. De la mateixa manera ratolins transgénics TNF1.6, caracteritzats per una
sobreexpressid de TNF-a especifica en cor, mostren un canvi de la fosforilacié oxidativa
cap a la glucolisi com a principal font d’energia, suggerint un increment en la utilitzacié
de la glucosa [Li i col., 2001]. Malgrat tot, en cél-lules AC16 tractades amb TNF-a
durant 24 hores no es va produir una disminucié en la taxa d’oxidacié dels acids
grassos, fet que concorda amb que, tal i com hem descrit préeviament, no haguéssim
observat una menor expressié dels enzims implicats en la oxidacid dels acids grassos.
Aquest fet podria ser degut a que els canvis en la taxa d’oxidacid dels acids grassos
apareguin de forma posterior al increment de I'oxidacié de la glucosa, o bé que altres
isoformes de PDK expressades en cor mantinguin I'oxidacié dels acids grassos en
nivells basals [Wende i col., 2005]. D’altra banda, la sobreexpressié de PDK4 en cor de
ratoli es produeix una forta disminucié de I'oxidacié de la glucosa, i malgrat que no
indueix directament el desenvolupament d’una cardiomiopatia si que n‘augmenta la
severitat en cas de ser induida per altres factors [Zhao i col., 2008]. En céel-lules AC16
tractades amb TNF-a i en teixit miocardic de ratolins TNF1.6 I'expressié de PDK4

correlacionava amb els nivells de PGC-1a. De la mateixa manera PDK4 es trobava
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fortament augmentat al sobreexpressar PGC-1a en els cardiomiocits AC16. La inhibicid
de NF-kB ja sigui mitjancant partenolide, com amb silenciament genic, usant siRNA per
p65, és suficient per revertir I'expressio de PDK4 en cel-lules tractades amb TNF-q, fet
que concorda amb que la taxa d’oxidacid de glucosa no va disminuir en céel-lules
exposades a TNF-a que van ser transfectades amb siRNA per p65. Aquests resultats
conjuntament amb la menor associacié de p65 i PGC-la observada en les
coimmunoprecipitacions reforcen la hipotesi de que NF-xB participa en la regulacié de
la taxa d’oxidacio de la glucosa en estats inflamatoris, fet que concorda amb la major
expressid de PDK4 observada en cardiomiocits neonatals de rata en preséncia de
partenolide respecte a la situacié basal [Planavila i col., 2005a]. En aquest estudi, tan
sols es considera la modulacié de I'expressié de PDK4 com a regulador de la taxa
d’oxidacié de glucosa, malgrat que l'activitat de PDK4 també pot ser modificada
postranscripcionalment. Entre els efectors negatius de PDK hi trobem el piruvat, ADP,
NAD" i el coenzim A, els nivells dels quals augmenten quan I'energia de la cél-lula
disminueix [Stanley i col., 2005]. D’altra banda la PDC no només és modulada per PDK,
ja que les piruvat deshidrogenases fosfatases (PDP) també participen en la regulacié
del seu estat de fosforilacid, aixi com altres enzims, com la fosfofructocinasa o la
gliceraldehid-3-fosfat deshidrogenasa (GAPDH de I'anglés glyceraldehyde 3-phosphate
dehydrogenase), que també sén factors importants en la regulacié de la taxa
d’oxidacié de la glucosa. Tenint en compte tot aixo és forga possible que, in vivo, altres
factors diferents als nivells d’expressié de PDK4 participin en la regulacié del canvi

metabolic que succeeix en les cel-lules AC16 després de I'estimulacié amb TNF-a.

Entre els principals factors de transcripciéd que participen en la induccié de PDK4
mitjangada per PGC-1a hi trobem ERRa i PPAR [Wende i col., 2005], dels que haviem
observat una reduccidé de I'activitat transcripcional després de tractar amb TNF-a en
cél-lules AC16. A l'afegir PD169316 va revertir la inhibicié dels dos factors de
transcripcié per part de TNF-a, fet que no es va donar en el cas del partenolide,
malgrat que aquest inhibidor de NF-kB si que evitava la davallada d’expressié de PDK4
al tractar amb TNF-a, tot suggerint la existéncia d’altres mecanismes que es troben

regulant PDK4. Malgrat que s’ha descrit que el factor de transcripcid6 NF-xkB esta
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implicat en la regulacié de I'expressié de PGC-1a [Coll i col., 2006], no queda clar quin
és el mecanisme mitjancant el qual es produeix aquesta davallada de PGC-1a després
de l'activacié de NF-kB. S’ha descrit que l'estimulacio de miotubs H9c2 amb
lipopolisacarids causa una reduccid en l'expressido de gens involucrats en el
metabolisme dels acids grassos, a través d’un procés mitjancat per la interaccié fisica
entre la subunitat p65 de NF-xB i PPARB/& [Planavila i col., 2005a]. Tenint en compte
que NF-xB participa en la regulacid de l'expressié de PGC-1a i que la transcripcid
génica d’aquest ultim es troba induida per PPAR, seria possible que la disminucio de
PGC-1a per part de TNF-a fos consequliéncia d’una reduccié de I'activitat de PPARB/&
mitjancada per NF-kB, fet que es veu recolzat per la forta inhibicié de I'activitat d’unid
a ’ADN de PPARB/& observada en les cél-lules AC16 després de tractar-les amb TNF-a.
Malgrat tot, I'expressié de PPARB/6 no es va veure reduida amb el tractament amb
TNF-a i I'addicié d’agonistes PPARB/S tampoc va tenir efectes sobre I'expressidé de
PGC-1a i de PDK4. Aquests resultats podrien ser deguts, tal i com succeeix en ratolins
knockout per PPARa, a efectes compensatoris per part d’altres isoformes de PPAR
[Muoio i col.,, 2002]. No obstant, en cél-lules AC16 no vam observar que els nivells
d’expressido de PPARa es veiessin augmentats al tractar amb TNF-a i, a més, PPARB/6
és la isoforma de PPAR predominant en aquestes cél-lules. Al tractar els cardiomiocits
AC16 amb PD169316 va revertir la reduccié de I'activitat transcripcional de PPARB/&
observada a I'afegir TNF-a, fet que no es va produir al tractar amb partenolide, tot
suggerint que aquesta reduccié de l'activitat PPARB/S no era conseqiiéncia d’un
increment de I'activitat NF-kB, sind que sembla ser degut a un augment en l'activitat
de la p38 MAPK. Aquests resultats semblen indicar que la fosforilacié de PPARB/S per
part de p38 MAPK n’inhibeix I'activitat transcripcional. De fet, s’ha descrit que la
inhibicié de p38 MAPK per part de PD169316 esta relacionada amb un increment de
I"activitat PPARy en adipocits [Aouadi i col., 2006].

Tal i com s’ha descrit fins ara, en la progressié de la insuficiencia cardiaca es déna
un augment local de les citocines proinflamatories, com és el cas de TNF-a. En cél-lules
cardiaques exposades a aquesta citocina, la inhibicié de I'expressiéo de PDK4 per part

de NF-xB esta relacionada amb el canvi cap a un increment de la glucolisi observat

148



DISCUSSIO

durant els processos patologics en cor, induits per estimuls proinflamatoris com la
hipertrofia i insuficiencia cardiaques. Els resultats obtinguts en aquest treball
suggereixen que a part d’'ERRa i PPARB/& es donen altres mecanismes que també
participen en la regulacié de PDK4, per tal de mantenir el metabolisme dels
cardiomiocits dins d’un rang fisiologic adequat. En estudis previs s’ha descrit un vincle
entre E2F1 i I'oxidacid de la glucosa en muscul a través de la regulacié transcripcional
de PDK4 [Hsieh i col., 2008], de manera que vam investigar la possibilitat de que els
processos inflamatoris regulats per NF-kB disminuissin I'expressié de PDK4 a través de
la inhibicid del factor de transcripcié E2F1, de forma independent a ERRa i PPAR. En els
nostres resultats hem observat que la inhibicié de la expressié de PDK4 al tractar amb
TNF-a cél-lules AC16 coincideix amb una alteracid en I'activitat d’E2F1 i que aquest
factor de transcripcido és capac de regular 'activitat transcripcional de PDK4. Les
analisis de coimmunoprecipitacié de cromatina ens indiquen que la reduccidé en
I'expressié de PDK4 implica un interaccié directa entre la subunitat p65 de NF-kB i
E2F1. Aquesta interaccid fisica entre E2F1 i PDK4 s’ha relacionat amb la participacid
d’E2F1 en el creixement cel-lular durant la fase S i podria estar encaminada a prioritzar
I’Gs del piruvat per a la sintesi d’intermediaris necessaris per a la sintesi de lipids i
proteines necessaries per la divisid cel-lular. Altrament, E2F1 estimula la 6-fosfofructo-
2 cinasa/fructosa-2,6-bisfosfatasa  (PFK-2/FBPase-2), un enzim homodimeéric
bifuncional, que actua com a un potent estimulador de la glicolisi [Darville i Rousseau,
1997]. Per tant, és logic que cel-lules cancerigenes, caracteritzades per anomalies en el
complex E2F/pRB, mostrin alteracions en |‘oxidacié mitocondrial de la glucosa,
coneguda com glucolisi aerobica, i en la produccié de lactat [Hsieh i col., 2008]. Aixi, el
control transcripcional de PDK4 mitjancat per E2F1 podria explicar la manca d’una
oxidacid mitocondrial de la glucosa eficient en cél-lules cancerigenes, malgrat la

necessitat d’ATP en cél-lules hiperproliferatives.

La sobreexpressi6 d’E2F1 en cél-lules AC16, no va revertir completament la
disminucié de la transcripcié de PDK4 observada a I'afegir TNF-a. D’altra banda, el
silenciament d’aquest factor de transcripcid, mitjancant siRNA, no sembla tenir cap

efecte sobre I'expressié de PDK4. Aquests resultats ens suggereixen la coexisténcia de
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diferents mecanismes de regulacié de la transcripcié de PDK4 i del metabolisme de la
glucosa en cél-lules cardiaques, que evitarien els efectes nocius derivats d’un
descontrol en I'activitat d’E2F1. De fet, I'activitat i especificitat d’E2F1 esta altament
regulada per multiples factors com la seva expressid génica, la localitzacié subcel-lular,
la seva interaccié amb pRB, i modificacions postranscripcionals com son la fosforilacid
o I'acetilacid. Tots aquests mecanismes no actuen de forma aillada, sind que es poden
donar de forma simultania. En els nostres resultats hem observat que, malgrat que la
modulacioé de I'activitat de NF-kB no canviava ni els nivells de mRNA ni els de proteina
d’E2F1 en cel-lules AC16 no transfectades, I'addicié de TNF-a si que va incrementar els
nivells d’E2F1 en cél-lules transfectades amb un plasmidi que contenia el constructe
pPSG5L/E2F1 en relacié a cél-lules no estimulades. No hi ha una explicacié senzilla per
aquesta acumulacié d’E2F1, ja que en cel-lules control transfectades amb lacZ no es va
observar. No obstant, no es pot excloure un augment de I'estabilitat de la proteina
degut a la seva interaccid amb p65. Independentment dels motius que deriven cap
aquesta situacio, els majors nivells de pRB observats, acompanyats d’una disminucié
dels nivells de pRB fosforilada ens suggerien que I'activitat d’E2F1 es troba altament
regulada en aquestes cél-lules. E2F1 també pot ser regulat per 'acetilacié en tres
residus de lisina conservats (lisina 117, 120 i 125) resultant en un augment de
I'activitat transcripcional aixi com de la vida mitja de la proteina [Martinez-Balbas i col.,
2000]. Els nostres resultats han demostrat que I'acetilacié d’E2F1 es trobava induida
per TNF-a pero no per partenolide, suggerint-nos que aquest increment en l'acetilacié
podria ser una resposta cel-lular per tal de contrarestar la inhibicié de I'activitat
d’E2F1. Aquest fet també podria ser explicat per I'habilitat d’IKK de potenciar
I'acetilacié d’E2F1, tal i com s’ha descrit en la linia cel-lular de cancer de mama MCF7
[Tui col., 2006]. Per tant, el partenolide hauria d’abolir per complet aquesta acetilacid.
NF-xB, i p65 en particular, pot trobar-se també en el nucli en condicions basals, on
poden silenciar la transcripcié de gens de forma constitutiva per competicié amb altres
factors de transcripcid [Shaw i col., 2008]. Com ja s’ha comentat anteriorment, el
mecanisme involucrat en la disminucid de I'expressié de PDK4 mitjancada per E2F1 al
tractar amb TNF-a cél-lules AC16 correlaciona amb un augment de la interacci6 fisica

entre p65 i E2F1, associacidé que també es va observar en el cor de ratolins TNF1.6. Les
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analisis d’'immunoprecipitacié de cromatina van mostrar que la translocacié al nucli de
NF-kB evitava el reclutament de E2F1 al promotor del gen de PDK4 i, subseqlientment,
la transcripcid genica mitjancada per E2F1. Aquests resultats es van veure reforcgats per
la reduccidé de la unié d’E2F1 al promotor de PDK4 en cel-lules tractades amb TNF-a i
pel fet de que I'addicié de partenolide va evitar aquesta reduccié. El partenolide no
només va evitar la unié entre p65 i E2F1 per reduccié de la translocacié al nucli de p65
sind que també podria activar E2F1 mitjangant un augment de la fosforilacié de pRB,
tot alliberant el complex E2F-DP actiu. Aquest darrer mecanisme podria explicar
I'increment dels nivells de PDK4 induits per partenolide en abséncia d’estimuls
proinflamatoris. La interaccié entre p65 i E2F1, de la que vam observar que no depenia
dels nivells de pRB, s’ha descrit també en fibroblasts humans on aquesta interaccié
entre factors de transcripcié altera I'expressié de gens regulats per E2F1 [Araki i col.,
2008]. També s’ha descrit que E2F1 és capa¢ d’interferir en la via de senyalitzacié
antiapoptotica de NF-kB mitjangant diferents mecanismes, com la disminucié de
I'activador de NF-kB TRAF2 (de I’'anglés TNF Receptor-Associated Factor 2) [Phillips i
col., 1999], competint amb p50 per la seva unié a p65 en models murins de fibroblasts
[Tanaka i col., 2002] o bé inhibint la fosforilacié d’IkB [Chen i col., 2002]. Per contra,
altres treballs mantenen que E2F1 és necessari per la completa activacié de la
transcripcié dels gens diana de NF-kB com és el cas de la IL-15 i TNF-a, en cél-lules
monocitiques humanes estimulades amb lipopolisacarid (LPS) [Lim i col., 2007]. En les
cél-lules cardiaques humanes AC16, I'expressié i la secrecié d’IL-6 es va veure induida
després del silenciament genic d’E2F1, mentre que la sobreexpressié d’E2F1 va
disminuir-les, suggerint-nos que E2F1 en les cel-lules AC16 actua com a repressor de
I'activitat de NF-kB. Encara que en aquest treball només demostrem la interaccio fisica
d’E2F1 amb p65, es possible que altres subunitats de NF-«kB interactuin amb aquest
factor de transcripcid ja que, com s’ha vist en altres estudis, E2F1 és capag d’associar-
se tant a p65 com a p50 quan la cél-lula és estimulada amb LPS [Lim i col., 2007].
Tampoc es pot excloure el fet de que es puguin donar mecanismes addicionals en els
efectes induits per l'activacié de NF-xB en els que hi estiguin implicades altres
isoformes d’E2F1. De fet s’ha descrit que en fibroblasts humans les IKK podrien

fosforilar directament E2F4, tot produint-ne una acumulacié al nucli, seguida d’un
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reemplacament de I'activador E2F1 en el lloc d’'unié d’E2F en la regié promotora del
seus gens diana [Araki i col., 2008]. Una de les limitacions del nostre estudi és I'origen
de la linia cel-lular AC16, ja que al tractar-se d’'una linia proliferativa algun dels
resultats podria estar distorsionat pel fet de que E2F1 esta involucrat en el control de
cicle cel-lular. Malgrat tot, vam observar que ni I'expressié de gens diana d’E2F1, com
la ciclina A, o el mateix E2F1, que estan implicats en el cicle cel-lular, no estaven
alterats ni en les cel-lules AC16 ni tampoc en els ratolins transgenics TNF1.6. D’acord
amb aquestes dades, en altres treballs s’ha mostrat que la hipertrofia induida per
I’angiotensina Il produeix una activacid d’E2F1 sense que es doni un increment de
I'expressié de la ciclina E [Hlaing i col., 2004]. De fet, la sobreexpressié d’E2F1 pot
derivar els cardiomiocits primaris de rata cap a la fase S del cicle cel-lular, malgrat que
aquestes cel-lules no van més enlla de la fase G2 [von Harsdorf i col., 1999]. Per tant,
els nostres resultats suggereixen que un alliberament parcial de la inhibicio per part de
pRB podria donar lloc a una menor repressié d’'un conjunt de gens diana d’E2F1
involucrats el la sintesi proteica i en el metabolisme cel-lular, perd sense induir

I’expressié de gens que promouen la divisié cel-lular.

Tal i com s’ha comentat anteriorment, en el miocardi la glucosa és catabolitzada
preferentment per la via de la glucolisi aerobica [Lydell i col., 2002], i la glucosa que no
és oxidada pot ser convertida a lactat en un procés anomenat glucolisi anaerobica. En
aquest punt és on PDK4 hi juga un important paper, ja que és la cinasa responsable de
la inhibicié induida per fosforilacié de la PDC, enzim que catalitza el pas limitant de
I'oxidacio aerobica de la glucosa. En certes circumstancies, com sdén la hipertrofia i la
insuficiéncia cardiaques, augmenta la dependéencia de la via glucolitica com a
conseqiiencia d’'una disminucié de I'activitat de PDK4. Tenint en compte els nostres
resultats, hipotetitzem un model en el qual en la regulacié de I'expressié de PDK4 i del
metabolisme de les cel-lules cardiaques hi participarien E2F1 i NF-kB, on NF-kB
actuaria com un interruptor molecular en la regulacié de la transcripcio génica de PDK4
de manera dependent d’E2F1. Donat que una inadequada activitat de PDK4 pot arribar
a tenir conseqliencies nocives en els organs amb una elevada taxa metabolica, la

repressio basal per part de NF-xB de I'expressié de PDK4 controlada per E2F1 podria
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arribar a ser crucial per a un correcte funcionament del cor. Aixi, donat que E2F1 juga
un important paper en el creixement dels cardiomiocits alhora que també esta implicat
en la regulacié del metabolisme, a través de la modulacié de PDK4, aquest factor de
transcripcié seria un bon candidat en la recerca d’una terapia efectiva per al
tractament de la hipertrofia ventricular, i possiblement podria evitar que aquesta
ultima derivés en insuficiéncia cardiaca. Tenint en compte que tant la hipertrofia com
la insuficiéncia cardiaques han estat relacionades amb processos inflamatoris en el
miocardi i que en els nostres resultats hem observat com un augment d’E2F1 en
cél-lules humanes cardiaques redueix la secrecid de citocines, es veu reforcada la
hipotesi de que I'estudi d’E2F1, i del seu paper en la regulacié de PDK4, podria ser un
punt de partida per el desenvolupament d’una terapia encaminada a millorar el

tractament de determinades cardiomiopaties.

En conjunt en aquest treball es presenten una serie de resultats que ens permeten
coneixer de forma més detallada els mecanismes moleculars que relacionen les
alteracions metaboliques i els processos inflamatoris en cor. L'aprofundiment en
aquests mecanismes és un primer pas en la recerca de potencials dianes
farmacologiques, encaminades a prevenir i tractar aquests estats patologics que es
donen en el cor. Els resultats obtinguts en el nostre treball ens suggereixen que
I’activacié induida per GW501516 de PPARB/S, isoforma de PPAR predominant en les
cél-lules cardiaques, és capa¢ d'atenuar la resposta inflamatoria observada en
cardiomiocits humans AC16 exposats a l'acid gras saturat palmitat i en cor de ratolins
alimentats amb una dieta rica en greixos. Dietes amb un elevat contingut en greixos
s’han relacionat amb una série d’efectes cardiacs directes com la hipertrofia i la
disfuncid contractil [Tikellis i col., 2008], en les que la inflamacié cronica de baix grau
juga un paper important. Altrament s'ha mostrat que GW501516 millora les
alteracions metaboliques en cor causades per aquestes dietes riques en greixos, de
manera que és logic pensar que els agonistes PPARB/S podrien ser emprats
terapéuticament per tal de prevenir la hipertrofia i la insuficiencia cardiaca que
apareixen associades a aquests trastorns metabolics. Tal i com hem descrit, el

metabolisme cardiac de la glucosa es veu alterat en un procés que esta associat a un
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increment del nivell de citocines proinflamatories, de manera que vam prosseguir per
tal de proposar nous mecanismes que contribuissin a explicar aquest canvi en el
metabolisme de la glucosa observat durant la hipertrofia cardiaca induida per citocines
proinflamatories, en el nostre cas TNF-a. La hipotesi que suggerim, implicaria
I'activacié de NF-xB per part de TNF-a aixi com una inhibicié de PGC-1a mitjancada per
NF-xB i p38 MAPK. La inhibici6 de PGC-la va acompanyada d’una reduccié en
I'expressid de PDK4, consequéncia d’'una disminucié de I'activitat ERRa i PPAR, amb la
conseqlient estimulacido de l'oxidacié de glucosa. Els nostres resultats també ens
suggereixen que aquesta disminucié en I'activitat de PGC-1a en cor, que conduiria cap
a una menor expressio de PDK4, es ddna, almenys en part, per 'augment de la
interaccio fisica d’aquest coactivador amb la subunitat p65 de NF-kB. Aixi, una
reduccio en I'expressié PGC-1a en cor podria contribuir a I'aparicié de les alteracions
metaboliques caracteristiques de la resisténcia a la insulina i I'obesitat. D’altra banda,
també vam observar que la interaccié de p65 amb la isoforma de PPAR majoritaria en
cor, PPARB/S, un cop ha estat induida per agonistes, podria atenuar les vies de
senyalitzacio inflamatories i, per tant, interferir en la remodelacid cardiaca [Planavila i
col., 2005b]. Per tant, és temptador especular que tant la induccié de PGC-1a com
I’activacié de PPARB/& en cor podrien tenir efectes beneficiosos en el metabolisme
cardiac, i representen interessants dianes moleculars terapéutiques que relacionen de
forma directa citocines amb el metabolisme cardiac. Aquests resultats també
suggereixen un possible efecte terapeutic beneficids resultant de la inhibicié de
I'activitat p38 MAPK i especialment de la inhibici6 de NF-kB en cor. Igualment, el
bloqueig de la secrecié local de TNF-a per part dels cardiomiodcits podria també ser util
després d’un trasplantament de cor, ja que aquesta secrecid intracardiaca de TNF-a
contribueix a un rebuig per hipertrofia i fibrosis cardiaca accelerada [Stetson i col.,
2001]. Per una altra banda, donada la importancia de PDK4 en la modulacié del
metabolisme energeétic de la glucosa en cor, és forca probable que en la seva regulacié
hi participin altres factors addicionals a la modulacié observada per part de PGC-1q,
mitjancant ERRa i PPARB/S, com és el cas d’E2F1. Aquesta hipotesi es va veure palesa
en els nostres resultats, que ens suggereixen la participacié d’aquest factor de

transcripcié en la regulacié de PDKA4.
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Els resultats presentats en aquesta tesi doctoral ens permeten establir les

seglients conclusions:

IV.

En el cor de ratolins alimentats amb una dieta rica en greixos (HFD) i en cél-lules
cardiaques humanes AC16 tractades amb palmitat s’observa un estat
proinflamatori caracteritzat per un augment de I'expressid de citocines
proinflamatories, com és el cas de TNF-a, aixi com per un increment de I'activitat

del factor de transcripcié NF-kB.

L’activacié de PPARB/S per part de GW501516 resulta en la transrepressié de
I'activitat de NF-kB com a conseqiiéncia d’un augment de la interaccié fisica entre
aquests dos factors de transcripcié. Aquesta interaccié reverteix I'estat
proinflamatori induit en el cor de ratolins per una dieta rica en greixos i pel
palmitat en cél-lules cardiagues humanes. En ratolins knockout per PPARB/&
s’observa un estat proinflamatori incrementat en cor, tot recolzant la participacié
de PPARB/6 en el mecanisme antiinflamatori. En els efectes antiinflamatoris de

GW501516 també hi participa AMPK.

L'addici6 de TNF-a a cél-lules cardiaques humanes o la seva sobreexpressid
constitutiva i especifica en el cor de ratolins TNF1.6 indueix una reduccié de
I'expressié del coactivador transcripcional PGC-1la mitjancant un procés que

depen de NF-kB.

La reduccié de I'expressié de PGC-1a s’associa amb una disminucié de I'expressid
de PDK4. Aquesta inhibicid resulta en un augment de la taxa d’oxidacié de la
glucosa en cardiomiocits humans AC16, alteracié que en humans s’ha relacionat

amb el desenvolupament de la hipertrofia i insuficieéncia cardiaques.
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V.

La reduccid de l'expressié de PDK4 en cardiomiocits humans AC16 depeéen,

almenys, de dos mecanismes diferents:

1.

La inhibicié de PGC-1a, coactivador de dos dels factors de transcripcidé que
regulen I'expressido de PDK4, PPARB/6 i ERRa. Aquesta inhibicié de PGC-1a
depen de la interaccié fisica de la subunitat p65 de NF-kB amb PGC-1a a

través dels motius LXXLL presents en aquest coactivador transcripcional.

La inhibicié de I'activitat transcripcional d’E2F1 per part de NF-kB. Aquesta
inhibicid es produeix per la interaccio fisica entre la subunitat p65 de NF-«B i
E2F1, fet que resulta en una disminucio de la unié d’E2F1 al promotor de

PDK4, i per tant, de |'expressio d’aquest enzim.
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