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1. DEFINICIO DE CAQUEXIA

Caquexia és un terme procedent del grec, kakos i hexis, que significa 'mal estat' i
al llarg de la historia médica s'ha associat amb un pacient greu. En els dltims anys han
aparegut diverses definicions de caquéxia [1-3], pero podriem dir que totes elles
comparteixen dos factors comuns: la pérdua de pes -sobretot per la pérdua de muscul
esqueletic i greix corporal- i la inflamacio [3]. Aixi doncs, podriem definir caquéxia com
una sindrome metabolica complexa associada amb una malaltia subjacent que es
caracteritza per la pérdua de pes i massa muscular, amb o sense la perdua de massa
grassa, sovint associada amb ['anoréxia, processos inflamatoris i alteracions
metaboliques com la resisténcia a la insulina i I'augment de la taxa de recanvi proteic
en els teixits entre d'altres [1] (Figura 1).

La caquéxia normalment es manifesta en patologies croniques com la sindrome
d'immunodeficiencia adquirida (SIDA), diabetis, malaltia pulmonar obstructiva cronica
(MPQOC), insuficiéncia cardiaca o cancer, essent aquest ultim el que presenta una
perdua de massa muscular més rapida en els pacients, donant lloc a un empitjorament
de la qualitat de vida, una menor resposta a la terapia i s'associa amb un increment de

la morbiditat i mortalitat [4,5].
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MALALTIA CRONICA

p.ex. Insuficiencia cardiaca cronica,
Malaltia pulmonar obstructiva cronica,
Malaltia renal cronica,
Infeccid cronica i sepsia,

Cancer
Anorexia Inflamacié Insulina Hipogonadisme Anémia
PERDUA PERDUA DE MASSA MUSCULAR
DE GREIX
Debilitat i fatiga
Péerdua de pes Reduccié de la for¢ga muscular, VO2 max.
i activitat fisica
DIAGNOSTIC CAQUEXIA
* Reduccié for¢ca muscular
¢ Fatiga
Pérdua de pes d’almenys un 5% * Anoréxia
en 1; mesos o myés 0 3de5 + Baix index de massa magra
* Bioquimica anormal
(o BMI <20kg/m2) * Increment dels marcadors
d’inflamacid (CRP, IL-6)
*  Anémia (Hb <12g/dL)
* Baixa albumina sérica (<3.2g/dL)

Figura 1. Representacié conceptual de la definicié de caqueéxia.

La caquéxia és el resultat de 'adaptacié a una malaltia subjacent, com el cancer. La malaltia crea un
entorn que pot ser caracteritzat per la inflamacié, pérdua de gana (anorexia), baixos nivells de
testosterona i altres hormones anaboliques i anémia. La disminucié de la ingesta d'aliments i I'anorexia
resulten en la perdua de massa corporal i muscul. A més, la inflamacio, la resistencia a la insulina i els
baixos nivells d'hormones anaboliques donen lloc a una pérdua de massa muscular (imatge adaptada de

la revisié: Cachexia: a new definition [1])
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2. EPIDEMIOLOGIA

La incidéncia de la sindrome entre els pacients de cancer és molt alta ja que
aproximadament la meitat de tots els pacients amb cancer experimenten caquéxia,
amb una prevalenga en augment de fins a un 86% en les ultimes setmanes de vida [6], i
un 45% dels pacients que perden més del 10% del seu pes original durant la progressio
de la malaltia [7]. Una perdua de pes superior al 30% es considera irreversible,
atribuint-se a la caquéexia un 20% de les morts per cancer [8]. La progressio de la
malaltia també varia entre els diferents tipus de cancer, havent-hi una major
prevalenga de caquéxia en cancer de pancrees i cancer gastric (83-85%), un 54-60% en
cancers de pulmo, prostata i colon, i entre un 32-48% en cancer de mama, sarcomes,
limfomes i leucémies [9]. En cancers d'estdmac, pancrees, prostata, colon i cancer de
mama, la supervivéncia dels pacients amb caquéxia és significativament més curta que
en altres malalts [9]. Aixi doncs, el grau de caquexia esta inversament correlacionat
amb el temps de supervivéncia del pacient, i sempre implica un pronostic

desfavorable.

3. DIAGNOSTIC | AVALUACIO

Tals esforgcos en la definicié de la caquéxia sén particularment rellevants
especialment per a I'objectiu d'identificar les poblacions de pacients més susceptibles
a desenvolupar la sindrome caquéctica. Degut a la complexa etiologia d'aquesta

sindrome, l'avaluacié de la caquéxia ha d'incloure diversos parametres, com ara
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I'aparicié de l'anorexia i la desnutricio, la perdua de pes corporal, I'esgotament de
teixit adipds, la pérdua de massa i forca muscular, I'hipercatabolisme, la preséncia d'un
estat inflamatori cronic, i finalment, perd no menys important, l'impacte psicologic que
exerceix la caquexia en el pacient [5]. En els Ultims anys han sorgit diversos intents de
classificar els malalts de cancer amb caquéxia en diferents fases [10-14]; malgrat tot,
I'lnica metodologia disponible que proporciona un enfocament quantitatiu és I'escala
anomenada (CASCO) [15], que recentment ha estat validada [16]. La valoracié de
pacients amb caquéxia cancerosa dintre d'una escala és un aspecte important de la
sindrome, aixi com el disseny de tractaments apropiats depenent del grau de caquexia
del pacient. Tot i que s'han suggerit diversos biomarcadors presents a nivell circulant
per a pacients amb caquexia, estan lluny de ser acceptats universalment i d'esser
aplicables a tots els pacients. Aquests possibles biomarcadors inclouen compostos
derivats del tumor [17], citoquines inflamatories [18,19], proteines de fase aguda [20] i

marcadors de degradacio del muscul esquelétic [21].

4. ETIOPATOGENIA

S'han dedicat molts esforcos en l'estudi de I'etiopatogenia de la caquéxia. Es
tracta d'una sindrome complexa i dificil d'entendre, i la seva caracteristica principal,
com ja s'ha mencionat anteriorment, és el desgast que pateixen alguns teixits,
principalment el muscul esquelétic i el teixit adipds. S'han trobat moltes causes que
contribueixen a la pérdua de pes en els pacients amb cancer, perd cap d'aquestes
explica totalment |'etiologia d'aquesta sindrome [8]. Malgrat la complexitat de la

caquexia, es poden diferenciar dos components basics entre les causes que
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condueixen a l'estat caquectic: la disminucid de la ingesta experimentada pel pacient
amb cancer i les alteracions de caracter bioquimic i fisiologic que pateix com a

conseqliencia de la preséncia del tumor.

4.1. ANOREXIA

L'anorexia es defineix com la péerdua de gana amb una sensacié de sacietat
precog, la qual cosa fa que tingui lloc una hipofagia a causa de la disminucié del
nombre d'apats o de la quantitat de menjar ingerit. Es una caracteristica comuna de
les patologies croniques pero sovint no és diagnosticada ni tractada, i com a resultat
contribueix significativament a la desnutricid [4]. L'anoréxia es troba freqlientment
associada amb la caqueéxia i, tot i no ser totalment la responsable del desgast tissular
gue pateixen els pacients neoplastics, és un factor important que hi contribueix.

S'han proposat diversos mediadors que regulen la ingesta a diferents nivells, la
produccié o actuacié dels quals esta alterada en la sindrome de la caquéxia. Alguns
d'aquests mediadors son les citoquines proinflamatories (el factor de necrosi tumoral
a (TNF-a), la interleuquina 6 (IL-6) i la interleuquina 1 (IL-1)), les quals modifiquen la
gana i la taxa metabolica de forma directa, o indirectament a través de modulacions
dels nivells fisiologics de diversos neuropéptids com sén la leptina, el neuropéptid Y
(NPY), la melanocortina o el péeptid relacionat amb agouti [5]. Més especificament, la
bioactivitat de les citoquines provoca la induccid de les vies anorexigéniques i la
inhibicié de les orexigeniques, fet que déna lloc a la pérdua de gana i I'augment de la

sacietat [22].
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En alguns casos, I'anoréxia pot apareixer com a resultat de la mateixa terapia
antineoplastica (quimioterapia, radioterapia o immunoterapia). Aquests tractaments
produeixen nausees i vomits, o bé una reduccié de la gana a causa d'alteracions en la
percepcid del gust i l'olor del menjar [8]. També pot ser la conseqliéncia del
restrenyiment, estomatitis, el dolor i les alteracions psicoldgiques que experimenten
gran part dels pacients diagnosticats d'un cancer [2]. La depressio, I'ansietat o la por
sdn emocions comunes experimentades per persones amb cancer i poden contribuir a
I'anorexia, aixi com l'estres d'haver d'enfrontar-se amb els diferents tractaments per al
cancer [23]. Altres factors que contribueixen a la situacié anoréxica del pacient amb
cancer sén la disminuida resposta insulinica a la ingesta, aixi com l'augment de la
concentracio circulant de lactat i d'acids grassos, els quals comporten I'aparicié d'un
cert quadre d'acidosi metabolica [24]. D'altra banda, els canvis en les concentracions
circulants d'alguns tipus d'aminoacids també contribueixen significativament a I'estat
anoreéxic [25].

En altres casos, la disminucié de la ingesta s'ha descrit com una conseqiiencia de
I'obstrucciéd mecanica del tracte gastrointestinal [26]. Aquestes alteracions de I'aparell
digestiu es poden deure directament al tumor, si aquest esta localitzat en algun punt
del tracte gastrointestinal, interferint mecanicament en la digestid, o si es troba en
organs importants per a la digestid, com en el cas del tumor pancreatic o quan es
localitza en la via biliopancreatica [27]. Aquestes alteracions poden donar lloc a una
malabsorcid dels nutrients, contribuint notablement a I'empitjorament de l'individu. La
malabsorcid pot ser també d'origen iatrogenic després d'un tractament quirdrgic, per
radiacions o pels farmacs antineoplastics [28]. A més, el tracte digestiu pot ser la diana

de compostos alliberats pel tumor, com ara els esteroides, les prostaglandines i les
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citoquines, els quals provoquen alteracions en I'absorcié de nutrients. De fet, després
de I'administracié de citoquines (TNF-a o IL-1) s'observa una disminucié de |'absorcié
de lipids i aminoacids [29,30]. En casos de forta pérdua de pes, com en estadis
avancats de cancer, poden donar-se péerdues d'enzims digestius, repercutint aixi a
I'absorcié de determinats nutrients [26]. Aixi doncs, el pacient afectat per un tumor, en
fracassar en el seu intent d'ingerir, digerir o absorbir els nutrients, desenvolupa un
balan¢ energétic negatiu que el condueix a una accelerada pérdua de pes i un estat de
malnutricid.

Cal destacar pero, que la perdua de pes, almenys en la caquéxia cancerosa,
generalment no ve donada per la simple privacié d'aliments. De fet, durant el dejuni,
els individus en situacions normals s'adapten a la restriccidé de nutrients exdgens amb
una reduccié compensatoria de la despesa energética, i es poden diferenciar
clarament dues fases referents al metabolisme proteic: una fase inicial aguda, en la
qual es consumeixen proteines musculars i hepatiques, i una segona fase on hi ha
restriccid del consum proteic i s'incrementa la utilitzacié de les reserves lipidiques.
Aquest no és pero, el comportament de I'organisme en situacié de caqueéxia, ja que els
individus portadors de tumor presenten una despesa energeética fins i tot augmentada
i una mobilitzacid de proteines constant, fet que resulta en un balang¢ de nitrogen
negatiu [31-33]. Aixi mateix, en la caquéxia cancerosa el desgast que presenta el
muscul esquelétic contrasta amb la relativa preservacié del fetge i altres organs,
mentre que durant el dejuni aquests també estan afectats [34]. Tanmateix, si la
malnutricié fos la principal causa de la caquéxia cancerosa, I'aportacié de nutrients
exogens a través d'una alimentacid forcada (enteral o parenteral) disminuiria els

simptomes de la caquéxia, i milloraria la supervivéncia i la resposta a la terapia.
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Malauradament, aix0 no passa en la caquéxia cancerosa [2]. En alguns casos s'ha
demostrat que I'augment de la ingesta de calories no reverteix la pérdua de massa
muscular esquelética siné que augmenta el pes corporal a través de la retencié d'aigua
i la reposicid de les reserves de greix [35,36]. Altres estudis han demostrat que el
suport nutricional pot millorar la ingesta de calories i, tot i aix0, no ajudar a augmentar
de pes ni I'antropometria dels pacients, aixi com tampoc s'observa una millor resposta
terapeéutica, qualitat de vida o supervivencia dels pacients [33]. Per altra banda, amb el
suport nutricional parenteral s'observen pocs beneficis [35]. No obstant aix0, el suport
nutricional i el conseglient augment de la ingesta de calories pot ajudar a alleugerir la
preocupacio dels cuidadors, evitar un major deteriorament de I'estat nutricional i fins i
tot millorar els resultats del pacient durant la radioterapia [37,38].

Es obvi que la malnutricié juga un paper important en la caquéxia, perd cal
destacar que no n'és I'lUnic factor en el desenvolupament. No obstant, cal promoure el
suport nutricional preco¢ com a part d'un enfocament multimodal de la terapia
anticaquectica, ja que és necessari per millorar I'estat nutricional del pacient i les
complicacions relacionades amb el control de la ingesta d'aliments que influeixen en la

seva qualitat de vida [38—-40].

4.2. ALTERACIONS METABOLIQUES

La sindrome caquéectica esta associada amb un conjunt d'alteracions
metaboliques, les quals condueixen a increments en la despesa energética, estres
sistémic i alteracid de la funcié cel-lular normal. Com a resultat de la presencia del

tumor i del tractament del pacient (quimioterapia o radioterapia), la necessitat de
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mantenir I'homeostasi forca a l'organisme a importants canvis metabolics que
impliqguen el metabolisme glucidic, lipidic i proteic (Figura 2). Alguns dels canvis sén
mecanismes clarament compensatoris per protegir I'homeodstasi del pacient, pero
algunes d'aquestes alteracions metaboliques sén realment perjudicials per al pacient,
portant-lo a una situacié d'ineficiencia metabolica i desgast [26]. L'estat catabolic que
pateix I'hoste, particularment al muscul esquelétic i al teixit adipds, és un dels aspectes
més evidents dels canvis en el metabolisme de la caquéxia cancerosa. El desgast que
pateixen aquests teixits també afecta al muscul cardiac, fet que comporta disfuncions
en aquest organ, les quals poden arribar a ser les responsables del 20% de defuncions
associades al cancer. Altres organs, com ara el fetge, la melsa, els ronyons i les
capsules adrenals, pateixen, a vegades, un increment de pes transitori. Les alteracions
metaboliques representen I'aspecte més important de la caquéxia cancerosa, ja que
fins i tot en absencia de malnutriciéd poden, per se, determinar un balan¢ energetic i

nitrogenat negatiu, juntament amb un greu deteriorament de I'organisme [41].

4.2.1. Ineficiéncia energética

L'energia lliure de Gibbs, AG, representa el treball Gtil maxim que pot ser
realitzat per qualsevol sistema a temperatura i pressid constant; aquest parametre
combina la primera i segona llei de la termodinamica en sistemes biologics. Per tant,
per comprendre la utilitzacié d'energia en els sistemes biologics i bioquimics s'han de
tenir en compte tant I'entropia com l'eficiencia [42]. Curiosament, en situacions de

cancer, sembla que hi ha un clar augment en I'entropia, el que reduiria el valor de AG;
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qualsevol canvi en aquest parametre porta 'el sistema' lluny de I'equilibri i, per tant,

I'eficiencia energetica disminueix a causa de I'alliberament de calor [43].

La sintesi d'ATP mitocondrial és un procés bioquimic essencial per a qualsevol
cel-lula viva [44], i ha estat demostrat que aquest procés es veu greument afectat en el
muscul esquelétic durant la caquéxia cancerosa [45]. Si tenim en compte que el muscul
esqueletic representa fins al 40% del pes corporal total, qualsevol deteriorament en la
sintesi d'ATP en aquest teixit afectara greument l'eficacia del subjecte sotmés a la
carrega tumoral [4,46]. A més, la quimioterapia també pot afectar la sintesi d'ATP
mitocondrial. De fet, s'han descrit agents endogens i farmacologics que produeixen un
desacoblament de la formacié d'ATP a partir de la dissipacié del gradient [47]. El
gradient electroquimic de protons a nivell de la membrana mitocondrial interna que
impulsa la sintesi d'ATP mitocondrial s'interromp a través de l'activacié de les
anomenades proteines desacobladores (UCPs). L'activitat de diferents UCPs s'ha
demostrat estar augmentada en el muscul esquelétic (UCP2 i UCP3) i en el teixit adipds
marré (TAM) (UCP1) tant en animals experimentals com en pacients afectats per
tumors caquéctics [48,49]. Aquest fenomen esta lligat amb el desacoblament
mitocondrial de la fosforilacié oxidativa. De fet, recentment el nostre grup ha
demostrat que aquest és el cas en els ratolins portadors del carcinoma pulmonar de
Lewis [50]. A més de desacoblament, hi ha altres anormalitats importants en les
mitocondries del muscul esquelétic que es produeixen en pacients amb cancer, com
ara la disminucid de la capacitat oxidativa [51,52], una interrompuda sintesi de
proteines [53], canvis en la fluidesa de la membrana [51] i les proteines mitocondrials
oxidativament modificades [54]; totes elles donant lloc a una funcid mitocondrial

alterada i també alteracions en I'estructura de I'organul [55].
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Figura 2. Principals adaptacions metaboliques associades amb el tumor.

Durant el creixement del tumor, tenen lloc alteracions metaboliques importants en pacients amb
cancer. La degradacié de proteines es troba estimulada en el muscul esquelétic, fet que resulta en un
flux de sortida d'aminoacids massiva a la circulacié. Per tant, un flux de nitrogen del muscul esquelétic
(principalment en forma d'alanina) arriba al fetge, on aquest aminoacid s'utilitza per mantenir la
gluconeogénesi i també la sintesi de proteines de fase aguda. La glutamina també s'exporta des del
muscul i s'utilitza principalment en el tumor com a donador de nitrogen per a la sintesi de proteines i
DNA. El tumor, depenent de la disponibilitat de la glucosa, també pot oxidar glutamina. La massa de
teixit adipds es redueix a causa de l'activacio de les lipases, que participen en la degradacié lipolitica de
triglicérids (TG), produint acids grassos no esterificats (NEFA) i glicerol. El glicerol també es pot utilitzar
per sostenir la gluconeogénesi hepatica, mentre que els NEFA son utilitzats per la massa tumoral, tot i
que a nivells molt baixos. En canvi, les cel-lules tumorals utilitzen enormes quantitats de glucosa i per
tant generen lactat, que després s'exporta a la circulacio. El fetge també utilitza lactat com a substrat de
la gluconeogeénesi, en part per compensar |'acidosi associada amb la produccié de lactat. El reciclatge de
lactat constitueix el cicle de Cori (en violeta) entre el fetge i el tumor, que esta vinculat amb I'alta
ineficiencia energeética, com la conversié de glucosa en lactat pel tumor que genera molt menys ATP que
la quantitat requerida per produir glucosa a partir de lactat. Simbols circulars "+" indiquen les vies que

s'activen durant la caquéxia.
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Algunes de les alteracions esmentades podrien atribuir-se a un augment de la
produccié del co-activador transcripcional 1a del receptor activat pel proliferador de
peroxisomes (PGC-1a), que s'ha observat en el muscul esquelétic de ratolins portadors
del carcinoma pulmonar de Lewis [56]. De fet, aquesta proteina sembla tenir un paper
important en la regulacio de la biogénesi mitocondrial a través de I'activacié de factors
nuclears respiratoris i el factor A de transcripcié mitocondrial (TFAM) [57]. A més,
citoquines com ara el TNF-a, generat com a conseqiiéncia de l'alta carrega tumoral,
activen MAPK p38, el qual provoca l'estabilitzacidé i I'activacid de PGC-la [58]. La
sobreexpressid de PGC-la causa un augment de la respiracié i I'expressié de gens

relacionats amb el desacoblament mitocondrial i la despesa energética [59].

Actualment, esta ampliament acceptat que una elevada despesa energética en
repos és un factor determinant en el desenvolupament de la desnutricié en pacients
caquectics [43]. El metabolisme energétic en repos representa la combustié de fonts
de combustible necessaris per proporcionar energia per als processos metabolics
implicats en el manteniment de la funcid i la integritat cel-lular i dels drgans del cos aixi
com per als processos mecanics implicats en mantenir el cos amb vida. Es convenient,
per tant, assumir que les anormalitats en el metabolisme dels hidrats de carboni, lipids
i proteines sén les principals bases bioquimiques de l'elevada despesa energetica
[43,60]. Per compensar aquest desequilibri energétic, I'organisme esta obligat a

mobilitzar les seves reserves energéetiques.
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4.2.2. Metabolisme glucidic

Pel que fa al metabolisme glucidic, hi ha dues caracteristiques principals a
destacar: per una banda I'augment del reciclatge hepatic de la glucosa i per I'altra el
desenvolupament de la intolerancia a la glucosa.

Els tumors de creixement rapid es caracteritzen per l'alta capacitat glucolitica,
gue porta a un augment de la gluconeogenesi hepatica de I'hoste i de I'activitat dels
enzims gluconeogenics [61]. De fet, el consum de les reserves energéetiques de I'hoste
es deu a un recanvi alterat de la glucosa, que desemboca en cicles metabolics futils
com el cicle de Cori. La produccid d'acid lactic al tumor impulsa la conversié de lactat a
piruvat i després a glucosa al fetge, un procés que suposa una elevada despesa
energética (Figura 2), pero essencial per a compensar l'acidosi tumoral. Aquesta
glucosa passa llavors a la circulacid i torna al tumor, on es transforma de nou en lactat,
i el cicle continua [7]. A més, l'alliberacid periférica de lactat (glucolisi del tumor),
aminoacids (proteolisi muscular) i glicerol (lipolisi) augmenta la disponibilitat dels
precursors gluconeogeénics, els quals poden tenir també un paper en la regulacié
d'aquesta via. La glucosa generada a partir d'aquest cicle alimenta el tumor, provocant
que creixi, produint més acid lactic i estimulant encara més el cicle [26]. Les cél-lules
tumorals sén importants consumidores de glucosa que, juntament amb la glutamina i
I'alanina, constitueixen les seves principals fonts d'energia. Les baixes concentracions
intracel-lulars de glucosa a les cél-lules tumorals generen un important gradient de
concentracid entre la sang i la massa tumoral, que afavoreix el tumor en la
competéncia que s'estableix entre aquest i els teixits de I'hoste, per exemple, donant

lloc a una disminucié de la captacié de glucosa al muscul esquelétic.
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Els pacients amb cancer sovint presenten intolerancia a la glucosa, que s'observa
previament a l'aparicid de la caquéxia, i la magnitud d'aquesta intolerancia es
correlaciona amb el desenvolupament tumoral [62]. Diferents estudis han permes
observar la preséncia de resisténcia a la insulina en pacients amb diversos tipus de
tumors, mostrant aquests certa incapacitat d'utilitzar la glucosa exogena i disminucid
de la sensibilitat a la insulina [63]. Alguns estudis clinics han trobat correlacions entre
la resisténcia a la insulina i el desenvolupament d'atrofia muscular en pacients amb
caquexia per cancer [64], perd cal remarcar que fins al moment no estan ben definides
les conseqtiencies funcionals d'una alteracid en la senyalitzacié de la insulina en els
organs afectats per la caquéxia.

No obstant aix0, en un treball recent es va estudiar la resisténcia a la insulina en
pacients amb cancer de pulmdé amb una caquéxia moderada subministrant glucosa i
leucina marcades i van explorar les alteracions en el metabolisme de proteines en
general. Aquest estudi va demostrar la manca de resposta anabolica proteica a la
evident hiperinsulinémia en pacients caquéctics, els quals exhibeixen resisténcia a la
insulina, i mostra com la capacitat reduida d'aquesta hormona per estimular la sintesi
de proteines pot contribuir en el desgast associat a la caquéexia [65]. Curiosament, la
resisténcia a la insulina en aquest grup de pacients també es va associar amb

marcadors d'inflamacié com una elevada proteina C-reactiva i IL-6 [64].

4.2.3. Metabolisme lipidic

El metabolisme lipidic també esta alterat; freqlientment, el pacient amb

caquexia cancerosa esta sotmés a una profunda perdua del teixit adipds blanc (TAB).
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La constant dissolucié d'aquesta massa de greix blanc és el resultat de diferents
processos alterats [26]. En primer lloc, hi ha un augment en I'activitat lipolitica, fet que
es tradueix en un alliberament important tant de glicerol com d'acids grassos [66]
(Figura 2). El mecanisme d'augment de la lipolisi s'associa amb I'activacié de la lipasa
sensible a hormones (sigles en anglés: HSL) en el teixit adipds. A més, en pacients amb
caquexia associada al cancer hi ha una disminucié de I'efecte antilipolitic de la insulina
en adipocits, juntament amb una major capacitat de resposta a les catecolamines i el
peptid natriurétic atrial, que estimulen la lipolisi [66]. En segon lloc, al TAB es produeix
una important disminucié en l'activitat de la lipoproteina lipasa (LPL), enzim
responsable de I'escissié dels triglicerids endogens i exogens (presents en les
lipoproteines) en glicerol i acids grassos i, en conseqiiéncia, I'absorcié de lipids es veu
greument obstaculitzada, ja que és l'activitat d'aquest enzim la que permet I'entrada
dels acids grassos al TAB. En tercer lloc, la lipogénesi de novo en el teixit adipds també
es redueix en ratolins i en humans portadors de tumors, donant lloc a una disminucié
de l'esterificacid, ja que la disponibilitat d'acids grassos per a la sintesi de triacilglicerol
disminueix i, en conseqliéncia, la disminucio de la deposicié dels lipids (triglicerids).

En el teixit adipds, s'ha demostrat una clara interaccié d'adipoquines i
mioquines en cancer [67], recolzant aixi la importancia de la senyalitzacié inter-organs
entre el muscul esqueletic i el teixit adipds [68]. Les observacions d'increment de la
lipolisi en pacients amb caquéxia cancerosa impliquen lipases, com ara la lipasa
adiposa de triglicérids (sigles en anglés: ATGL) i la HSL, en el desenvolupament de la
caquexia. ATGL intervé en el pas inicial de la descomposicio de triglicerids mitjancant la
formacié de diacilglicerid (DAG) i un acid gras lliure (sigles en anglés: FFA), mentre que

HSL completa la hidrolisi per produir acids grassos lliures addicionals i glicerol. Un
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estudi recent en ratolins portadors de dos tumors caquéctics diferents (el carcinoma
de pulmé de Lewis (LLC) i el melanoma B16) [69] va mostrar que la supressio génica de
ATGL prevenia d'un augment de la lipolisi i la mobilitzacié lipidica associada amb el
creixement tumoral. La supressié de HSL va conduir a efectes similars perd menys
marcats. De forma inesperada, la disminucié de la lipolisi es va produir juntament amb
una preservacio de la massa muscular, fet que suggereix que la descomposicié del
greix precedeix a la de les proteines del muscul esquelétic i que implica que algun
senyal (o senyals) generat durant la descomposicié dels triglicérids dels adipocits pot
ser responsable de |'activacio de la proteolisi muscular. Un estudi recent mostrava una
acumulacié progressiva de gotes lipidiques intramiocel-lulars en el muscul recte de
I'abdomen de pacients amb cancer, que semblava estar relacionada amb la perdua de
pes corporal i augmentava amb la progressié de la caquéxia. L'estudi emfatitzava sobre
la potencial importancia dels lipids com a marcadors/mediadors de I'atrofia muscular,
per tant, que la infiltracié de teixit adipds en el muscul esquelétic podria contribuir al
desgast d'aquest teixit [70].

Recents investigacions han posat I'emfasi en que en l'estat de caquexia es
reemplaca I'anomenat teixit adipds blanc per teixit adipds marré en el qual es produeix
un increment de despesa d'energia [71,72]. Aquest fenomen de “marronitzacié” del
teixit adip6s estaria induit per diferents mediadors de la inflamacié i la IL-6. Tot apunta
a que si s'aconseguis d'alguna manera controlar la conversié de greix blanc a marré es
podria disminuir la gravetat de la caquéxia. D'altra banda, aquest procés de conversié,
s'ha trobat associat amb 'augment de I'expressio de la proteina UCP1, encarregada de
desacoblar la respiraci6 mitocondrial canviant 1'ds del transport d'electrons

mitocondrial de la sintesi d'ATP a la termogenesi, fet que resulta en un augment de la
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mobilitzacié dels lipids i la despesa energetica. Aquesta conversid cel-lular pot ser
desencadenada per mediadors inflamatoris humorals, com la IL-6, i per compostos
derivats del tumor, com ara la proteina relacionada amb I'hormona paratiroidal (sigles
en anglés: PTHRP) [72], que semblen ser els responsables de dirigir I'expressié d'UCP1
en els adipocits. En els primers assajos seguint aquest model s'ha aconseguit que els
tractaments que controlen la inflamacio, aixi com I'is de bloquejadors B-adrenergics,
redueixen el fenomen de la conversié de l'adipds, resultant en una reduccié en la
severitat de la caquéxia [71]. Aquests enfocaments representen estrategies
farmacologiques interessants i prometedores per millorar la caquéxia en pacients amb
cancer.

A diferéncia del TAB, el teixit adipés marré (TAM) té un paper termogenic
perqué acumula acids grassos (AG) per a ser utilitzats per a la produccié de calor a
través del desacoblament de la respiracié mitocondrial. Tot i que es pensava que el
TAM era present només en mamifers petits i nadons, on contribueix a la termogénesi
adaptativa durant I'exposicid al fred, recents investigacions on s'utilitza la tomografia
per emissio de positrons (PET), van mostrar que gairebé el 20% dels adults tenen TAM
metabolicament actiu [73], i que la seva funcid va més enlla de la termogeénesi, essent
important per al manteniment de I'homeostasi energéetica corporal i la proteccié
contra I'obesitat induida per la dieta [74].

Diversos estudis en animals portadors de tumors informen d'una clara activacié
de la termogenesi al TAM durant la caquéxia cancerosa, fet que es tradueix en el
desacoblament d'energia a nivell mitocondrial i I'alliberament de calor [75,76], i
demostren com I'activitat del TAM pot estar influenciada per la senyalitzacié de

citoquines. De fet, I'administracid de TNF-a o IL-6 en el cervell va donar lloc a una
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disminucié del pes corporal i I'esgotament del greix, juntament amb I'augment del
consum d'oxigen i de la temperatura corporal, aixi com I'activacio de la senyalitzacio B-
adrenérgica en rates [77,78]. D'altra banda, I'augment d'expressid dels marcadors
termogenics al TAM, com ara la UCP1 i el PGC-1la, suggereix que les accions
hipotalamiques de TNF-a i IL-6 podrien estar involucrades en la caquéxia augmentant
els marcadors termogenics al TAM i la despesa d'energia [77,78]. No obstant aixo, en
el model experimental de caquéxia en ratolins (el carcinoma de colon C26), el qual
exhibeix alts nivells plasmatics d'IL-6, I'activacié de JAK/STAT de la via de senyalitzacio
de citoquines dins del TAM va ser evident, juntament amb la pérdua de pes, augment
de la despesa energeética, i febre [75]. A més, els patrons d'expressid circadians
habituals dels reguladors termogénics PGC-1a, PPAR, deiodinasa 2 i adenilat ciclasa 3,
juntament amb gens associats implicats en I'absorcid de lipids, el metabolisme i la

termogenesi, van ser alterats en el TAM dels ratolins caquéctics.

4.2.4. Metabolisme proteic

Referent al metabolisme proteic, la caquéexia cancerosa s'associa
invariablement amb la péerdua de massa muscular i l'atrofia. La pérdua de proteines
miofibril-lars a les cél-lules musculars (Figura 3) és molt rellevant en la sindrome
caquectica, ja que provoca debilitat muscular i fatiga [79]. De fet, la perdua de muscul
esqueletic és un potent factor de pronostic, independent de la pérdua de pes corporal
[80]. Hi ha moltes alteracions metaboliques responsables de la pérdua de massa
muscular [81]. Els musculs, en situacié normal, poden mantenir la seva massa i funcié

gracies al balang entre sintesi i degradacid proteica associades a taxes equivalents de
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processos anabolics i catabolics respectivament. En el muascul caquéctic, la pérdua de
massa generalment s'atribueix a una reduccioé de la sintesi proteica, un increment de la
degradacid o un desequilibri entre tots dos processos. Per tant, el metabolisme dels
aminoacids es troba forca alterat. La degradacié proteica és estimulada en el muscul
esqueletic, fet que ddéna lloc a un flux de sortida massiva d'aminoacids a la circulacié
(Figura 2). D'aquesta manera s'estableix un flux de nitrogen (principalment en forma
d'alanina) del muscul esquelétic cap al fetge, on s'utilitza aquest aminoacid per
sostenir la gluconeogenesi i també la sintesi de proteines de fase aguda, totes dues
augmentades en estats de caqueéxia [26]. La glutamina també s'exporta des del muscul
i és utilitzada principalment pel tumor com a font de nitrogen per a la sintesi de
proteines i DNA. El tumor, depenent de la disponibilitat de la glucosa, també pot
oxidar la glutamina [82].

A més d'una perdua massiva de proteina muscular, la caquéxia associada al
cancer provoca una disminucié del contingut de DNA en aquest teixit, reflexe d'una
apoptosi incrementada i, per altra banda, una disminucié de la capacitat de
regeneracié. Totes aquestes alteracions contribueixen clarament al balan¢ de nitrogen
negatiu observat en el muscul esquelétic de pacients amb cancer. De fet, a més a més
de la carrega tumoral, algunes d'aquestes alteracions poden ser una conseqtiencia del

tractament contra cancer (sobretot la quimioterapia) [83].

4.3 INFLAMACIO

La inflamacid és un mecanisme estrictament regulat destinat a protegir

I'organisme contra alteracions en I'homeostasi a causa de diferents estimuls, com ara
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agents biologics, fisics, o quimics per un costat, i cel-lules danyades, infectades, o
neoplasiques per l'altre. La resposta inflamatoria esta generalment dotada de
propietats d'autoregulacié, aconseguida a través d'una xarxa complexa, incloent les
cél-lules immunes/inflamatories i els mediadors humorals, que regula I'equilibri entre
els estimuls pro i antiinflamatoris. Quan I'equilibri entre la resposta pro i
antiinflamatoria es perd de manera persistent, es produeix la inflamacié cronica [5]. La
inflamacié juga un doble paper: no només esta implicada en la carcinogénesi i la
progressio del tumor, sind també en les alteracions metaboliques induides en el
pacient per la preséncia del tumor. Recentment, la relacié entre la resposta de fase
aguda (inflamacid sistémica) i la caquéxia cancerosa es va proposar des de |'observacié
gue una major sintesi de proteines hepatiques podria conduir a I'hipercatabolisme de
proteines musculars contribuint a elevar la despesa energética en repos [5]. De fet, el
propi muscul esquelétic pot esdevenir una font de reactius de fase aguda,
probablement desviant aminoacids de la sintesi de proteines estructurals cap a la de
mediadors de fase aguda [84]. Durant el cancer, la resposta inflamatoria del pacient
esta vinculada a la pérdua de pes i mal estat general, i apareix correlacionada amb una
menor supervivéncia. Molts mediadors inflamatoris sén capacos d'influir en les
diferents vies metaboliques relacionades amb la caquéxia. La proteina C reactiva (PCR)
s'ha proposat com un parametre de pronostic [85]. De fet, els pacients amb cancer
amb nivells elevats de PCR sobreviuen menys que aquells amb nivells baixos/normals
[86]. En alguns estudis, la supervivéncia es prediu amb més precisié pels nivells de PCR
que per l'estadi tumoral [86]. En realitat, la preséncia i la gravetat de la caquéxia es

correlaciona pobrament amb la mida del tumor [85], i per tant, les alteracions
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metaboliques sdn més probablement el resultat de mediadors produits pel tumor o

pel cos en resposta al tumor.

5. MEDIADORS DE LA CAQUEXIA

Les citoquines i mediadors inflamatoris estan intimament involucrats en la
iniciacié i progressid del cancer [87], i sén els principals determinants de la
supervivencia dels pacients, la qualitat de vida, la resposta al tractament, i la caquéxia
[88]. Les citoquines regulen les interaccions entre cel-lula i cél-lula en situacions
normals i patofisiologiques, i poden exercir la seva accid de manera autocrina,
paracrina o endocrina mitjangant la interacciéd amb receptors especifics que hi ha a la
membrana de les cel-lules diana, induint processos com proliferacid, activacio,
diferenciacié o mort. Inicialment es van considerar les citoquines com a reguladores de
la resposta immune, pero posteriorment s'ha constatat que tenen una funcié molt més
amplia en la comunicacié cel-lular. Actualment se sap que les citoquines formen una
xarxa interactiva, de manera que les seves accions poden encavalcar-se, ser
antagoniques o sinergiques, i induir la produccié d'altres citoquines i dels seus
receptors [18]. A causa d'aquesta complexitat, han d'haver-hi mecanismes que
controlin la seva biosintesi, alliberacié i accié. Pel que fa a la biosintesi i I'alliberacié de
les citoquines, aquestes estan estretament regulades per altres citoquines i factors en
diferents aspectes: degradacid, modulacié dels receptors cel-lulars, o en la transduccié
del senyal. La produccié i l'alliberacié de les citoquines esta influenciada per cicles de

retroalimentacio positiva i/o negativa de la mateixa citoquina o d'altres citoquines.
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S'han descobert dos mecanismes que poden controlar I'accié de les citoquines. El
primer implica els antagonistes dels receptors (inhibidors de citoquines de tipus I), els
quals sdn molécules amb una homologia elevada amb les citoquines i que s'uneixen al
receptor corresponent bloquejant la transduccié del senyal; d'agquesta manera
s'estableix una competéncia. El segon mecanisme consisteix en la unié que s'estableix
entre les molécules solubles del receptor (inhibidors de citoquines de tipus Il) i les
citoquines. Aquestes molécules segresten les citoquines i n'impedeixen la unié amb el
receptor de la membrana cel-lular [89].

Les citoquines estan considerades com a una arma de doble tall, ja que poden
tenir efectes perjudicials i beneficiosos a la vegada. Aixi doncs, en el cas de la sindrome
gue ens ocupa, contribueixen a I'estimul de la resposta immunitaria davant el tumor,
provocant citotoxicitat a nivell tumoral facilitant la destruccié de les cél-lules
neoplasiques i, com ja s'ha mencionat, moltes d'elles estan relacionades amb les
alteracions metaboliques del procés caquectic [82,88].

Els nivells circulants de moltes citoquines i els seus receptors solubles sén elevats
en diversos tipus de cancer. Si en tenim en compte el seu paper en la caquéxia, es
poden diferenciar dos grups de citoquines: les pro-caquéctiques (pro-inflamatories) i

les anticaquéctiques (antiinflamatories).

5.1. CITOQUINES PRO-CAQUECTIQUES

Les citoquines que s'han relacionat amb la resposta caqueéctica (anomenades

citoquines pro-caquéctiques) pertanyen al grup de citoquines pro-inflamatories,

d'entre les quals destaquen el TNF-a, la IL-1, la IL-6 i I'[FN-y. Aquestes citoquines,
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secretades majoritariament pel sistema immunitari, actuen sobre diversos teixits diana
(medul-la 0ssia, miocits, hepatocits, cel-lules endotelials, adipocits, etc.) en els quals
activen una série de respostes biologiques que condueixen al desgast tissular associat
a la caquéxia [90]. Les citoquines pro-caquéctiques, juntament amb Ila
produccié/alliberament d'hormones classiques i/o factors de creixement alterats,
donen lloc a una xarxa complexa que exerceix un efecte inhibidor sobre els processos
anabolics i/o anticatabolics, a favor de la lipolisi i proteolisi [5]. També s'ha observat,
que els propis teixits diana, com és el cas del muscul esquelétic, poden produir
intrinsecament aquestes citoquines. Aquestes proteines comparteixen molts efectes
metabolics i la seva activitat esta intimament interrelacionada; fins i tot es produeixen

efectes sinérgics.

5.1.1. TNF-a

Cal destacar entre les citoquines pro-inflamatories el TNF-a, ja que és una de les
gue més impacte ocasiona en la simptomatologia de la caquéxia. El TNF-o. és una
citoquina classificada com a pro-caqueéctica, ja que és inductora de nombroses
alteracions metaboliques que condueixen al procés caquéctic i que presenta una
marcada pleiotropia, induint nombrosos efectes en molts tipus cel-lulars [18]. A més, el
TNF-o. és un important estimulador de secrecidé d'altres citoquines, com ara la IL-6 i
diferents quimioquines [91]. El TNF-a és una citoquina citotoxica per a molts tipus
cel-lulars tumorals i, a més, indueix necrosi de la vascularitzacié tumoral, a través de la

qual impedeix el subministrament sanguini de nutrients al tumor.
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En els éssers humans, el catabolisme muscular s'ha atribuit a TNF-ao en les
malalties inflamatories que inclouen cancer, insuficiencia cardiaca congestiva, SIDA i
MPOC [92]. No obstant, I'evidéncia d'un augment de TNF-a en el plasma de pacients
amb cancer és controvertit, potser a causa de les diferents sensibilitats dels métodes
d'assaig, la curta vida mitjana del TNF-a. in vivo o la produccié paracrina localitzada de
TNF-o. [92]. Estudis en pacients amb cancer de pancrees i cancer de prostata van
mostrar nivells detectables de TNF-o. en el sérum, especialment en pacients amb
malaltia avancada, i aquests nivells es correlacionaven amb I'estat caquéctic i un mal
pronostic de la malaltia [93,94]. D'altres autors informen sobre el paper de la IL-6 com
a indicador atil del temps de supervivencia dels pacients amb cancer avancat al final de
la vida pero, en canvi, no observen diferéncies significatives en els nivells de TNF-a
[95].

El mecanisme implicat amb els efectes del TNF-a in vivo es manté sense
identificar, encara que durant molt temps s'ha reconegut que el TNF-a. pot estimular el
catabolisme a través de mecanismes indirectes. EI TNF-a altera els nivells circulants
d'hormones que regulen el creixement muscular i afecta la sensibilitat del teixit a
aquests factors. El TNF-a també estimula la produccié de citoquines cataboliques i
indueix anoréxia, possiblement a través de I'augment dels nivells de CRH (hormona
alliberadora de corticotropina) [92]. Qualsevol d'aquests efectes indirectament podria
promoure la péerdua de massa muscular. Els mecanismes pels quals el TNF-o. podria
estimular directament el catabolisme sén menys clars. Un mecanisme potencial seria
mitjancant la inhibicié de la diferenciacié de mioblasts, que podria limitar la resposta
regenerativa de les cel-lules satellit en una lesid muscular [92,96]. L'homeostasi del

muscul esquelétic es manté per una pronunciada capacitat regenerativa, que inclou el

26




Introduccio

reclutament de cél-lules mare. Una reduccié en el reclutament d'aquestes cél-lules pot
contribuir al deteriorament de la miogenesi [97], i el TNF-a ha estat relacionat amb
I'anul-lacié de la funcié de les cel-lules satel-lit, fet que ddna lloc a una regeneracié
muscular retardada o deteriorada en ratolins després de la lesié [98]. Un segon
mecanisme podria ser un efecte catabolic directe sobre el muscul diferenciat. Una
perdua de proteines accelerada induida pel TNF-a. que sembla estar intervinguda per
especies reactives d'oxigen i pel factor nuclear-kappaB (NF-kB) [96]. Almenys tres vies
principals intervenen en la resposta cel-lular al TNF-a. amb I'activacié de NF-kB, un
mediador primari del control transcripcional, sent el principal candidat per a la
senyalitzacid catabolica. TNF-a estimula l'activacié i translocacié nuclear de NF-kB en
cel-lules del muscul esquelétic [45].

A més del recanvi proteic, TNF-a, IL-6 i IFN-y sén conegudes per inhibir
I'activitat de la LPL, reduint aixi 'emmagatzematge de triglicérids en el teixit adipds,
donant per resultat la hiperlipidémia. TNF-a, en particular, interfereix amb la sintesi
d'enzims lipogenics dels adipocits i estimula la degradacié de triglicerids mitjancant
I'activacié de la HSL [99]. En contrast amb els efectes exercits sobre el teixit adipds,
TNF-o. augmenta la lipogénesi hepatica, contribuint a la hiperlipidémia que caracteritza
la sindrome caqueéctica [99].

No obstant aixo, tot i induir simptomes de caquéxia a través d'un augment de la
gluconeogenesi, lipolisi i proteolisi, s'ha demostrat que la inhibicié de TNF-a no és
capac d'aturar ni revertir la caquéxia cancerosa. Aixo indica que aquesta citoquina pot
estar implicada en el desenvolupament de la caquéxia, pero no és I'Unic responsable

dels efectes observats en els pacients caqueéctics [7].
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5.1.2. IL-6

A més del TNF-q, la IL-6 és el mediador principal de la resposta de fase aguda
hepatica en la caquéxia cancerosa. IL-6 inhibeix la produccié hepatica d'albumina i es
correlaciona positivament amb els nivells serics de la PCR en pacients amb cancer de
pancrees. Els nivells elevats d'IL-6 s'associen amb la mida del tumor gran, a una
evident perdua de pes i a un mal pronostic global [100]. Alguns autors han mostrat una
correlacié dels nivells d'IL-6 amb una reduccié de la supervivencia [101]. S'ha
demostrat en animals experimentals caqueéctics, que quan els tumors s'eliminen, la
massa corporal pot tornar a la normalitat, i els nivells circulants de IL-6 disminueixen
significativament [102]. Treballs addicionals han demostrat que els clons de
I'adenocarcinoma C-26 que produeixen IL-6 causen caquéxia, mentre que a aquells als
que se'ls va administrar un anticos quiméric monoclonal anti-IL-6 no tenen cap efecte
sobre la massa corporal [103]. Quan s'implanten en ratolins cél-lules canceroses de
melanoma o de prostata humanes productores d'IL-6 per induir la caquéxia,
I'administracio d'un anticos neutralitzant de IL-6 humana impedeix la pérdua de massa
corporal [104], fet que suggereix que la IL-6 que s'estava bloquejant era aquella que
estava sent produida pel tumor. Tot i que la IL-6 s'ha postulat com un factor de
creixement tumoral, encara roman incert el paper funcional de la IL-6 produida pel
tumor en la intervencié de la massa muscular esquelética. No obstant aixo,
I'administracio sistémica d'IL-6 in vivo en models animals, suggereix que només les
dosis suprafisiologiques d'IL-6 sén capaces d'induir I'atrofia muscular en I'abséncia de
malalties subjacents o un tumor [105]. La regulacié directa de |'expressio de la lligasa

E3 durant I'atrofia muscular induida per IL-6 genera controvérsia [106]. En un model
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muri de caquéxia dependent de IL-6, la supressid de la sintesi proteica muscular es va
produir aviat i va augmentar amb la progressio de la perdua de pes. La degradacié de
proteines dependent d'ATP va augmentar durant l'inici i la progressié de la caquéxia.
No obstant aix0, la degradacid de proteines dependent d'ATP no va incrementar fins
que la caquéxia havia progressat més enlla de la fase inicial. L'anticos del receptor de la
IL-6 va bloquejar la progressio de la caquéxia a través de la supressié de la degradacid
de la proteina muscular, mentre que no va rescatar la supressié de la sintesi [107].

Tot i que hi ha menys evidéencies per demostrar que la IL-6 pot conduir
directament a la mobilitzacié de lipids o al recanvi proteic del muscul esquelétic, hi ha
una acceptacid general tant en estudis en ratoli [84] com en humans [101] que la IL-6
es produeix a partir de macrofags activats i actua com a mediador de la caquexia
cancerosa estimulant el fetge per induir una resposta de fase aguda [108]. El patré de
la senyalitzacié de IL-6 és a través del seu receptor unit a membrana i la formacié de
I'heterodimer mitjancant el receptor de transduccio de senyals (gp130). Aixd condueix
a l'activacié de la via JAK/STAT amb la translocacio de proteines STAT activades en el
nucli. Boquejant Unicament IL-6 pot fer front als mateixos reptes que la terapia anti-
TNF. Els recents assajos d'un anticos monoclonal anti-IL-6 en pacients amb cancer de
pulmé i perdua de pes han mostrat que reverteix en part I'anoréxia, fatiga i anémia,
perd no té efecte significatiu sobre la perdua de la massa corporal magra (avaluada

mitjancant I'analisi d'impedancia bioeléctrica) [109].

5.1.3. IL-1

La IL-1, en particular, ha estat clarament associada amb la induccié de
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I'anorexia mitjancant el bloqueig de l'alimentacié induida pel NPY [88]. Els nivells
d'aguesta molecula (peptid estimulant de I'alimentacid) estan disminuits en rates
portadores de tumors anoréxiques [14] i s'ha trobat una correlacié entre la ingesta
d'aliments i els nivells de IL-1 al cervell en rates amb cancer anoréxiques. El mecanisme
implicat en la disminucid de I'activitat del NPY per citoquines pot estar relacionat amb
una inhibicié de I'activitat cel-lular, una inhibicié de la sintesi del NPY, o una atenuacio
dels seus efectes postsinaptics [88]. Tanmateix, tot i que sén ben coneguts els seus
efectes anorexigenics i pirogens, I'administracié d'un antagonista del receptor d'IL-1
(IL-1ra) a rates portadors de tumor no van donar lloc a cap millora en el grau de
caquexia [110], fet que suggereix que el seu paper en la caquéxia cancerosa pot ser

secundari a les accions d'altres mediadors.

5.1.4. IFN-y

Un altre candidat interessant per al tractament de la caquéxia és interferé-y
(IFN-y), que es produeix per les cel-lules T i cel-lules natural killer (NK) activades i que
posseeix propietats similars a TNF-a en la reduccié del greix corporal, perdo sense un
efecte sobre la proteina total del cos [92]. No obstant, no hi ha una associacié evident

de la citoquina amb la sindrome caquéctica clinica en pacients amb cancer.

5.2. CITOQUINES ANTICAQUECTIQUES

Hi ha un altre grup de citoquines, les antiinflamatories o anticaquéctiques, les

quals actuen en sentit contrari, modulant l'accié de les citoquines proinflamatories. En
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aquest grup s'inclouen la IL-10, la IL-4, la IL-13, I'antagonista del receptor de la IL-1 (IL-
1ra), i altres molécules com ara el receptor soluble de la IL-6 (sIL-6R) i els receptors
solubles del TNF-ao (sTNFR) [88]. La IL-15 és una citoquina que no té un paper
antiinflamatori tant potent com les anteriors, perd és una candidata important al grup
de citoquines anticaquectiques per al tractament de la caquéxia gracies a les seves

accions anaboliques sobre el muscul esquelétic [111,112].

5.3.  FACTORS TUMORALS

A més de mediadors inflamatoris, altres molécules també contribueixen a les
anormalitats metaboliques presents en el pacient de cancer. Alguns factors tumorals a
part de les citoquines s'han proposat com a factors desencadenants del procés de
desgast associat amb la caquéxia cancerosa [26]. Dues d'aquestes molécules, el factor
mobilitzador de lipids (sigles en anglés: LMF) i el factor inductor de proteolisi (sigles en
anglés: PIF), s'han trobat en els animals portadors de tumor i en pacients amb cancer
[113]. LMF és una glicoproteina zinc-a 2 (ZAG) que pot sensibilitzar els adipocits als
estimuls lipolitics i té un efecte lipolitic directe en el TAM [113]. PIF és un competidor
important per promoure l'atrofia al muscul esquelétic, augmentant la degradacié de
proteines a través de la via ubiquitina-proteasoma i deprimint la sintesi de proteines a
través de la fosforilacio del factor d'iniciacid de la traduccié eucariotica 2a (elF2a)
[113]. Encara que cada un dels factor s'han relacionat amb la péerdua de pes en els
pacients, l'existéncia d'un homoleg huma de PIF i el seu paper en la caquéxia

cancerosa en humans necessita ser estudiat [108].
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5.4. LA MIOSTATINA | L'ACTIVINA

Un factor més recent que ha captat l'atencié de molts investigadors és un
membre de la familia TGF-B, la miostatina. Els animals [114] i humans [115] que
presenten una mutacié en el gen de la miostatina i no I'expressen, presenten una
hipertrofia muscular dramatica. Un cas particularment informatiu d'aquest exemple es
va produir en gossos. Els Whippets (una raca que sol ser bastant prima) s'utilitzen per
correr en carreres curtes. Dos animals campions van ser aparellats, el que va donar lloc
a un Whippet musculds que s'assemblava més a un bulldog [114]. Aquest exemple va
demostrar que els animals heterozigots de miostatina serveixen bé en |'escenari
particular d'exercici muscular, la qual cosa indica que almenys una pérdua parcial de
miostatina produeix un millor rendiment; no esta tan clar si la pérdua completa de la
miostatina millora la funcid muscular, i hi ha alguns indicis que no és aixi. Els ratolins
knockout per la miostatina (MSTN (-/-)) tenen un fenotip hipermusculat degut a la
hipertrofia i hiperplasia de les miofibres. Els musculs engrandits mostren una
dependéncia de la glucolisi per a la produccié d'energia; no obstant aix0, es va
demostrar en aquests ratolins que I'augment de la massa muscular va resultar en una
disminucié de la forca contractil especifica ja que aparentment hi havia una
acumulacié de proteina no funcional [116-118].

La miostatina es sintetitza i es secreta principalment a partir de cel-lules de
muscul esquelétic. Aquesta s'uneix al receptor d'activina de tipus IIB (ActRIIB) activant-
lo, el qual després recluta a les quinases ALK4 i ALK5, fet que provoca la fosforilacid i
I'activacié del complexe format pels factors de transcripcié Smad2 i Smad3 [119,120].

La sobreexpressié de miostatina en ratolins condueix a una pronunciada atrofia del
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muscul esquelétic [121] i, per contra, la inhibicid per diversos mitjans genétics promou
una duplicacio de la massa muscular i la mida de les miofibres [122,123]. Encara que el
mecanisme pel qual la miostatina promou la pérdua de muscul no esta completament
resolt, hi ha estudis que suggereixen que pot haver-hi multiples vies implicades, per
una banda inhibint Akt i per tant les vies de TORC1 que promouen la sintesi de
proteines, i d'altra banda per I'activacié de Smad2/3 que intervé en la inhibicié de gens
associats amb la diferenciaci6 muscular [119,120,124,125]. Nivells elevats de
miostatina en sérum o un increment en |'expressié en el muscul han estat descrits en
pacients amb cancer [126] i altres malalties cataboliques com SIDA, insuficiéncia renal,
MPOC i insuficiéncia cardiaca [127]. Canvis similars ocorren en models experimentals
de caqueéxia cancerosa [128,129].

A més de la miostatina, hi ha altres membres de la familia TGF-B induits per
citoquines inflamatories. L'activina A i l'activina B son factors de creixement i
diferenciacié potents amb un ampli espectre d'efectes biologics, incloent la modulacié
de I'embriogénesi, la neuroproteccid, I'apoptosi i la fibrosi. La sintesi i I'alliberament
d'activines sén estimulades per citoquines inflamatories, lligands de receptors de tipus
Toll, i I'estrés oxidatiu [130]. L'activitat biologica de les activines esta estretament
regulada per diversos factors que les antagonitzen o les modulen, com sén la inhibina
o la follistatina, entre d'altres [131]. En condicions fisioldgiques, I'activina A s'expressa
principalment en teixits gonadals i actua com un factor endocri per estimular la
biosintesi i la secrecid de FSH en la glandula pituitaria. Per tant, I'activina A és ben
coneguda pel seu paper en la regulacié de les funcions gonadals. Més enlla del seu
paper classic en la biologia reproductiva, també pot funcionar com un factor

paracri/autocri en teixits no gonadals, incloent els musculs esquelétic i cardiac.
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L'activina A intervé en una amplia gamma d'activitats bioldgiques, incloent-hi la
cicatritzacid de ferides, la proliferacio i diferenciacié cel-lular, la resposta immune i
I'angiogénesi [127]. Tanmateix, els nivells d'activina A estan incrementats en molts
estats catabolics associats a malalties, fet que suggereix la seva implicacié en la
patogenesi de la caquéxia. Molts cancers en humans presenten una expressio alterada
d'activina A associada amb un fenotip més maligne. De fet, els tumors també poden
induir al propi muscul a estimular I'activina A [132]. Nivells circulants elevats d’activina
A s'han observat en pacients amb cancer i s'han associat amb la presencia de
metastasis Ossies [133]. Es d'especial interés el fet que, en el muscul, I'activina A i la
miostatina s'uneixen al mateix complex receptor a la superficie cel-lular (receptor
d'activines tipus Il B (ActRIIB)) i activen la mateixa cascada de senyalitzacié que
condueix a la translocacié de Smad2/3 al nucli. L'activacié de la transcripcié mediada
per Smad2/3 estimula la transcripcié FoxO-dependent i una major degradacié de
proteines musculars a través del sistema ubiquitina-proteasoma i l'autofagia. A més,
I'activacié de Smad inhibeix la sintesi de proteina muscular mitjancant la supressio de
la senyalitzacié d'Akt [127]. Per tant, enlloc d'utilitzar un anticos contra la miostatina,
una de les estrategies ha estat la d'apuntar al receptor comu de la miostatina i les
activines: el receptor ActRIIB.

El bloqueig de la senyalitzaci6 miostatina/activina es pot aconseguir per
diversos tipus de proteines que interfereixen amb les interaccions lligand-receptor.
Alguns exemples d'aquestes molécules inhibidores inclouen péptids antagonistes,
anticossos, receptors solubles trampa i proteines d'unié natives, que impedeixen la
unio del lligant al complex receptor transmembrana en la superficie de la cél-lula

muscular. Alguns d'aquests agents han demostrat ser eficacos en models preclinics de
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la malaltia. En estudis recents s'han utilitzat receptors trampa d'activines ActRIIB per
tractar la caquéexia cancerosa en quatre models experimentals de caquéxia diferents
en ratoli [129,134]. El tractament amb el receptor soluble ActRIIB va bloquejar la
caquexia en el model C26 sense afectar el creixement del tumor. D'altra banda,
aquests ratolins van experimentar un augment del 30% en les taxes de supervivencia,
fet que suggereix que aquesta estratégia podria ser util en la caquéxia associada al

cancer en humans [129].

5.5. CANVIS NEUROENDOCRINS

La caquexia no existeix de forma aillada. El cancer avancat esta associat amb
una varietat de simptomes, incloent el dolor, que pot conduir a l'activacié de la
resposta neuroendocrina a l'estrés. Els glucocorticoides sén un component clau de la
resposta a l'estrés i sdn ben reconeguts per facilitar la pérdua de massa muscular en
condicions associades amb la inflamacié sistémica greu, com per exemple sépsia,
caquexia, acidosi metabolica severa o insulinopénia, les quals s'associen amb un
augment en els nivells de glucocorticoides circulants [135]. L'atrofia muscular induida
per glucocorticoides resulta d'un augment de la degradacid de proteines i una
disminucié de la sintesi de proteines. L'augment de la proteolisi muscular, en particular
a través de l'activacié dels sistemes ubiquitina-proteasoma i lisosomal, es considera
qgue té un paper important en l'accié catabolica dels glucocorticoides [135]. Estudis
recents suggereixen que aquest efecte pot estar mediat per la desregulacid de
I'expressié del cofactor nuclear PGC-1f, que condueix a augmentar I'expressié de les

lligases E3: Atrogin-1 i MuRF1 [136]. L'efecte inhibidor dels glucocorticoides sobre la
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sintesi de proteina muscular es creu que resulta principalment de la inhibicié de la via
mTOR/S6 quinasa 1. Aquests canvis en el recanvi proteic al muscul podrien explicar-se
pels canvis en la produccid6 muscular de dos factors de creixement, el factor de
creixement similar a la insulina (IGF1), un factor de creixement anabolic muscular, i la
miostatina, un factor de creixement de catabolisme muscular [135]. Un augment de la
secrecid de cortisol és un dels primers canvis hormonals en la caqueéxia, i en un model
muri de caqueéxia les concentracions de cortisol en sérum van augmentar en paral-lel
amb la pérdua de pes, i, a més, la inhibicid de I'activitat dels glucocorticoides amb
I'antagonista del receptor RU-38486 va atenuar la pérdua de pes corporal [137,138].
En pacients amb caquéxia cancerosa alguns estudis han suggerit una tendéncia cap a
una elevada excrecid urinaria de cortisol [139], mentre que altres estudis han suggerit
gue mentre que l'eix hipotalem-pituitari-adrenal roman intacte, el cortisol no és més
actiu [108,140]. Altres autors associen la manca d'augment del cortisol en pacients
amb cancer a la terapia amb glucocorticoides, que ha estat conegut per reprimir la
produccié de cortisol endogen [141].

Hi ha una elevada freqiiéncia de hipogonadisme en pacients masculins amb
cancer avancat, el qual s'associa amb simptomes de fatiga i ansietat i una pitjor
sensacid de benestar. La inflamacié sistemica, la pérdua de pes, I'Us d'opioides forts i
una disminucié de la supervivencia s'han trobat associats amb una disminucié dels
nivells de testosterona en els pacients homes amb cancer [142]. La pérdua muscular
secundaria a la disminucidé de la testosterona podria ser a través de la regulacié de vies
de senyalitzacié de la miostatina, quinasa c-Jun NH2-terminal, Notch i Akt [143]. La
perdua de testosterona disminueix I'activitat voluntaria en un model de ratoli i redueix

drasticament els nivells del coactivador transcripcional PGC-1a, associats amb la
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disminucié de la biogénesi mitocondrial [144]. Hi ha diversos assaigs de moduladors
selectius dels receptors d'androgens (SARMs) en curs per prevenir la pérdua de massa
muscular associada a la caqueéxia cancerosa en humans [108].

Entre les principals alteracions que apareixen en la caquéxia associada al cancer
trobem la intolerancia a la glucosa, deguda a la resisténcia a la insulina i a un bloqueig
de la resposta secretora d'insulina davant d'una hiperglucemia. Historicament, la
resisténcia a la insulina ha estat classificada com una conseqiiéncia de la perdua de
massa muscular durant la caquéxia per cancer. No obstant aix0, donat el paper de la
insulina en el manteniment de muscul esquelétic, la resisténcia a la insulina s'ha de
considerar com un mecanisme que contribueix a la progressié de la pérdua de massa
muscular durant la caquéxia per cancer [63]. La reduccio de la sensibilitat a la insulina
sol estar present tant en models animals com en humans amb caquéxia cancerosa i pot
contribuir a la pérdua de massa muscular a través de la reduccié de la senyalitzacié
anabolica en resposta a la ingesta d'aliments [108]. Aquest estat d'insensibilitat pot
relacionar-se amb la reduccié de I'expressié de proteina de GLUT4 tant en estat basal
com en estat estimulat per insulina, a causa de la inhibicid selectiva de la fosforilacié
estimulada per insulina d'IRS1 [108]. El tractament combinat amb ['hormona del
creixement, insulina i la indometacina, s'ha demostrat que alleugen la caqueéxia
cancerosa en un model de ratoli [145]; no obstant, el tractament de pacients amb
dosis baixes d’insulina exdgena no millora els beneficis que ja presenta el suport

nutricional i els farmacs antiinflamatoris en relacié a la massa muscular [146].
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6. MUSCUL ESQUELETIC

El muscul esta format per un conjunt de cel-lules fusiformes i multinuclears, els
miocits, també anomenades fibres musculars, unides per teixit conjuntiu. La seva
membrana s'anomena sarcolema i el seu citoplasma sarcoplasma. En el sarcoplasma
trobem les miofibril-les, formades per dues proteines contractils: I'actina i la miosina.
Les miofibril-les estan formades per unes unitats anomenades sarcomers, cadascu dels
quals té entre 2 i 3 mm de longitud. El sarcomer és la unitat funcional de la fibra
muscular (Figura 3). La repeticid dels sarcomers li dona al muscul els seus estriaments
caracteristics, els quals es deuen a l'alternanca entre zones denses (obscures),
anomenades bandes A, i zones menys denses (clares), anomenades bandes I. En la part
central del sarcomer, encreuats amb els filaments d'actina, trobem uns filaments més
grossos, els filaments de miosina. El disc Z i les dos zones adjacents, on només hi ha
actina, formen les bandes clares (bandes |). Les zones on hi ha actina i miosina son les
bandes obscures (bandes A). Quan el muscul esta relaxat, en el centre de la banda A
apareix una altra, la banda H, en la que només hi ha filaments de miosina. Aquesta
banda no apareix al mudscul contret. La fibra muscular es contrau per mitja de la
contraccié dels sarcomers; aixo es deu al lliscament de les fibres d'actina sobre les de
miosina, de manera que quan les linies Z s'acosten, la banda | s'aprima i la H
desapareix. La contracci6 muscular s'inicia amb [l'arribada d'acetilcolina
(neurotransmissor) des de les neurones motores o efectores. L'acetilcolina s'allibera
per mitja d'una sinapsi neuromuscular i produeix I'alliberament de Ca** en les fibres
musculars. El Ca®* provoca nous enllagos entre I'actina i la miosina, fet que produeix

I'escurcament del sarcomer i la conseqilient contraccié muscular.
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6.1.
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Figura 3. Cél-lules musculars i anatomia muscular.

EQUILIBRI MUSCULAR

La massa muscular esquelética augmenta durant el desenvolupament postnatal

a través d'un procés d'hipertrofia, és a dir, I'ampliacié de les fibres musculars
individuals, i un procés similar pot ser induit en el muscul esquelétic adult en resposta
a l'activitat contractil, com ara exercici de forca, o I'estimulacié hormonal anabdlica,
com ara androgens i agonistes B-adrenergics. La hipertrofia muscular es produeix quan
les taxes generals de la sintesi de proteines superen les taxes de degradacié. Dues de

les principals vies de senyalitzacié de control de la sintesi de proteines, la via de la Akt
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IGF1-mTOR [147], que actua com un regulador positiu, i la via de la miostatina-
Smad2/3, actuant com un regulador negatiu, i les vies addicionals, han estat
recentment identificades. En individus adults sans, el recanvi proteic és continu i
necessari per al manteniment de la proteina corporal. Aquests individus tenen un
balang nitrogenat en equilibri, on la sintesi proteica és igual a la degradacid. L'atrofia
muscular es produeix quan les taxes de degradacid de proteines superen la de sintesi
de proteines, i pot ser induida en el muscul esquelétic adult en una gran varietat de
condicions, incloent la inanicid, la denervacid, la caquéxia cancerosa, la insuficiencia
cardiaca, I'envelliment o I'estimulacié hormonal catabolica (corticosteroides). Dues de
les principals vies de degradacié de proteines, la via d'ubiquitina-proteasoma i la via
lisosomal-autofagia, s'activen durant I'atrofia muscular i contribueixen a la pérdua de
massa muscular de forma variable. Aquestes vies impliquen una varietat de gens
relacionats amb I'atrofia anomenats també atrogens, que es controlen per factors de
transcripcié especifics, com ara Fox03, que esta regulada negativament per Akt i NF-
kB, i que s'activa per citoquines pro-inflamatories [148]. Estudis recents han posat de
relleu un escenari complex mitjancant el qual aquestes vies cataboliques es modulen
entre si a diferents nivells, i també s'acoblen en diversos punts a les vies
biosintetiques. El resultat és un equilibri coordinat entre la degradacid i la sintesi de
proteines que reflecteix I'estat fisiologic de la fibra muscular. Aquest equilibri local té
un efecte significatiu sobre I'homeostasi de proteines en general [148].

La caquéxia cancerosa s'associa invariablement amb pérdua de massa muscular
i I'atrofia. La perdua de proteines miofibril-lars en les cél-lules musculars (Figura 3) és
d'important rellevancia en la sindrome que ens ocupa [79], ja que provoca debilitat

muscular i fatiga. De fet, la pérdua de muscul esquelétic és un potent factor de
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pronostic, independentment de la perdua de pes corporal [80]. Moltes de les
alteracions metaboliques que pateix el pacient caquéctic sén responsables de la
perdua de massa muscular tal com ja s'ha descrit anteriorment, i per tant, en el muascul
caquectic s'observen anormalitats en el recanvi proteic (sintesi i degradacid) i el

metabolisme d'aminoacids (transport i oxidacié d'aminoacids de cadena ramificada).

6.2.  SINTESI PROTEICA MUSCULAR

Dues vies de senyalitzacid principals controlen el creixement del muscul
esquelétic: la via IGF1-PI3K-Akt/PKB-mTOR actua com a regulador positiu del
creixement del muscul, i la via miostatina-Smad3 actua com a regulador negatiu

(Figura 4).

6.2.1. Via IGF1-PI3K-Akt/PKB-mTOR

El paper de la via IGF1 ha estat recolzada per una varietat d'enfocaments
genéetics en quant al guany i pérdua de la seva funcié. La inactivacié especifica al
muscul del receptor d'IGF1 perjudica el creixement muscular a causa de la reduccié del
nombre i la mida de les fibres musculars; en canvi, la sobreexpressié especifica al
muscul de IGF1 causa hipertrofia muscular [147]. Els estudis de transfeccié in vivo en
musculs de ratolins i rates adultes han ajudat a clarificar les vies de senyalitzacié per
sota del receptor d'IGF1. IGF1 es coneix per activar la via de senyalitzacié MAPK/ERK
aixi com la via PI3K-Akt. No obstant aix0, s'ha descrit que la hipertrofia s'indueix per la

via PI3K-Akt i no per la via de ERK [148,149]. Ratolins transgenics en els quals Akt
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s'expressa transgénicament i s'indueix la seva activacid en el muscul esquelétic,
mostren una dramatica hipertrofia, demostrant la implicacié d'aquesta via per sota de
IGF1. IGF1 activa la senyalitzacié IRS1-PI3K-Akt, i Akt estimula la sintesi de proteines
mitjancant el bloqueig de la repressio de mTOR, que al seu torn manté la massa
muscular a través de dos complexos diferents, coneguts com TORC1 i TORC2
[148,149]. A més de l'activacié de la senyalitzacié de TORC1, Akt també fosforil-la la
familia de factors de transcripcié Forkhead (FoxO). FoxO1 i FoxO3 juguen un paper clau
en la induccié de la I'activacié transcripcional de MuRF1 i Atrogin-1 [150]. Pel que
sembla, es requereixen aquests factors de transcripcid, ja que IGF1/Akt intervé en la
fosforilacié de FoxO i en la posterior inhibicié del transport de FoxO al nucli, que és
suficient per bloquejar I'activacié de les ligases E3 que participen en la degradacié
proteica (Figura 4). Sandri et al. van demostrar que la sobreexpressié transgénica de
FoxO3 en el muscul esquelétic era suficient per induir una dramatica perdua de muscul
esqueletic [150], mentre que estudis recents recolzen que la inhibicidé de FoxO evita la
perdua muscular en un model experimental de caquéxia cancerosa [151].

També s'ha descrit la implicaci6 de I'hormona anabolica IGF1 en el
desenvolupament de la caquéxia cancerosa en models murins. En el model caquéctic
de rata, I'hepatoma ascitic Yoshida AH-130, I'expressié muscular de mRNA d'IGF1 va
disminuir progressivament mentre que els nivells de mRNA del receptor d'IGF1 i del
receptor d'insulina van augmentar en comparacié amb els controls [153]. A més, es
van reduir els nivells circulants d'IGF1 i d'insulina. No obstant aix0, el mecanisme
exacte de la desregulacié d'IGF1 i el seu paper en la pérdua de massa muscular en
caquexia no és del tot clar, ja que l'administracié d'IGF1 exogen a aquestes rates

portadores de tumor no va prevenir la caquéxia [153]. D'altra banda, altres estudis han
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demostrat, en altres models experimentals de caquéxia cancerosa, que la via de
senyalitzacié d'IGF1 no es troba desregulada [154]. Mentre la sobreexpressiéd muscular
d'IGF1 va augmentar |'area de seccid transversal de la fibra tant en els animals joves
com vells, la pérdua de massa muscular o la reduccié de mida de la fibra en ratolins
portadors del tumor C26 no es van modificar, fet que suggereix que la pérdua de
massa muscular en els animals portadors de tumor no esta associat amb la regulacié

negativa de molécules implicades en la resposta anabolica [154].
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Figura 4. Cinética de la proteina muscular en la caquéxia cancerosa.

La regulacid de la sintesi muscular a través d'IGF1 indueix hipertrofia (A). Les mioquines activen la via
JAK/STAT implicada en la resposta de fase aguda i la degradacié muscular (B). TGF-B indueix la via
SMAD, activada per la miostatina i I'activina (C). El calci participa en els mecanismes de degradacio
muscular (D). La degradacié muscular intervinguda pel sistema ubiquitina-proteasoma, condueix a
I'activacié de les ligasses E3, MuRF1 i MAFbx (E). Activacio i transcripcié de gens d'autofagia (F).
Senyalitzacié de NF-kB (G). (Imatge adaptada de la revisié: Muscle wasting in cancer [152])
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6.2.2. Via miostatina-Smad3

La segona via de senyalitzacié important que controla el creixement del muscul
esqueletic implica la miostatina, produida pel mudscul esquelétic i que actua com un
regulador negatiu del creixement del muscul [148]. La miostatina purificada inhibeix la
sintesi de proteines i redueix la mida dels miotubs quan s'afegeix a miotubs
diferenciats en cultiu [155]. A més, tal com ja s'ha descrit anteriorment, es pot induir
atrofia muscular administrant sistemicament miostatina en ratolins [127], aixi com la
hipertrofia muscular també pot ser induida per proteines que interfereixen amb les
interaccions lligand-receptor, com per exemple el receptor soluble d'activines ActRIIB
[127]. Diferents estudis en models experimentals de caquéxia cancerosa van
demostrar una senyalitzacié de la miostatina muscular augmentada [128,129] (Figura
4). | com ja s'ha descrit en apartats anteriors, el bloqueig del receptor d'activines
ActRIIB per tractar la caquéxia cancerosa en models experimentals de caquéxia
[129,134] reverteix la pérdua de massa muscular, i fins i tot és capac d'incrementar la
supervivencia d'aquests animals [129]. En un estudi recent on s'avaluava I'expressié de
la miostatina en biopsies musculars en pacients amb cancer sense péerdua de pes, els
pacients amb cancer gastric van evidenciar una major expressid de la miostatina
mentre que els pacients amb cancer de pulmd no ho van fer [126]. Aixd suggereix que
les alteracions de la miostatina poden variar segons la ubicacié del tumor primari, fins i
tot en pacients on la caquéxia no és present encara. Actualment hi ha almenys dos
assajos clinics de fase Il en curs d'estratégies antimiostatina [152].

La implicacié d'una reduida sintesi proteica en el desenvolupament de la

caquéxia cancerosa roman encara incerta i genera controversia sobre quins sén els
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mecanismes responsables. Estudis amb ratolins portadors de I'adenocarcinoma MAC-
16 ja suggerien la supressié de la sintesi proteica en la caquéxia cancerosa [156]. L'Us
de L-[4-*H]fenilalanina per marcar les proteines en el muscul gastrocnemius per
determinar la taxa de sintesi de proteines, va permetre observar una depressié
significativa (60%) de la taxa de sintesi proteica en els animals, amb una pérdua de pes
entre 15% i 30% [156]. Els dos objectius principals per a la reduccié de la sintesi de
proteines en la caquéxia inclouen o bé la inhibicié de I'absorcié d'aminoacids o bé la
supressio de l'expressio o traduccié de RNA d'alguns gens relacionats amb aquesta
sintesi proteica [157]. De fet, alguns models tumorals mostren fins a una disminucié
del 40% en el RNA total del muscul en comparacié amb animals control [158]. En el
model de caquéexia cancerosa MAC-16, el catabolisme i I'anabolisme semblen océrrer
en tandem, arribant a una caiguda del 60% en la sintesi de proteines [159]. En un altre
model animal, el ratoli Apc (Min/+), una reduccié en la sintesi de proteines semblava
precedir a un augment de la proteolisi, fet que suggereix |'activacié diferencial de les
vies depenent del temps [107]. En un estudi recent dut a terme pel nostre grup
s'analitza I'expressid de diversos centenars de gens en el muscul esquelétic de rates
portadores d'un tumor que indueix caqueéxia, I'hepatoma ascitic Yoshida AH-130,
mitjancant I'Us d'un sistema de microarrays; els resultats mostren una disminucié d'Akt
mentre que FoxO apareix sobreexpresat en comparacié amb els animals control [160].
En pacients caquectics es va trobar una disminucid del 55% en l'expressidé de la
proteina Akt i un 82% de disminucido en mTOR fosforilada en el muscul, fet que

suggereix que la sintesi de proteines es veu afectada també a la caquexia [161].
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6.3. DEGRADACIO PROTEICA MUSCULAR

L'atrofia muscular implica la disminucié de fibres musculars a causa d'una
perdua neta de proteines, organuls i citoplasma. L'atrofia muscular aguda, com passa
en moltes condicions patologiques, es deu a la hiperactivacié de les principals vies de
degradacio de la cel-lula, incloent el sistema ubiquitina-proteasoma i la via de
I'autofagia lisosomal [148]. L'activacié dels sistemes proteolitics de la cel-lula esta
regulada transcripcionalment, i s'han identificat un subconjunt de gens que es troben
comunament sobreexpressats o inhibits en ['atrofia del muascul esquelétic,
independentment de la condicid catabolica [148,162,163]. Aquests gens comuns es
creu que regulen la pérdua de components musculars, i per tant es van designar com a
gens relacionats amb I'atrofia o atrogenes [150,162]. Entre els gens sobreexpressats
relacionats amb ['atrofia séon els que pertanyen als sistemes ubiquitina-proteasoma i
lisosomal-autofagia. La sobreexpressié de diversos gens relacionats amb el sistema
d'ubiquitina-proteasoma i I'autofagia esta normalment bloquejada per Akt a través de

la regulacidé negativa dels factors de transcripcié FoxO [150,164].

6.3.1. Sistema ubiquitina-proteasoma

El sistema ubiquitina-proteasoma es requereix per eliminar les proteines
sarcomeriques en resposta a canvis en l'activitat muscular. Les proteines sén objecte
de degradacié pel proteasoma 26S a través de la unié covalent d'una cadena de
molecules d'ubiquitina. L'enzim ubiquitina lligasa, o E3, s'uneix al substrat de la

proteina i catalitza el moviment de la ubiquitina de I'enzim E2 al substrat. Aquest és el
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pas limitant de la velocitat del procés d'ubiquitinitzacid, la qual cosa afecta la
subseglient degradacido dependent del proteasoma. Una vegada que la proteina és
ubiquitinada s'acobla al proteasoma per a la seva degradacid, a no ser que es retiri la
cadena de poliubiquitina pels enzims desubiquitinitzants. Entre els diferents E3s
coneguts, només uns pocs dels especifics del muscul s'han trobat sobreexpressats en
processos d'atrofia muscular. Els primers en ser identificats van ser I'Atrogina-1/MAFbx
i MuRF1. Aquests dos E3s s'expressen especificament en els musculs estriats i llisos
[163,165]. De fet, ha estat demostrat que els ratolins knockout per Atrogina-1/MAFbx i
MuRF1 soén resistents a I'atrofia muscular induida per denervacié [163]. Fins al
moment, MuRF1 ha estat relacionat amb la ubiquitinitzacié de diverses proteines
estructurals del muscul, incloent la troponina | [166], les cadenes pesades de miosina
[167], I'actina [168], la proteina C d'unid a la miosina i les cadenes lleugeres de miosina
1i 2 [169]. En canvi, molt poques proteines musculars han estat identificades com a
substrats per Atrogina-1, i els que han estat identificats semblen estar implicats en els
processos relacionats amb el creixement o les vies de supervivencia. L'Atrogina-1
promou la degradacié de MyoD, un factor de transcripcié clau al muscul, i de elF3-f, un
activador important de la sintesi de proteines [170]. Al cor, I'Atrogina-1 ubiquitinitza i
redueix els nivells de la calcineurina A, un factor important per desencadenar la
hipertrofia cardiaca en resposta a la pressid de sobrecarrega [171]. Probablement hi ha
més lligasses E3s addicionals que encara no han estat identificades, les quals també
s'activen durant I'atrofia per promoure la liquidacié de les proteines cel-lulars solubles
i regular els processos anabolics. Algunes lligasses E3s com Trim32, TRAF6 o Mull,
comencen a ser descrites, aixi com la seva implicacid en I'atrofia muscular [148].

Recentment s'han destacat importants funcions reguladores de les E3s en les vies de
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senyalitzacid en el muscul esquelétic. Per exemple, la ubiquitina lligassa Fbxo40 regula
senyals anaboliques ubiquitinitzant i afectant la degradacié del substrat del receptor
d'insulina 1 (IRS1) [172].

En el desenvolupament de la caqueéxia, se sap que el sistema ubiquitina-
proteasoma té un paper fonamental en el procés d'atrofia muscular
[163,165,173,174]. El nostre grup d'investigacid ha treballat durant molts anys en
aquest camp, i ha demostrat la rellevant implicacié d'aquest sistema proteolitic en la
incrementada degradacié proteica associada a la caquéxia. Llovera et al. van descriure
un augment de I'expressid dels gens relacionats amb el sistema dependent
d'ubiquitina al muscul esquelétic de rates portadores d'un tumor caquéctic [173].
Recentment, en musculs de rates portadores de I'hepatoma ascitic Yoshida AH-130 es
van avaluar els gens alterats durant la sindrome caquéctica utilitzant un sistema de
microarrays [160]; els resultats obtinguts van mostrar la sobreexpressié de diversos
gens relacionats amb el sistema ubiquitina-proteasoma com ara enzims E2, algunes
subunitats del proteasoma, les lligasses E3 (MuRF i MAFbx) i la ubiquitina. Altres
estudis han demostrat que MAFbx (Atrogina-1) degrada directament la proteina MyoD
i indirectament les proteines miofibril-lars, mentre MuRF1 degrada els filaments
gruixuts del muscul esqueletic [169,175]. D'altra banda, es coneix que la transcripcid
de MuRF1 i Atrogina-1 és induida per FoxO en abséncia de la repressié d'AKT [150]
(Figura 4). Per tant, l'activacio de FoxO1l podria estar relacionada amb [|'elevada
expressid d'aquest sistema proteolitic en la caquéxia cancerosa mitjangant Il'activacié
de les ligasses E3. Un dels possibles mecanismes procaquectics d'activaciéo de la
proteolisi mitjancant el sistema depenent d'ubiquitina pot ser a través de I'activacié de

les citoquines proinflamatories, com ara TNF-a o IL-1, les quals activen la senyalitzacié
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en dues vies establertes: la via de NF-kB i de la p38 MAP quinasa. Es requereix
d'aquests dos mediadors per activar I'expressié de les lligasses E3 clau (MuRF1 i
Atrogina-1), que intervenen en la degradacié sarcomeérica i en la inhibicié de la sintesi
de proteines [176]. S'ha descrit que la inhibicié de NF-kB és suficient per disminuir de
manera significativa la perdua de massa muscular induida pel tumor inhibint Ia
sobreexpressié de MuRF1 [177].

Pel que fa a les investigacions cliniques, en pacients amb cancer gastric amb
una perdua de pes mitja del 5,2%, es va observar un augment de l'activitat del sistema
ubiquitina-proteasoma en comparacié amb els controls, amb un efecte més marcat
amb l'augment de l'estadi tumoral, la pérdua de pes i la disminucié d'albimina [178].
En una altra investigacid en pacients amb diversos tipus de cancer i una minima
variacié de pes, els nivells de mRNA de diferents components del sistema ubiquitina-
proteasoma es van incrementar entre 2-4 cops en pacients amb cancer [179]. El
concepte de canvis en l'activacié del sistema ubiquitina-proteasoma d'acord amb el
grau de desenvolupament de la caquéxia en el pacient és recolzat per diverses

observacions tant en humans com en models animals amb caquéexia [180-182].

6.3.2. Sistema lisosomal-autofagia

El sistema lisosomal-autofagia és un altre sistema proteolitic que s'activa en
condicions cataboliques i que esta sota la regulacié de FoxO [46] (Figura 4). L'autofagia
és un mecanisme homeostatic molt conservat que s'utilitza per a la degradacié i el
reciclatge de la major part de les proteines de vida llarga i organuls del citoplasma, a

través de la maquinaria lisosomal [46]. Tot i que l'autofagia es va considerar
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inicialment una via de degradacio no selectiva, la preséncia de formes més selectives
d'autofagia esta sent cada vegada més evident. De fet, I'autofagia pot desencadenar
I'eliminacié selectiva d'organuls especifics, com ara mitocondris. Els organuls i les
porcions de citoplasma sén segrestats en vacluols de doble membrana
(autofagosomes), que es fusionen amb els lisosomes i son digerits per enzims
lisosomals [183]. Els lisosomes intracel-lulars contenen una série d'enzims necessaris
per a la digesti6 de macromolécules, incloent proteases, carbohidrases, lipases i
nucleases. Les catepsines L, B, D i H sén les principals proteases lisosomals, i
determinen principalment la capacitat proteolitica dels lisosomes [41]. La catepsina-L,
en particular, s'indueix d'hora en estats catabolics, i els seus nivells es correlacionen
amb un augment de la degradacié de proteines. L'augment de l'activitat de la
catepsina s'ha demostrat en diversos models de perdua de massa muscular, incloent la
caquexia cancerosa, diabetis mellitus, atrofia induida per dexametasona, desus, dejuni
i distrofia muscular [184]. La via de l'autofagia és necessaria per conduir substrats als
lisosomes, i la proteolisi lisosomal depéen de l'activitat de les catepsines [185]. Fa uns
15 anys es va identificar en llevats una classe de gens anomenats Atg (gens relacionats
amb l'autofagia), i es van trobar i caracteritzar funcionalment els seus ortolegs de
mamifers. El nivell d'expressié i la localitzacié intracel-lular d'algunes d'aquestes
proteines es pot utilitzar per controlar I'autofagia. En particular, beclin-1 com a un
indicador de la induccié de l'autofagia, la conversiéd LC3B-I a la seva forma LC3B-II
lipidada per mesurar I'abundancia d'autofagosomes, i P62/SQSTM1 com un indicador
de la captura de substrat i la degradacio subseglient [184].

La rellevancia de I'autofagia en I'nomeodstasi muscular es demostra a partir de

relacié de diverses miopaties, com ara alguns tipus de distrofies musculars amb taxes
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alterades d'autofagia [186]. De fet, moltes d'aquestes miopaties presenten una
reduccio de la capacitat d'autofagia, el que ddéna lloc a I'acumulacié de substrats no
desitjats. Des d'aquest punt de vista, les estratégies destinades a augmentar
I'autofagia, com l'exercici o I'activacié d'AMPK, podrien resultar beneficioses [184]. Les
dades emergents en els ultims anys mostren clarament que la proteodlisi lisosomal-
autofagia també esta implicada en la patogenia de la perdua de massa muscular en
caquexia. En un estudi recent, es va demostrar un increment de l'autofagia en el
muscul dels ratolins implantats amb el tumor C26 [187]. Altres estudis van suggerir
I'activacid de la proteolisi lisosomal en I'atrofia muscular, com ara un augment de
I'expressid i l'activitat de les proteases lisosomals en rates séptiques o en models
experimental i clinics de caquéxia cancerosa [188]. En la majoria dels estudis on
s'estudien els mecanismes implicats en l'induccié de |'autofagia, aquesta s'ha associat
amb un augment de l'activacid de la transcripcid dependent de FoxO3A dels gens
relacionats amb |'autofagia com LC3B i Bnip3 [188]. En el muscul esquelétic d'animals
portadors de tumors, es mostren nivells elevats de LC3B-Il; aquests incrementen
encara més quan la fusid de l'autofagosoma amb els lisosomes és inhibida pel
tractament amb colquicina, la qual cosa demostra que la taxa de segrest es veu
incrementada. Sorprenentment, I'augment de la retencié de |'autofagia en el muscul
dels portadors de tumor esta associat amb alts nivells de P62, fet que suggereix una
acumulacié d'autofagosomes no processats, que possiblement depenen de la
incapacitat de degradacié lisosomal [187].

En pacients amb cancer també s'indueix I'autofagia muscular. Els nivells de
mMRNA de Bnip3 i els nivells de proteina LC3B-Il augmenten en les bidopsies musculars

de pacients amb cancer de pulmd en comparacié amb els individus control, mentre
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que l'expressié dels gens de les lligasses d'ubiquitina especifiques de muscul no es
modifica. Aquesta modulacié de l'expressid dels gens d'autofagia s'associa amb un
augment de citoquines proinflamatories circulants i l'activaci6 muscular de NF-kB
[189]. Finalment, un treball molt recent [190] mostra que, tot i no haver-hi diferencies
en l'activitat del proteasoma, la calpaina i la caspasa 3 en el muscul esquelétic de
pacients amb cancer d'esofag en comparacié amb els controls, poden observar-se un
increment en l'activitat de les catepsines Bi L i en els nivells de LC3B-Il. La induccié de
I'autofagia en pacients amb cancer probablement s'associa amb el balang¢ energetic
negatiu que sorgeix de la reduccié de la ingesta d'aliments, el dany mitocondrial, i les
alteracions metaboliques [184]. Aix0 porta a que no es processen tots els
autofagosomes acabats de formar, fet que produeix per una banda una persistent
manca de substrats anabolics, i per I'altra I'acumulacié de proteines i organuls danyats,
contribuint a una atrofia de les miofibres i a una péerdua d'integritat i funcionalitat

[184].

6.3.3. Calpaines

Hi ha diversos sistemes d'enzims dependents de calci, incloent les calpaines.
Les calpaines sén enzims intracel-lulars, no-lisosomals, la majoria de les quals sén
citosoliques, que intervenen l'escissidé de substrats especifics en un gran nombre de
processos cel-lulars reguladors [191]. En quantitats excessives, les calpaines soén
capaces de degradar elements del citoesquelet, canals ionics, molécules d'adhesié
cel-lular i receptors de la superficie cel-lular. Les calpaines ubiqlies 1 i 2 (també

anomenades W i m) han estat implicades tant en la degradacié inicial de les proteines
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miofibril-lars, com ara a-actinina, desmina, titina, i nebulina, durant el desgast
muscular [192] com en la necrosi associada amb la distrofia muscular [193]. També
s'han associat a la degradacié de proteines sarcomeriques i del citoesquelet en
miotubs en cultiu [194], i en aquest estudi en particular I'addicié d'un inhibidor de la
calpaina va donar lloc a una reducciéo del 20% en la degradacié de proteines en
general. Molts estudis han demostrat que el sistema de calpaina té un paper important
tant en la pérdua de massa muscular, que es produeix en diverses condicions
patologiques, com en el moviment metabolic de les proteines miofibrilars. [195,196].
En mudsculs caquectics de rates portadores de tumor, s'ha observat un augment
d'expressié de la calpaina [160]. Se sap que les concentracions de Ca** lliure
intracel-lular causen la interrupcié del procés normal d'acoblament d'excitacio-
contraccid i poden estimular |'activitat de la calpaina. [195,197-199]. En un estudi amb
pacients amb cancer gastric amb una pérdua de pes minima (1%), es va observar un
increment en I'activitat de la calpaina al muscul recte del 70% en comparaciéo amb els
controls, el que suggereix un paper primerenc de les calpaines en el desenvolupament
de la sindrome caquéctica abans d'evidenciar-se alteracions cliniques significatives

[200].

6.3.4. Caspasses

Les caspasses son un grup d'enzims generalment associats amb la induccié de
I'apoptosi cel-lular en resposta a senyals de mort. Les caspasses podrien exercir un pas
inicial en la proteolisi miofibril-lar mitjancant el trencament de I'actomiosina. En

aquest sentit, les caspasses, que son proteines executores de I'apoptosi, podrien estar
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preparant les proteines miofibril-lars per fer-les accessibles a la ubiquitinitzacié [201].
Hi ha algunes evidéncies del paper de les caspasses en |'apoptosi en el desgast
muscular experimentat pels pacients caquéctics. Les biopsies musculars de pacients
amb péerdua de pes amb cancer gastrointestinal superior van mostrar un augment de
tres vegades en la fragmentacié del DNA muscular en comparaciéo amb els subjectes

control [202,203].

7. TERAPIA ANTITUMORAL

El diagnostic i la terapia dels pacients amb tumors malignes ha progressat de
forma intensa i accelerada durant els ultims anys. Tanmateix, a diferencia de la cirurgia
i la radioterapia, la quimioterapia per al cancer és un tractament sistemic que afecta
tot el cos. En consequéncia, suposadament hi ha més efectes secundaris amb Ia
guimioterapia que amb la cirurgia i la radioterapia. Els efectes secundaris relacionats
amb la nutricié que es pateixen amb més freqliencia son I'anoréxia, modificacions en
el gust, sacietat precoc, nausees, vomits, esofagitis, diarrea i restrenyiment [204].

Actualment hi ha nous farmacs de disseny molecular que tenen com a objectiu
fonamental el control de la proliferacié cel-lular (citostatics) i que en principi no estan
destinats a destruir cél-lules tumorals (efecte citotoxic de la quimioterapia classica). La
terapia del cancer es dirigeix cada vegada més a bloquejar les vies de senyalitzacid
tumorals i inhibir I'angiogénesi del tumor. Aquestes molécules estan focalitzades
contra les vies moleculars que sén responsables de la proliferacié de cél-lules tumorals,
com la via de PI3K, AKT i mTOR, que estan associades amb la iniciacid del cancer i

també estan involucrades en l'activacié de l'anabolisme de les proteines musculars
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[119,205] (Figura 5). Per tant, seria d'esperar que els farmacs dirigits a aquestes vies
produeixin certa toxicitat sobre el muscul esquelétic. La quinasa mTOR integra senyals
de nutrients (aminoacids i energia), insulina i factors de creixement per a regular el
creixement cel-lular, la progressiéd del cicle cel-lular i la sintesi de proteines en el
muscul esquelétic. A més, les vies de participacié Ras, Raf, MEK i ERK regulen la
proliferacié de cel-lules musculars. Aquestes vies anaboliques i proliferatives son la
diana d'agents antineoplastics com ara everolimus i sorafenib (Figura 5). El sorafenib
s'ha demostrat que causa atrofia del muscul esquelétic, independent de la resposta a

la malaltia [206].

Receptors insulina i
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Figura 5. La proliferacié de cel-lules musculars i la sintesi de proteines en resposta a factors de
creixement i aminoacids es poden veure afectades per les terapies dirigides contra el cancer. (imatge
adaptada de Understanding the mechanisms and treatment options in cancer cachexia [81]).
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Diversos estudis en humans han demostrat que la pérdua de pes associada amb
el cancer estava relacionada amb la toxicitat del tractament, I'anémia i una
supervivencia més curta [207,208]. Prado et al. [208] es van centrar en l'estudi de la
composicié corporal com un determinant potencial de toxicitat en resposta als agents
antineoplastics utilitzats actualment. Aquests autors van fer émfasi en la importancia
d'establir un ajust del tractament antitumoral depenent del pes corporal, a causa de la
relacio entre I'esgotament del miscul esquelétic sever i I'excés de toxicitat durant la
quimioterapia. De fet, Antoun et al. [206] van informar que la perdua de muscul es va
agreujar especificament pel tractament amb sorafenib, i el van descriure com un
efecte advers de la droga relacionada amb asténia, fatiga i discapacitat fisica. Aquesta
perdua de pes és el pronostic de la gravetat dels efectes toxics relacionats amb el
tractament i de la reduccié de la supervivencia [209]. Esta descrit que una pérdua de
pes del 5% és un predictor significatiu dels efectes toxics relacionats amb la
quimioterapia [209]. L'augment de la prevalenca d'efectes adversos toxics associats
amb aquesta perdua de pes sén de suficient gravetat com per requerir reduccions de
la dosi, retards en el tractament o la finalitzacié definitiva del tractament, de manera
que els pacients amb peérdua de pes, al no poder tolerar el tractament, no

aconsegueixen el benefici potencial de la seva terapia contra el cancer [210,211].

8. TERAPIA ANTICAQUECTICA

Tradicionalment, controlar l'avan¢ del cancer es considerava com la millor
manera de contenir la caquexia. No obstant aixd, s'ha demostrat que el tractament

dels simptomes per si sol pot millorar la supervivéncia dels pacients amb cancer
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avancat, i un enfocament multifacetic ja ha demostrat ser parcialment eficac. La
creixent comprensid dels mecanismes que sustenten la caquéxia ha portat a un gran
nombre d'assaigs clinics a centrar-se en potents terapies dirigides a mediadors
involucrats en afavorir I'hipoanabolisme i I'hipercatabolisme, aixi com en I'estat

nutricional del pacient.

8.1. SUPORT NUTRICIONAL

Les persones diagnosticades de cancer s'enfronten al risc de la desnutricié a
causa de la mateixa malaltia, ja sigui a causa del tractament contra el cancer com la

cirurgia, la radiacié o el tractament farmacologic o a I'anoréxia associada a la malaltia.

8.1.1. Suport nutricional oral/artificial

El métode preferit de suport nutricional és I'oral, amb I'dUs de modificacions
dietetiques dirigides a reduir els simptomes relacionats amb els tractaments del
cancer. El suport nutricional individualitzat en pacients amb diferents tipus de cancers
s'ha demostrat que permet una millor tolerancia al tractament amb radioterapia amb
guany de pes en alguns casos i una millora en la qualitat de vida [38,212—-214]. La
nutricié enteral s'indica quan les vies gastrointestinals sén funcionals pero la via oral és
insuficient per omplir els requisits nutricionals, com és el cas de les neoplasies
malignes de les regions del cap i el coll, esofag i estédmac. Els beneficis de la nutricié
enteral o l'alimentacié per sonda que continuen utilitzant l'intesti, tenen menys

complicacions com infeccié i mal funcionament organic, solen administrar-se més
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facilment i el seu cost és inferior en comparacié amb la nutricié parenteral [215,216].
D'altra banda, els nutrients sdn metabolitzats i utilitzats més eficagment pel cos [217].
Quan les vies gastrointestinals no funcionen bé, es pot indicar la nutricié parenteral
total pero, I'Us estés és polémic a causa de que hi ha poques proves que mostrin una
millora en la supervivéncia dels pacients amb cancer avancat. La nutricid parenteral
només ha mostrat beneficis en un nombre petit de pacients, concretament en els
pacients postoperatoris que han estat sota tractament intensiu i que han mostrat una
taxa de resposta positiva. Un estudi recent va informar que els pacients amb cancer
gastrointestinal es van beneficiar del suport perioperatori amb nutricié parenteral
total, amb un ter¢ menys de complicacions i disminucié de la mortalitat [218].

Tot i els nombrosos beneficis d'aconseguir un estat de nutricid favorable
mitjancant el suport nutricional, diversos estudis han demostrat que les estrategies
nutricionals no sén suficients per invertir la sindrome caquéctica. Aixd assenyala la
necessitat que qualsevol enfocament terapéutic basat en l'augment de la ingesta
d'aliments, ha de ser combinat amb una estratégia farmacologica per contrarestar

canvis metabolics.

8.1.2. Suplements nutricionals/Nutracéutics

A. Carnitina

Entre els suplements nutricionals orals, la L-carnitina, amb el seus efectes
nutricional, antioxidant, i antimiopatic és un dels suplements més prometedors. La L-
carnitina és un cofactor essencial per a la produccié mitocondrial d'acetil coenzim A a

través de la via d'oxidacid, i juga un paper fonamental en el metabolisme energétic

58




Introduccio

cel-lular [219]. El coenzim A és necessari per la B-oxidacié, pel metabolisme dels
aminoacids i la sintesi de la piruvat deshidrogenasa, i es requereix per activar el cicle
de I'acid tricarboxilic. Diversos estudis que es van realitzar en pacients amb cancer i en
pacients amb altres malalties croniques, van demostrar la capacitat de Ila
suplementacié amb L-carnitina per millorar la qualitat de vida, especialment la fatiga i
altres simptomes, com perdua de pes, el dolor i la neuropatia, i els efectes secundaris
de la quimioterapia [220]. En particular, un estudi de fase Il va mostrar que el
tractament amb L-carnitina (6 g/dia durant 30 dies) va millorar significativament la
massa corporal magra, la gana, la qualitat de vida i la fatiga, en una poblacié de
pacients amb cancer avancat amb diferents tumors [221]. Recentment, un estudi
prospectiu, controlat amb placebo doble cec aleatoritzat de 72 pacients que patien de
cancer de pancrees avancat, van rebre L-carnitina oral (4 g) o un placebo durant 12
setmanes; durant el tractament, l'index de massa corporal va augmentar en els
pacients que van rebre L-carnitina, mentre que en els pacients del grup control va
disminuir. D'altra banda, I'estat nutricional i els parametres de qualitat de vida van

millorar en els pacients que van rebre L-carnitina [222].

B. Suplements omega-3

L'administracié de suplements d'acids grassos poliinsaturats w-3 s'ha demostrat
que inhibeix la produccié de TNF-a i IL-1 a través d'un bloqueig de la COX i les vies de
lipo-oxigenasa [223]. L'acid eicosapentaenoic (EPA) és el principal component
d'aquesta familia i es troba en grans quantitats en I'oli de peix. L'interés en els acids
grassos w-3 es va originar a partir de I'observacié que les poblacions que consumeixen

una dieta rica en aquests constituents mostren la menor incidéncia de certs tipus de
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cancer [224]. En un assaig aleatoritzat, doble cec, utilitzant un suplement oral enriquit
en acids grassos w-3, es va observar una millora en la massa corporal magra i la
qualitat de vida sempre que el seu consum d'EPA era igual o superior a 2,2 g/dia [225].
No obstant aix0, dades posteriors derivades d'un assaig controlat amb placebo, doble
cec, multicéntric, indica que I'administraci6 d'EPA per si sola no té éxit en el
tractament de la perdua de pes en pacients amb cancer gastrointestinal avancat o de
pulmé. [226] D'altra banda, un meta-analisi basat en cinc estudis clinics va concloure
gue no hi havia dades suficients per establir si I'EPA oral era millor que el placebo. Les
comparacions d'EPA combinat amb un suplement proteic caloric versus un suplement
de proteina sense EPA, en preséencia d'un estimulant de la gana (acetat de megestrol),
no van aportar proves que I'EPA millora els simptomes associats amb la sindrome de
caquexia que sovint s'observen en pacients amb cancer avancat [227]. No obstant aixo,
altres estudis recolzen els beneficis de la terapia d'oli de peix per a la caquéxia. Ryan et
al., en un assaig aleatoritzat, doble cec, van utilitzar la nutricié enteral basada EPA en
pacients amb cirurgia de cancer d'esofag, i els resultats van demostrar efectes
beneficiosos sobre el pes corporal [228]. Altres investigadors van utilitzar la nutricié
oral enriquida en EPA en pacients amb cancer de pulmd evidenciant uns efectes
positius sobre el pes corporal i la qualitat de vida [229]. Un estudi similar va suggerir
que la intervencid nutricional amb EPA millora el pes corporal i redueix la inflamacio
[230]. De la mateixa manera, en dos assaigs aleatoris doble cec utilitzant acids grassos
w-3 en pacients amb carcinoma de pulmd no microcitic, van informar de I'augment del
pes corporal i d'una millora en la qualitat de vida i la condicié fisica en comparacié amb
els subjectes control que van rebre suplement nutricional estandard [231,232].

Finalment, en un estudi randomitzat, doble cec, en pacients amb insuficiéncia cardiaca,
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els olis de peix van produir efectes antiinflamatoris reduint la produccié de TNF-a i van

millorar el pes corporal [233].

C. Aminoacids

Els aminoacids de cadena ramificada son aminoacids neutres amb efectes
metabolics interessants i rellevants clinicament. El seu paper potencial com a agents
orexigénics i anticaquectics va ser proposat fa molts anys [234,235]. Nombrosos
estudis han provat que els aminoacids de cadena ramificada, en particular leucina i el
seu metabolit B-hidroxi-pB-metilbutirat (HMB), sén altament efectius en la prevencio de
I'anorexia i la caquéexia mitjancant la millora de metabolisme de les proteines i la
promocié de la gana i la ingesta d'aliments [236,237]. Pel que fa als estudis en pacients
amb cancer, es van observar resultats interesants; en particular, els pacients amb
cancer avancat (estadi V) que van rebre un suplement de HMB, arginina i glutamina,
van guanyar pes en 4 setmanes i van presentar un increment en la composicid
corporal, el qual es va mantenir durant 24 setmanes [238]. Berk et al., en canvi, van
mostrar una forta tendéncia cap a una major massa i composicié corporal en pacients
tractats amb el suplement de HMB, arginina i glutamina, perdo no van provar
adequadament la capacitat de d'aquests aminoacids per revertir o prevenir la caquéxia
cancerosa, ja que la majoria dels pacients no van completar I'estudi [239]. En un assaig
clinic controlat, doble cec aleatori, es va demostrar recentment que la nutricié enteral
perioperatoria amb una férmula enriquida amb arginina augmenta la supervivéncia a
llarg termini de pacients amb cancer de cap i coll sotmesos a cirurgia i quimioterapia
[240]. Finalment, en pacients amb cancer de pulmod els quals rebien quimioterapia o

radioterapia, el suplement nutricional de proteines riques amb cisteina va causar un
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augment de pes i va millorar la forca d'agafada i els parametres de qualitat de vida

[241].

8.2. TRACTAMENT FARMACOLOGIC

Malgrat que I'anoréexia representa un factor molt important en el
desenvolupament de la caquéxia, s'ha de tenir en compte que en la majoria de casos el
suport nutricional no atura la perdua de pes corporal. Com ja s'ha descrit, sembla que
els canvis a nivell metabolic presents a I'hoste tenen un paper molt important
conjuntament amb I'anoréxia en el desenvolupament de la caqueéxia. Per tant, les
estratégies terapéutiques estan focalitzades en aquests dos factors. Es important fer
especial emfasi en que cap de les estrategies farmacologiques o nutricionals resulten
efectives per elles mateixes, i per tant el que cal és dissenyar una terapia multimodal
gue integri una o varies aproximacions farmacologiques i nutricionals a la vegada per
poder aturar en gran mesura l'estat catabolic del pacient, aixi com afavorir-ne

I'anabolisme.

8.2.1. Estimulants de la gana

De vegades el suport nutricional no és suficient per combatre I'anoréxia que
pateixen els malalts. Els ultims anys s'han dedicat molts esfor¢os en trobar farmacs per
tal d'estimular la gana dels pacients i combatre la desnutricié que presenten alguns

malalts de cancer.
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A. Cannabinoides

Els cannabinoides, presents en la marihuana i els seus derivats, sén coneguts
per estimular la gana i reduir les nausees, i per aquest motiu han estat utilitzats per
incrementar la ingesta en pacients amb cancer [242]. El mecanisme pel qual els
cannabinoides exerceixen els seus efectes no és del tot clar. S'ha suggerit que actuen
mitjancant els receptors d'endorfina o bé inhibint la sintesi de prostaglandines [242].
Altres estudis proposen que els derivats de la marihuana podrien actuar inhibint la
produccié/secrecié de citoquines [243,244]. Existeixen pero, efectes adversos com
son: euforia, empitjorament de les funcions cognitives, vertigens i somnoléncia. El
dronabinol és l'ingredient actiu i responsable d'aquests efectes.

La majoria de treballs en la caquéxia s'han desenvolupat en la SIDA. En un
assaig aleatoritzat, doble cec i controlat amb placebo en 139 pacients amb SIDA, va
mostrar que una petita dosi oral de THC (5 mg) millorava significativament la gana i les
nausees en comparacié amb el placebo, i també millorava I'estat d'anim i I'augment de
pes [245]. Pel que fa al tractament de la caquéxia cancerosa, diversos estudis han
descrit una millora en la ingesta en pacients amb cancer avancat després de
I'administracié del delta-9-tetrahidrocannabinoid, un derivat de cannabinoids [246—

248], tot i que en cap d'ells s'ha observat un increment de pes.

B. Corticosteroides

Els corticosteroides varen ser la primera aproximacié farmacologica pel
tractament de I'anoréxia en cancer. S'han utilitzat per incrementar la ingesta en
pacients amb cancer, i molts estudis demostren que els simptomes de la caquéxia,

com l'anoréxia i I'asténia, poden ser parcialment mitigats amb un tractament amb
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corticosteroides com la dexametasona i la prednisolona [249,250]. No obstant aixo, els
efectes son de curta durada (menys de 4 setmanes) i es troben associats a efectes
secundaris de llarga durada, com la resisténcia a la insulina, retencié de liquids,
miopatia, fragilitat de la pell, insuficieéncia adrenal i trastorns cognitius i del son [249].

El mecanisme d'accid dels corticosteroides no és del tot ben conegut, pero la seva
accié antiinflamatoria esta probablement relacionada amb la inhibicié de
I'alliberament de IL-1, TNF-a [251], i leptina, aixi com I'estimulacié del NPY. Malgrat els
resultats, I'Us de corticosterids en la practica clinica de la caquéxia cancerosa
probablement no és la millor alternativa terapéutica ja que han estat relacionats amb

atrofia muscular [251,252].

C. Progestagens

Una de les aproximacions terapéutiques que s'utilitza actualment en pacients
amb caquéxia és I'Us de derivats de la progesterona com ara l'acetat de megestrol
(AM) o la medroxiprogesterona (MPA), utilitzats en humans per millorar la gana, la
ingesta calorica i l'estat nutricional [253-255]. Els derivats de la progesterona soén
farmacs sintetics que s'utilitzaven en un principi en el tractament de les neoplasies
hormona-depenent, perd es va observar un guany de pes i una estimulacié de la gana
tant en els pacients que responien al tractament com els que no [256].

En el cas del AM es desconeix la rad associada al guany de pes, tot i que el seu
mecanisme d'accié podria estar relacionat amb |'activitat dels corticosteroides, ja que
a nivell quimic sén similars a ells. Aquests progestagens actuen induint la gana amb la
estimulacié del neuropéptid Y [257]. Per altra banda, s'ha demostrat que el MPA

redueix la produccid in vitro de serotonines i citoquines (IL-1, IL-6, TNF-a) en plasma de
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pacients amb cancer [258]. Tots aquests factors humorals estan implicats en la
resposta caquexia-anorexia. Al 1993, I'Administracié Federal de Drogues (FDA) dels
Estats Units va aprovar I'is d'AM per al tractament de la caquéxia associada al cancer,
aixi com per a la caquéxia associada a malalties croniques com la SIDA. Fins ara, cap
tractament farmacologic ha demostrat una eficacia i una major tolerancia que I'AM [9].

Nombrosos assaigs clinics en humans han demostrat que I'AM (480-800mg/dia),
en general, té un efecte favorable millorant la gana, la ingesta d'aliments, les nausees i
augmentant el pes del pacient amb caquéexia [248,259-261], que és sens dubte positiu
per a la imatge corporal, pero aixd ha estat atribuit principalment a un augment de
massa grassa i no a la massa muscular. Tot i les millores que exerceix sobre la ingesta i
el guany de pes, fins ara no hi ha estudis que informin dels efectes beneficiosos de
I'AM sobre la massa magra, qualitat de vida i la supervivéncia de pacients amb cancer

[262,263].

D. Grelina

La grelina és una hormona alliberada per I'estdmac, que té la capacitat d'unir-se
al receptor de I'hormona de creixement secretagog (GHSR) [264]. Es un estimulant de
la gana i la ingesta d'aliments de gran abast [265]. L'administracié de grelina en rates
caquectiques, a més d'estimular la ingesta d'aliments, va donar lloc a un marcat guany
de pes aixi com un increment en la massa del teixit adipds [266] i la massa magra
[267]. A més, la grelina sembla atenuar el dany epitelial gastrointestinal induit per la
doxorubicina [268], suggerint que la grelina pot ser un factor de proteccié contra els

efectes toxics de la quimioterapia.
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A la practica clinica, I'is de grelina i agonistes de la grelina ha conduit a
resultats prometedors en pacients caquéctics amb cancer. En pacients amb cancer
metastatic, I'administracié de la infusié de grelina va augmentar el consum d'energia
en un 30% i va millorar I'apreciacié del menjar [269]. En canvi, en un altre estudi en
pacients amb cancer avancat, I'administracié de la infusié de grelina no va tenir cap
efecte en la ingesta d'aliments o el pes corporal [270]. Recentment, en un estudi clinic
en pacients amb cancer gastrointestinal, es va observar que la injeccié de la grelina
durant dos mesos a la dosi alta (13 mg/kg/dia) va millorar la gana, va reduir la pérdua
de teixit adipds i una tendéncia cap a una major massa corporal magra [271].

En un estudi pilot en voluntaris sans, utilitzant I'agonista de la grelina RC-1291
(Anamorelina), va causar un augment de pes depenent de la dosi [272]. Un assaig
aleatori controlat amb placebo en pacients sans, va mostrar que I'Us d'anamorelina va
donar lloc a un augment de pes i I'augment de la concentracié de IGF1 circulant [273].
Recentment, en un pilot aleatoritzat, doble cec, es va evidenciar que l'anamorelina
produeix un augment del pes corporal i de la concentracié de IGF1 circulant aixi com
una millora en la ingesta de nutrients i la gana en pacients amb cancer incurable [274].
Malgrat resultats encoratjadors, calen assajos addicionals per avaluar ['eficacia

d'aquests agents com a terapies potencials per a la caquéxia cancerosa.

8.2.2. Agents antiinflamatoris

La inflamacié sistémica juga un paper critic en la fisiopatologia de la sindrome

caquectica. Les citoquines pro-inflamatories, com ara TNF-q, IL-1, i IL-6, han estat

implicades en el desenvolupament de la caquéxia cancerosa i s'ha demostrat que
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presenten efectes sinergics. Per tant, multiples estrategies terapeutiques s'han
desenvolupat per reduir la resposta inflamatoria mitjancant el bloqueig de la sintesi o

accié de les citoquines.

A. Talidomida

Les primeres indicacions de la talidomida van ser com a sedant i
antiinflamatori, pero es va abandonar la seva utilitzacié per la tragédia deguda als seus
efectes teratogenics. De fet, el seu Us com a sedant en dones embarassades va causar
més de 10000 casos de malformacions severes en els recent nascuts [92]. Tanmateix,
la talidomida ha demostrat ser un tractament viable per diverses condicions médiques.
Inhibeix el TNF-a en malalts amb cancer, SIDA i altres malalties [275]. A més, la
talidomida ha estat relacionada per ser eficag¢ en diversos sindromes relacionats amb
cancer avancat, com la sindrome de la caquéxia cancerosa, nausees croniques,
insomni, febre d'origen neoplastic, angiogenesi i dolor [275]. En un estudi clinic obert
en pacients amb cancer metastatic, es va trobar que I'administracié de la talidomida
(100 mg a la nit durant deu dies), millorava la gana i la sensacié de benestar, aixi com
la ingesta d'aliments [276]. Un estudi clinic en pacients amb cancer d'esofag
inoperable, va mostrar que I'administracié de la talidomida (200 mg al dia durant
catorze dies) va donar com a resultat I'augment de pes i un guany de massa corporal
magra [277]. En un altre assaig controlat amb placebo i aleatoritzat en pacients amb
cancer de pancrees inoperable, la talidomida (200 mg al dia durant vint setmanes) va
ser ben tolerada i va atenuar la pérdua de pes i de massa corporal magra [278].
Finalment, en un estudi recent es va demostrar que prenent talidomida (50 mg al dia

durant catorze dies) va millorar la gana i la qualitat de vida dels pacients amb cancer
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avancat, pero no va afectar en la perdua de pes [279]. Actualment, per tant, no hi ha
evidencies suficients per donar suport o refutar I'is de la talidomida en el tractament

de la caquéxia en pacients amb cancer [280].

B. La melatonina

La melatonina és una hormona endogena secretada per la glandula pineal i que
s'utilitza per desordres del son. El seu mecanisme d'accid en la caquéxia cancerosa és
la inhibicid de la secrecid de TNF-a. Un estudi aleatoritzat [281] en pacients amb
cancer avangat que no responien al primer cicle de quimioterapia, van rebre 20 mg/dia
de melatonina oral durant 2 mesos; en un total de 1.440 malalts, els que rebien
melatonina la freqlieéncia de la caquéxia, asténia, trombocitopénia i linfocitopénia va
ser significativament menor que els que no la van rebre. En un segon estudi, es va
avaluar la influéncia de melatonina en I'eficacia i la toxicitat de la quimioterapia en un
grup de 200 pacients amb tumors solids metastasics resistents a la quimioterapia, que
van ser assignats aleatoriament per rebre quimioterapia sola o la quimioterapia més
melatonina; els pacients tractats amb melatonina (20 mg al dia) van mostrar una
estabilitzacié de la malaltia aixi com una menor toxicitat associada al tractament que
els pacients tractats amb placebo [281]. Altres treballs d'aquest grup d'investigacié han
descrit que I'ds de la melatonina en pacients amb cancer avancat millora la taxa de
resposta al tractament i la supervivéncia [281-283]. Malgrat aquestes observacions
satisfactories, altres estudis han mostrat resultats oposats. De fet, en un estudi pilot
aleatoritzat en pacients amb cancer gastrointestinal avancat, el fet de prendre
melatonina (18 mg diaris) no va induir efectes sobre I'estat inflamatori i la pérdua de

pes [284]. A més, un assaig clinic doble cec en pacients caquéctics amb cancer avangat,
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ha demostrat recentment que prendre melatonina per via oral 20 mg a la nit no va
millorar la gana, el pes, la supervivéncia o la qualitat de vida en comparacié amb el
placebo [285]. Per tant, es necessita més investigacié per determinar si la melatonina
té un paper potencial en el tractament simptomatic de pacients amb caquéxia per

cancer.

C. Antiinflamatoris no esteroidals

Els medicaments antiinflamatoris no esteroidals (AINE), incloent els inhibidors
de la ciclooxigenasa-2 (COX-2), la indometacina i l'ibuprofe, redueixen l'alliberament
de proteines de fase aguda i citoquines [286]. En estudis amb animals, la inhibicié de la
sintesi de prostaglandines va atenuar la progressié tumoral i va disminuir la incidéencia
de la caquéxia cancerosa [287,288]. Els AINE inhibeixen la sintesi de prostaglandines, i
per tant, bloquegen els efectes de la inflamacié sistéemica. Lundholm et al. van
demostrar que I'Us de indometacina pot prolongar la supervivéncia en pacients
caquectics amb tumors solids metastasics, incloent el cancer de pancrees [289]. Altres
assaigs clinics controlats han demostrat que l'ibuprofé pot disminuir els nivells de PCR,
augmentar el pes corporal i la massa muscular i millorar la qualitat de vida,
especialment quan es combina amb progestagens [290]. D'altra banda, s'ha observat
experimentalment en ratolins caquéctics portadors de tumor C26, que el tractament
amb celecoxib (AINE que inhibeix selectivament la COX-2) va prevenir el
desenvolupament de la caquéxia [291], fet que suggereix un benefici probable per al
seu Us clinic. En un estudi pilot aleatoritzat, es va demostrar que els pacients amb
cancer que rebien celecoxib a més de capsules d'oli de peix, mostraven un guany de

massa magra i massa grassa, major forca d'agafada i una disminucié de la concentracié
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de PCR circulant, en comparacié amb els pacients tractats només amb les capsules
d'oli de peix [292]. En un altre assaig clinic pilot en pacients amb cancer de cap i coll o
de tracte gastrointestinal, s'ha demostrat que I'administracié de celecoxib va causar un
marcat augment de pes, un increment de I'index de massa corporal i una millora en la
qualitat de vida [293]. Finalment, un estudi no aleatoritzat de fase Il va demostrar que
després del tractament amb celecoxib, es va incrementar la massa magra, la
concentracié de TNF-a circulant va ser disminuida, i la forca d'agafada i la qualitat de
vida havien millorat [294].

Basant-se en aquests resultats, hi ha evidencia que els AINEs poden millorar el
pes dels pacients caquectics. També poden millorar I'estat funcional, qualitat de vida i
I'estat inflamatori. Per tant s'hauria considerar I'Us d'aquests com a part de la terapia

anticaquectica.

D. Anticossos i receptors solubles

L'us d'anticossos o receptors solubles anticitoquines podria ser una opcié
terapeéutica viable. De fet, els estudis en animals han mostrat certa eficacia. En rates
caquectiques portadores de I'hepatoma ascitic Yoshida AH-130, es va demostrar que la
injeccid d'un anticos policlonal anti-TNF-a causa una disminucié en la degradacié de
proteines en el muscul esquelétic; no obstant aix0, aquest tractament no va ser capag
d'evitar la reduccié de pes [295]. En models murins de caquéxia, la injeccid d'un
anticds monoclonal anti-IL-6 va inhibir la pérdua de pes induida pel tumor [103]. En un
altre estudi amb ratolins caqueéctics portadors del LLC, la injeccié d'anticossos
monoclonals anti-IFN-y va resultar en una reduccié en la pérdua de pes i la massa

grassa [296].
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En humans, en canvi, s'han realitzat un nombre molt limitat d'estudis clinics.
L'ds d'un compost, etanercept, s'ha posat a prova. Es tracta d'una proteina de fusid
que uneix la fraccié soluble p75 del receptor de TNF-a amb un fragment Fc d'una
immunoglobulina de tipus G; aquesta s'uneix a TNF-a in vivo i bloqueja la seva
interaccido amb els receptors de la superficie cel-lular [297]. En un assaig clinic pilot, es
va observar que els pacients amb cancer avancgat tractats amb etanercept combinat
amb un agent antitumoral (docetaxel), patien menys fatiga i presentaven una millor
tolerancia al tractament antitumoral [298]. No obstant aixd, un assaig clinic en
pacients amb diversos cancers solids, va mostrar que el tractament amb etanercept no
va tenir cap efecte sobre la gana, la péerdua de pes i la supervivéencia [299]. Un altre
estudi de fase Il, on es va utilitzar un anticos monoclonal anti-TNF-a (infliximab) per tal
de millorar els simptomes de la caquéxia en pacients amb cancer de pancrees, tampoc
no van mostrar resultats satisfactoris [300].

Pel que fa a la IL-6, recentment s'ha demostrat en pacients amb cancer de
pulmd no microcitic (NSCLC) que un anticos humanitzat anti-IL-6 (anomenat ALD518),
va disminuir la pérdua de massa corporal magra en comparacié amb el placebo [109].
Finalment, amb una estratéegia alternativa utilitzant un antagonista del receptor d'IL-6,
tocilizumab, alguns pacients van mostrar alguns efectes prometedors, com ara
I'augment de pes o reduccié dels nivells de PCR [301-303]. No obstant aixd, s'han
mostrat alguns casos de malignitat associada a I'Us del tocilizumab [304], el que
requereix la implementacié d'assajos clinics a major escala per avaluar la seguretat i

eficacia.
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8.2.3. Agents anabolics

A. Esteroides anabolitzants

L'ds d'esteroides anabolics, com la testosterona, és vinculant per la seva
incapacitat per separar els efectes anabolics desitjats en el muscul dels efectes
secundaris androgénics no desitjats [305]. Els pacients amb NSCLC en tractament de
quimioterapia van ser tractats amb decanoat de nandrolona (200 mg setmanal durant
quatre setmanes), i es va demostrar que el derivat de I'esteroide anabolic de
testosterona tendeix a disminuir la pérdua de pes i augmentar la supervivencia [306].
En canvi, els pacients aleatoritzats amb cancer d'esdfag es va demostrar que el
tractament amb decanoat de nandrolona no va implicar cap efecte beneficiés en
I'estat nutricional [307]. Per tant, cal trobar substituts preferentment causant un
efecte anabolic. La necessitat d'aquests agents ha estimulat el desenvolupament de
moduladors selectius del receptor d'androgens (SARM). El enobosarm, també conegut
com Ostarine o Gtx-024, és un SARM no esteroidal que té una activitat farmacologica
especifica androgénica i anabolica d'un determinat teixit [308]. En dos estudis clinics
de fase Il recents s'ha demostrat que el tractament dels pacients amb cancer amb
enobosarm genera un guany de massa corporal magra i la millora de I'activitat fisica,

sense causar efectes toxics associats amb |'activitat androgenica [309,310].

B. Agonistes B,-adreneérgics
Els agonistes del receptor p,-adrenérgic son molécules potencialment
interessants des que es van observar els efectes sobre el metabolisme proteic al

muscul esquelétic. S6n potents promotors del creixement muscular en moltes espécies

72




Introduccio

animals, donant lloc a una hipertrofia muscular esquelética [311-314], mentre que
causen una reduccié del contingut adipds del cos [315,316]. Aquests canvis en la
composicid estan associats a una redistribucié dels substrats energétics, que sén
mobilitzats des de les reserves cap a la utilitzacié per part de teixits com el muscul i el
teixit adipds marré [315]. El nostre grup va descriure que els agonistes del receptor B,-
adrenergic, concretament el clenbuterol, suprimien I'activacié de la proteolisi muscular
associada a la caquéxia inhibint la seva accié sobre el sistema proteolitic dependent de
ubiquitina durant el creixement tumoral [317]. S'ha vist que en pacients amb
insuficiencia cardiaca cronica, el tractament amb salbutamol durant 3 setmanes
augmenta la forca de la musculatura respiratoria; de totes maneres, no és capac¢ de
millorar les anormalitats en quadriceps o la capacitat de realitzar exercici [318].

El gran nombre de funcions fisioldgiques controlades pels receptors pB-
adreneérgics suggereix que els mecanismes pels quals es donen els canvis observats en
la composicid corporal poden ser extremadament complexes. Un mecanisme proposat
podria ser I'efecte directe de I'agonista sobre els receptors B-adrenergics en el muscul
esqueletic i teixit adipds. D'altra banda, hi ha estudis previs que indiquen que
I'estimulacié selectiva dels receptors [,-adrenérgics protegeix de canvis en la
morfologia cel-lular i la fragmentacié nuclear, caracteristiques de I'apoptosi en miocits
cardiacs i altres cel-lules [319]. Els agonistes-B, actuen sobre la cel-lula del muscul per
mitja de la via de senyalitzacid que impliquen el receptor B,-adrenergic, la proteina
quinasa A (PKA) i el factor de transcripcié CREB (sigles en anglés: cAMP response
element-binding) [320]. La via PI3K/Akt/mTOR també s'ha vist involucrada en la
resposta biologica dels teixits musculars al tractament amb agonistes-, [320-322].

S'ha de tenir en compte que les propietats farmacodinamiques d'un agonista concret
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son complexes i varien entre especies, i també en una mateixa espéecie depenent de
I'edat o de la dieta [323]. El clenbuterol és un d'aquests compostos amb importants
efectes anticaquéctics en models animals. El mecanisme d'accié d'aquesta droga es
basa en la seva capacitat per prevenir la degradacié muscular mitjangant la inhibicié de
la proteolisi en el muscul esquelétic [317]. De totes maneres, la toxicitat d'aquesta
droga en humans [324] no ha afavorit la realitzacié dels assajos clinics.

El formoterol és un potent agonista del receptor B,-adrenergic selectiu que
combina avantatges clinics de rapida accié amb durada d'accid. Aquesta llarga durada
d'accié es deu a la seva naturalesa lipofilica [325]. Aquest compost ja s'esta utilitzant
en humans pel tractament de broncoespasma associat a asma. /n vitro, aquest
compost és un relaxant muscular potent amb alta eficacia, alta afinitat i selectivitat
pels B,-adrenoceptors. A més, el formoterol també inhibeix un ampli rang de
processos inflamatoris aguts en models animals [326]. El formoterol actua relaxant la
musculatura llisa dels bronquis i proporcionant importants beneficis clinics en la
simptomatologia dels pacients amb MPOC [327]. Aquest compost, com altres
agonistes P,.adreneérgics, atenua la reaccid asmatica tardana induida per agents
al-lergénics [328] i, sota algunes condicions, té més efectes que d'altres agonistes [,.
adrenergics com el salbutamol i el salmeterol [329].

En particular, I'ds d'aquest agonista B,-adrenergic en animals d'experimentacié
ha demostrat ser molt util en la reversié de I'atrofia muscular associada amb el cancer
[330]. A més de la seva toxicitat relativament baixa, el formoterol és capacg de revertir
el procés de pérdua muscular. Els efectes del farmac contra el desgast muscular es
basen tant en la taxa d'activacié de la sintesi proteica com en la taxa d'inhibicié de la

proteolisi dels musculs. Experiments realitzats al nostre grup posen de manifest que el
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tractament amb formoterol déna lloc a una disminucié en I'expressid del sistema
ubiquitina-proteasoma, ja que es mostra una disminucid de l'expressid de gens
relacionats en aquest sistema proteolitic com la ubiquitina, subunitats del proteasoma,
i lligasses E3 com MuRF1 i atrogina-1 en el muscul esquelétic, que, juntament amb la
disminucié de l'activitat del proteasoma, suggereix que la principal accié
antiproteolitica del farmac es basa en la inhibici6 d'aquest sistema proteolitic
[330,331]. L'agonista B,-adrenérgic també es capac¢ de disminuir I'augment de la taxa
d'apoptosi en muscul present en animals portadors de tumors, aixi com de facilitar la
regeneracié muscular al estimular la proliferacié de les cél-lules satel-lit [332].

L'us de B,-agonistes, pero, es relaciona amb un nombre d'efectes adversos.
Aquests efectes limiten actualment I'Us de B,-agonistes per al tractament de pérdua de
massa muscular en éssers humans. L'administracié de B,-agonistes pot provocar
simptomes com ara tremolors, rampes musculars, mal de cap i vasodilatacié periférica,
pero I'efecte advers més prominent de I'administracié cronica de B,-agonistes és una
alteracié de l'estructura i la funcid del muscul cardiac. Taquicardia, hipertrofia
cardiaca, la infiltracié de col-lagen a les parets del ventricle esquerre i reduccié de la
pressid ventricular esquerra s'han associat amb I'Us de agonistes-B, en rata i ratoli
[333—336]. Les diferéncies entre els estudis sén essencialment relacionades amb la
propia molécula agonista-B,, la dosi utilitzada i la durada del tractament agonista-j3,.
No obstant aix0, la hipertrofia cardiaca és completament reversible després de la
interrupcié de I'administracié del agonista-B, (clenbuterol, formoterol) en rata
[337,338]. També cal destacar que la hipertrofia cardiaca associada amb

I'administracido de l'agonista-B, pot conferir alguns beneficis fisiologics a I'atenuar
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I'atrofia dels cardiomiocits associats amb els dispositius d'assisténcia ventricular

esquerra [339].

C. Inhibidors de la miostatina

Una altra estratégia analitzada per fer front a la caquéxia sén els antagonistes
de la miostatina, la qual regula negativament el creixement i el desenvolupament
muscular [148]. Molts investigadors s'han centrat en el potencial terapéutic de la
inhibicié de la via de senyalitzacid miostatina/activina. El bloqueig de senyalitzacié
miostatina/activina es pot aconseguir per diversos tipus de proteines que interfereixen
amb les interaccions lligand-receptor. En els ultims anys s'han dissenyat diverses
molecules que han demostrat ser eficaces en models preclinics de la malaltia. La
inhibicié de la miostatina dirigida per anticossos va atenuar l'atrofia del muscul
esqueletic i la pérdua de capacitat d'exercir forca muscular en un model muri de
caquexia cancerosa, en part per la reduccié de l'apoptosi [340]. Un altre estudi va
posar de manifest que I'administracié sistemica de ACVR2B-Fc (proteina de fusié Fc al
domini extracel-lular del receptor de activina) va inhibir el desgast muscular i les
reserves adiposes en dos models experimentals de caquéxia, sense afectar el
creixement tumoral [134]. H.Q Han i el seu equip van dissenyar un receptor soluble de
la miostatina (sActRIIB), el qual reverteix la pérdua de massa muscular i I'atrofia
cardiaca associada a la caqueéxia, i per altra banda incrementa la supervivencia dels
ratolins [129]. No obstant aix0, la informacié sobre la participacié d'alguns d'aquests
agents en assaigs clinics és escassa, i fins al moment cap de les substancies conegudes
ha tingut un efecte positiu en pacients. MY0O-029 és un anticos especific de la

miostatina humana recombinant que no va mostrar cap millora significativa en la forca
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muscular i en la funcié muscular en les distrofies musculars en adults [341]. L'altre
compost desenvolupat per la companyia farmaceutica Amgen, AMG 745, té una
composicié desconeguda, perod la seva prova es va aturar després de la fase | d'assajos
clinics [342], i no se sap si continuara el desenvolupament d'aquest compost. Una altra
forma soluble del receptor ActRIIB desenvolupat per Acceleron Pharma, ACE-031, ha
demostrat ser ben tolerat i augmenta la massa magra en dones postmenopausiques
sanes, i es preveu seguir el desenvolupament de ACE-031 [343]. Finalment, BYM338,
un anticos huma que actua com un inhibidor de la miostatina, desenvolupat per
Novartis Pharmaceuticals per tractar la caquéxia associada al cancer de pulmé o de
pancrees, és actualment testat en un assaig multicéntric, aleatoritzat, doble cec i
controlat amb placebo de fase Il [344]. Aquest estudi esta dirigit a pacients caqueéctics
amb un diagnostic confirmat de cancer de pulmé no microcitic en estadi IV o
d'adenocarcinoma de pancrees en estadi llI/IV. La valoracié dels resultats primaris és la
mesura dels canvis en la massa muscular de la cuixa mitjangant ressonancia magneética;
els resultats secundaris inclouen una prova de marxa de 6 minuts i I'eficacia en el
tractament de péerdua de pes total no intencional. L'estudi ja ha estat completat tot i

que els resultats no han estat publicats encara.

8.3.  EXERCICIFiSIC

Aproximadament el 25% dels casos de cancer a tot el mén es deuen a un excés
de pes i un estil de vida sedentari. L'activitat fisica pot reduir el risc de diversos tipus
de cancer per diversos mecanismes, entre ells la disminucié de les hormones sexuals,

hormones metaboliques i la inflamacié i millorar la funcié immune. El nivell d'activitat
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fisica també pot estar associat amb el pronostic en persones amb cancer. Assaigs
clinics aleatoritzats han demostrat que les intervencions d'activitat fisica poden canviar
biomarcadors de risc de cancer [345]. Tot i estar ben documentada la capacitat de
I'exercici cronic per contrarestar la inflamacié relacionada amb la malaltia subjacent,
desafortunadament s'han realitzat molt pocs estudis, tant clinics com experimentals,
per definir I'efectivitat de I'exercici contra la caquéxia [346]. El fonament per a I'Us
d'exercici és bastant simple: s'ha demostrat que durant la caqueéxia la forca muscular i
la resisténcia es redueix drasticament [347,348]. Aquestes alteracions limiten
severament la capacitat de realitzar activitats diaries i, en conseqliéncia, posen en
perill la qualitat de vida del pacient. L'entrenament amb exercicis, per contra, és capag
d'augmentar la forca i la resistéencia en condicions saludables, depenent del tipus
d'exercici. D'altra banda, s'ha demostrat que actua com un excel-lent impuls anabolic
per al muscul esquelétic en combinacié amb esteroides anabolics o altres farmacs
anabolics musculars [349].

No obstant aix0, per considerar l'exercici en malalts amb cancer s'han de
considerar diversos factors, en particular les alteracions metaboliques que podrien
limitar la capacitat per fer exercici i, per tant, els efectes beneficiosos o perjudicials
resultants. En realitat, molts pacients de cancer pateixen de fatiga cronica, ja sigui
degut a la propia malaltia o al seu tractament, sent aquest ultim un factor de confusié
que limita la practica d'exercici. De fet, dades recents del nostre laboratori suggereixen
que l'exercici no és aconsellable quan I'anémia és present, ja que quan s'exerciten
ratolins portadors de tumors que pateixen d'una disminucié significativa en
I'hematocrit, la seva condicié empitjora [350]. L'anémia és una caracteristica freqlent

dels pacients amb caqueéxia cancerosa, contribuint a la pérdua de pes, disminucié de la
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capacitat d'exercici, i 'homeostasi d'energia alterada [351]. La incidéncia de I'anémia
varia amb el tipus de tumor, I'estadi i I'edat del pacient: fins a un ter¢ dels pacients
amb cancer sén anémics al moment del diagnostic [352] i la quimioterapia poden fins i
tot augmentar aquest nombre. No obstant aix0, el tipus d'exercici a realitzar en una
poblacié de pacients de cancer és molt important.

La practica d'exercici indueix I'anabolisme muscular; per tant, I'exercici de forca
podria antagonitzar I'atrofia muscular a la caquéxia i I'entrenament aerobic podria
millorar la fatiga [353]. Si considerem el manteniment de la massa muscular com a
objectiu principal que s'ha d'assolir en la caquexia, és preferible I'exercici de forga
enlloc de I'exercici de resisténcia; mentre que el primer exerceix una accié anabolica,
['dltim estimula adaptacions metaboliques oxidatives amb petits canvis en la massa
muscular [350]. No obstant aix0, lI'anabolisme induit per I'exercici de for¢a no implica
necessariament un efecte anticatabolic. Per contra, I'exercici aerobic lleu podria
contrarestar la reduccié de la capacitat oxidativa present en la caquéxia experimental
[354]. L'estimulacié del metabolisme oxidatiu podria impedir directament Ia
hiperlipidémia, i per tant millorar la resisténcia a la insulina. Finalment, I'exercici
aerdbic indueix adaptacions fisiologiques que resulta en I'atenuacié de la resposta
inflamatoria [355].

A diferencia de l'exercici de forca, I'exercici de resisténcia es pot realitzar
desproveit d'equips, és ben tolerat pels pacients, i es pot observar un efecte
antiinflamatori fins i tot a baixa intensitat [346]. Com a resultat, |'exercici aerdbic ha
estat el tipus d'exercici d'eleccié en la majoria dels estudis realitzats fins a la data.
Alguns estudis en pacients han demostrat que I'exercici de resisténcia redueix la fatiga

i el malestar psicologic en pacients amb cancer que reben quimioterapia [356], i va
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portar a una millora de la funcié fisica dels pacients amb cancer de mama [357]. Un
altre metanalisi [358] va informar dels efectes diferencials exercits per I'exercici,
depenent de la patologia considerada i el tipus d'exercici realitzat, tot i que només es
va observar un efecte positiu global de l'exercici quan es van agrupar totes les
patologies considerades. Un assaig aleatori més recent va mostrar que, en els pacients
amb cancer avangat, I'exercici és factible i tot i que la fatiga no es va veure reduida, el
rendiment fisic va millorar considerablement [359]. Altres estudis han informat que
I'entrenament fisic, ja sigui aerobic, de forca o protocols combinats, ha estat
ampliament adoptat en el tractament de pacients amb molts tipus i estadis de tumors,
i en diferents fases del tractament. Aquesta estrategia ha resultat en una millor
qualitat de vida i el manteniment funcional en cancer de pit [360], cancer de pulmé
incurable [361], i cancer de prostata [362], aixi com en els limfomes [363]. Per tant, els

beneficis de I'exercici per als pacients amb cancer sén inequivocs.

8.4. TERAPIA MULTIMODAL

La manca de consciéncia dels problemes de nutricid i I'estat dels pacients amb
cancer per molts oncolegs [364], juntament amb la manca d'evidéncies d'una terapia
adequada, fa de la caquéxia una gestié rarament activa, que freqlientment resulta en
una progressiva pérdua de pes que va avangant sense diagnosticar fins que es torna
greu. La implicacid critica de la resposta inflamatoria de I'hoste en el desenvolupament
de la caquéxia, i en particular I'esgotament de la massa corporal magra, limita la
resposta a un suport nutricional estandard [81]. Tenint en compte que la caquéxia és

una sindrome multifactorial, és poc probable que un sol medicament sigui efectiu per
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contrarestar-la. Per tant, la linia de recerca futura és el disseny d'un enfocament
multimodal, és a dir, una combinacié de farmacs que actuen sobre diferents vies
fisiopatologiques, per prevenir o retardar l'aparicié de la caquéxia en malalts de
cancer. En primer lloc, I'estratégia terapeutica ideal hauria de contemplar el suport
nutricional, ja sigui mitjancant suplements nutricionals, incorporant nutracéutics o
farmacs [365]. En segon lloc, la terapia multimodal hauria d'incorporar una doble
estrategia, tant anticatabolica com anabodlica. De fet, el bloqueig de I'estat catabodlic
vinculat a la caquéxia que pateixen el pacients amb cancer és absolutament essencial.
No obstant aix0, considerant l'alta demanda d'aminoacids per part del tumor,
I'enfocament terapéeutic també hauria d'incorporar un agent anabolic per potenciar la
sintesi de proteina muscular. Tal enfocament pot millorar la tolerancia als tractaments
contra el cancer agressiu i la capacitat funcional i la qualitat de vida, fins i tot en etapes
avancades de la malaltia. A més, els tractaments futurs s'haurien d'iniciar en el
moment del diagnostic del cancer i s'haurien d'adaptar a l'estadi de caquéxia del
pacient [15]. El tractament de la caquéxia per a un pacient terminal ha de ser
principalment pal-liatiu, i ha de ser diferent del d'un pacient que té un estadi de cancer
inicial; des d'aquest punt de vista, establir una escala dels pacients caqueéctics és
absolutament essencial per a l'aplicacié d'una terapia adequada i ha d'anar
acompanyada de guies cliniques [26].

En els Ultims anys s'han realitzat alguns assaigs clinics enfocats a aquesta linia
de terapia multimodal. Un estudi clinic controlat de fase Ill ha comparat 5 tractaments,
AM, EPA, L-carnitina, talidomida i la combinacié de tots ells, en un periode de 4 mesos.
Els resultats van mostrar que la combinacié dels 4 farmacs va ser superior als farmacs

utilitzats de manera individual per millorar la gana i I'asténia, en la reduccié de despesa
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d'energia en repos, en l'augment de la massa magra i en la reduccié dels nivells d'IL-6
[294]. En un altre assaig de fase lll en pacients amb cancer ginecologic, es va observar
que el tractament format per la combinacié de AM, carnitina, antioxidants i celecoxib,
va donar lloc a un augment de la massa corporal magra, una reduccié de l'estrés
oxidatiu i de la inflamacié i a millorar la qualitat de vida, en comparacié amb els

pacients tractats només amb AM [261].
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L'objectiu principal d'aquesta tesi doctoral és demostrar la necessitat
d'establir una terapia multimodal per al tractament de la caquéxia cancerosa que

englobi agents anabolics i anticatabolics amb base nutricional o farmacologica.

Pel disseny d’una bona estrategia multimodal s'utilitzen diferents
aproximacions: d’una banda, es testen una série de farmacs candidats per a
combatre les alteracions metaboliques i I'anoréxia associades a l'estat caquectic, i
d’altra banda, per poder dissenyar una bona estrategia necessitem generar el model
preclinic que millor s'aproximi a la condicié humana, com és un model experimental
de caquexia cancerosa tractat amb una terapia antitumoral. Els models tumorals
utilitzats en aquesta tesi doctoral sén I'hepatoma ascitic Yoshida AH-130 (en rata de
la soca Wistar), el carcinoma pulmonar de Lewis (LLC) (en ratoli de la soca C57BL/6),
I'adenocarcinoma de colon C-26 (en ratoli de la soca Balb) i el melanoma B-16 (en
ratoli de la soca C57BL/6). Tots quatre es caracteritzen per ser tumors de creixement

rapid i que indueixen la sindrome de la caquéxia en un temps relativament curt.

Dins d'aquest objectiu general, s'engloben diferents qliestions que conformen

el cos de la tesi. De forma detallada, els objectius especifics es defineixen com:

1. Avaluacio dels efectes del tractament amb formoterol sobre la funcié cardiaca

en rates portadores de I'hepatoma ascitic Yoshida AH-130.
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El tractament amb formoterol ha demostrat ser un bon candidat per la terapia
contra la caquéxia, donada la seva capacitat de reduir la pérdua de massa muscular
associada amb |'estat caqueéctic en animals portadors de tumor. Perd atés que alguns
agonistes-B, han mostrat una certa cardiotoxicitat, I'objectiu d'aquesta investigacié ha
estat analitzar els efectes del tractament amb formoterol sobre la funcié cardiaca en

rates caquéctiques portadores de tumor.

2. Determinacio de la possible correlacié entre desgast muscular i pérdua de

funcionalitat del muscul esquelétic.

Els animals portadors d'un tumor caquéctic experimenten un desgast
muscular que es reflexa en una disminucié en els pesos dels musculs. El que es
pretén estudiar en aquest apartat és si aquesta pérdua de pes es tradueix amb una
manca de funcionalitat muscular avaluant la forca muscular i I'activitat fisica dels
animals. En cas afirmatiu, aquesta eina ens sera de gran utilitat per poder avaluar la
efectivitat dels tractaments testats, no només a nivell dels pesos dels musculs, sind
a nivell de la condicié fisica en que es troben dels animals, per aproximar-nos en

cert grau, a poder mesurar la qualitat de vida dels animals.

3. Avaluacid de diferents estratégies terapéutiques unimodals per al tractament

de la caquéxia cancerosa.

En aquest bloc s'han testat diferents aproximacions terapeutiques per

combatre la caquéxia cancerosa. S'ha avaluat el potencial anticaquéctic de diferents
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agents anabolics i anticatabolics com sén |'agonista B,;-adrenergic formoterol o el
receptor soluble d'activines sActRIIB, per contrarestar la péerdua de massa muscular,
aixi com agents per contrarestar l'anoréxia com sén l|'acetat de megestrol o la
carnitina.

A partir del resultats obtinguts, s'ha avaluat la combinacié d’algunes d’aquestes
aproximacions per estudiar-ne la interaccié entre elles amb la finalitat dissenyar una

terapia multimodal.

4. Aplicacio d’una terapia multimodal per al tractament de la caquéxia i analisi de

la interaccié amb la quimioterapia.

Concretament, es pretén estudiar la possible millora de l'estat i la condicid
fisica dels animals tractats amb una terapia multimodal anticaquéctica i antitumoral,
respecte als animals tractats amb una terapia Unicament antitumoral. Aixd0 permetra
valorar la necessitat d'aplicar terapies multimodals, dirigides tant a combatre el tumor
com a mitigar la caqueéxia de l'individu. Aquest objectiu es subdivideix en dos blocs:

1. Per generar l'entorn preclinic que millor s'aproximi a la situacié clinica

necessitem un model experimental de caquéxia tractat amb una terapia
antitumoral, i per aix0 és necessari posar a punt un tractament antitumoral

(sorafenib) en els diferents models de tumor experimentals.

2. Avaluar l'efecte d’un tractament anticaquectic multiple, en aquesta tesis
s'estudia concretament el tractament constituit per formoterol i acetat de

megestrol en rates portadores de I'hepatoma ascitic Yoshida AH-130 i
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tractades amb l'agent antitumoral sorafenib. D'aquesta manera, es pretén
avaluar si el fet d'afegir acetat de megestrol a la terapia anticaquectica
millora de manera significativa I'efecte anticaqueéctic del formoterol i d'altra
banda, analitzar si la terapia anticaquéctica és capa¢ d'augmentar

I'efectivitat de la terapia antitumoral i/o disminuir-hi la toxicitat.
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El formoterol és un agonista B2-adrenérgic selectiu altament potent, promotor
del creixement muscular en moltes espécies animals, el qual déna lloc a una
hipertrofia del muscul esquelétic. Estudis previs realitzats en el nostre laboratori han
demostrat que el tractament amb formoterol en els animals portadors de tumor va
prevenir la perdua de muscul a través de diferents mecanismes que inclouen |'apoptosi
i la proteolisi muscular. L'estudi se centra en rates portadores del model de tumor
ascitic Yoshida AH-130, el qual indueix un alt grau de caqueéxia, tractades amb
formoterol (0,3 mg/kg). L'administracioé de formoterol a rates caquéctiques portadores
de tumor va produir una reduccié significativa de la pérdua de pes muscular i va
incrementar la massa magra corporal i l'aigua corporal. El tractament, pero, no va
influir en el pes del cor, en el qual la carrega tumoral va produir una disminucid de pes.
Les rates portadores de tumor no tractades van mostrar canvis importants en els
parametres relacionats amb la funcié del cor: fraccié d'ejeccié del ventricle esquerre,
fraccié d'escurcament, diametre i volum del ventricle esquerre en diastole, volum
sistolic d'ejeccid, la massa i el gruix de la paret posterior del ventricle esquerre (PWT)
(totes dues sistolica i diastolica). L'administracio de formoterol va afectar el diametre i
volum del ventricle esquerre, el volum sistolic d'ejeccié i la massa del ventricle
esquerre.

Els resultats suggereixen que el tractament amb formoterol, a més de reduir la
perdua de massa muscular, no altera negativament la funcid cardiaca en animals
afectats per la caquéxia cancerosa; de fet, alguns parametres cardiacs es veuen fins i

tot millorats.
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Abstract

Background and aims Formoterol is a highly potent (32-
adrenoceptor-selective agonist, which is a muscle growth
promoter in many animal species, resulting in skeletal muscle
hypertrophy. Previous studies carried out in our laboratory
have shown that formoterol treatment in tumour-bearing ani-
mals resulted in an amelioration of muscle loss through dif-
ferent mechanisms that include muscle apoptosis and
proteolysis.

Methods The study presented involved rats bearing the
Yoshida AH-130 ascites tumour model—which induces a
high degree of cachexia—treated with the beta-2 agonist
formoterol (0.3 mg/kg BW).

Results The administration of formoterol to cachectic tumour-
bearing rats resulted in a significant reduction of muscle
weight loss. The treatment also increased lean body mass
and body water. The treatment, however, did not influence
heart weight, which was much decreased as a result of tumour
burden. Untreated tumour-bearing rats showed important
changes in parameters related with heart function:, left
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ventricle (LV) ejection fraction, fractional shortening, LV
diameter and volume (diastolic) and LV stroke volume, LV
mass and posterior wall thickness (PWT) (both systolic and
diastolic). The administration of formoterol affected LV diam-
eter and volume, LV stroke volume and LV mass.
Conclusions The results suggest that formoterol treatment, in
addition to reducing muscle wasting, does not negatively alter
heart function—in fact, some cardiac parameters are im-
proved—in animals affected by cancer cachexia.

Keywords Cancer - Cachexia - Muscle wasting -
Heart function - Formoterol

1 Introduction

Cachexia is a multifactorial syndrome and appears usually in
advanced cancer. It occurs in the last stages in the majority of
cancer patients being responsible for a 22 % of their deaths
[1]. The degree of cachexia is inversely correlated with the
expected survival time and always prognoses a poor outcome
[2]. Cancer cachexia features anorexia; weight loss; muscle
loss and atrophy; anaemia; and alterations in carbohydrate,
lipid and protein metabolism [3].

Recent murine studies indicate that skeletal muscle and
cardiac muscle wasting in cancer cachexia are associated
[4-8]. The decrease in heart weight is accompanied by chang-
es in the cardiac function, which are suggestive of congestive
heart failure [4—8]. According to Schiinemann, “cancer fatigue
syndrome reflects clinically non-overt heart failure”, which
clearly gives heart abnormalities part of the blame in the
fatigue of cancer patient [9]. Tian et al. suggested that cardiac
alterations in a mouse cancer cachexia model include as
follows: marked fibrosis, disrupted myocardial ultrastructure
and altered composition of contractile proteins such as tropo-
nin I and myosin heavy chain [7]. Similarly, Miihlfeld et al., in
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the cachectic tumour rodent model Lewis lung carcinoma,
observed a reduction of the total number of axons in the left
ventricle as a consequence of tumour burden [8]. This altered
innervation came along with a reduced expression of nerve
growth factor [8]. The challenged heart function observed in
tumour-bearing animals seems to be specifically related to
cardiac alterations [10]. The heart atrophy seems to be linked
to increased cardiac muscle proteolysis, shown through ele-
vated protein ubiquitinization and expression of MURF-1 and
atrogin-1 [10]. However, Cosper and Leinwand suggest that
the cardiac proteolysis is rather caused by increased autopha-
gy [11], contrary to what happens in skeletal muscle.
Surprisingly, in experimental animal, the inhibition of
NF-kB protects against tumour-induced cardiac atrophy
[12]. Drott and Lundholm also observed an increase in oxygen
consumption (as well as cardiac atrophy)—most likely related
to the anaemia so common in cancer patients—in the heart of
an experimental cancer rodent model [13]. Important ultra-
structural changes also occurred such as an increased ratio of
myofibrils/mitochondria and also sarcomeric alterations, con-
sistent with those observed during cardiac failure. The higher
oxygen consumption can be caused by increased energy ex-
penditure, converting the heart in an additional organ involved
in generating energy inefficiently. Indeed, the heart rate seems
to be elevated in cancer patients [14]. The heart rate seems to
be a very effective measure of cancer death risk, although the
association between these two parameters is still unclear. The
increased heart rate might be a marker of chronic stress and
anxiety: a natural consequence of the disease.

Therapeutic approaches to treat or prevent cachexia have not
been very satisfactory, mainly because of the toxicity and side
effects of the used drugs. The most common anti-cachexia
treatments currently used are based on nutritional approaches,
progestagens—such as megestrol acetate [15]—or glucocorti-
coids, the latter showing important adverse effects. Our labora-
tory introduced the use of [3,-adrenergic agonists as possible
drugs for the treatment of cachexia [16]. These agents are
known as potent muscle growth promoters in many animal
species, causing skeletal muscle hypertrophy [17-20], while
they reduce the body fat content [21, 22], but unfortunately,
[3,-adrenergic agonists also show a certain cardiotoxicity
[23-25]. Formoterol is a highly potent 3,-adrenoceptor-selec-
tive agonist, which combines the clinical advantages of the rapid
onset of action with a long lasting duration of action. This
compound is already prescribed to humans for the treatment
of bronchospasm associated with asthma. Our previous studies
have shown that formoterol treatment in tumour-bearing ani-
mals improved muscle loss through different mechanisms such
as muscle apoptosis and proteolysis [26]. A phase II clinical
study involving formoterol has also shown positive results in
patients with advanced cancer [27].

Bearing all this in mind, and since some [32-agonists are
involved in cardiotoxicity, the aim of the present investigation
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was to analyse the effects of formoterol treatment on heart
function in tumour-bearing cachectic rats.

2 Material and methods
2.1 Animals

Male Wistar rats (Harlan-Winkelmann, Borchen, Germany) of
5 weeks of age were used in the different experiments. The
animals were maintained at 2242 °C with a regular light—dark
cycle (light on from 08:00 a.m. to 08:00 p.m.) and had free
access to food and water. The food intake was measured daily.
All animal manipulations were made in accordance with the
European Community guidelines for the use of laboratory
animals.

2.2 Tumour inoculation and treatment

Rats were divided into two groups, namely controls (n=7) and
tumour hosts (n=16). The latter received an intraperitoneal
inoculum of 10® AH-130 Yoshida ascites hepatoma cells
obtained from exponential tumours [28]. The tumour group
was further divided into treated (»=8) and untreated (n=S),
the former being administered a daily intraperitoneal (i.p.)
dose of formoterol (0.3 mg/kg body weight (bw)) and the
latter a corresponding volume of solvent. On day 8 after
tumour transplantation, the animals were weighed and anaes-
thetized with an i.p. injection of ketamine/xylazine mixture
(3:1) (Imalgene and Rompun, respectively). The tumour was
harvested from the peritoneal cavity and its volume and cel-
lularity evaluated. Tissues were rapidly excised, weighted and
frozen in liquid nitrogen.

2.3 Body composition analysis

A nuclear magnetic resonance spectroscopy device
(EchoMRI-700™, Echo Medical Systems, Houston, TX)
was used to assess body composition with a sensitivity of
2 g [29]. Total body fat, lean mass and body fluids can be
measured by this system. In this study, body composition was
analysed 1 day before starting the treatment and 1 day before
sacrifice (8 days), and the results are expressed as the differ-
ence between both measurements.

2.4 Echocardiographic study

Rats were anaesthetized using 1.5 % isoflurane and laid in
supine position on a platform with all legs taped to ECG
electrodes for heart rate monitoring. Body temperature was
monitored and maintained at 39 °C using a heating pad. All
hair was removed from the chest. A high-resolution echocar-
diography system (Vevo 770; VisualSonics Inc, Toronto,
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Canada) was used [29]. The following parameters were
assessed using M-mode: the thickness of intraventricular sep-
tum (IVS), left ventricular (LV) posterior wall thickness
(PWT), LV end-diastolic diameter (LVDd) and LV end-
systolic diameter (LVDs). In this study, echocardiography
was performed 1 day before starting the treatment (results
not shown) and 1 day before sacrifice (8 days).

2.5 Statistical analysis

Statistical analyses of the data were performed by two-way
analysis of variance (ANOVA). Statistically significant differ-
ences by post hoc Duncan test. Different letters in superscript
indicate significant differences between groups.

3 Results

Formoterol treatment resulted in significant increases in lean
body mass and water both in controls and tumour-bearing rats
as compared with untreated animals (Fig. 1). Tumour burden
resulted in an important decrease not only in lean body mass
but also in body fat; the loss of fat mass was unaltered by
formoterol treatment (Fig. 1a). In a similar way, the beta-2
agonist did not inflict any changes in body fat in control
animals (Fig. la). The increase in lean body mass was
reflected by an increased weight of all analysed muscles
(Fig. 2). In healthy control animals, formoterol treatment
resulted in significant increases in gastrocnemius (10 %),
tibialis (9 %) and EDL (13 %). In tumour-bearing animals,
the treatment promoted an increase of gastrocnemius (15 %),
soleus (11 %), EDL (14 %), tibialis (14 %) and diaphragm
(23 %) (Fig. 2). Although the results did not reach statistical
significance (p=0.083), there was a tendency for formoterol to
increase heart weight (Fig. 2). Other studies have, however,

clearly shown an increase in heart weight in formoterol-treated
tumour-bearing animals [26, 27]. The observed effects of
formoterol on muscle mass clearly agree with previous studies
both in mice [26] and rats [26, 27].

Additionally, we decided to investigate the effects of
formoterol on heart parameters in the experimental rat model
used in our study. The results presented in Table 1 indicate that
tumour-bearing animals displayed an overall deterioration of
cardiac function: untreated tumour-bearing rats showed a
significant impairment of the left ventricular ejection fraction
and the fractional shortening being associated with a worse
heart contractility. Also, the stroke volume (LVSV) and the
end-diastolic volume (LV vol dia) were reduced in the tumour
group compared to control rats, while the end-systolic volume
was non-significantly increased.

The administration of formoterol prevented the loss of left
ventricular diameter (LVD) (in diastole and systole) (Table 1);
in fact, the loss of LV mass is correlated with survival, and its
prevention after the treatment with drugs commonly used to
treat heart failure improved survival [35]. Furthermore,
formoterol could increase LV stroke volume (LVSV) and the
end-diastolic and end-systolic volume (LV vol).

4 Discussion

Formoterol is able to ameliorate muscle wasting in tumour-
bearing rats through different mechanisms that include de-
creased protein degradation [26], increased protein synthesis,
decreased apoptosis [26] and increased muscle regeneration
[30]. Formoterol also reduces oxidative stress associated with
muscle wasting [31]. A factor to be taken into consideration is
the presence of 3-adrenoceptors in tissues other than skeletal
muscle. From this point of view, any therapy involving the
systemic administration of formoterol must take into account
that it affects tissues other than the skeletal muscle,
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Fig. 1 Body composition in tumour-bearing rats. Results are expressed
as the difference between day 0 (tumour inoculation) and day 8; mean +
SEM. C control rats, C + F control rats treated with formoterol, 7’ tumour-
bearing rats, 7+ F tumour-bearing rats treated with formoterol. Statistical

significance of the results by two-way analysis of variance (ANOVA).
Statistically significant differences by post hoc Duncan test. Different
letters in superscript indicate significant differences between groups
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Fig.2 Skeletal muscles and heart weights in tumour-bearing rats. Results
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formoterol, 7 tumour-bearing rats, 7+ F tumour-bearing rats treated with

particularly the heart. However, as promising as formoterol
seems as a therapeutic drug for cancer-related muscle
wasting and weakness (asthenia) through its effect on
pathways that modulate skeletal muscle growth, the intra-
cellular pathway involved—{f3-agonist signalling—has been
well described and shows selective coupling to a
heterotrimeric G-protein in order to initiate downstream
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formoterol. Statistical significance of the results by two-way analysis of
variance (ANOVA). Statistically significant differences by post hoc Dun-
can test. Different letters in superscript indicate significant differences
between groups

signalling, traditionally believed to occur via the stimula-
tory Ga subunit (Gag) coupling to adenylate cyclase
(AC), and resulting in the conversion of ATP to cyclic
AMP (cAMP) with the subsequent activation of protein
kinase A (PKA) is highly susceptible to down regulation
via chronic stimulation, with possible adverse effects if
administration is discontinued.

Table 1 Effect of formoterol on cardiac function

Experimental group C C+F T T+F ANOVA

A B A+B
LV ejection fraction (%) 77+0.7 73+0.6 68+2.4 67+2.3 0.000 ns ns
Fractional shortening (%) 47+0.7 44+0.5 38+1.8 38+1.7 0.000 ns ns
LVD dia (mm) 6.3+0.1 6.8+0.1 5.4+0.2 5.8+0.1 0.000 0.000 ns
LVD sys (mm) 3.4+0.0 3.9+0.0 3.3+0.1 3.6+0.1 ns 0.000 ns
PWT dia (mm) 1.7+0.1 1.7+0.1 1.3+0.1 1.2+0.1 0.000 ns ns
PWT sys (mm) 2.7+0.1 2.540.0 2.0+0.1 1.8+0.1 0.000 0.043 ns
LV vol dia (pul) 20145 258+6 136+5 156+7 0.000 0.000 0.007
LV vol sys (ul) 38+2.2 57422 43+2.8 51433 ns 0.000 ns
LVSV (ul) 163+6 201+6 93+5 105+7 0.000 0.000 ns
LVmass (mg) 453+15 515+17 292+23 303+8 0.000 0.032 ns
Cardiac output (mL/min) 7143 83+3 35+3 35+2 0.000 ns 0.048

Echocardiographic data at day 8 of non-tumour-bearing rats (C), non-tumour-bearing rats treated with formoterol (C + F), tumour-bearing rats (T) and
tumour-bearing rats treated with formoterol (T + F). Results are mean + SEM. LV ejection fraction (LV vol dia-LV vol sys)/LV vol dia; fractional
shortening (LVD dia-LVD sys)/LVD sys; left ventricle diameter in diastole (LVD dia); left ventricle diameter in systole (LVD sys); posterior wall
thickness in diastole (PWT dia); posterior wall thickness in systole (PWT sys); left ventricle volume in diastole (LV vol dia); left ventricle volume in
systole (LV vol sys); left ventricle stroke volume (LVSV) (LV vol dia-LV vol sys); left ventricle mass (LV mass) (expressed as mg/100 g of initial body
weight); cardiac output (expressed as mL/min). Statistical significance of the results by two-way analysis of variance (ANOVA); ns non-significant
differences. 4 (tumour effect); B (treatment effect); A*B (interaction effect of tumour and treatment)
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Based on a clinical study with over 4,000 autopsy reports,
Houten and Reilley [32] suggest that at least 11 % of cancer
deaths are due to heart problems. In fact, these data could be
underestimated since a high percentage of deaths are actually
attributed to infections, drug-induced toxicity and alterations
in the osmotic balance, which are directly related to heart
problems. McBride et al. [33] observed that more than 50 %
of multiple myeloma patients suffered cardiac failure in the
cause of a neoplastic process. Our own data also indicate that
in experimental animals, tumour implantation resulted in a
lower heart weight [5]. Drott and Lundholm [13] observed a
heart-related increase in oxygen consumption in an experi-
mental cancer model. Furthermore, several studies also report-
ed important ultrastructural changes characterized by an in-
crease in the ratio of myofibrils/mitochondria and sarcomeric
alterations as also observed during cardiac failure [7].
Moreover, a clear systolic dysfunction is associated with
tumour growth [4], and, in mice, cancer induces cardio-
myocyte remodelling and hypoinnervation in the left ven-
tricle [8]. The cardiac parameters analysed in the present
study are signs for a myocardial dysfunction induced after
tumour inoculation. In addition, the reduction of the pos-
terior wall thickness (PWT) suggests atrophy of the myo-
cardium as shown by a reduced LV mass and heart weight
in the tumour-bearing rats (Table 1). All these results are
similar to the previously reported results by Springer et al.
[34, 35]. The authors reported that there was an impair-
ment of the heart function at day 7 due to an increased
proteolysis, decreased anabolism and elevated rate of au-
tophagy in the heart in tumour-bearing rats [35].

The results presented here suggest that formoterol may
inhibit, to some extent, atrophic mechanisms in the heart,
therefore improving heart function. It should be taken into
consideration, however, that the improvement in ventricle
diameter could also be due to larger chambers. If this were
the case, it would suggest heart dilation and incoming failure.
Furthermore, the posterior wall is not getting thinner what is
typical for dilation. The beneficial effect of formoterol could
be explained by the fact that the activation of beta-2-
adrenergic receptors can induce anti-apoptotic signalling [26,
36, 37]. Some authors have suggested that inhaled formoterol
administration does not show negative effects on healthy
subjects [38]. Moreover, formoterol could have some benefi-
cial effects on isolated rat hearts where it improves contract-
ibility and thus heart rate [39].

The results suggest that formoterol treatment, in ad-
dition to reducing muscle wasting, does not negatively
alter heart function in animals affected by cancer ca-
chexia; to the contrary, some cardiac parameters are
indeed improved by the (32-adrenoceptor-selective ago-
nist. Future anti-cachectic multi-modal treatment includ-
ing formoterol may, thus, contribute to decrease cardio-
myopathy associated with cancer cachexia.
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La caquéxia cancerosa es produeix en la majoria dels pacients amb cancer
abans de la mort, i és responsable de la mort del 22% dels pacients amb cancer. Una
de les caracteristiques més rellevants de la caquéxia és l'asténia, que reflecteix un
significatiu desgast muscular observat en pacients amb cancer caquéctics.

Les rates inoculades amb I'hepatoma ascitic Yoshida AH-130 estan sotmeses a
una important perdua de pes, que és acompanyada per anoréxia al final del cicle
tumoral. Els resultats presentats aqui mostren clarament que la preséncia del tumor
indueix una rapida reduccié de la condicio fisica, que afecta tant a l'activitat fisica com
la forca muscular. A partir de dia 4 de creixement tumoral, els moviments totals dels
animals comencen a disminuir de forma significativa. De manera similar, comencen a
disminuir la velocitat mitjana, la distancia recorreguda i el temps que dediquen a
realitzar moviments rapids i lents, passant a estar més temps en repo0s. L'activitat fisica
de les rates portadores de tumor va disminuint a mesura que avancen els dies fins a
dia 11 de creixement tumoral on les rates comencen a morir degut a I'estat avancat de
caquexia. Pel que fa a la forca muscular també observem una reduccié en les rates
portadores de tumor, tot i que apareix més tard en el temps, sent evident a dia 7 de

creixement tumoral i molt marcada a dia 11.
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Abstract. Rats bearing the Yoshida AH-130 ascites hepatoma
are subjected to substantial weight loss, which is accom-
panied by anorexia at the end of the tumour cycle. Total
physical activity (measured using the IR Actimeter system
and Actitrack software) was determined during 11 days in
control and tumour-bearing animals, skeletal muscle strength
being also by the grip-strength test. The results presented
clearly show that the presence of the tumour induces an
earlier decrease in physical performance, which affects both
skeletal muscle force and physical activity (both locomotor
movements and stereotyped movements and distance
travelled, among others parameters).

Introduction

The Yoshida AH-130 ascites hepatoma is a highly cachectic
rat tumour of rapid growth and poorly differentiated cells.
This tumour is characterized by a relatively short doubling
time of one day (1,2) and is widely used in experimental
studies (3,4). The implantation of the tumour leads to a very
fast weight loss, which is accompanied by anorexia in the
terminal state. The weight loss is associated with both fat
and skeletal muscle wasting, as has been shown previously
by our research group (5-7).

These abnormalities together associated with weight
loss, muscle loss and atrophy, anaemia and alterations in
carbohydrate, lipid and protein metabolism (8-10) are the
main characteristics of the cancer cachexia syndrome. The
degree of cachexia is inversely correlated with the survival
time of the patient and it always implies a poor prognosis
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Key words: physical activity, grip force, cancer cachexia, skeletal
muscle

(11-13). Perhaps one of the most relevant characteristics of
cachexia is that of asthenia, which reflects the substantial
muscle waste that takes place in the cachectic cancer patient
(14). Lean body mass depletion is one of the main trends of
cachexia and it involves not only skeletal muscle but it also
affects cardiac proteins, resulting in considerable alterations
in heart performance. In addition to the increased muscle
protein degradation found during cancer growth, the presence
of the tumour also induces an increased rate of DNA frag-
mentation in skeletal muscle in both rats and mice (15). All
these mechanisms contribute to a marked muscle wasting.

The aim of the present investigation was to determine the
influence of the cachectic state on the physical performance
of the animals.

Materials and methods

Animals. Male Wistar rats (Interfauna, Barcelona, Spain),
five weeks of age were used in the different experiments.
The animals were maintained at 22+2°C with a regular light-
dark cycle (light on from 08:00 a.m. to 08:00 p.m.) and had
free access to food and water. The body weight and food
intake was measured daily. All animal manipulations were
made in accordance with the European Community
guidelines for the use of laboratory animals.

Tumour inoculation. Rats were divided into two groups,
namely controls and tumour hosts. The latter received an
intraperitoneal inoculum of 108 AH-130 Yoshida ascites
hepatoma cells obtained from exponential tumours (16). On
different days after tumour transplantation, the animals were
weighed and anaesthetized with an i.p. injection of ketamine/
xylazine mixture (3:1) (Imalgene® and Rompun®, respec-
tively). The tumour was harvested from the peritoneal cavity
and its volume and cellularity evaluated. Tissues were
rapidly excised, weighed, and frozen in liquid nitrogen.

Total physical activity. Total physical activity (IR Actimeter
system and Actitrack software from Panlab, Barcelona) was
determined during 11 days in control and tumour-bearing
animals using activity sensors that translate individual changes
in the infrared pattern caused by movements of the animals
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into arbitrary activity counts. Data were collected for a total
period of 24 h separated into 12-h periods (dark and light
phases). For the measurents, animals remained in their
home cage, a frame containing an infra-red beam system
was placed on the outside of the cage. This minimised stress
to the animals.

Grip force assessment. Skeletal muscular strength in rats
was quantified by the grip-strength test (17,18). The grip-
strength device (Panlab-Harvard Apparatus, Spain) com-
prised a triangular pull bar connected to an isometric force
transducer (dynamometer). Basically, the grip strength meter
was positioned horizontally and the rats are held by the tail
and lowered towards the device. The animals are allowed to
grasp the triangular pull bar and were then pulled backwards
in the horizontal plane. The force applied to the bar just
before it lost grip was recorded as the peak tension. At least
three measurements were taken per rat on both baseline and
test days, and the results were averaged for analysis. This
force was measured in grams/grams initial body weight.

Statistical analysis. Statistical analysis of the data was
performed by means of the Student's t-test.

Results and Discussion

As can be seen in Fig. 1, the growth of the tumour has
two clear phases. In the first one, following a certain lag,
the tumour grows exponentially until day 7 after tumour
inoculation, when it enters the second phase, which is clearly
stationary, since the number of doubling cells equals that
of the dying ones. This fast tumour growth induces weight
loss from day 4 onwards with a maximum of about 22%
(Fig. 1). Interestingly, as can be seen in Fig. 1, no anorexia
exists until about day 4 when the animals progressively stop
eating. At day 10 after tumour inoculation, the reduction in
food intake accounts for 87%. Previous studies carried out in
our laboratory have shown that weight loss in this animal
model is associated with both adipose and skeletal muscle
wasting (6,7).

The muscle loss is due to several factors that include
increased proteolysis (5), increased apoptosis (15), increased
amino acid oxidation (19,20) and decreased muscle re-
generation (21,22).

Bearing all this in mind, the objective of the present
investigation was to see to what extent the loss of weight,
particularly muscle, is reflected into the physical perfor-
mance of the animals. As can be seen in Fig. 2, tumour
growth is associated with a decreased total physical activity
as measured by the total number of movements undertaken
by the animals for a period of 24 h. The decrease is already
significant at day 4. Interestingly, when total activity is
separated into the two light phases, the differences induced
by the tumour burden are more marked during the dark
phase (night). It is well known that rodents are normally
more active during this phase (23). The decrease in physical
activity affects both locomotor (movements with displa-
cement) and stereotyped (movements without displacement:
eating and cleaning) movements. Again, the decreased activity
is more marked for both types of movements during the dark

TOLEDO et al: PHYSICAL ACTIVITY IN EXPERIMENTAL CANCER CACHEXIA MODEL

BODY WEIGHT (g)
250 1 ke
Ak dededke
m -
150
100 9 | @ Total body weight
= Q4. minus tumour weight
n -
FOOD INTAKE (g)
20
15
10
5
0
TUMOUR CELLS (x109%)
64
5 4
4
3
z 4
1 4
0

0 2 4 6 8 10
Days after inoculation

Figure 1. Body weight, food intake and tumour content in rats bearing the
Yoshida AH-130 ascites hepatoma. Results are mean + SEM for 8 animals.
Food intake is expressed in gram (g) and refers to the ingestion during the
period of the experiment prior to sacrifice which took place 10 days after
tumour inoculation. Body weight is expressed in g. Tumour cell content is
expressed in millions of cells. Values that are significantly different by the
Student's t-test from the non-tumour-bearing animals group are indicated by
“p<0.05, “p< 0.01, *p<0.001.
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Figure 2.Twenty-four hours total physical activity in rats bearing the
Yoshida AH-130 ascites hepatoma. For more details, see the experimental
section. Results are mean + SEM for 8 animals. Number of movements
includes the total number of movements (locomotor and stereotyped move-
ments) performed by the animals. Values that are significantly different by
the Student's t-test from the non-tumour-bearing animals group are indicated
by "p<0.05, *p<0.01, **p<0.001.

phase (Fig. 3). In Fig. 4, the distance covered by the tumour-
bearing rats is depicted. The distance decreases as tumour
burden increases and again it seems to be affected more
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Figure 3. Light and dark phase physical activity in rats bearing the Yoshida
AH-130 ascites hepatoma. (A) Stereotyped movements include movements
without displacement, i.e. eating and cleaning movements. For more details,
see the experimental section. Results are mean = SEM for 8 animals. Values
that are significantly different by the Student's t-test from the non-tumour-
bearing animals group are indicated by "p<0.05, *p<0.01, **"p<0.001.
(B) Locomotor movements include movements with displacement. For
more details, see the experimental section. Results are mean + SEM for 8
animals. Values that are significantly different by the Student's t-test from
the non-tumour-bearing animals group are indicated by “p<0.05, **p<0.01,
“p<0.001.
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Figure 4. Light and dark phase distance travelled in rats bearing the Yoshida
AH-130 ascites hepatoma. For more details, see the experimental section.
Results are mean + SEM for 8 animals. Results are expressed as percentage
of control (non-tumour-bearing animals). Values that are significantly
different by the Student's t-test from the non-tumour-bearing animals group
are indicated by "p<0.05, “p<0.01, "*p<0.001.
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Figure 5. Light and dark phase average velocity in rats bearing the Yoshida
AH-130 ascites hepatoma. For more details, see the experimental section.
Results are mean + SEM for 8 animals. Results are expressed as cm/s.
Values that are significantly different by the Student's t-test from time O
are indicated by “p<0.05, “p<0.01,"*p<0.001.

severely during the dark phase. Interestingly, in addition to
the distance travelled by the animals, the velocity of the
displacement is also decreased as a result of tumour
inoculation (Fig. 5). Again, the presence of the tumour seems
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Figure 6. Time involved in resting, slow and fast movements during light
and dark phase in rats bearing the Yoshida AH-130 ascites hepatoma.
For more details, see the experimental section. Results are mean + SEM
for 8 animals. Results are expressed as percentage of total time. RT, time
involving resting (sleeping, cleaning and eating time), 0-2 cm/s; MS, time
involving slow movements, 2-5 cm/s; MF, time involving fast movements,
>5 cm/s. Values that are significantly different by the Student's t-test from
time O are indicated by “p<0.05, “'p<0.01, **p<0.001.
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Figure 7. Grip force in cachectic tumour-bearing rats. For more details, see
the experimental section. Results are mean + SEM for 8 animals. Results are
expressed as g/g initial body weight. Values that are significantly different
by the Student's t-test from the non-tumour-bearing animals group are
indicated by "p<0.05, “p<0.01, “*p<0.001.

to influence the velocity of the animals to a higher extent
during the dark phase. Finally, as expected, the time involved

TOLEDO et al: PHYSICAL ACTIVITY IN EXPERIMENTAL CANCER CACHEXIA MODEL

in physical activity is also influenced by tumour-burden.
Indeed, as can be seen in Fig. 6, resting time was increased
with tumour burden in the light and dark phases. Conversely,
slow and fast movement times were significantly decreased
as tumour presence increased, the difference being more
marked in the dark phase. Similar results have been
described in humans under cancer cachexia (24,25). In
experimental animals, similar results have also been found
using the C26 adenocarcinoma model (26).

Interestingly, as can be seen in Fig. 7, tumour inoculation
also resulted in decreased muscle force as measured by the
griping power of the animals.

From the results presented here, it can be concluded that
muscle waste associated with experimental cancer leads to
substantial decrease in physical performance.
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L'objectiu del present estudi va ser avaluar si l'agonista P,-adrenergic
formoterol s'associa amb una millora en els parametres fisiologics com ara la forca
d'agafada i I'activitat fisica total en rates caquectiques. L'administracié de I'agonista B,-
adreneérgic formoterol (0,3 mg/kg durant 7 dies) en rates portadores de I'hepatoma
ascitic Yoshida AH-130, va donar lloc a una reversié significativa del procés de pérdua
de massa muscular, com es reflecteix pels pesos dels musculs individuals. També es
van observar els efectes protectors del farmac en termes d'activitat fisica total i forca
d'agafada, fet que es tradueix en una millora de la condicié fisica de les rates

caquectiques portadores de tumor.
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Abstract. Cancer cachexia occurs in the majority of cancer
patients before death, and it is responsible for the death of 22%
of cancer patients. One of the most relevant characteristics of
cachexia is that of asthenia, which reflects significant muscle
wasting noted in cachectic cancer patients The aim of the
present study was to assess whether the f3,-adrenergic agonist
formoterol is associated with an improvement in physiological
parameters such as grip force and total physical activity in
cachetic rats. Administration of the [,-agonist formoterol
(0.3 mg/kg for 7 days) in rats bearing Yoshida AH-130 ascites
hepatoma tumors, a model which induces a strong loss of both
body and muscle weight, resulted in a significant reversal of
the muscle wasting process, as reflected by individual muscle
weights. The anti-wasting effects of the drug were also
observed in terms of total physical activity and grip force,
thus resulting in an improvement in physical performance in
cachectic tumor-bearing rats.

Introduction

Cancer cachexia occurs in the majority of cancer patients
before death, and it is responsible for the death of 22% of
cancer patients (1). Abnormalities associated with cancer
cachexia include anorexia, weight loss, muscle loss and
atrophy, anemia and alterations in carbohydrate, lipid and
protein metabolism (2,3). The degree of cachexia is inversely
correlated with the survival time of the patient and is always
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indicative of a poor patient prognosis (4-6). Perhaps one of the
most relevant characteristics of cachexia is that of asthenia,
which reflects the significant muscle wasting that occurs in
the cachectic cancer patient (7). Deplection of lean body mass
is one of the main consequences of cachexia which involves
not only skeletal muscle but also affects cardiac proteins,
resulting in alterations in heart performance. In addition to
the increased muscle protein degradation found during cancer
growth, the presence of the tumor also induces an increased
rate of DNA fragmentation in skeletal muscle in both rats and
mice (8).

[,-adrenergic agonists are potent muscle growth promoters
in many animal species (9,10). Treatment with {3,-adrenergic
agonists results in skeletal muscle hypertrophy (11-14),
while they cause a reduction in the body fat content (15,16).
Formoterol, one of these compounds, is a highly potent
[,-adrenoceptor-selective agonist which combines the clinical
advantages of rapid onset of action with duration of action.
This compound is currently in use in humans for the treatment
of bronchospasm associated with asthma. In vitro, formoterol
is a potent airway smooth muscle relaxant with high efficacy
and high affinity and selectivity for the [3,-adrenoceptor (17).
Moreover, formoterol relaxes bronchial smooth muscle and
also provides important clinical benefits in symptomatic
patients with chronic obstructive pulmonary disease (18).

Previous studies carried out in our laboratory demon-
strated that formoterol treatment in tumor-bearing animals
resulted in an amelioration of muscle loss through different
mechanisms that include muscle apoptosis and proteolysis
(19). In light of these findings, the aim of the present inves-
tigation was to determine the influence of the cachectic state
on the physical performance of rats, and to assess whether
the P,-adrenergic agonist formoterol is associated with an
improvement in physiological parameters such as grip force
and total physical activity.

Materials and methods

Animals. Male Wistar rats (Interfauna, Barcelona, Spain),
5 weeks of age, were used in the different experiments. The
animals were maintained at 22+2°C under a regular light-dark
cycle (lights on from 08:00 a.m. to 08:00 p.m.) and had free
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Table I. Food intake, body weight and muscle weight in tumor-bearing rats.

C C+F T T+F

Food intake 106x£2.0 112+2.5 78+4 4° 85+2.1°
Body weight

Initial 128+2 .4 122435 127+4 4 12522

Final 164+4.3 159+3.5 123+7.2% 126+2.8°

Difference 36+2.2 37+0.9 -4.1+4 8% 1.6+£2.0*
Muscle weight

Gastrocnemius 663+16 725+20¢ 545+8.5% 627+9.6%f

Tibialis 215+5.7 238+3.8° 188+3.6° 208+4 .84

EDL 51+1.9 60+2.5¢ 41£2.0° 48+1.3°

Diaphragm 279+14 362+14f 117+112 131+7.3%4

Heart 412+16 493+14° 318+8.1% 367+8.8¢
Carcass weight 90+1.8 91£2.5 72£1.1° 78+0.7%f
Tumor cell content - - 3638+179 3752+558

C, control; F, formoterol-treated; T, tumor-bearing rat group. EDL, extensor digitorum longus muscle. Results are represented as the mean +
SEM for 8 animals. Food intake is expressed in g/100 g initial body weight (ibw) and refers to the ingestion during the period of the experiment
prior to sacrifice which took place 7 days after tumor inoculation. Carcass (body without organs or tumor) weight is expressed as g/100 g ibw.
Final weight, body weight without tumor weight. Tumor cell content is expressed in millions of cells.Values significantly different from the
non-tumor-bearing animal group are indicated by “p<0.001, °p<0.01, °p<0.05 (Student's t-test). Values significantly different from the non-
treated animal groups are indicated by 9p<0.05, °p<0.01, p<0.001 (Student's t-test).

access to food and water. The food intake was measured daily.
All animal manipulations were carried out in accordance with
the European Commission guidelines for the use of laboratory
animals.

Tumor inoculation. Rats were divided into two groups:
controls and tumor-bearing hosts. The latter received an intra-
peritoneal inoculum of 10® Yoshida ascites AH-130 hepatoma
cells obtained from cells exhibiting exponential growth as
previously described (20). Both groups were further divided
into treated and untreated groups, the former being adminis-
tered a daily subcutaneous (s.c.) dose of formoterol [0.3 mg/
kg body weight (bw) dissolved in physiological saline solu-
tion], and the latter a corresponding volume of solvent. On
day 7 after tumor transplantation, the animals were weighed
and anesthetized with an intraperitoneal injection (i.p.) of
ketamine/xylazine mixture (3:1) (Imalgene® and Rompun®,
respectively). Each tumor was harvested from the peritoneal
cavity, and the volume and cellularity were evaluated. Tissues
were rapidly excised, weighed and frozen in liquid nitrogen.

Total physical activity. Total physical activity was determined
for 7 days in the control and tumor-bearing animals (non-
treated and treated rats) using activity sensors (IR Actimeter
System and Actitrak software from Panlab, Barcelona, Spain)
that translate individual changes in an infrared pattern caused
by movements of the animals into arbitrary activity counts.
Data were collected for a total period of 24 h. In order to carry
out the measurements, animals remained in their home cage,
and a frame containing an infrared beam system was placed on
the outside of the cage. This minimized stress to the animals.

Grip force assessement. Skeletal muscular strength in rats was
quantified by the grip-strength test as previously described
(21,22). The grip-strength device (Panlab-Harvard Apparatus)
comprised a triangular pull bar connected to an isometric
force transducer (dynamometer). In brief, the grip strength
meter was positioned horizontally, and the rats were held by
the tail and lowered towards the device. The animals were
allowed to grasp the triangular pull bar and were then pulled
backwards in a horizontal plane. The force applied to the bar
just before the grip was lost was recorded as the peak tension.
At least three measurements were taken per rat at baseline and
on test days, and the results were averaged for analysis. This
force was measured in grams.

Statistical analysis. Statistical analysis of the data was
performed by means of the Student's t-test.

Results and Discussion

Implantation of the tumors resulted in a significant decrease
in food intake (26%) of the rats (Table I). This was not
reversed upon formoterol treatment, repudiating any possible
implication of the 3,-agonist in the reversal of cancer-induced
anorexia.

Seven days after tumor inoculation, a clear decrease in
body weight associated with a significant decrease in muscle
weight was noted (Table I). The decrease in body weight was
attenuated by formoterol treatment; in fact, formoterol
treatment resulted in significant increases in muscle weight
in the tumor-bearing rats (Table I). This effect was observed
in the gastrocnemius, tibialis and extensor digitorum longus
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Figure 1. Total physical activity in cachectic tumor-bearing rats. Number of
movements represent the total number of movements (locomotor and stereo-
typed movements) performed by the animals. Stereotyped movements were
movements made without displacement (eating and cleaning movements)
and locomotor movements were those with displacement. Results are repre-
sented as the mean + SEM for 8 animals and are expressed as the number of
movements during the 7-day period after tumor inoculation. Values signifi-
cantly different from the non-tumor-bearing animal group are indicated by
“p<0.05, “p<0.01, "“p<0.001 (Student's t-test).

(EDL) muscles and also in the heart. Similar results were
previously described by our research group (19,23). Indeed,
formoterol and other f3,-agonists such as clenbuterol were
found to be effective in ameliorating muscle weight loss
during wasting (19,23,24).

At the biochemical level, the mechanisms underlying the
effects of the ,-agonist are complex. Formoterol was found
to decrease protein degradation in skeletal muscle by inhib-
iting the ubiquitin-proteasome pathway (19). In addition,
formoterol was found to decrease the enhanced apoptosis
observed in skeletal muscle during cancer cachexia (19).
Thirdly, at least in vitro formoterol increased protein
synthesis in skeletal muscle (19). Notably, these effects of the
[,-agonist appear to be associated with an increased muscle
regeneration capacity (25).

In spite of these previously demonstrated positive effects
of the P,-agonist at the biochemical level, no measures of
physical performance associated with formoterol treat-
ment during cancer cachexia have been reported. Therefore,
the aim of the present investigation was to assess whether
formoterol, in addition to improving physical and biochemical
parameters in an experimental model of cancer cachexia,
also affects various factors involved in improving quality of
life such as total physical activity and muscle force. In fact,
previous investigations with [3,-agonists and muscle strength
have lead to controversial results. Lanigan et al assessed limb
muscle strength and endurance following administration of
[,-agonists and found no beneficial effects on muscle perfor-
mance (26). Conversely, Signorile et al reported that, at least
in patients with muscular atrophy following spinal cord injury,
[,-adrenergic agonist treatment resulted in an improvement in
muscle strength (27).

In the present study, tumor burden significantly affected the
total physical activity in the rats bearing the Yoshida AH-130
ascites hepatoma cell tumors (Fig. 1). As early as 4 days after
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Figure 2. Effects of formoterol on grip force in the cachectic tumor-bearing
rats. For more details refer to the Material and methods section. Results
are represented as the mean + SEM for 8 animals. Results are expressed
as g/g initial body weight (ibw). C, control; F, formoterol-treated; T, tumor-
bearing group. Values significantly different from the non-tumor-bearing
animal group are indicated by "p<0.05 (Student's t-test). Values significantly
different from the non-treated animal groups are indicated by *#p<0.001
(Student's t-test).
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Figure 3. Effects of formoterol on physical activity and distance travelled
in the cachectic tumor-bearing rats. (A) Total activity (24 h) was measured
as the number of movements that included the total number of move-
ments (locomotor and stereotyped movements) performed by the animals.
Stereotyped movements were movements without displacement such as
eating and cleaning movements and locomotor movements were move-
ments with displacement. (B) Total travelled distance (cm). Parameters were
monitored during the last 24 h before sacrifice (day 7 after tumor inocu-
lation). Results are represented as the mean + SEM for 8 animals and are
expressed as the number of movements. C, control; F, formoterol-treated;
T, tumor-bearing group. Values significantly different from the non-tumor-
bearing animal group are indicated by ““p<0.001 (Student's t-test). Values
significantly different from the non-treated animal groups are indicated by
"p<0.05, "p<0.01 (Student's t-test).
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Figure 4. Effects of formoterol on time distribution in cachectic tumor-
bearing rats. For more details refer to the Material and methods section.
Results are represented as the mean + SEM for 8 animals. Results are
expressed as the percentage of total time. RT, time involving resting
(sleeping, cleaning and eating time): 0-2 cm/sec; MS, time involving slow
movements: >2-5 cm/sec; MF, time involving fast movements: >5 cm/
sec. C, control; F, formoterol-treated; T, tumor-bearing group. Values sig-
nificantly different from time 0 are indicated by ““p<0.001 (Student's t-test).
Values significantly different from the non-treated animal groups are indi-
cated by “p<0.05, #p<0.01 (Student's t-test).

tumor implantation — at which point body and muscle weight
loss are already apparent (28) — a significant decrease in
physical activity was observed. The decrease continued up
until day 7 after tumor inoculation. Similar results have been
previously reported using the same tumor model (29). Tumor
burden causes a reduction in total physical activity through
the activation of muscle wasting either via the release of tumor
factors (30) or alternatively through changes in circulating and
tissular cytokines or cytokine receptors (31,32).

We demonstrated that formoterol treatment significantly
improved grip force in the tumor-bearing rats (23%) (Fig. 2).
This correlated with an increase in muscle weight as shown
in Table I. Therefore, the f,-agonist clearly acts at the
biochemical level, and its action is reflected in a physiological
parameter, grip force, in this case. Notably, formoterol also
improved the physical performance of the animals. Total
physical activity and total distance travelled by the rats were
significantly increased by treatment with formoterol (19 and
33% respectively) (Fig. 3). Moreover, resting time, which
was increased in the tumor-bearing rats, was decreased by
formoterol treatment. Conversely, slow and fast movement
times, which decreased in the tumor-bearing rats, increased in
the formoterol-treated rats (Fig. 4).

Collectively, the results presented here allow us to conclude
that the treatment of tumor-bearing animals with the 3,-agonist
formoterol clearly resulted in an improvement in both muscle
force and total physical performance. This, together with
previous results obtained by our research group (19), clearly
indicate that formoterol may be a good candidate drug for the
treatment of muscle wasting associated with cancer cachexia.
Further preclinical studies are therefore warranted.
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Abstract

Background Cachexia is a multiorganic syndrome associated
with cancer, characterized by body weight loss, muscle and
adipose tissue wasting and inflammation.

Methods The aim of this investigation was to examine the
effect of the soluble receptor antagonist of myostatin
(sActRIIB) in cachectic tumor-bearing animals analyzing
changes in muscle proteolysis and in quality of life.
Results Administration of sActRIIB resulted in an improve-
ment in body and muscle weights. Administration of the
soluble receptor antagonist of myostatin also resulted in an
improvement in the muscle force.

Conclusions These results suggest that blocking myostatin
pathway could be a promising therapeutic strategy for the
treatment of cancer cachexia.
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1 Introduction

Cachexia is a multiorganic syndrome associated with
cancer, characterized by body weight loss (at least 5%),
muscle and adipose tissue wasting and inflammation, being
often associated with anorexia [1]. The abnormalities
associated with cachexia include alterations in carbohydrate,
lipid, and protein metabolism [1-3]. In advanced malignant
diseases, cachexia appears to be one of the most common
systemic manifestations. The presence of cachexia always
implies a poor prognosis, having a great impact on the
patients' quality of life and survival [4]. Several important
molecular mechanisms have been shown to be involved in
the increased muscle catabolism observed in cancer-induced
cachexia, such as greater ubiquitin—proteasome-dependent
proteolysis, apoptosis, and activation of uncoupling
proteins [2, 5-7]. Interaction of these mechanisms leads
to muscle-mass loss by promoting protein and DNA
breakdown and energy inefficiency.

Myostatin, also known as GDF-8 (growth and differen-
tiation factor-8), is a member of the TGF-b superfamily of
secreted growth factors and is a negative regulator of
skeletal muscle development [8—10]. During embryogenesis,
myostatin expression is restricted to developing skeletal
muscles, but the protein is still expressed and secreted by
skeletal muscles in adulthood [11, 12]. Mice and cattle with
genetic deficiencies in myostatin exhibit dramatic increases
in skeletal muscle mass, therefore supporting the role of
myostatin in suppressing muscle growth [13]. Myostatin acts
systemically (it is produced in muscle, adipose tissue, and
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heart [14] and released to the circulation) and binds to
cell-surface receptors causing muscle loss. The myostatin
protein circulates in the blood in a latent form as a full-length
precursor that is cleaved into an amino-terminal pro-peptide
and a carboxy-terminal mature region, which is the active
form of the molecule. Once activated, myostatin has high
affinity for the activin IIB receptor (Acvr2b, also known
as ActRIIB) and weak affinity for Acvr2a (also known
as ActRIl and ActRITA), both of which, like other
receptors for TGF- family members, bind multiple
ligands [15, 16]. Liu et al. used a myostatin anti-sense
RNA and found that the oligonucleotides could suppress
myostatin expression in vivo resulting in an increase in
muscle growth both in healthy and cachectic mice [17].
Interestingly, the effect of the RNA oligonucleotides was a
significant upregulation of MyoD expression, therefore
reinforcing the role of this transcription factor in muscle
wasting [18, 19]. Although the use of the deacetylase
inhibitors to increase the levels of follistatin (an antagonist
of myostatin) has not lead to any positive results in the
treatment of cachexia in experimental animals [20, 21], the
use of the activin receptor extracellular domain/Fc fusion
protein (ACVR2B-Fc) has been shown to be effective in
the treatment of muscle wasting in tumor-bearing animals
[21]. Finally, and very recently, Zhou et al. have shown
that the administration of a high-affinity activin type II
receptor leads to prolonged survival in tumor-bearing mice
[22]. This receptor regulates the expression of target genes
through to a TGF( pathway. Myostatin signaling acts
through this receptor in skeletal muscle by setting in
motion an intracellular cascade of events involving SMAD
proteins, p38 MAPK, ERK1/2, PI3-K/AKT, and Wnt
pathways [23-26].

Bearing all this in mind, the objective of the present
investigation was to analyze in animals bearing the Lewis
lung carcinoma the effects of ActRIIB antagonism on both
muscle weights and force.

2 Material and methods
2.1 Animals

C57BIl/6 male mice (Criffa, Barcelona, Spain), of about
20 g were used in the different experiments. The animals
were maintained at 22+2°C with a regular light—dark cycle
(light on from 08:00 a.m. to 08:00 p.m.) and had free access
to food and water. The diet (Panlab, Barcelona, Spain)
consists of 54% carbohydrate, 17% protein, and 5% fat (the
residue was nondigestible material). The food intake was
measured daily. All animal manipulations were made in
accordance with the European Community guidelines for
the use of laboratory animals.

@ Springer

2.2 Tumor inoculation and treatment

Mice received an intramuscular (hind leg) inoculum of
5x10° Lewis lung carcinoma cells obtained from exponential
tumors. The Lewis lung carcinoma is a highly cachectic
rapidly growing mouse tumor containing poorly differentiated
cells, with a relatively short doubling time [27]. The animals
were divided into three groups: control (C), tumor-bearing
mice (TB), and tumor-bearing mice treated with the soluble
receptor antagonist of myostatin (SActRIIB) [22] at the dose
of 10 mg/kg s.c. twice a week (Fig. 1). sActRIIB sequesters
Activin A and Myostatin in vivo [22]. At day 14, after tumor
transplantation, the animals were weighed and anesthesized
with a ketamine/xylacine mixture (i.p.) (Imalgene® and
Rompun® respectively). The tumor was harvested from the
hind leg, its volume and mass evaluated, and number of lung
metastasis evaluated under the microscope. The metastases
weight was evaluated according to the methodology used by
Donati et al. [28]. Tissues were rapidly excised, weighed,
and frozen in liquid nitrogen.

2.3 Real-time polymerase chain reaction

Total RNA from tibialis muscle was extracted by
TriPureTM kit (Roche, Barcelona, Spain), a commercial
modification of the acid guanidinium isothiocyanate/
phenol/chloroform method [29]. First-strand cDNA was
synthesized from total RNA with oligo dT15 primers and
random primers pdN6 by using a cDNA synthesis kit
(Transcriptor Reverse Transcriptase, Roche, Barcelona,
Spain). Analysis of mRNA levels for the genes from the
different proteolytic systems was performed with primers
designed to detect the following gene products: ubiquitin
(FORWARD 5" GAT CCA GGA CAA GGA GGG C 3,
REVERSE 5’ CAT CTT CCA GCT GCT TGC CT3'); E2
(FORWARD: 5" AGG CGA AGA TGG CGG T 3%
REVERSE 5" TCA TGC CTG TCC ACC TTG TA 3%;
C8 proteasome subunit (FORWARD 5" AGA CCC CAA
CAT GAA ACT GC 3'; REVERSE 5" AGG TTT GTT
GGC AGA TGC TC 3’); MuRF-1 (FORWARD 5’ TGT
CTG GAG GTC GTT TCC G 3'; REVERSE 5’ ATG CCG
GTC CAT GAT CAC TT 3'); Atrogin-1(FORWARD 5’

Total physical activity

: : measurement
Tumour inoculation
l'_L_l
| 1 | L1 | L \
T T ] [T ] [ |
day 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
t 4 + 4 l
Treatment with sActRIIB
Sacrifice

Fig. 1 Experimental protocol



J Cachexia Sarcopenia Muscle (2012) 3:37-43 39
Table 1 Effects of sActRIIB treatment on body weights and food intake in mice bearing the Lewis lung carcinoma
C T T+A ANOVA

A B
Initial body weight (g) 19.4+0.3 19.3+£0.2 19.24£0.4 ns ns
Final body weight (g) 19.8+0.3 17.7+£0.2 21.0+0.6 0.0032 0.0000
Body weight increase (%) —8.20% 9.30%
Carcass 77+2 57+0.7 70+2.1 0.0000 0.0000
Total food intake 13.5+£0.2 11.8+0.2 13.0+0.4 0.0008 0.0053

Results are mean+S.E.M. Food intake is expressed in g/100 g of initial body weight and refers to the ingestion during the period of the experiment
prior to sacrifice which took place 14 days after tumor inoculation. Final body weight excludes the tumor weight. Carcass (body without organs or
tumor) is expressed as g/100 g of initial body weight (IBW). Statistical significance of the results by two-way analysis of variance (ANOVA)

C control mice (n=6), T tumor-bearing mice (n=8), T+ A4 tumor-bearing mice treated with sActRIIB (n=8), ns nonsignificant differences, A

(tumor effect), B (treatment effect)

CCA TCA GGA GAA GTG GAT CTA TGT T 3%
REVERSE 5’ GCT TCC CCC AAA GTG CAG TA 3";
m-calpain (FORWARD 5' TTG AGC TGC AGA CCATC
3" REVERSE 5’ GCA GCT TGA AAC CTG CTT CT 3),
cathepsin B (FORWARD 5’ CTG CTG AGG ACC TGC TTA
C 3'; REVERSE 5" CAC AGG GAG GGA TGG TGT A3
and p0 (FORWARD 5’ GAG GTC CTC CTT GGT GAA CA
3'; REVERSE 5’ CCT CAT TGT GGG AGC AGA CA 3'). To
avoid the detection of possible contamination by genomic
DNA, primers were designed in different exons. The real-time
polymerase chain reaction (PCR) was performed using a
commercial kit (LightCycler ™ FastStart DNA Master"-"S
SYBR Green I, Roche, Barcelona, Spain). The relative
amount of all mRNA was calculated using comparative Ct
method. Acidic ribosomal phosphoprotein PO mRNA was
used as the invariant control for all studies.

2.4 Total physical activity

Total physical activity (IR ACTIMETER System and
ACTITRAK software from Panlab, Barcelona) was
determined during the last 24 h before the sacrifice of the
animals in a two subgroups of four TB mice (non-treated) and
four TB mice (treated with the sActRIIB) using activity
sensors that translate individual changes in the infrared pattern
caused by movements of the animals into arbitrary activity
counts. For the measurements, animals remained in their
home cage. A frame containing an infrared beam system was
placed on the outside of the cage; this minimized stress to the
animals.

2.5 Grip force assessment

Skeletal muscular strength in mice was quantified by the
grip strength test [30, 31]. The grip strength device (Panlab-
Harvard Apparatus, Spain) comprised a triangular pull bar
connected to an isometric force transducer (dynamometer).

Basically, the grip strength meter was positioned horizon-
tally and the mice are held by the tail and lowered towards
the device. The animals are allowed to grasp the triangular
pull bar and were then pulled backwards in the horizontal
plane. The force applied to the bar just before it lost grip
was recorded as the peak tension. At least three measure-
ments were taken per mouse on both baseline and test days,
and the results were averaged for analysis. This force was
measured in grams/gram initial body weight.

2.6 Statistical analysis

Statistical analysis of the data was performed by means of
one-way and two-way analysis of variance.

3 Results and discussion

The mouse Lewis lung carcinoma is a suitable model system
to study the mechanisms involved in the establishment of

Table 2 Effects of sActRIIB treatment on muscle weights in mice
bearing the Lewis lung carcinoma

C T T+A ANOVA
A B
Gastrocnemius ~ 581+11  446+9  587+15  0.0000  0.0000
Tibialis 174+£5 130+4  177+7 0.0000  0.0000
EDL 84+3 2543 3143 0.0000  ns
Soleus 54+5 23+2 28+2 0.0000  ns

Results are mean+S.E.M. Muscle weights are expressed as mg/100 g
of initial body weight. Statistical significance of the results by two-
way analysis of variance (ANOVA)

EDL extensor digitorum longus, C control mice (#=6), T tumor-bearing
mice (n=8), T+ A tumor-bearing mice treated with sActRIIB (n=8), ns
nonsignificant differences, 4 (tumor effect), B (treatment effect)
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Table 3 Effects of sActRIIB treatment on tumor mass and metastases
in mice bearing the Lewis lung carcinoma

T T+A ANOVA
Tumor weight (mg) 4,3544213 3,790+153 0.0497
Tumor volume (ml) 5.0+0.33 4.2+0.2 0.0492
Metastases number 6.2+1.1 3.6+£0.8 ns
Metastases volume 29.9+13.3 28.7+11 ns
% Lung metastases 15.7+£6.7 19.9+7.5 ns

Results are mean=S.E.M. for eight animals. Statistically significant
difference by post hoc Duncan test. Statistical significance of the
results by one-way analysis of variance (ANOVA), treatment effect

T tumor-bearing mice, 7+ A tumor-bearing mice treated with
sActRIIB, ns nonsignificant differences

cachexia. This tumor has been described as an anaplastic
epidermoid with a marked haemorrhagic tendency, which
produces multiple lung metastasis and is extremely refractory
to most chemotherapeutic agents [32]. It is a well-known
neoplasia that because of its fast growth rate and lung
metastatic potential quickly causes death [27]. The
growth of the Lewis lung carcinoma causes a rapid and
progressive loss of body weight and tissue wasting,
particularly in skeletal muscle [33]. Different therapeutic
approaches have lead to positive results in neutralizing
muscle wasting in this experimental model [34, 35], and
recently a new strategy has been developed: to specifically
block myostatin pathway [22].

As can be seen in Table 1, administration of sActRIIB
resulted in an improvement in final body weight, the body
weight increase being around 9%, while in untreated
animals, the loss of weight was around 8%. This increase
in body weight resulted also in an increase in carcass
weight (mainly muscle and bone). Interestingly, sActRIIB
treatment also resulted in an increase in food intake.
Moreover, the increase in body weight affected individual
muscle weights. Thus, as can be seen in Table 2,
sActRIIB treatment resulted in a significant increase in
gastrocnemius and tibialis muscles (31% and 36%,
respectively). In fact, similar results has recently been
published using the sActRIIB administration strategy in
another mouse tumor model [22]. The authors concluded
that in addition of an amelioration of muscle weight,
treatment with the myostatin antagonist leads to prolonged
survival [22]. In the rest of muscles analyzed (EDL and
soleus), a clear tendency for bigger muscles as a result of
treatment was observed; however, the differences did not
reach statistical significance. Treatment slightly decreases
the tumor weight and its volume, although it did not
influence the metastatic lung area or the volume of the
metastasis (Table 3).

Bearing in mind, the effects of the treatment on body
weight and particularly in individual muscle weights, a set
of experiments to measure physical performance were
carried out using a physical actimeter [36]. As can be seen
in Table 4, the implantation of the tumor resulted in a
decrease of total physical activity (75%), mean velocity

Table 4 Last 24 h of physical activity in mice bearing the Lewis lung carcinoma treated with sActRIIB

C T T+A ANOVA

A B
Physical activity
Total physical activity 56,401+531 14,118+2,633 12,395+1,199 0.0000 ns
Stereotyped movements 4,005+876 1,245+387 1,517+330 0.0087 ns
Locomotor movements 52,396+1,373 12,874+2,615 10,878+1,240 0.0000 ns
Mean velocity 0.32+0.04 0.06+0.01 0.09+0.02 0.0000 ns
Total traveled distance 27,455+3,316 5,603+599 7,979+1,234 0.0000 ns
Time
Resting time (%) 86.9+0.5 95.7+0.5 91+1.8 0.0009 0.0292
Slow-movements time (%) 9.4+0.7 4.0+£0.6 8.6+1.7 0.0074 0.0173
Fast-movements time (%) 3.6+0.66 0.3+0.03 0.4+0.12 0.0002 ns

Physical activity is expressed in activity units. Stereotyped movements include movements without displacement (eating and cleaning
movements); conversely, locomotor movements include movements with displacement. Mean velocity is expressed in centimeters per second.
Traveled distance is expressed in centimeters. Time is expressed as percentage of total time (24 h). The thresholds of time are the following: time
involving resting (sleeping, cleaning, and eating time): [0—2] cm/s, time involving slow movements: [2—5] cm/s and time involving fast
movements: [>5] cm/s. Results are mean+S.E.M. for four animals. Statistical significance of the results by two-way analysis of variance

(ANOVA)

C control mice, 7' tumor-bearing mice, 7+ 4 tumor-bearing mice treated with sActRIIB, ns nonsignificant differences, 4 (tumor effect), B

(treatment effect)
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Table 5 Effects of sActRIIB treatment on muscle force in mice
bearing the Lewis lung carcinoma

C T T+A
Grip force (day 0) 5.1+£0.21*¢ 4.7+£0.20*° 5.2+0.24*¢
Grip force (day 14)  5.0£0.23*°  2.8+0.16>¢  4.4+0.3%°

Grip force is expressed as grams per gram IBW. Results are mean=+S.
E.M. Statistical significance of the results by one-way analysis of
variance (ANOVA). Statistically significant difference by post hoc
Duncan test. Different letters in superscript indicate significant
differences between groups (a and b: differences between C, T, and
T+A groups the same day of measurement; and ¢ and d: differences
between days 0 and 14 in the same group)

C control mice (n=4), T tumor-bearing mice (n=8), T+ A tumor-bearing
mice treated with sACtRIIB (n=38)

(81%), and total traveled distance (80%). Resting time was
increased and the time involved in different types of
movements was decreased. Similar results from our
laboratory have been obtained in another tumor model
[36]. As a result of the sActRIIB treatment, there was a
decrease in the resting time percentage and an increase in
the period of time related with slow movements (Table 4).
These data suggest that sActRIIB treatment caused a slight
improvement in physical performance.

In order to see if the increase of muscle weight and
physical performance was related with increased muscle
performance, grip force was determined using a specialized
device dynamometer. The results presented in Table 5

clearly show an increase in muscle force as a result of
sActRIIB treatment.

Finally, and since muscle wasting during cancer has been
related with the activity of different proteolytic systems
involved in enhanced muscle protein breakdown during
catabolic conditions [5, 34, 37, 38], the mRNA expression
levels of different genes related to proteolysis was
measured following SACtRIIB treatment. Indeed, tumor
burden resulted in generalized increases in the majority of
the components of the ubiquitin-dependent proteolytic
system analyzed. An increase in m-Calpain (calcium-
dependent system) and Cathepsin B (lysosomal system)
were also observed in the tibialis muscle of the tumor-
bearing animals (Table 6). Surprisingly, sActRIIB treatment
did not influence the mRNA expression levels of the
different components of the ubiquitin-dependent proteolytic
system. However, sActRIIB treatment significantly
decreases both calcium-dependent and lysosomal markers
(Table 6). PCR real-time analysis of tibialis muscle revealed
that tumor-bearing mice myostatin expression increased
1.5-fold over non-tumor bearing mice and that tumor-
bearing mice treated with sActRIIB expressed similar levels
of myostatin as found in non-treated tumor-bearing mice
(Table 6).

It has to be pointed out that the calpain system could
well play an important role in muscle proteolysis during
cancer. From this point of view, Costelli et al. have reported
an important role of calcium-dependent proteolysis both in
animals [39] and humans [40]. In addition, Hasselgren et al.

Table 6 Effects of sSActRIIB treatment on tibialis muscle mRNA content of the different proteolytic systems and myostatin in mice bearing the

Lewis lung carcinoma

C T T+A ANOVA
A B

Proteolytic system
Ubiquitin-dependent

Ubiquitin 100+£5 15949 152+9 0.0001 ns

C8 proteasome subunit 100+£5 159+8 144+8 0.0000 ns

MuRF-1 100+24 207+15 206+49 0.0116 ns

Atrogin-1 100+24 266421 250+36 0.0001 ns

E2 100+£5 115+5 108+6 ns ns
Calcium-dependent

m-Calpain 100+7 146+6 107+5 0.0001 0.0004
Lysosomal

Cathepsin B 100+6 126+7 90+8 0.0430 0.0040
Myostatin 100+£5 159+9 152+9 0.0158 ns

Results are mean+S.E.M. for four to eight animals. The results are expressed as a percentage of controls. Statistical significance of the results by

two-way analysis of variance (ANOVA)

C control animals, 7' tumor-bearing mice, 7+ A4 tumor-bearing mice treated with sActRIIB, ns nonsignificant differences, 4 (tumor effect), B

(treatment effect)
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have attributed a key role to calpains in the early stages of
muscle protein degradation [41]. Indeed, the calcium-
dependent proteases participate in the release of the
myofilaments from the sarcomere; these myofilaments
would later be degraded by the ubiquitin-dependent
proteolytic system [41]. Very recently, a role for lysosome
activity in muscle degradation during cancer cachexia has
been also pointed out. Indeed, activation of FoxO3
stimulates lysosomal proteolysis in muscle by activating
autophagic-related genes [42]. It is well-known that FoxO3
is one of the main transcription factors involved in the
activation of atrogenes, a family of genes responsible for
triggering atrophy in skeletal muscle [43].

From the results presented here, it can be concluded that
exploring the inhibition of the myostatin system could well
be an optimal strategy, particularly in combination with a
nutritional approach, for the amelioration of a cachectic
syndrome in humans.
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L'objectiu de la present investigacid és avaluar els efectes d'una combinacio del
receptor d'activines tipus IIB soluble (sActRIIB) i el B,-agonista formoterol en el model
de caquexia LLC. L'estudi presentat inclou ratolins portadors del LLC tractats amb
formoterol, sActRIIB o amb la combinacié de tots dos i es va observar que la
combinacid va ser extremadament efica¢ en la reversié de desgast muscular associat
amb la caquéxia cancerosa experimental. Els pesos musculars d'animals amb tumor
van ser completament recuperats després del tractament i aixd també es va reflectir
en la mesura de la forca d'agafada. Aquesta combinacié va fer augmentar la ingesta
d'aliments, tant en els animals control com en els portadors de tumor. El doble
tractament també allarga significativament la supervivéncia sense afectar ni el pes ni el
creixement del tumor primari i fins i tot es redueixen significativament el nombre de
metastasis. Pel que fa als mecanismes per a la preservacid de la massa muscular
durant la caquéxia, els efectes del formoterol i sActRIIB semblen ser additius, ja que el
formoterol redueix la taxa de degradacié de les proteines (mesurada a partir de
I'alliberament de tirosina dels musculs incubats ex vivo), mentre que sActRIIB
clarament només afecta la sintesi de proteines (mesura in vivo utilitzant fenilalanina
tritiada). El formoterol també augmenta la taxa de sintesi de proteines i sembla estar
afavorida per la preséncia del sActRIIB. La combinacié de formoterol i sActRIIB sembla

ser un tractament molt prometedor per a la caquéxia cancerosa experimental.
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ABSTRACT

Background and aims: Formoterol is a highly potent
B 2 - adrenoceptor - selective agonist which is a
muscle growth promoter in many animal species,
resulting in skeletal muscle hypertrophy. The inhibition
of myostatin/activin by soluble ActRIIB prevents and
reverses skeletal muscle loss and prolongs the
survival of tumor-bearing animals. The aim of the
present investigation is to evaluate the effects of a
combination of the soluble receptor antagonist of
myostatin and the J 2-agonist formoterol in the
cachectic Lewis lung carcinoma model (LLC).
Methods: The study presented involved mice bearing
the LLC treated with either the beta-2 agonist
formoterol, or the soluble ActRIIB or with the

combination of both.
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Results: The combination of formoterol and soluble
ActRIIB is extremely effective in reversing muscle
wasting associated with experimental cancer cachexia
in mice. Muscle weights from tumour-bearing animals
are completely recovered following treatment and this
is also reflected in the measured grip strength. This
combination increases food intake both in control and
tumour-bearing animals. The double treatment also
prolongs survival significantly without affecting the
weight and growth of the primary tumour. However, it
significantly reduces the number of metastasis.
Concerning the mechanisms for the preservation of
muscle mass during cachexia, the effects of
formoterol and soluble ActRIIB seem to be additive,
since formoterol reduces the rate of protein
degradation (as measured in vitro as tyrosine release,
using incubated isolated individual muscles) while
soluble ActRIIB clearly only affects protein synthesis
(as measured in vivo using tritiated phenylalanine).
Formoterol also increases the rate of protein synthesis
and this seems to be favoured by the presence of
soluble ActRIIB.

Conclusions: Combining formoterol and the soluble
ActRIIB seems to be a very promising treatment for
experimental cancer cachexia. Further studies in
humans patients are necessary and may lead to one
of the most effective treatment for muscle wasting

associated with cancer.



INTRODUCTION

Cachexia is a multi-factorial syndrome found in 50 to
80% of cancer patients (1), particularly at advanced
stages of disease, leading to a decrease in quality of
life and physical performance. Cancer cachexia is
clinically relevant since is considered a predictor of
reduced survival, accounting for more than 20% of
cancer deaths (2,3). The pathogenesis of cancer
cachexia is characterized by the loss of skeletal
muscle mass and fat, often associated with anorexia.
However, muscle wasting should be regarded as the
most important trait, since it is responsible for most of
the cancer cachexia -associated symptoms, including
survival (4).

The competition for nutrients between the tumour
and the host and the inflammatory status promote
profound metabolic disturbances that include a
massive nitrogen flow from the skeletal muscle to the
liver (5). Consequently, muscle plays a central role in
whole-body protein metabolism by serving as the
principal reservoir for amino acids to maintain protein
synthesis in peripheral tissues in the absence of
amino acid absorption from the gut and by providing
hepatic gluconeogenic precursors (5,6). The negative
protein balance results from altered rates on both
sides of muscle protein turnover, reduced synthesis
and increased degradation, as revealed by several
preclinical studies of cancer cachexia and even
cancer patients (7-9). Multiple studies reported that
muscle protein degradation in wasting conditions is
primarily mediated by the ubiquitin-proteasome
pathway, and two muscle-specific E3 ubiquitin ligases,
Atrogin-1 and MuRF-1, which play a crucial role in
activating the degradation machinery (10-12). Beyond
the proteasome, there are other protein degradation
systems such as autophagy-lysosomal pathway (13),
calpains (14-16) or even apoptosis (17) that might
play a role in muscle wasting associated with cancer

cachexia.

Combined therapy on cachectic mice

However, there is still a missing link between the
tumour-induced adaptation (i.e. both tumour (18) and
host-derived (19)
degradation. During the past, the Akt/FOXO signalling

humoral factors) and protein
pathway has been causally connected with the
induction of Atrogin-1 and MuRF-1 (12,20), albeit its
relevance to cancer cachexia has been questioned
(21). Myostatin, also known as GDF-8 (growth and
differentiation factor-8), is a member of the TGF-f
superfamily of secreted growth factors and is a
negative regulator of skeletal muscle growth (22,23).
The administration of a myostatin anti-sense
oligonucleotides resulted in increased muscle mass in
both healthy and cachectic mice (24). Although the
use of the deacetylase inhibitors to increase the levels
of follistatin (the endogenous myostatin inhibitor) failed
to prevent experimental cancer cachexia (25,26), the
use of an activin receptor extracellular domain/Fc
fusion protein (ACVR2B-Fc) was effective in similar
experimental models (27). Finally, Zhou et al. showed
that the administration of a high-affinity activin type Il
receptor leads to prolonged survival in Colon26-
bearing mice (26) and our group reported the
improvement of muscle weight and function in the
Lewis lung carcinoma model (28).

So far, the growing data regarding the cancer
cachexia pathogenesis has still not turned into an
effective therapeutic intervention available to the
healthcare system. Studies in our laboratory have
shown a very positive action of B-adrenergic agents
upon experimental muscle wasting (29). One of this
compounds, formoterol, combines the clinical
advantages of rapid onset of action with duration of
action and it is currently in use in humans for the
treatment of bronchospasm associated with asthma
(30) . The suggested anti-wasting action is based on
its ability to prevent muscle proteolysis. The anti-
wasting effects of the drug were also observed in
terms of total

physical activity and grip force,

surrogate for the estimation of muscle function and



quality of life in rodents (31). A clinical study involving

formoterol treatment in cancer patients is also
available; a cohort with advanced cancer cachexia, an
8-week course of megestrol and formoterol in
combination was
tolerated (32).

Taking into consideration the therapeutic potential

reported to be safe and well

of myostatin/activin blockers and [;-adrenergic
agonists for the treatment of cancer cachexia, the aim
of the present investigation was to examine the
effectiveness of the combined use of formoterol and
soluble receptor antagonist of myostatin/activin in a
mouse model of cancer cachexia, in order to obtain a
broad spectrum effect that targets both anabolism and
catabolism, potentially being suitable for the majority

of cancer patients.

METHODS

Animals, tumor inoculation and treatment

Male C57BL6 mice (Harlan,

weighing about 20 g were used. The animals were

Barcelona, Spain)
maintained on a regular light-dark cycle (light on from
08:00 a.m. to 08:00 p.m.) and had free access to food
and water. The diet (Panlab, Barcelona, Spain)
consists of 54% carbohydrate, 17% protein and 5% fat
(the residue was non digestible material). Mice
received an intramuscular (hind leg) inoculum of 5x105
Lewis lung carcinoma cells obtained from exponential
tumours. The Lewis lung carcinoma is a highly
cachectic rapidly growing mouse tumour containing
poorly differentiated cells, with a relatively short
doubling time. The animals were divided in two groups
namely controls (C) and tumour-bearing mice (TB).
Both groups were further divided into four subgroups:
untreated (vehicle administered), treated with
Formoterol (1mg/kg body weight, subcutaneous (s.c.),
daily), treated with the soluble receptor antagonist of
myostatin/activin, sActRIIB (10 mg/kg body weight,

s.c., twice a week) and treated with both drugs.
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sActRIIB sequesters Activin A and Miostatin in vivo
(27). At day 14 after tumour transplantation the
animals were weighed and anesthetized with a
ketamine/xylacine mixture. The tumour was harvested
from the hind leg, its volume and mass evaluated. For
the

removed after blood removal and euthanasia of the

the visualization of metastases, lungs were
mouse. Metastatic nodules were counted using an
anatomical microscope and the metastases weights
were evaluated according the methodology used by
Donati et al (33). Several tissues were rapidly excised,

weighed, and frozen in liquid nitrogen.

Total physical activity
Total physical activity (IR ACTIMETER System and
ACTITRAK software from PANLAB, Barcelona) was
determined during 20h on day 14 (the day before
sacrifice) in the following subgroups: C: control mice;
T: tumour-bearing mice; T+A: mice treated with
sActRIIB; T+F: mice treated with formoterol; T+A+F:
mice treated with sActRIIB and with formoterol. Total
physical activity was determined using activity sensors
that translate individual changes in the infrared pattern
caused by movements of the animals into arbitrary
(34).

remained in their home cage —a frame containing an

activity counts For the measure, animals
infrared beam system was placed on the outside of

the cage-. This minimises stress to the animals.

Grip force assessment

Skeletal muscular strength in mice was quantified by
the grip-strength test (34). The grip-strength device
bar

(Panlab-Harvard Apparatus) comprised a

connected to an isometric force transducer
(dynamometer). In brief, the grip strength meter was
positioned horizontally, and the mice were held by the
tail and lowered towards the device. The animals were
allowed to grasp the pull bar and were then pulled
backwards in a horizontal plane. The force applied to

the bar just before the grip was lost was recorded as



the peak tension. At least three measurements were
taken per animal at baseline and on test days, and the
results were averaged for analysis. This force was

measured in Newtons/100g initial body weight.

In vivo rate of protein synthesis

Protein synthesis was quantified by determining the
amount of Phe-H incorporated into the tissues, as
previously reported (35). Briefly, three hours prior to
sacrifice, the animals received an IP dose of tritiated
phenylalanine (500uCi/Kg). The muscles were then
homogenized and the protein precipitated with
trichloroacetic acid (12%). Finally, the samples were
resuspended in sodium deoxycholate (0.4%), NaOH
(4%) and boiled for 3 hours. Total radioactivity was
measured with a  liquid scintillation counter at the
Radioisotope Service of the Department of Biology

(University of Barcelona).

In vitro rate of protein degradation

Isolated EDL muscles were fixed to a stainless-steel
clip in order to maintain the muscle under slight
tension (making it comparable to resting length) during
the incubation. Such muscles are able to maintain
normal ATP and phosphocreatine concentrations
during a 3 h incubation period (36). The muscles were
incubated in a shaking-thermostatized water bath at
35 °C for 3 h in 2 ml of Krebs-Henseleit physiological
saline pH 7.4, containing 5 mM glucose and 20 mM
HEPES. After the addition of the muscles to the vials
the incubation started at a shaking rate of 45
cycles/min. Vials were gassed with 02/CO2 19:1
during the whole incubation period. The muscles were
preincubated for 30 minutes in Krebs-Henseleit buffer
and then incubated for 120 minutes in fresh
supplemented medium.Total protein degradation was
calculated as the rate of tyrosine released in the last
two hours of incubation into the medium in the
presence of 0.5 mM cycloheximide in order to block

the reincorporation of tyrosine into tissue protein.
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Tyrosine was measured fluorimetrically as previously
described (37).

RNA isolation and RT-PCR
Total RNA from tibialis muscle was extracted by
TriPureTM kit (Roche, Barcelona, Spain). Reverse
transcription (RT) reactions were prepared using by
First Strand cDNA Synthesis Kit for RT-PCR (Roche,
Barcelona, Spain) following the manufacturer’s
instructions. Analysis of mRNA levels for the genes
from the different proteolytic systems was performed
with primers designed to detect the following gene
products: ubiquitin (FORWARD 5 GAT CCA GGA
CAA GGA GGG C 3, REVERSE 5 CAT CTT CCA
GCT GCT TGC CT3’); E2 (FORWARD: 5 AGG CGA
AGA TGG CGG T 3; REVERSE & TCA TGC CTG
TCC ACC TTG TA 3));
(FORWARD 5 AGA CCC CAA CAT GAA ACT GC 3;;
REVERSE 5 AGG TTT GTT GGC AGA TGC TC 3’);
MuRF-1 (FORWARD 5 TGT CTG GAG GTC GTT
TCC G 3; REVERSE 5 ATG CCG GTC CAT GAT
CAC TT 3’); Atrogin-1( FORWARD 5 CCA TCA GGA
GAA GTG GAT CTA TGT T 3; REVERSE 5 GCT
TCC CCC AAA GTG CAG TA 3);
(FORWARD 5 TTG AGC TGC AGA CCA TC 3;
REVERSE 5 GCA GCT TGA AAC CTG CTT CT 3),
cathepsin B (FORWARD 5 CTG CTG AGG ACC TGC
TTA C 3’; REVERSE 5 CAC AGG GAG GGA TGG
TGT A3’) and p0 (FORWARD 5 GAG GTC CTC CTT
GGT GAA CA 3’; REVERSE 5 CCT CAT TGT GGG
AGC AGA CA 3’). To avoid the detection of possible
DNA,

designed in different exons. The real-time PCR was

C8 proteasome subunit

m-calpain

contamination by genomic primers were

performed using a commercial kit (LightCycler ™ 480
SYBR Green | Master, Roche, Barcelona, Spain). The
relative amount of all mMRNA was calculated using
comparative Ct method. Acidic Ribosomal
Phosphoprotein PO mRNA was used as the invariant

control for all studies.



ELISA
Serum TNF-q, IL-1-3 and IL-6 levels were detected by
using Milliplex MAP mouse cytokine assay kit, used

according to the manufacturer instructions (Millipore).
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calculated. Intergroup differences were evaluated
statistically using multiple-way analysis of variance
(ANOVA). Post hoc pairwise comparisons (Duncan

test) were performed when was appropriated. Survival

Serum from each animal was assayed in duplicate. curves were computed with the Kaplan-Meier method,
and differences in survival were validated with Log-
rank test (Mantel-Cox). All

performed using SPSS version 21.

Statistical analysis statistical tests were
Statistical analysis of the data was performed for each

studied variable and the means and SE were

Table 1. Effects of the combination of formoterol and sActRIIB treatment on food intake, body weight and muscle weight in
mice bearing the Lewis lung carcinoma.

Parameter Experimental group
c(13) C+F (7) C+A (7) C+A+F (7) T (16) T+F (16) T+A(16)  T+A+F (16)
Food intake 226+ 7% 258+4¢ 260+ 8¢ 256+ 13¢ 216+ 7* 221+32 215+32 240+ 4°
Body Weight
IBW 20,6+0,4 209+0,5 21,0+0,8 21,0+0,7 20,3+0,3 204+04 20,3+0,4 20,5+0,3
FBW 22,1+0,6% 245+0,7¢ 27,2+05¢ 27,3+0,7¢ 19,8+0,55°* 21,6+04% 240+0,6¢ 245+0,69
Weight change 7% 17% 25% 30% -6% 6% 18% 21%
Carcass 15,1+0,4* 16,6+0,5¢ 188+0,7¢ 18,8+0,5¢ 13,1+0,4°* 146+0,2" 16,4+03c 1741059
Muscle Weight
GSN 571+13% 690+ 8¢ 793 £ 144 837 +17¢ 469 +132 579+11% 606+ 17" 727 £23¢
Tibialis 182+4¢* 213 +44 277+7¢ 280+10°* 146 t4¢ 180+7¢* 191+5% 227 + 8¢
Diaphragm 288 +20* 355+20¢% 426+32¢ 472 +10°¢ 247 £12° 259+17¢ 296 +13° 351+16°%
Heart 559+12°¢ 638+12% 585+ 22 647 £ 34« 553 +13° 549 +11°¢ 565+16* 581+ 103

Results are mean + S.E.M. for the number of animals indicated in parentheses. Food intake is expressed as g/100g IBW and
refers to the cumulative intake (14 days). IBW: initial body weight is expressed as g. FBW: final body weight (without tumour)
is expressed as g. Carcass is expressed as g. Tissue weights are expressed as mg/100 g of initial body weight. GSN:
gastrocnemius muscle. C: mice without tumour; T: tumour-bearing mice; C+F and T+F: treated with formoterol; C+A and T+A:
treated with sActRIIB; C+A+F and T+A+F: treated with both sActRIIB and formoterol. Statistical significance of the results by
full factorial three-way ANOVA (fixed factors: tumour, formoterol treatment and sActRIIB treatment). P-values of all the
parameters detailed in Supplemental data. Statistically significant differences by post hoc Duncan test. Different superscripts
indicate significant differences between groups.

RESULTS AND DISCUSSION

The results presented in Table 1 clearly show
that treatment with either formoterol (F) or the
myostatin soluble receptor antagonist sActRIIB
(A) resulted in a significant increase in food

intake in the control group. In tumour-bearing

animals, only the combination of both treatments
(A+F)

improvement (Table 1). Both F and A determined

resulted in a significant appetite
a relevant increase in body weight in all the
experimental groups studied and the combined

treatment exerted a cumulative effect.
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Figure 1. Tumour weight and metastases.

Results are mean + S.E.M. for the 16 animals per group. T:
tumour-bearing mice; T+F: treated with formoterol; T+A:
treated with sActRIIB; T+A+F: treated with both sActRIIB
and formoterol. Statistical significance of the results by full
factorial two-way ANOVA (fixed factors: formoterol
treatment, and sActRIIB treatment): no differences in
formoterol treatment, sActRIIB treatment p<0.001.

The same effects were observed when the
carcass weight — instead of total weight — was
considered. Formoterol promoted a significant
increase in skeletal muscle weights and heart,
both in control and tumour hosts. These results
agree with previous observations in our
laboratory (38). Interestingly, sActRIIB treatment
resulted in increments in
(21%), (52%)
diaphragm (48%) in control animals and also in
(29% and 31% for
gastrocnemius and tibialis The

combination treatment A+F resulted in larger

also significant

gastrocnemius tibialis and
tumour-bearing animals

respectively).

increases in muscle weights than the individual

treatments. It is noteworthy that the combination
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treatment significantly increased heart weight
both in control and LLC-bearing animals. This is
abnormalities

interesting because important

associated with heart function have been
described during cancer cachexia (39,40).

All the above-reported observations did not
associate with changes of primary tumour weight
(Figure 1). However, sActRIIB treatment resulted
in a significant reduction of metastases content
(92%). Such reduction was not modified by the

combination with F.

c OpAY 0

DAY 14

N/100g IBW

Cc C+F C+A C+F+A T T+F T+A T+F+A

Figure 2. Muscle strength. Results are mean + S.E.M. for
the number of animals indicated in parentheses. Grip force
is expressed as Newtons/100g initial body weight. C: mice
without tumour (n=13); T: tumour-bearing mice (n=16); C+F
(n=7) and T+F (n=16): treated with formoterol; C+A (n=7)
and T+A (n=16): treated with sActRIIB; C+A+F (n=7) and
T+A+F (n=16): treated with both sActRIIB and formoterol.
Statistical significance of the results by full factorial three-
way ANOVA (fixed factors: tumour, formoterol treatment,
and sActRIIB treatment): tumour ***p<0.001, formoterol

treatment ***p<0.001, sActRIIB treatment ***p<0.001.
Statistically significant difference by post hoc Duncan test.
Different superscripts indicate significant differences

between groups.

As a consequence of the observed bigger
muscles following the distinct treatments, a clear
gain of muscle strength was recorded (Figure 2).
Both formoterol and sActRIIB caused an increase
of this parameter in control as well as in tumour-
the

treatment induced a larger increase in muscle

bearing mice. Interestingly combined



force as compared with sActRIIB or formoterol
alone, suggesting additive effects.

The beneficial effects of gaining muscle mass
were also seen when animal behaviour was
monitored. As shown in Table 2, formoterol
treatment was associated with a tendency to

improve total physical activity while sActRIIB did
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The

promoted by the betas-agonist was mainly

not modulate this parameter. recovery

associated with locomotor movements as

(41).

Interestingly the double treatment (F+A) resulted

previously reported by our laboratory
in a significant improvement of mean velocity and

travelled distance (Table 2).

Table 2. Effects of the combination of formoterol and sActRIIB treatment on total physical activity and grip force in

mice bearing the Lewis lung carcinoma.

€ (10) T(10)

T+F(10) T+A(10) T+A+E(7) ANOVA

Physical activity
Total activity 65321 +2643 15451 +1152°2

Stereotyped movement 5312 + 300 ° 1893 £ 327°

Locomotor movements 60010 + 26362 13558 + 1060 2

19627 + 1085 ?

18082 + 1019°

p-value

17041+ 13832 19900+ 631° 0,000

1545+ 118°2 1769 + 1572 1888 £ 154 ° 0,000

15272 +£1326° 18012+683° 0,000

Velocity and distance

Mean Velocity (cm/s)  0,64£0,03°  0,10+0,03® 0,14+0,012®  0,13+0,012®> 0,17+0,01° 0,000
Travelled distance (cm) 46443 +990¢  7190+7372 10623 +10622® 932417842  12172:768° 0,000
Time (%)

Resting 733+1,4° 93,4+06°¢ 89,7+1,5b 90,3+1,1b¢ 87,3+1,9b 0,000
Slow movements 17,9+1,2¢ 6,2+0,5° 9,4+1,3% 9,0+1,0% 11,7+1,7° 0,000
Fast movements 8,8+0,03° 0,410,082 0,9+0,202 0,6+0,11° 1,0+0,162 0,000

Results are mean + S.E.M. for the number of animals indicated in parentheses. C: mice without tumour; T: tumour-bearing
mice; T+F: treated with formoterol; T+A: treated with sActRIIB; T+A+F: treated with both sActRIIB and formoterol. Physical
activity is expressed in activity units. Stereotyped movements include movements without displacement (eating and cleaning
movements); conversely, locomotor movements include movements with displacement. Mean velocity is expressed in cm/s.
Travelled distance is expressed in cm. Time is expressed as percentage of total time (24 hours). The thresholds of time are
the following: time involving resting (sleeping, cleaning and eating time): [0-2] cm/s, time involving slow movements: [2-5]
cm/s and time involving fast movements: [>5] cm/s. Statistical significance of the results by one-way ANOVA following a post
hoc Duncan test. Different superscripts indicate significant differences between groups.

Since the improvement in terms of skeletal
muscle mass and performance might impact on
animal survival, an experiment was repeated in
order to assay such parameter. The results
presented in Figure 3 clearly show that while

formoterol alone had no influence on survival,

treatment with myostatin  soluble receptor
antagonist or the combination clearly resulted in
enhanced survival. Thus while untreated tumour-
bearing mice lived for 27 days, the double
treatment was able to enlarge survival up to 36

days. This is likely due to the effect of sActRIIB



on the number of metastases; Zhou et al.
reported that treatment with sActRIIB during
cancer cachexia caused myostatin and activin to
be sequestered by this soluble receptor, leading
to reduced availability of these ligands to activate
the ActRIIB receptor, which leads to decreased
activin signalling, thus preventing muscle atrophy
(27). Therefore, high levels of activin had been
implicated in the pathogenesis of metastasis in
different tumours (42-44). Thereby, taking into
consideration that the cause of death of this
tumour model is associated with loss of
respiratory capacity due to invasion of the lungs,
it may be related with activin blockade promoted

by ActRIIB treatment.
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Figure 3. Survival. Kaplan-Meier survival analysis. Results
are mean = S.E.M. for the 8 animals per group. T: tumour-
bearing mice; T+A: tumour-bearing mice treated with the
soluble receptor antagonist of myostatin (sActRIIB); T+F:
tumour-bearing mice treated with formoterol; T+A+F:
tumour-bearing mice treated with sActRIIB and with
formoterol. Comparison of survival curves were analyzed by
Log-rank test (Mantel-Cox). The global comparison for the
treatments has a P value=0.000. Different subscripts means
significant differences detected by pairwise comparisons
(Bonferroni correction). P values < 0.05 were considered
significant.

The results presented in Figure 4 demonstrated
that tumour growth was associated with an
important inflammatory response. Indeed, we

observed a dramatic increase in the circulating
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levels of several cytokines: TNFa, IL-18 and IL-6

in agreement with previous observations
(19,45,46). Treatment with either formoterol or
sActRIIB elicited a significant decrease in TNFa

and IL-6.

TNF-a IL-18 IL-6

Figure 4. Circulating cytokine levels (TNFa, IL-18 and IL-
6), haemoglobin, haematocrit and platelet count in
tumour-bearing mice. Results are mean + S.E.M. for the
number of animals indicated in parentheses. C: mice without
tumour; T: tumour-bearing mice; T+F: treated with
formoterol; T+A: treated with sActRIIB; T+A+F: treated with
both sActRIIB and formoterol. Statistical significance of the
results by full factorial one-way ANOVA following a post hoc
Duncan test. Different superscripts indicate significant
differences between groups.

Moreover, the combined treatment was even

more effective than the individual ones in
lowering IL-6. Since the latter cytokine seems to
have a very important role in different models of
cancer cachexia (47), it becomes clear that the
observed effects upon muscle weights, force and
activity can partly be explained by preventing
high The different

treatments were also associated with an

levels of the cytokines.

improvement in haemoglobin, haematocrit and
platelet count (Figure 4).

Our next step was to try and assess the
mechanism by which the different treatments
muscle We therefore

influenced weight.



estimated both protein synthesis and degradation
in the skeletal muscle.

The results presented in Figure 5 show the rate
of protein synthesis as estimated by the
incorporation of tritiated phenylalanine into
protein. It can be seen that for all the skeletal
muscle studied (gastrocnemius, tibialis and
vastus lateralis) tumour burden resulted in very
important decrease in protein synthesis rate. As
can be observed treatment with formoterol
resulted in an increment in protein synthesis only
in the vastus lateralis muscle, while sActRIIB
the

synthesis in both tibialis and vastus lateralis.

promoted increases in rate of protein

GASTROCNEMIUS
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Figure 5. Protein synthesis. Results are mean + S.E.M. for
7-8 animals per group. Protein synthesis is expressed as
dpm/g tissue. C: control mice; T: tumour-bearing mice; C+A
and T+A: mice treated with the soluble receptor antagonist
of myostatin (sActRIIB); C+F and T+F: mice treated with
formoterol; C+A+F and T+A+F: mice treated with sActRIIB
and with formoterol. Statistical significance of the results by
full factorial three-way ANOVA (fixed factors: tumour,
formoterol treatment and sActRIIB treatment). P-values of all
the parameters detailed in Supplemental data. Statistically
significant differences by post hoc Duncan test. Different
superscripts indicate significant differences between groups.

Very interestingly, the combined treatment
resulted in improvement of this parameter in all
muscle studied. Thus can be

and sActRIIB

the skeletal

concluded that both formoterol
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were able to improve somehow, depending the

type of muscle, the rate of protein synthesis.
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Figure 6. Skeletal muscle proteolytic rate in isolated
EDL muscles in vitro. Results are mean + S.E.M. for 7
animals in control groups and 8 animals in tumour groups.
Proteolytic rates were measured in the presence of
cycloheximide (0.5 mmol/L) and are expressed as
nanomoles tyrosine per gram and 2 hours of incubation. C:
control mice; T: tumour-bearing mice; C+A and T+A: mice
treated with the soluble receptor antagonist of myostatin
(sActRIIB); C+F and T+F: mice treated with formoterol;
C+A+F and T+A+F: mice treated with sActRIIB and with
formoterol. Statistical significance of the results by full
factorial three-way ANOVA (fixed factors: tumour, formoterol
treatment, and sActRIIB treatment): tumour ***p=0.001,
formoterol treatment **p=0.004. Statistically significant
difference by post hoc Duncan test. Different superscripts
indicate significant differences between groups.

Concerning protein degradation, this parameter
was measured in isolated EDL muscles from
and tumour hosts. The results
that

protein

both control
presented in Figure 6 clearly show

formoterol was able to decrease
degradation in both control and tumour-bearing
mice. Conversely sActRIIB did not affect the in
vitro rate of protein degradation. Interestingly, the
effects of formoterol on protein degradation were
indirectly confirmed by analysing the transcript
levels of genes belonging to different proteolytic
systems (Table 3). Indeed, formoterol reduced
the expression of several components of the
ubiquitin-dependent proteolytic system, including
atrogin-1 and MuRF-1 and of other proteolytic

systems, such as m-calpain and cathepsin B,



suggesting that the effects of B.-agonist is

upstream all the proteolytic systems.
Summarizing, the improved status triggered by

the multifactorial treatment seems to be related

with an improving in muscle mass and force
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where F decreases protein degradation and
increases protein synthesis and sActRIIB acts
mainly in favouring protein synthesis and
reducing the number of metastasis, which is

reflected by an increased survival.

Table 3. Effects of the combination of formoterol and sActRIIB treatment on tibialis gene expression in mice

bearing the Lewis lung carcinoma.

c(6) T(7) T+F(7) T+A(6) T+A+F(7) ANOVA

Proteolytic system p-value
Ubiquitin-dependent

Atrogin-1 100 +23°2 264 +20° 196 + 21 ¢ 250 + 34 b¢ 1734332 0,000

MuRF-1 100 £ 222 206 +14° 167 +29%® 206+45° 178+34 % 0,000

Ubiquitin 100+ 62 158 + 8° 118+ 10° 153+9° 109+ 15° 0,000

E2 100+5% 118+6°¢ 103 +62° 108 + 7°¢ 89+4° 0,000

C8 proteasome subunit 100 + 62 160 + 8¢ 135+ 7° 145 + 8b¢ 120+ 102 0,000
Calcium-dependent

m-Calpain 100+ 8% 147 +7¢ 116+ 6° 107 £ 6° 86+8? 0,000
Lysosomal

Cathepsin B 100+6° 126+ 8P 35+20°? 92+8P 7+2° 0,000

Results are mean + S.E.M. for the number of animals indicated in parentheses. C: mice without tumour; T: tumour-bearing
mice; T+F: treated with formoterol; T+A: treated with sActRIIB; T+A+F: treated with both sActRIIB and formoterol. Statistical
significance of the results by full factorial one-way ANOVA following a post hoc Duncan test. Different superscripts indicate

significant differences between groups.

In  conclusion, the combined treatment
presented here acts at two different levels. The
first one influenced muscle mass by both
increasing protein synthesis and reducing
protein degradation. This is associated with
recovery of physical activity and muscle
strength, resulting in an improvement of quality
of life. Second, the treatment diminished the
number of metastases, this clearly being
associated with extended survival. The results

obtained in this preclinical setting originate solid

fundamentals for the design of an effective
therapy for cancer cachexia in humans. The
combined approach will allow to face the anti-
tumour treatments in improved health
conditions, thus improving their overall
effectiveness. On the other side, the anti-
metastatic action reported here will strengthen
the effect of anti-tumour drugs. The results
presented here clearly show that a multimodal
approach including both anti-myostatin and f3,-

adrenergic agonists seems to be the more



suitable option for the treatment of cancer
cachexia, particularly considering the high
variability of pathogenic events typical of such
syndrome due to the heterogeneity of
neoplasms that causes cachexia. Not to
mention that the combination of the two drugs
will potentially allow a reduction of their

effective dose, blunting their possible side
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Figure 7. Proposed model of action of the multifactorial

treatment.
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SUPPLEMENTAL DATA

ANOVA Table 1

T F A T*A T*F A*F | T*A*F
Food Intake | p=0.000 | p=0.005 | p=0.009 ns ns ns p=0.03
IBW ns ns ns ns ns ns ns
FBW p=0.005 | p=0.017 | p=0.000 ns ns ns ns
Carcass p=0.000 | p=0.004 | p=0.000 ns ns ns ns
GSN p=0.000 | p=0.017 | p=0.000 | p=0.067 ns ns | p=0.055
Tibialis p=0.000 | p=0.000 | p=0.000 | p=0.03 ns ns ns
Diaphragm p=0.000 | p=0.000 | p=0.000 | p=0.040 ns ns ns
Heart p=0.002 | p=0.007 ns ns p=0.020 ns ns
ANOVA Figure 5

T F A T*A T*F A*F | T*A*F

Gastrocnemius | p=0.000 | ns | p=0.005 ns p=0.002 ns ns
Tibialis p=0.000 | ns | p=0.000 | p=0.003 ns ns p=0.059
Vastus p=0.014 | ns | p=0.024 ns p=0.006 ns ns
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L'administracié de L-carnitina (1 g/kg de pes corporal) a rates portadores de
I'hepatoma ascitic Yoshida AH-130 va donar lloc a una millora significativa de la ingesta
d'aliments i del pes dels musculs. Aquests efectes beneficiosos estan directament
relacionats amb la millora de la condicid fisica (activitat fisica total, la mitjana de
velocitat de moviment i la distancia total recorreguda). L'administracié de L-carnitina
va disminuir l'activitat del proteasoma i I'expressié de gens relacionats amb aquesta
activitat, com sén la ubiquitina, subunitat C8 del proteasoma i MuRF-1. Curiosament,
el tractament de L-carnitina també va disminuir el contingut de mRNA de la caspasa-3,
fet que suggereix una modulacié de I'apoptosi. D'altra banda, I'addicié de L-carnitina
50 mM a musculs incubats ex vivo va provocar una disminucié significativa de la taxa
proteolitica fet que suggereix un efecte directe de la L-carnitina sobre el muscul. Es pot
concloure que la suplementacié amb L-carnitina podria ser un bon méetode per a una

terapia multifactorial per al tractament de la caquéxia cancerosa.
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Background & aims: Tumour growth is associated with weight loss resulting from both adipose and

Methods: Administration of i-carnitine (1 g/kg body weight) to rats bearing the AH-130 Yoshida ascites
hepatoma, a highly cachectic rat tumour.

Keywords:
L-Carnitine
Cancer cachexia
Skeletal muscle
Physical activity
Muscle strength
Incubated muscles
Proteolysis
Proteasome
Apoptosis

Results: The treatment results in a significant improvement of food intake and in muscle weight
(gastrocnemius, EDL and soleus). These beneficial effects are directly related to improved physical
performance (total physical activity, mean movement velocity and total travelled distance). Adminis-
tration of L-carnitine decreases proteasome activity and the expression of genes related with this activity,
such as ubiquitin, C8 proteasome subunit and MuRF-1. Interestingly, L-carnitine treatment also decreases
caspase-3 mRNA content therefore suggesting a modulation of apoptosis. Moreover, addition of 50 uM of
L-carnitine to isolated EDL muscles results in a significant decrease in the proteolytic rate suggesting
a direct effect.

Conclusions: It can be concluded that L-carnitine supplementation may be a good approach for a multi-

targeted therapy for the treatment of cancer-related cachexia.
© 2012 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.

1. Introduction

Cachexia is a multiorganic syndrome associated with cancer,
characterized by inflammation, body weight loss (at least 5%) and
muscle and adipose tissue wasting.! The abnormalities associated
with cachexia include alterations in carbohydrate, lipid and protein
metabolism, being often associated with anorexia.!™ Cachexia
occurs in the majority of terminal ill patients, and it is responsible
for the deaths of 22% of cancer patients. In addition, survival of
patients affected by different types of neoplasias is clearly depen-
dent on the presence of weight loss.”> Therefore, cachexia preven-
tion represents an important factor in the treatment of cancer

* Corresponding author. Cancer Research Group, Departament de Bioquimica i
Biologia Molecular, Facultat de Biologia, Universitat de Barcelona, Diagonal 645,
08028 Barcelona, Spain. Tel.: +34 934034609; fax: +34 934021559.

E-mail address: silviabusquets@ub.edu (S. Busquets).

patient, affecting not only survival but also the efficacy of anti-
cancer treatment, quality of life and, ultimately, sanitary costs. It
is thus clear that there is both a medical and a social need for the
treatment of cancer cachexia. Although anorexia represents a very
important factor in the development of cachexia, it has to be
pointed out that, in many cases, the use of total parenteral nutrition
does not stop the loss of body weight.? It seems, therefore, quite
evident that metabolic disturbances present in the host (increased
energy inefficiency, insulin resistance and abnormal carbohydrate
metabolism, adipose tissue dissolution and hypertriglyceridemia,
and muscle wasting) have a definitive role in the development of
cachexia.>® Different mediators are involved in the metabolic
disturbances but proinflammatory cytokines seem to play a major
role.”~® Bearing in mind the fact that both anorexia and metabolic
disturbances are involved in the cachectic syndrome, the devel-
opment of different therapeutic strategies has being focused on
these two factors. For these reasons, the ideal candidate for anti-
cachectic drug would be a compound able both to increase food

0261-5614/$ — see front matter © 2012 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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intake and to improve muscle weight loss (which is the main
component of the cachectic syndrome).

L-Carnitine is synthesised from lysine and methionine that seems
to have these properties It is a natural compound free from toxicity
up to 6 g/day in human subjects with cancer'® and up to 9 g/day i.v.in
patients with acute cardiac infarction.!"? Since it is readily excreted,
supplement ingestion is well tolerated. The main role of L-carnitine is
associated with the mitochondrial transport of fatty acids across the
inner membrane.”® Indeed, t-carnitine facilitates the entry into the
mitochondria of fatty acids in the form of acyl-carnitine derivatives
thus resulting in increased B-oxidation. Therefore it plays an essen-
tial role in mitochondrial integrity and function.'*~® Skeletal muscle
contains at least 95% of the total body r-carnitine!” and therefore,
alterations in carnitine content in this tissue may result in a lack of
functionality. From this point of view, it has already been reported
that cancer patients have an abnormally high renal clearance of
carnitine’® and a significantly decreased carnitine level in the skel-
etal muscle tissue.!® This could be associated with fatigue and
possibly muscle wasting, as shown in several clinical trials involving
advanced cancer patients. In some of these, the strategies to coun-
teract loss of lean body mass, fatigue and worsened quality of life
included carnitine supplementation. Gramignano et al. showed that
L-carnitine administration was effective in improving fatigue and
increasing lean body mass and appetite in 12 patients.!® A study by
Cruciani et al. clearly showed that L-carnitine supplementation was
able to increase L-carnitine serum levels, even though supplemen-
tation at maximal doses of 2 g/day for 10 days did not reverse cancer-
related fatigue in carnitine-deficient patients.?® In a randomized
phase IlI clinical trial involving cachectic cancer patients, L-carnitine
treatment (4 g/day for 4 weeks) was effective in improving the
Glasgow Prognostic Score and ECOG Performance Status.”! On the
other hand, L-carnitine supplements have been used to treat muscle
wasting and fatigue due to HIV drugs.>? Dalakas et al. have shown
that the use of zidovudine (AZT) for the treatment of acquired
immunodeficiency syndrome (AIDS) results in a reduction of carni-
tine content in skeletal muscle.?? Therefore, i-carnitine supple-
mentation results in an improvement in AZT-related myopathy.2?
Several studies in experimental tumour-bearing animals also
involve L-carnitine. Indeed, Silverio et al. have shown that, in tumour-
bearing rats, L-carnitine treatment resulted in a normalization of the
lipid metabolism in adipose tissue.?> Our group described in muscle
of tumour-bearing rats an increase in carnitine palmitoyltransferase-
I (MCPTI), the main limiting enzyme in the transport of fatty acid
across the mitochondrial membrane.*

Taking all this into consideration, the objective of the present
investigation was to see if L-carnitine administration was able to
ameliorate muscle wasting in tumour-bearing rats and to ascertain
the possible molecular mechanisms involved.

2. Methods and materials
2.1. Animals

Male Wistar rats (Interfauna, Barcelona, Spain) of 5 weeks of age
were used. The animals were maintained at 22 + 2 °C with a regular
light—dark cycle (light on from 08:00 a.m. to 08:00 p.m.) and had
free access to food (Harlan Teklad Global Diet 2014) and water. The
food intake was measured daily. All animal manipulations were
made in accordance with the European Community guidelines for
the use of laboratory animals.

2.2. Tumour inoculation and treatment

Male rats were divided into two groups, namely tumour and
tumour-treated hosts. Both groups received an intraperitoneal

inoculum of 108 AH-130 Yoshida ascites hepatoma cells obtained
from exponential tumours.?> The treated animals received a daily
intragastrically (i.g.) dose of L-carnitine (1 g/kg body weight, Sigma-
Tau, Spain).?® Untreated animals received the corresponding
volume of solvent (corn oil). On day 7 after tumour transplantation,
the animals were weighed and anaesthetized with an i.p. injection
of ketamine/xylazine mixture (3:1) (Imalgene® and Rompun®
respectively). The tumour was harvested from the peritoneal cavity
and its volume and cellularity evaluated. Tissues were rapidly
excised, weighed, and frozen in liquid nitrogen.

2.3. RNA isolation and real-time PCR

Total RNA from gastrocnemius muscle was extracted by Tri-
PureTM kit (Roche, Barcelona, Spain), a commercial modification of
the acid guanidinium isothiocyanate/phenol/chloroform method.?’
First-strand cDNA was synthesized from total RNA with oligo dT15
primers and random primers pdN6 by using a cDNA synthesis kit
(Transcriptor Reverse Transcriptase, Roche, Barcelona, Spain).
Analysis of mRNA levels for the genes from the different proteolytic
systems was performed with primers designed to detect the
following gene products: ubiquitin (FORWARD 5’ GAT CCA GGA
CAA GGA GGG C 3, REVERSE 5’ CAT CTT CCA GCT GCT TGC CT3’); E2
(FORWARD: 5" AGG CGA AGA TGG CGG T 3'; REVERSE 5’ TCA TGC
CTG TCC ACC TTG TA 3'); C8 proteasome subunit (FORWARD 5’ AGA
CCC CAA CAT GAA ACT GC 3’; REVERSE 5’ AGG TTT GTT GGC AGA
TGC TC 3’); MuRF-1 (FORWARD 5’ TGT CTG GAG GTC GTT TCC G 3';
REVERSE 5’ ATG CCG GTC CAT GAT CACTT 3'); Atrogin-1 (FORWARD
5’ CCA TCA GGA GAA GTG GAT CTA TGT T 3’; REVERSE 5’ GCT TCC
CCC AAA GTG CAG TA 3'); m-calpain (FORWARD 5’ TTG AGC TGC
AGA CCA TC 3’; REVERSE 5’ GCA GCT TGA AAC CTG CTT CT 3'),
cathepsin B (FORWARD 5’ CTG CTG AGG ACC TGC TTA C 3’; REVERSE
5" CAC AGG GAG GGA TGG TGT A 3’), caspase 3 (FORWARD 5’ CGG
TGG AGG CTG ACT TCC TGT A 3’; REVERSE 5 GGA TGA ACC ACG ACC
CGT CCT T 3’) and Hmbs (FORWARD 5’ TGC CAG AGA AAA GTG CCG
TGG G 3’; REVERSE 5’ TGC AGC TCA TCC AGC TTC CGT 3’). To avoid
the detection of possible contamination by genomic DNA, primers
were designed in different exons. The real-time PCR was performed
using a commercial kit (LightCycler TM 480 SYBR Green I Master,
Roche, Barcelona, Spain). The relative amount of all mRNA was
calculated using comparative CT method. Hmbs (Hydrox-
ymethylbilane synthase) mRNA was used as the invariant control
for all studies.

2.4. Determination of proteasome activity

The chymotrypsin-like activity of the muscle proteasome was
determined by evaluating the cleavage of the specific fluorogenic
substrate  succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin
(LLVY). The gastrocnemius muscle was homogenized in 20 mmol/
L TRIS-HCI pH 7.2 containing 0.1 mmol/L EDTA, 1 mmol/L 2-
mercaptoethanol, 5 mmol/L ATP, 20% glycerol, and 0.04% (v/v)
Triton X-100. Muscle homogenates were then centrifuged at
13,000g for 15 min at 4 °C. The supernatant was collected and
protein concentration was determined using the BCA assay (Pierce
Chemical Co.). Aliquots of 40 pug protein were then incubated for
60 min at 37 °C in the presence of LLVY (40 uM). The incubation
buffer for the evaluation of proteasome activity was 50 mmol/L
HEPES pH 8.0 containing 5 mmol/L EGTA. Fluorescence was read
with a spectrofluorometer (380 nm excitation and 460 nm emis-
sion; RF-5001 PC spectrofluorophotometer, Shimadzu). The activity
of proteasome was calculated taking into consideration the
substrate degraded with and without the presence of 25 pmol/L
lactacystin, a specific proteasome inhibitor, and by using free
amido-coumarin as working standard.
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2.5. Muscle preparations and incubations

The dissection, isolation and incubation of the extensor dig-
itorum longus (EDL) muscles were carried out under ketamine/
xylazine mixture anaesthesia as described previously.?®?° The
muscles were preincubated for 60 min: 30 min in Krebs—Henseleit
buffer and 30 min in supplemented medium containing 1, 5, 50 and
500 pM t-carnitine or none, and then incubated for 120 min in fresh
supplemented medium. Such muscles are able to maintain normal
ATP concentrations during a 3 h incubation period.?® Total protein
degradation by the isolated muscles was calculated as the rate of
tyrosine released in the last 2 h of incubation into the medium in
the presence of 0.5 mM cycloheximide in order to block the rein-
corporation of tyrosine into tissue protein. Tyrosine was measured
fluorimetrically as described previously.>°

2.6. Total physical activity

Total physical activity (IR ACTIMETER System and ACTITRAK
software from PANLAB, Barcelona) was determined during the last
21 h before the sacrifice of the animals in control and tumour-
bearing animals, using activity sensors that translate individual
changes in the infrared pattern, caused by movements of the
animals, into arbitrary activity counts. For the measurements,
animals remained in their home cage. A frame containing an
infrared beam system was placed on the outside of the cage; this
minimised stress to the animals.

2.7. Grip force assessment

Skeletal muscular strength in rats was quantified by the grip-
strength test.>3? The grip-strength device (Panlab-Harvard Appa-
ratus, Spain) comprised a triangular pull bar connected to an
isometric force transducer (dynamometer). Basically, the grip
strength meter was positioned horizontally and the rats were held
by the tail and lowered towards the device. The animals were
allowed to grasp the triangular pull bar and were then pulled
backwards in the horizontal plane. The force applied to the bar just
before it lost grip was recorded as the peak tension. At least three
measurements were taken per rat on both baseline and test days,
and the results were averaged for analysis. This force was measured
in g/g initial body weight.

2.8. Statistical analysis

Statistical analysis of the data was performed by means of the
Student’s t test.

3. Results

As can be seen in Table 1, L-carnitine administration resulted in
over a 15% increase in food intake. L-carnitine treatment did not
result in any effects on tumour cell content (Table 1). In addition to
the increase in food intake, the effects of L-carnitine on individual
skeletal muscle weights were clearly beneficial: GSN, EDL and
soleus were increased significantly as a result of L-carnitine treat-
ment (7%, 7% and 8% respectively). No changes were observed in the
weight of the rest of the studied tissues (Table 1). As can be seen in
Table 2, L-carnitine treatment resulted in a significant increase in
physical activity (measurement of stereotyped and locomotor
movements). Both the mean velocity and the total travelled
distance were also increased. At the same time, the percentage of
resting time was decreased significantly, whereas the percentage of
slow-movement time and fast-movement time increased. Inter-
estingly, L-carnitine treatment resulted in a marked tendency to

Table 1

891

Effects of L-carnitine treatment on muscle, organ weights, tumour content and food

intake.

T+C

Initial body weight (g)
Final body weight (g)

Carcass weight
Total food intake
Gastrocnemius
Tibialis

EDL

Soleus

WATd

WATp

BAT

Liver

Heart
Diaphragm

Tumour volume (ml)

126 + 1.4 (23)
126 + 2.4 (22)
72 £1(21)
70 £ 2.4 (18)
515 + 7 (20)
175 + 3 (22)
41 +1(23)
35+ 1(21)
400 + 26 (20)
494 + 26 (21)
109 + 26 (21)
4830 + 103 (21)
320.7 + 5.7 (24)
314.9 + 9.9 (12)

37 +£1.2(21)

127 + 2.2 (17)
129 + 2.6 (17)
72 +1(17)
80.7 £ 2.9 (12)**
550 + 8 (14)**
181 £3(17)
44 1+ 1 (15)*
38 + 1 (16)*
465 + 40 (16)
472 + 43 (16)
106 =+ 6 (16)

4975 + 138 (17)

330 + 8.4 (17)
284 + 15 (8)
38 + 1.5 (17)

Tumour total cell number (x 10°) 3882 + 115 (20) 3979 £ 122 (15)

Results are mean =+ S.E.M. for the number of animals indicated in parentheses. Final
body weight excludes the tumour weight. Food intake is expressed in g/100 g IBW
and refers to the ingestion during the period of the experiment prior to sacrifice
which took place 7 days after tumour inoculation. Carcass weight (body without
organs or tumour) is expressed as g/100 g of initial body weight (IBW). Tissue
weights are expressed as mg/100 g of initial body weight. EDL: extensor digitorum
longus. WATd: dorsal white adipose tissue, WATp: perigenital white adipose tissue;
BAT: brown adipose tissue. T: tumour-bearing rats; T + C: carnitine treated tumour-
bearing animals. Values that are significantly different by the Student’s t-test from
the non-treated animals groups are indicated by *p < 0.05, **p < 0.01 (vs T group).

increase grip force (Table 2), although the results did not reach
statistical significance (p = 0.223).

In order to assess the mechanisms influencing the beneficial
effect of L-carnitine on muscle wasting, we decided to study the
main proteolytic systems in skeletal muscle. As can be seen in
Table 3, r-carnitine treatment indeed resulted in a significant
decrease in proteasome activity. This observation was associated
with significant decreases in muscle mRNA content for ubiquitin
(28%), C8 proteasome subunit (28%) and MuRF-1 (46%). No effects
of L-carnitine were observed on other proteolytic systems such as
calcium-dependent or lysosomal (Table 3). As can be seen in

Table 2
Effects of L-carnitine on physical activity and grip force in rats bearing the Yoshida
AH-130 ascites hepatoma.

T T+C

Physical activity 21 h
Total physical activity
Stereotyped movements
Locomotor movements
Mean velocity
Total travelled distance
Time

22,468 + 627 (7) 27,933 + 1119 (6)***
2344 + 125 (7) 2978 + 150 (6)***
20,124 £ 537 (7) 24,956 + 978 (6)*
0.16 + 0.01 (7) 0.21 + 0.01 (6)**
12,424 £ 431(7) 15776 + 717 (6)**

Resting time (%) 90.6 & 0.3 (7) 88.3 &+ 0.5 (6)***
Slow-movements time (%) 84 +03(7) 103 + 04 (6)**
Fast-movements time (%) 1.0 £0.1(7) 14 +£0.1 (6)**
Grip Force
Day 0 4.12 + 0,09 (6) 422 +0,11(8)

Day 7 (after tumour inoculation)  4.08 & 0,26 (6) 4.50 + 0,19 (8)

Results are mean =+ S.E.M. for the number of animals in parenthesis. Physical activity
is expressed in activity units. Stereotyped movements include movements without
displacement (eating and cleaning movements); conversely, locomotor movements
include movements with displacement. Mean velocity is expressed in cm/s. Trav-
elled distance is expressed in cm. Time is expressed as percentage of total time
(24 h). The thresholds of time are the following: time involving resting (sleeping,
cleaning and eating time): [0—2] cm/s, time involving slow movements®~>: cm/s
and time involving fast movements: [>5] cm/s. Grip force is expressed as g/g initial
body weight. T: tumour-bearing rats; T + C: carnitine treated tumour-bearing
animals. Values that are significantly different by the Student’s t-test from the
non-treated animals groups are indicated by **p < 0.01, ***p < 0.001 (vs T group).
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Table 3

Effects of L-carnitine on gastrocnemius muscle mRNA content of the different
proteolytic systems and on proteasome activity in rats bearing the Yoshida AH-130
ascites hepatoma.

T T+C

Proteasome activity 100 £ 7 (7) 58 + 14 (6)*
Gene expression of the main components of the proteolytic systems
Ubiquitin-dependent

Ubiquitin 100 + 7 (7) 72 +£ 7 (6)*
C8 proteasome subunit 100 + 11 (8) 72 + 3 (6)*
MuRF-1 100 + 17 (6) 54 + 12 (6)*
Atrogin-1 100 + 24 (6) 59 + 14 (5)
E2 100 + 18 (8) 108 + 11 (6)
Calcium-dependent

Calpain m 100 £ 9 (7) 84 +4(7)
Lysosomal

Cathepsin B 100 + 15 (5) 136 + 22 (6)
Apoptotic marker

Caspase 3 100 + 12 (5) 66 +12(5)$

For more details see the Methods and Materials section. Results are mean + S.E.M.
for the number indicated in parentheses. The results of gene expression and the
activity of proteasome are expressed as a percentage of controls. T: tumour-bearing
rats; T + C: carnitine treated animals. Values that are significantly different by the
Student’s t-test from the tumour-bearing group are indicated by $ p < 0.1, *p < 0.05.

Table 3, L-carnitine treatment decreased caspase 3 mRNA
expression.

We also examined the effects of L-carnitine directly on skeletal
muscle tissue and with this aim we incubated isolated EDL muscles
from healthy rats in the presence of different concentrations of 1-
carnitine. We measured tyrosine release as an estimation of the
proteolytic rate. As can be seen in Table 4, L-carnitine was able to
decrease proteolysis, particularly at the concentration of 50 uM.

4. Discussion

The results presented here clearly show that i-carnitine
administration increases food intake. Although previous studies,
performed in non-cachectic animals, did not report any effects on
food intake,>3738 a very recent investigation reported an increase in
food consumption in L-propionylcarnitine-treated MCA-sarcoma-
bearing rats.>® It may be suggested that the increase in food
intake reported in the present investigation can be accounted for as
a result of both the effects of L-carnitine on blood lipid levels* and
the increase of fatty acid oxidation.*! It is known that FFA promote
anorexia,>>*?%3 through changes in the cytoplasmic pool of long-
chain fatty-acyl-CoA and malonyl-CoA, an intermediate of the de-
novo fatty acid synthesis in hypothalamic neurons that integrate
hormonal and nutrient-derived signals to control feeding

Table 4
Skeletal muscle proteolytic rate in isolated EDL muscles
in vitro.

Tyr released into the medium

Control 178 +7
L-Carnitine 1 uM 182 + 14
L-Carnitine 5 uM 162 + 6
L-Carnitine 50 pM 154 + 5*
L-Carnitine 500 uM 150 + 6**

Results are mean + S.E.M. for 5 samples. Proteolytic rates
were measured in the presence of cycloheximide (0.5 mM)
and are expressed as nanomols per gram of muscle and
120 min. Values that are significantly different by the
Student’s t-test from the non-treated EDL group are indicated
by *p < 0.05 and **p < 0.01.

behaviour.*? In fact, elevated hypothalamic malonyl-CoA content
results in a decrease of appetite in cachexia.** Therefore the effects
of L-carnitine on food intake could be partially the result of the
decrease in circulating FFA. Additionally, L-carnitine has been
shown to decrease cytokine production4%4> (TNF-g, IL-6 and IL-
1pB) which are known to induce anorexia.*®

From the results presented here, it is clear that L-carnitine
treatment is beneficial for tumour-bearing animals from the point
of view of muscle mass (Table 1). However, muscle mass and
function are not often encompassed. Bearing this in mind, we
decided to see if the increase of muscle mass was accompanied
with an increase in muscle performance. As can be seen, L-carnitine
treatment resulted in a significant increase in physical activity
(total stereotyped and locomotor movements), mean velocity, and
total travelled distance. At the same time, the percentage of resting
time was significantly decreased, whereas the percentage of slow-
movements time and fast-movements time were increased. These
data demonstrate that i-carnitine treatment, in addition of
increasing muscle mass, also results in an improvement in physical
performance. Interestingly, L-carnitine treatment resulted in
a marked tendency to increase grip force. In order to assess the
mechanisms influencing the beneficial effect of L-carnitine on
muscle wasting, we decided to measure the activity of the main
proteolytic systems in skeletal muscle. It has to be pointed out here
that the muscle loss associated with cancer is linked with an
important activation of proteolysis, both in experimental
animals®®# and humans.*®*° Among the proteolytic systems
involved in protein degradation in muscle during catabolic condi-
tions, the ubiquitin-proteasome system is considered the main one.
As our group has shown previously,”>>%°! the accelerated muscle
protein breakdown in both the AH-130 hepatoma and Lewis lung
carcinoma hosts is basically achieved through the activation of the
ATP-ubiquitin-dependent proteolytic system. Indeed, L-carnitine
treatment resulted in a significant decrease in proteasome activity,
and this observation was associated with significant decreases in
muscle mRNA content for ubiquitin, C8 proteasome subunit and
MuRF-1. It can be suggested that L-carnitine is able to modulate
proteolytic activity in skeletal muscle. In fact, recent investigations
also demonstrate that L-carnitine is able to inhibit the ubiquitin
proteasome system in piglets.>>>3

In addition to increased proteolysis, muscle wasting was
accompanied by an increase of apoptosis, as we have reported
previously.>* In fact, apoptosis could precede proteolysis.”>> From
this point of view, we also examined the expression of caspase 3,
a protein that interacts with caspase 8 and caspase 9; the sequential
activation of caspases plays a central role in cell apoptosis.”® As can
be seen in Table 3, L-carnitine treatment decreased caspase 3 mRNA
expression. This result is in agreement with those of Vescovo et al.
showing that L-carnitine treatment blocks apoptosis in skeletal
muscle myopathy associated with heart failure.>’

Bearing all this in mind, we can suggest that, in addition on the
beneficial effects on food intake, L-carnitine is also an anti-
proteolytic and anti-apoptotic compound with beneficial effects
on muscle integrity. However, the effects of L-carnitine could simply
be indirect through the commented decrease on cytokine produc-
tion.? Indeed, it is well known that cytokines are able to activate
both the ATP-ubiquitin-dependent proteolytic system and the
apoptotic cascade.847%5 It is for this reason that we decided to
examine the effects of L-carnitine directly on skeletal muscle tissue.
With this aim, we incubated isolated EDL muscles from healthy rats
in the presence of different concentrations of L-carnitine and, as can
be seen in Table 4, L-carnitine was able to decrease proteolysis. It
can be concluded that, in addition to the possible effects both of
cytokines and on proteolysis, L-carnitine is able to directly modu-
late skeletal muscle proteolysis.
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Fig. 1. Targets of L-carnitine in skeletal muscle.

From all the results obtained, we could hipothesize that: 1) asitis
well known, L-carnitine stimulates fatty acid oxidation,*resulting
in decreased circulating levels of both fatty acids and triglycer-
ides.#%>8 |t has to be remarked that in cancer-bearing states
hypertriglyceridemia and high levels of circulating fatty acids are
observed.>®®° These high levels of fatty acids are related to cancer
anorexia,*® therefore L-carnitine administration in cancer can serve
to increase food intake (Fig. 1); 2) the effects of L-carnitine on food
intake may also be mediated through a decrease in anorexia-
inducing cytokines (Fig. 1). Indeed, several studies suggest that L-
carnitine impairs macrophage activity and proliferation®’; 3) L-
carnitine is able to modulate proteolytic activity directly, thus
resulting in less muscle protein breakdown and therefore contrib-
uting to ameliorate muscle wasting (Fig. 1); 4) Finally, as it has
widely been described, L-carnitine has antioxidant capacity®"%? and
therefore decreases lipid peroxidation and reactive oxygen species
(ROS) formation, this resulting in a decreased rate of apoptosis.®> In
addition, L-carnitine has been reported to increase mitochondria
biogenesis and integrity,% a phenomenon that could be related with
apoptosis (Fig. 1).

L-Carnitine supplementation has been recently included in
clinical trials with encouraging results. The large phase III study
published by Mantovani et al. clearly highlights that the combi-
nation arm with carnitine was the most effective in counteracting
the clinical symptoms of cachexia.?4% In a similar manner, Gra-
mignano et al., using a total dose of 6g/day reported a significant
improvement of fatigue and quality of life as well as a significant
increase of nutritional variables such as lean body mass and
appetite.!’® However, other clinical trials, testing L-carnitine
supplementation, did no report any significant improvement of
cachexia symptoms, probably due, in part, to the low dose used.?°

In conclusion, the reported results clearly demonstrate that -
carnitine supplementation increases food intake and can prevent
muscle wasting in animals with cancer cachexia. Further clinical
trials are needed to clarify its efficacy in the cancer patient;

however, the results presented here suggest that L-carnitine may be
an essential component for a multi-targeted approach of nutri-
tional intervention in cancer cachexia.
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Background & aims: Cachexia is a multiorganic syndrome associated with cancer, characterized by body
weight loss, muscle and adipose tissue wasting and inflammation, being often associated with anorexia. The
aim of the present investigation was to examine the effect of megestrol acetate (MA) in cachectic tumour-
bearing animals analyzing changes in muscle proteolysis and in parameters related with quality of life.
Methods: The effects of MA (100 mg/kg) were tested in cachectic tumour-bearing rats (Yoshida AH-130
ascites hepatoma).

Results: Administration of MA to tumour-bearing rats resulted in an important reversal of the muscle
wasting process, as reflected by individual muscle weights. MA also decreased the rate of protein
degradation in incubated isolated skeletal muscles. Real-time PCR analysis revealed that MA treatment
resulted in a decrease in ubiquitin, E2 and atrogin-1 mRNA content in muscles, therefore suggesting that
the main anti-proteolytic action of the drug may be based on an inhibition of the ATP-ubiquitin-
dependent proteolytic system. The drug also improves appetite, weight loss, total physical activity and
grip force.

Conclusions: The results indicate that treatment with megestrol acetate increases appetite, weight loss,
physical performance and muscle force in tumour-bearing rats suggesting that MA is a good candidate
for muscle wasting treatment.

Keywords:
Megestrol acetate
Cancer cachexia
Skeletal muscle
Physical activity
Muscle force

© 2010 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.

1. Introduction

Cachexia is a multiorganic syndrome associated with cancer,
characterized by body weight loss (at least 5%), muscle and adipose
tissue wasting and inflammation, being often associated with
anorexia.! The abnormalities associated with cachexia include
alterations in carbohydrate, lipid and protein metabolism.'

Although anorexia represents a very important factor in the
development of cachexia, it has to be pointed out that in many cases
the use of total parenteral nutrition does not stop the loss of body
weight.# It seems, therefore, quite evident that metabolic distur-
bances present in the host (increased energy inefficiency, insulin
resistance and abnormal carbohydrate metabolism, adipose tissue

* Corresponding author. Cancer Research Group, Departament de Bioquimica i
Biologia Molecular, Facultat de Biologia, Universitat de Barcelona, Diagonal 645,
08028 Barcelona, Spain. Tel.: +34 934034605; fax: +34 934021559.

E-mail address: flopez@ub.edu (FJ. Lépez-Soriano).

dissolution and hypertriglyceridemia, and muscle wasting) have
a definitive role in the development of cachexia.? Different medi-
ators are involved in the metabolic disturbances, cytokines playing
a major role.>™/

Bearing in mind the fact that both anorexia and metabolic
disturbances are involved in the cachectic syndrome, the devel-
opment of different therapeutic strategies has being focused on
these two factors. Cachexia occurs in the majority of cancer patients
before death, and it is responsible for the deaths of 22% of cancer
patients.® In addition, survival of patients affected by different
types of neoplasias is clearly dependent on the presence of weight
loss.” Therefore, cachexia represents an important factor in the
treatment of cancer patients, affecting not only survival, but also
the efficacy of anti-cancer treatment, quality of life and, ultimately,
sanitary costs. It is thus clear that there is both a medical and
a social need for the treatment of cancer cachexia. The ideal
candidate for anticachectic drug would be a compound able to
increase food intake and also improve muscle weight, which is the
main component of the cachectic syndrome.

0261-5614/$ — see front matter © 2010 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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Different treatments with progestagen-based drugs have been
used because of their capacity to increase food intake therefore
preventing anorexia. Megestrol acetate (MA) and medrox-
yprogesterone (MPA) are synthetic, orally active derivatives of the
naturally occurring hormone progesterone. In humans these
compounds have been found to improve appetite, caloric intake
and nutritional status in several clinical trials.'°~'? In the case of
MA, the reason for the associated weight gain is mostly unknown,
although it has been postulated that the effect is partially mediated
by neuropeptide Y, a potent central appetite stimulant.!> On the
other hand, MPA has been shown to reduce the in vitro production
of serotonin and cytokines (interleukin-1-f (IL-1), interleukin-6 (IL-
6) and tumour necrosis factor-o. (TNF)) by peripheral blood
mononuclear cells of cancer patients.'* All of these humoral factors
have been implicated in the cachectic-anorexic response. The
human trials involving progesterone derivatives have on the whole
demonstrated, with few exceptions, a favourable effect on appetite
and weight gain, which is no doubt of positive value for the body
image; however, this has been mainly attributed to an increased fat
mass, not to muscle mass.'>!® Weight gain is also due to edema and,
therefore, no significant effects are reported using the Karnofsky
index — a performance score method used to describe how well
a patient can go about their daily activities."” If anorexia, nausea and
a negative body image are major concerns, and if the patient has
a life expectancy of more than three months, progesterone deriv-
atives are a reasonable treatment option. On the other hand, if the
central problem is fatigue and a low Karnofsky index, these drugs
are not likely to be of significant help. In addition, in experimental
animals, megestrol acetate (MA) treatment results simply in a gain
of body water rather than a real increase in lean body mass; this
weight gain is also associated with the doubling of the tumour
mass.”® Oral suspension of the progestational agent may be
particularly useful in patients with far advanced disease, where
taking larger amount of pills may lead to the decrease of patient
compliance. Tomiska et al. have showed that an oral MA suspension
given to patients with far advanced cancer suffering from anorexia
and weight loss resulted in an improvement of appetite and quality
of life.!”

The aim of the present investigation was to examine the effect of
megestrol acetate in cachectic tumour-bearing animals, both at the
biochemical and physiological level by analyzing not only changes in
muscle proteolysis but also in parameters related with quality of life.

2. Material and methods
2.1. Animals

Male Wistar rats (Interfauna, Barcelona, Spain), of 3 and 5 weeks
of age were used in the different experiments. The animals were
maintained at 22 + 2 °C with a regular light—dark cycle (light on
from 08:00 a.m. to 08:00 p.m.) and had free access to food and
water. The food intake was measured daily. All animal manipula-
tions were made in accordance with the European Community
guidelines for the use of laboratory animals.

2.2. Tumour inoculation and treatment

Male rats were divided into two groups, namely controls and
tumour hosts. The latter received an intraperitoneal inoculum of
108 AH-130 Yoshida ascites hepatoma cells obtained from expo-
nential tumours.?? Both groups were further divided into treated
and untreated, the former being administered a daily intragastri-
cally (i.g.) dose of megestrol acetate (100 mg/kg body weight, dis-
solved in corn oil) and the latter a corresponding volume of solvent.
On day 7 after tumour transplantation, the animals were weighted

and anaesthetized with an i.p. injection of ketamine/xylazine
mixture (3:1) (Imalgene® and Rompun® respectively). The tumour
was harvested from the peritoneal cavity and its volume and
cellularity evaluated. Tissues were rapidly excised, weighted, and
frozen in liquid nitrogen.

2.3. Biochemicals

They were all reagent grade and obtained either from Roche S.A.
(Barcelona, Spain) or from Sigma Chemical Co. (St. Louis, MO, USA).

2.4. RNA isolation

Total RNA from gastrocnemius muscle was extracted by Tri-
PureTM kit (Roche, Barcelona, Spain), a commercial modification of
the acid guanidinium isothiocyanate/phenol/chloroform method.?!

2.5. Real-time PCR (polymerase chain reaction)

First-strand cDNA was synthesized from total RNA with oligo
dT15 primers and random primers pdN6 by using a cDNA synthesis
kit (Transcriptor Reverse Transcriptase, Roche, Barcelona, Spain).
Analysis of mRNA levels for the genes from the different proteolytic
systems was performed with primers designed to detect the
following gene products: ubiquitin (FORWARD 5’ GAT CCA GGA
CAA GGA GGG C 3/, REVERSE 5’ CAT CTT CCA GCT GCT TGC CT 3'); E2
(FORWARD: 5" AGG CGA AGA TGG CGG T 3’; REVERSE 5’ TCA TGC
CTG TCC ACC TTG TA 3'); C8 proteasome subunit (FORWARD 5’ CAA
CCATGA CAA CCTTCG TG 3’; REVERSE 5’ GCC TCA CAG CCT TCT CTT
TG 3’); C2 proteasome subunit (FORWARD: 5 GTTTCCATTGG-
GATTGTTGG 3'; REVERSE: 5 TGTTCCATTGGTTCATCAGC 3’); MuRF-
1 (FORWARD 5’ ATC ACT CAG GAG CAG GAG GA 3'; REVERSE 5’ CTT
GGC ACT CAA GAG GAA GG 3'); Atrogin-1(FORWARD 5’ GTT TCC
ATT GGG ATT GTT GG 3’; REVERSE 5’ TGT TCC ATT GGT TCA TCA GC
3’); m-calpain (FORWARD 5’ TTG AGC TGC AGA CCATC 3’; REVERSE
5’ GCA GCT TGA AAC CTG CTT CT 3'), cathepsin B (FORWARD 5’ CTG
CTG AGG ACCTGCTTA C 3’; REVERSE 5’ CAC AGG GAG GGATGG TGT
A3’) and 18S (FORWARD 5’ GCGAATGGCTCATTAAATCAGTTA 3';
REVERSE 5 TGGTTTTGATCTGATAAATGCACG 3’). To avoid the
detection of possible contamination by genomic DNA, primers were
designed in different exons. The real-time PCR was performed
using a commercial kit (LightCycler ™ FastStart DNA Master"VS
SYBR Green I, Roche, Barcelona, Spain). The relative amount of all
mRNA was calculated using comparative Cr method. 18S mRNA was
used as the invariant control for all studies.

2.6. Muscle preparations and incubations

The dissection, isolation and incubation of the extensor dig-
itorum longus (EDL) muscles were carried out under ketamine/
xylazine mixture anaesthesia as previously described.?>?* The
muscles were preincubated for 60 min: 30 min in Krebs—Henseleit
buffer and 30 min in supplemented medium containing 50, 100 or
200 pM megestrol acetate or none, and then incubated for 120 min
in fresh supplemented medium. Such muscles are able to maintain
normal ATP concentrations during a 3 h incubation period.?? Total
protein degradation by the isolated muscles was calculated as the
rate of tyrosine released in the last 2 h of incubation into the
medium in the presence of 0.5 mM cycloheximide in order to block
the reincorporation of tyrosine into tissue protein. Tyrosine was
measured fluorimetrically as previously described.?*
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2.7. Total physical activity

Total physical activity (IR ACTIMETER System and ACTITRAK
software from PANLAB, Barcelona) was determined during the
last 24 h before the sacrifice of the animals in control and
tumour-bearing animals using activity sensors that translate
individual changes in the infrared pattern caused by movements
of the animals into arbitrary activity counts. For the measure-
ments, animals remained in their home cage. A frame containing
an infrared beam system was placed on the outside of the cage;
this minimised stress to the animals.

2.8. Grip force assessment

Skeletal muscular strength in rats was quantified by the grip-
strength test.?>?% The grip-strength device (Panlab-Harvard
Apparatus, Spain) comprised a triangular pull bar connected to an
isometric force transducer (dynamometer). Basically, the grip-
strength meter was positioned horizontally and the rats are held by
the tail and lowered towards the device. The animals are allowed to
grasp the triangular pull bar and were then pulled backwards in the
horizontal plane. The force applied to the bar just before it lost grip
was recorded as the peak tension. At least three measurements
were taken per rat on both baseline and test days, and the results
were averaged for analysis. This force was measured in grams.

2.9. Statistical analysis

Statistical analysis of the data will be performed by means of the
Student’s t-test.

3. Results

As expected, megestrol acetate treatment (100 mg/kg body
weight) resulted in an increase in food intake in the tumour-
bearing animals (20%) (Fig. 1) without affecting tumour growth
(Table 1). The increase in food intake is associated with an
improvement in weight loss (Fig. 1). We next decided to investigate
if the observed effects of megestrol acetate on both food intake and
weight gain depicted in Fig. 1 were associated with factors other
than water and fat accumulation. As can be seen in Fig. 1 admin-
istration of megestrol acetate resulted in a significant improvement
in muscle weights (10% GSN, 6% tibialis, 13% soleus and 12% heart).
We have previously shown that the cachectic syndrome is invari-
ably associated with skeletal muscle loss in different experimental
cancer models.?” Therefore, the present results clearly show that
megestrol acetate contributes to muscle mass preservation. This is
supported by the results present in Table 2. Indeed, treatment with
the drug resulted in changes in gene expression of the main
components of the muscle proteolytic machinery. It has to be
pointed out here that the muscle loss associated with cancer is
linked with an important activation of proteolysis both, in experi-
mental animals®’>?’ and humans.?®*® Among the proteolytic
systems involved in protein degradation in muscle during catabolic
conditions, the ubiquitin-proteasome system is considered the
main one. Megestrol acetate treatment clearly shows that for the
different genes studied the drug decrease the mRNA content. This
decrease was also extensive to the calcium-dependent and the
lysosomal proteolytic systems (Table 2). Interestingly, the effect of
megestrol acetate on skeletal muscle proteolysis seems to be direct
since the incubation of individual EDL muscles as previously
described® results in a significant decrease in the rate of tyrosine
release (at 200 uM concentration of MA), an indicator of the total
proteolytic rate (Table 3). These observations agree with megestrol
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Fig. 1. Food intake, weight gain and muscle weights in rats bearing the Yoshida AH-
130 ascites hepatoma treated with megestrol acetate. White bars: non-treated tumour-
bearing animals; black bars: MA-treated tumour-bearing animals. Results are mean -
+ S.E.M. for 8—9 animals. Food intake is expressed in g/100 g IBW and refers to the
ingestion during the period of the experiment prior to sacrifice, which took place 7
days after tumour inoculation. IBW: Initial body weight, FBW: Final body weight
without the tumour volume. FBW- IBW is expressed in g. Muscle weights are
expressed in mg/100 g IBW. Values that are significantly different by the Student’s
t-test from the non-treated animals groups are indicated by *p < 0.05, **p < 0.01.

acetate having an effect on lean body mass rather than simply
water or fat.

Finally, we decided to test whether the positive effect of
megestrol acetate on muscle weight was associated with an

Table 1
Tumor content in rats bearing the Yoshida AH-130 ascites hepatoma treated with
megestrol acetate.

T T+ MA
Volume (mL) 3341 (8) 30+3(7)
Total cell number (x106) 2784+ 224 (8) 2894 +241 (7)

Results are mean + S.E.M. for the number of animals indicated in parentheses. T:
tumour-bearing rats; T+ MA: tumour-bearing rats treated with megestrol acetate
100 mg/kg day.
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Table 2
Effects of megestrol acetate on gastrocnemius muscle mRNA content of the different
proteolytic systems in rats bearing the Yoshida AH-130 ascites hepatoma.

Table 4
Last 24 h of physical activity and grip force in rats bearing the Yoshida AH-130
ascites hepatoma treated with megestrol acetate.

Treatment: Tumour-bearing animals

Treatment: Tumour-bearing animals

Proteolytic system none MA

Parameter none MA

Ubiquitin-dependent

Ubiquitin 100£9 (5) 40 +£5 (4)**

C2 proteasome subunit 100+ 25 (6) 39410 (6)*

C8 proteasome subunit 100 + 22 (6) 754+19(5)

MuRF-1 100 +30 (5) 17 £3(6)"*

Atrogin-1 100 + 24 (6) 22 +4(6)™

E2 100 + 26 (6) 18+£5(5)"
Calcium-dependent

m-calpain 100 + 22 (6) 32+9(6)*
Lysosomal

Cathepsin B 100 + 26 (6) 38+12(6)"

For more details see the Material and Methods section. Results are mean =+ S.E.M. for
the number indicated in parentheses. The results are expressed as a percentage of
controls. Values that are significantly different by the Student’s t-test from the
tumour-bearing group are indicated by *p < 0.05, **p < 0.01, **p < 0.001.

increase of physical performance of the animals, thus an increase in
lean body mass would be expected to result in a better physical
performance. Table 4 shows the effects of megestrol acetate treat-
ment on the different parameters related with physical perfor-
mance. Treatment with the drug resulted in a significant increase in
physical activity both at the level of locomotor (movements with
displacement) (18%) and stereotyped movements (movements
without displacement: eating and cleaning) (51%). In addition, the
mean velocity of these movements was also increased (40%) and so
was the total traveled distance (45%). When the time involved in
physical activity was monitored, a decrease in resting time (—3%),
and an increase in slow (18%) and fast (47%) movements were
significantly affected (Table 4). These data clearly demonstrate, for
the first time, that the drug has a positive effect on physical activity,
one of the components of quality of life. Since the drug had such
a clear effect on muscle weights, we also assessed the grip force of
the animals and, as can be seen in Table 4, treatment with the
progestagen drug resulted in and increment in grip force (12%).

4. Discussion

Tumour burden induces an important weight loss both in
humans and experimental animals. This pathological process is
known as cachexia, a syndrome that has been recently defined as:
“a complex metabolic syndrome associated with underlying illness
and characterized by loss of muscle with or without loss of fat mass.
The prominent clinical feature of cachexia is weight loss in adults
(corrected for fluid retention) or growth failure in children
(excluding endocrine disorders). Anorexia, inflammation, insulin
resistance and increased muscle protein breakdown are frequently
associated with cachexia. Cachexia is distinct from starvation, age-
related loss of muscle mass, primary depression, malabsorption
and hyperthyroidism and is associated with increased morbidity”.!

Table 3
Skeletal muscle proteolytic rate in isolated EDL muscles in vitro.

Tyrosine released into the medium

C 283+58 (13)
MA 50 M 284+ 13 (6)
MA 100 uM 260+ 21 (4)
MA 200 uM 255+9,7 (10)*

For more details, see the Material and Methods section. Results are mean =+ S.E.M.
for the number of animals indicated in parentheses. Proteolytic rates were
measured in the presence of cycloheximide (0.5 mM) and are expressed as nano-
mols per gram of muscle and 120 min. Values that are significantly different by the
Student’s t-test from the non-treated group are indicated by *p < 0.05.

Total physical activity
Stereotyped movements
Locomotor movements

Mean velocity

Total traveled distance

Time

2924 +160 (17)
25114+ 691 (18)

0.21+0.01 (16)
16 551+ 813 (18)

5991 + 859 (9) ***
30 589 + 1731 (9) **

0.35 +0.05 (9) **
30 355 + 4268 (9) ***

Resting time 89+0.34 (19) 86 +0.49 (9)***

Slow-movements time 9.7 +0.27 (18) 11.6 £0.58 (9)***

Fast-movements time 1.3+0.08 (18) 2.44+0.29 (9)**
Grip force 3.7+0.13 (7) 42+0.12 (5)"

For more details, see the Material and Methods section. Physical activity is
expressed in activity units. Stereotyped movements include movements without
displacement (eating and cleaning movements); conversely, locomotor movements
include movements with displacement. Mean velocity is expressed in cm/s. Trav-
eled distance is expressed in cm. Time is expressed as percentage of total time
(24 h). The thresholds of time are the following: time involving resting (sleeping,
cleaning and eating time): [0—2] cm/s, time involving slow movements: [2—5] cm/s
and time involving fast movements: [>5] cm/s. Grip force is expressed as g/g initial
body weight. Results are mean + S.E.M. for the number of animals in parenthesis.
Values that are significantly different by the Student’s t-test from the non-treated
group are indicated by *p < 0.05, **p < 0.01, ***p < 0.001.

Previous studies have shown that megestrol acetate adminis-
tration resulted in an increase in food intake both in rodents!31831
and humans.”>'®32 Although the reason for the increase in food
intake is not entirely known, it have been postulated that the effect
is partially mediated by neuropeptide Y, a potent central appetite
stimulant.’® In addition, megestrol acetate is able to reduce the in
vitro production of serotonin and cytokines (IL-1, IL-6 and TNF-
alpha).?3 These humoral factors are certainly involved in anorectic
states associated with catabolic conditions.343>

Concerning the increase in body weight associated with
megestrol acetate treatment, previous studies carried out in mice
have concluded that weight improvement is based simply on water
and fat accumulation.'® However, clinical trials in AIDS patients
have shown that megestrol acetate treatment results also in an
increase in lean body mass.>®'> Schmoll et al.3’ performed a high-
dose megestrol acetate intervention in patients with cancer
cachexia and concluded that the drug induced a positive effect not
just in fat but also in lean body mass. In other studies, while it is
clear that megestrol acetate improves appetite and weight gain in
cancer patients,*® no clear conclusion have been obtained con-
cerning quality of life, possibly due to the relative small number of
patients and their heterogeneity. Other evidences suggest that
medroxyprogesterone acetate treatment is able to ameliorate the
quality of life of chemotherapy and radiotherapy-treated cancer
patients.? In fact, the quality of life is strongly affected by fatigue
due to the loss of lean body mass and chronic inflammatory status.
Some authors consider that the most appropriate clinical outcome
parameters are to improve lean body mass, to decrease resting
energy expenditure (REE) and fatigue and the correction of chronic
inflammatory status instead only to increase body weight and
appetite.? The data obtained suggest that the drug not only acts on
appetite and body weight, but that it has a clear effect on muscle
mass and performance by influencing positively muscle protein
turnover.

From the data presented here and, although megestrol acetate
treatment is associated with adverse events such as impotence,
hyperglycemia, adrenal suppression, rush, flatulence and dis-
pepsia,®® it is clear that the treatment improves physical perfor-
mance and muscle force indicating that megestrol acetate is
a candidate for muscle wasting treatment either alone or in
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combination with other drugs or nutritional strategies. Therefore,
future research is needed to search for the optimal combination.
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L'objectiu d'aquesta investigacié va ser estudiar els efectes de l'acetat de
megestrol (AM, 100 mg/kg) en la taxa d'incorporacid de leucina en el teixit muscular i
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I'alanina), tant en el muscul esquelétic com en el teixit hepatic en rates portadores de
I'hepatoma ascitic Yoshida AH-130. Concretament es va valorar I'absorcié d'aminoacids
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L'administraci6 d'AM a rates portadores de tumor va resultar en una reversid
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Background & aims: Cachexia is a multi-organic syndrome associated with cancer, characterized by body
weight loss, muscle and adipose tissue wasting and inflammation, being often associated with anorexia.
The aim of the present investigation was to study the effects of megestrol acetate (MA) on the rate of
leucine incorporation into muscle tissue and on the uptake of AIB (a non-metabolizable analogue of
alanine) in both skeletal muscle and liver tissue.

- Methods: The effects of MA (100 mg/kg) were tested in cachectic tumour-bearing rats (Yoshida AH-130
Cancer cachexia . . . . R R
Skeletal muscle asc13tes.hepatoma). Tlssuiammo. acid gpta_ke was a{ssessed by_ means of thg alanine analogue o.-ami-
BCAA no-"H-isobutyrate (AIB). ““C-leucine oxidation and tissue protein incorporation were also determined.
Results: Administration of MA to tumour-bearing rats resulted in an important reversal of the muscle
wasting process, as reflected by individual muscle weights. Treatment with the progestogen resulted in
an increased AIB uptake together with an increased leucine incorporation in skeletal muscle. MA
treatment significantly decreased AIB uptake by the liver.
Conclusions: MA treatment results in both a significant increased uptake of neutral amino acids (AIB) by
skeletal muscle and a significant incorporation of the branched-chain amino acid leucine into muscle
protein, indicating a clear anabolic action of the drug on muscle tissue.

Keywords:
Megestrol acetate

Liver
Therapy

© 2012 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

An international consensus concluded that cachexia is a multi-
organic syndrome associated with cancer, characterized by body
weight loss (at least 5%), muscle and adipose tissue wasting and
inflammation, being often associated with anorexia.! The abnor-
malities associated with cachexia include alterations in carbohy-
drate, lipid and protein metabolism.~> Bearing in mind the fact
that both anorexia and metabolic disturbances are involved in the
cachectic syndrome, the development of different therapeutic
strategies has being focused on these two factors. Cachexia occurs
in the majority of terminal cancer patients, and it is responsible for

* Corresponding author. Cancer Research Group, Departament de Bioquimica i
Biologia Molecular, Facultat de Biologia, Universitat de Barcelona, Diagonal 645,
08028-Barcelona, Spain. Tel.: +34 934034609; fax: +34 934021559.

E-mail address: silviabusquets@ub.edu (S. Busquets).
¢ These authors contributed equally to this work.

the deaths of 22% of cancer patients.* In addition, survival of
patients affected by different types of neoplasias is clearly depen-
dent on the presence of weight loss.> Therefore, cachexia repre-
sents an important factor in the treatment of the cancer patient,
affecting not only survival, but also the efficacy of anti-cancer
treatment, quality of life and, ultimately, sanitary costs.

Different treatments with progestogen based drugs have been
used because of their capacity to increase food intake, in other
words: preventing anorexia. Megestrol acetate (MA) and medrox-
yprogesterone (MPA) are synthetic, orally active derivatives of the
naturally occurring hormone progesterone. In humans these
compounds have been found to improve appetite, caloric intake
and nutritional status in several clinical trials.~® In the case of MA,
the reason for the associated weight gain is mostly unknown,
although it has been postulated that the effect is partially mediated
by the neuropeptide Y, a potent central appetite stimulant.” On the
other hand, MPA has been shown to reduce the in vitro production
of serotonin and cytokines (interleukin-1-f (IL-1), interleukin-6 (IL-
6) and tumour necrosis factor-o. (TNF)) by peripheral blood

2212-8263/$36.00 © 2012 European Society for Clinical Nutrition and Metabolism. Published by Elsevier Ltd. All rights reserved.
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mononuclear cells of cancer patients.! Human trials involving
progesterone derivatives have mostly demonstrated, with few
exceptions, a favourable effect on appetite and weight gain,
which is no doubt of positive value for the body image. The
Cochrane database review confirms, in cancer patients with
anorexia—cachexia syndrome, the favourable effects of MA on
appetite and weight gain, but failed to conclude about the effect on
quality of life and the optimal dose.!! However, this weight gain has
been mainly attributed to an increased fat mass, not to muscle
mass.!213

In a previous study, we have concluded that, at least in experi-
mental animals, treatment with MA leads to an increase in muscle
mass and physical performance in cachectic tumour-bearing
animals. This seems to be associated with a decrease in muscle
proteolysis which results in an improvement in muscle wasting
during cachexia.'* However, no data are available concerning the
effects of MA on muscle synthesis.

Bearing all these in mind, the aim of the present investigation
was to study the effects of MA on the rate of leucine incorporation
into muscle tissue. In addition, the tissue uptake of AIB (a non-
metabolizable analogue of alanine) has been studied both in skel-
etal muscle and liver.

2. Material and methods
2.1. Animals

Male Wistar rats (Interfauna, Barcelona, Spain) of 5 weeks of age
were used in the different experiments. The animals were main-
tained at 22 + 2 °C with a regular light—dark cycle (light on from
08:00 a.m. to 08:00 p.m.) and had free access to food and water. All
animal manipulations were made in accordance with the European
Community guidelines for the use of laboratory animals.

2.2. Tumour inoculation and treatment

Rats were divided into two groups, namely tumour hosts and
tumour-treated hosts. Both received an intraperitoneal inoculum of
108 AH-130 Yoshida ascites hepatoma cells obtained from expo-
nential tumours.”® The treated group was administered a daily
intragastrically (i.g.) dose of megestrol acetate (100 mg/kg body
weight, dissolved in corn oil) and the control group (tumour hosts)
a corresponding volume of solvent. On day 7 after tumour trans-
plantation, the animals were weighted and anaesthetized with an
i.p. injection of ketamine/xylazine mixture (3:1) (Imalgene® and
Rompun®, respectively). The tumour was harvested from the
peritoneal cavity and its volume and cellularity evaluated. Tissues
were rapidly excised, weighted, and frozen in liquid nitrogen.

2.3. Administration of a-amino-[>H] isobutyrate (AIB)

a-amino-[>H] isobutyrate (AIB) (ITISA Biotec, Spain) is a non-
metabolizable analogue of alanine (a neutral amino acid). For
determining the effects of MA on both intestinal absorption and
tissue uptake of neutral amino acids coming from diet proteins,
a dose of 15 pCi/rat AIB was administered intragastrically, imme-
diately after the intravenous injection of L-[1-C]leucine in the
same animal.

2.4. Determination of the intestinal absorption of AIB

In order to determine the amount of o-amino-[>H] isobutyrate
(AIB) absorbed, we measured the radioactivity present in the
gastrointestinal tract 2 h after the administration of the tracer.
The gastrointestinal tracts were homogenized in a volume of 3%

HCIO4 in an electric mixer. 5 mL of homogenate were neutralized
adding 30% KOH and then centrifuged at 1000 g for 5 min. Finally,
5 mL of the neutralized supernatant were added to 10 mL of
scintillation fluid for measurement of radioactivity. The results
obtained indicated the radioactivity (dpm) present in the
gastrointestinal tract (non-absorbed AIB); AIB absorption was
calculated by subtracting total gastrointestinal radioactivity from
that administered.

2.5. Determination of incorporated AIB

Gastrocnemius (GSN), tibialis, soleus and extensor digitorum
longus (EDL) muscles were triturated in a mortar with a small
amount of liquid nitrogen. The mash obtained were deproteinized
with 1 mL of 6% HClO4 and centrifuged at 20,000 g for 20 min at
4 °C. The supernatants were extracted and neutralized with 30%
KOH. Finally, it was added 0,5 mL of each neutralized sample in
10 mL of scintillation fluid for measurement of radioactivity.
Tissue AIB uptake was expressed as percentage of the absorbed
dose/g of tissue referred to the absorbed dose present per mL of
plasma.

2.6. Administration of [1-'4C]Leucine

At day 7 after tumour transplantation, a 3 pCi/rat dose of L-
[1-'*C]leucine (ITISA Biotec, Spain) in physiological saline was
administered via one of the lateral tail veins under light anaesthesia
with Isofluoran (Veterinaria ESTEVE, Spain).

2.7. L-[1-"C]Jleucine oxidation in vivo

In order to determine the in vivo L-[1-'¥C]leucine oxidation and
its incorporation into tissues, we chose five rats of each experi-
mental group (both treated and no-treated) and used the Oller do
Nascimento and Williamson method.!® Briefly, it consists in the
measurement of the CO, exhaled by the animal after the prelimi-
nary administration by means of Lumasorb (Lumac, Landgraaf,
The Netherlands), a basic compound that is able to chemically fix
COy. As rapidly as possible after the radioactive tracer administra-
tion, the animals were placed in a 10 L glass desiccator. It was
connected to a wash bottle fitted with a sintered-glass tube and
containing about 30 mL of Lumasorb (Lumac) in order to absorb the
expired CO,. Air was drawn through the system by means of an
electrical pump at about 2 L/min. The content of the wash bottle
was changed every 30 min, and 5 ml of the Lumasorb were added
directly to 10 mL of scintillation fluid for measurement of radio-
activity. “CO, production was calculated as the sum of the
percentage of the administered dose of L-[1-'%C]leucine over the
experimental period (120 min).

2.8. L-[1-"C]Jleucine incorporation

In order to measure the amount of radioactivity incorporated
into the tissues, pellets obtained by homogenization and centri-
fugation (20,000 g for 20 min at 4 °C) of muscles (GSN, tibialis,
soleus and EDL muscles) and liver were used. The pellets were
centrifuged twice at 2000 g for 20 min at 4 °C in 1 mL of 6% HClO4
and treated adding 2 mL of 0.3 N NaOH and 0.4% sodium deoxy-
cholate, being incubated at 90 °C for 1 h. When the pellets were
completely homogenized, they were directly transferred into
12 mL of scintillation fluid for measurement of radioactivity. L-
[1-1C]leucine incorporation into proteins was calculated as the
percentage of the total injected radioactivity present as protein per
gram of tissue.
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2.9. Statistical analysis

Mann—Whitney U (non-parametric test, independent samples)
test was used for assessing differences among the two groups
(tumour-bearing and MA treated-tumour-bearing animals).

3. Results

As expected, MA treatment (100 mg/kg body weight) resulted in
an increase in food intake in the tumour-bearing animals (28%)
without affecting tumour growth (Table 1). As can be seen in
Table 2, administration of MA resulted in an improvement in
muscle weights (GSN 8%, tibialis 9%, soleus 13% and EDL 12%).

Concerning amino acid uptake, Table 3 shows the tissue accu-
mulation of AIB in tumour-bearing rats. As can be seen, MA treat-
ment did not influence the intestinal absorption of the tracer,
which was around 72% (Table 3). Very interestingly, administration
of MA resulted in an increase in the uptake of AIB in GSN (15%),
tibialis (20%) and soleus muscles (25%). Conversely, MA treatment
significantly decreased the hepatic uptake of the tracer (25%). No
differences were observed in the plasma content of AIB (Table 3).

Table 4 shows the in vivo oxidation of leucine to CO,. As can be
seen, MA treatment did not resulted in any changes in leucine
oxidation two hours after the administration of the tracer. The total
CO, formed was about 10% of the administered dose. Finally, Table 4
shows the incorporation of '“C-leucine into muscle and liver
protein. As can be seen, MA treatment significantly increased the
incorporation of label into GSN (43%), tibialis (50%) and EDL (23%)
muscle protein. No effects were observed in relation with leucine
incorporation into liver protein (Table 4).

4. Discussion

Cancer induces an important weight loss both in humans and
experimental animals. This pathological process is known as
cachexia, a syndrome that has been recently defined as: “a complex
metabolic syndrome associated with underlying illness and char-
acterized by loss of muscle with or without loss of fat mass. The
prominent clinical feature of cachexia is weight loss in adults
(corrected for fluid retention) or growth failure in children
(excluding endocrine disorders). Anorexia, inflammation, insulin
resistance and increased muscle protein breakdown are frequently
associated with cachexia. Cachexia is distinct from starvation, age-

Table 1
Body weight, food intake and tumour content of AH-130 tumour-bearing rats
treated with megestrol acetate.

TUMOUR TUMOUR + MA Mann—Whitney
U test

Initial body weight 164 + 3 166 + 3

Final body weight 161 +3 164 + 2

Carcass 56 +1 58 +1

Total food intake 35+ 04 45 + 0.5 p = 0.000

Total tumour cell 3019 + 183 3261 + 129

number (x10°)
Tumour volume 38+3 33+2

Results are mean = SEM (n = 7). Initial and final body weights are expressed in g.
Final body weight excludes the tumour weight. Carcass weight (body weight
without organs or tumour) is expressed as g per 100 g of initial body weight. Food
intake is expressed as g per 100 g of initial body weight and refers to the ingestion
during the period of the experiment prior to sacrifice which took place seven days
after tumour inoculation. Total tumour cell number is expressed as millions of cells/
mL and the tumour volume is expressed as mL. TUMOUR: untreated-tumour-
bearing rats; TUMOUR + MA: tumour-bearers treated with megestrol acetate.
Statistical significance by Mann—Whitney U test. ***p < 0.001.

Table 2
Skeletal muscle, liver and gastrointestinal tract weights of AH-130 tumour-bearing
rats treated with megestrol acetate.

TUMOUR TUMOUR + MA Mann—Whitney U test
GSN 426 + 8 458 + 10* p = 0.041
Tibialis 142 + 2 155+ 5
Soleus 30 + 04 34 +1.3* p = 0.008
EDL 32 +06 36 + 1.1* p=0.014
Liver 3.8+0.8 44 +0.2* p = 0.022
GI tract 7+03 8.5+ 0.2** p = 0.002

Results are mean 4+ SEM (n = 7). Muscle weights are expressed as mg per 100 g of
initial body weight. GSN: gastrocnemius; EDL: extensor digitorum longus; Liver and
GI tract (gastrointestinal tract) weights are expressed as g per 100 g of initial body
weight. TUMOUR: untreated-tumour-bearing rats; TUMOUR + MA: tumour-bearers
treated with megestrol acetate. Statistical significance by Mann—Whitney U test.
*p < 0.05, **p < 0.01.

related loss of muscle mass, primary depression, malabsorption
and hyperthyroidism and is associated with increased morbidity”.!

Previous studies have shown that MA administration resulted in
an increase in food intake both in rodents®#1”18 and humans.!>13.19
Previous results clearly agree with this."* We have previously
shown that the cachectic syndrome is invariably associated with
skeletal muscle loss in different experimental cancer models.2°
Therefore, the present results clearly show that MA contributes to
muscle mass preservation. In a previous publication we clearly
demonstrated that, at least in cancer cachectic rats, MA treatment
resulted in a beneficial effect not only in body weight loss but also
in the preservation of muscle wasting.! The mechanism for this
effect seems to be, at least, partially explained by the ability of MA
to block the enhanced proteolysis associated with muscle wasting
during cancer cachexia. In fact, MA treatment in tumour-bearing
rats, in addition to preserving muscle mass, results in an
increased physical performance and muscle strength.' Interest-
ingly the effects of MA are direct upon skeletal muscle, since
incubation of isolated muscles in the presence of MA showed
a reduced proteolytic rate.'*

Taking all this into consideration, we decided to see if MA
treatment influenced the rate of amino acid incorporation into
muscle protein. In order to clarify this point, we administered
tumour-bearing rats with 1-'#C-leucine and examined the rate of
oxidation and tissue protein incorporation of this branched-chain
amino acid. The results presented clearly showed that MA treat-
ment significantly increases the rate of the amino acid incorpora-
tion into muscle protein (Table 4), without altering the in vivo rate
of the amino acid oxidation (Table 4). It may thus be suggested that

Table 3
Tissue accumulation of AIB in Yoshida-bearing rats treated with megestrol acetate.

TUMOUR TUMOUR + MA Mann—Whitney
U test
Intestinal absorption 724 + 1.7 72.6 +3.2
Tissue uptake
GSN 0.318 + 0.03 0.422 + 0.03 p = 0.082
Tibialis 0.324 + 0.02 0.402 + 0.02* p = 0.026
Soleus 0.560 + 0.06 0.784 + 0.06 p = 0.052
EDL 0.536 + 0.04 0.551 + 0.04
Liver 2.831+0.13 1.972 + 0.18* p = 0.004
Plasma 0.915 + 0.1 0.895 + 0.06

The results are mean values + S.EM (n = 6). Tissue AIB uptake is expressed as
percentage of the absorbed dose/g of tissue referred to the absorbed dose present
per mL of plasma. Intestinal absorption is expressed as a percentage of the
administered dose. Plasma ratio is expressed as a percentage of the absorbed dose
present per mL of plasma. GSN: gastrocnemius; EDL: extensor digitorum longus.
TUMOUR: untreated-tumour-bearing rats; TUMOUR + MA: tumour-bearers treated
with megestrol acetate. Statistical significance by Mann—Whitney U test. *p < 0.05,
**p < 0.01.
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Table 4
in vivo CO, production and 'C-leucine incorporation into protein in AH-130
tumour-bearing rats treated with megestrol acetate.

TUMOUR TUMOUR + MA Mann—Whitney
U test
Leu incorporation
GSN 0.09 + 0.01 0.16 + 0.01* p =0.015
Tibialis 0.05 + 0.01 0.10 &+ 0.02* p=0.016
Soleus 0.20 + 0.02 0.24 + 0.02
EDL 0.10 £ 0.01 0.13 + 0.01** p = 0.009
Liver 0.66 + 0.04 0.64 + 0.06
14C0, production 9.50 + 1.65 9.47 + 1.07
(120 min)

Results are mean + SEM (n = 6). %L-[1-'4C]leucine incorporated into protein was
calculated as the percentage of the total injected radioactivity present as protein per
gram of tissue. L-(1-'#C)leucine oxidation to '#CO, is expressed as the sum of the
percentage of the administered dose of L-[1-'4C]leucine over the experimental
period. GSN: gastrocnemius; EDL: extensor digitorum longus. TUMOUR: untreated-
tumour-bearing rats; TUMOUR + MA: tumour-bearers treated with megestrol
acetate. Statistical significance by Mann—Whitney U test. *p < 0.05, **p < 0.01.

MA treatment is able to increase protein synthesis during cancer
cachexia.

In addition to amino acid utilization, we decided to see if MA
treatment was also able to influence tissue uptake. For this purpose
we used the non-metabolizable amino acid AIB, an analogue of
alanine, which is mainly transported by system A. Previous data
from our laboratory clearly indicated that AIB uptake in skeletal
muscle is decreased by cancer cachexia, while the hepatic uptake of
the amino acid analogue is increased.?! Indeed, a massive release of
muscle nitrogen (in the form of amino acids) is observed during
cancer cachexia. The liver is involved in the removal of a great
amount of muscle-derived amino acids for both gluconeogenesis
and acute-phase protein synthesis.?>?3 The results presented here
show that MA treatment is able to significantly increase muscle AIB
uptake while decreases the hepatic uptake of the amino acid
analogue (Table 3). Altogether, the data clearly show that MA
treatment is able to influence tissue inter-organic amino acid
uptake by increasing these parameters in muscle and decreasing
them in the liver, normalizing the pattern of amino acid uptake
found in non-tumour-bearing rats.2"%*

In summary, the results presented here clearly support those
previously described by our research group' indicating the
mechanisms involved in the anabolic action of the synthetic
progestogen drug upon muscle tissue during cachexia.
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En el present estudi es va utilitzar sorafenib, un inhibidor multi-quinasa amb
activitat antitumoral, per investigar els efectes de la quimioterapia sobre la caquéxia.
Es van incloure tres models diferents de tumor de ratoli experimental: carcinoma de
colon C26, melanoma B16 i carcinoma de pulmé de Lewis (LLC). Els resultats obtinguts
mostraven clarament que el sorafenib és eficag¢ per reduir el creixement del tumor en
els models de LLC i B16, mentre que no va tenir efecte en el C26. Curiosament, el
tractament amb sorafenib va reduir els signes de perdua de massa muscular i va
produir una millora de l'activitat fisica en el model de LLC i també al C26, malgrat
I'abséncia d'accidé antineoplastica en el segon. Els nostres resultats descarten un paper
de la IL-6 en l'accié del sorafenib, ja que el farmac no va afectar els nivells d'aquesta
citoquina. Per contra, el sorafenib sembla actuar a nivell muscular influint en l'activitat
de STAT3 i ERK, fet que condueix a la reduccié de I'acumulacié de Pax7 i atrogina-1.
Aixi doncs, el sorafenib sembla interferir amb la pérdua de massa muscular per la

disminucié de I'activacié d'aquestes vies de transduccio de senyal.
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Abstract

The presence of a tumour is very often associated with wasting in the host, affecting
both skeletal muscle and adipose tissue. In the present study we used sorafenib, a
multi-kinase inhibitor with anti-tumour activity, in order to investigate the effects of
chemotherapy on wasting. Three different experimental mouse tumour models
were included: C26 colon carcinoma, B16 melanoma and Lewis lung carcinoma
(LLC). The results obtained clearly show that sorafenib was effective in reducing
tumour growth in LLC and B16 models, while it had no effect on C26. Interestingly,
sorafenib treatment reduced the signs of muscle wasting and improved the physical
activity in the LLC model and also in the C26, despite the absence of antineoplastic
action in the latter. Our results discard a role for IL-6 in the action of sorafenib since
the drug did not affect the levels of this cytokine. Conversely, sorafenib seems to
act by influencing both STAT3 and ERK activity at muscle level, leading to reduced
accumulation of Pax7 and atrogin-1. Sorafenib may interfere with muscle wasting
by decreasing the activation of these signal transduction pathways.

Introduction

Development of cachexia is often found in cancer patients. It occurs in 50 to 80%
of these patients [1], and is considered as a predictor of reduced survival
accounting for more than 20% of cancer patients deaths [2]. It reduces physical
activity [3] and quality of life and diminishes the tolerance to anticancer therapy
[4,5]. Cachexia is defined, according to an international consensus [6], as a
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“complex metabolic syndrome associated with underlying illness and character-
ized by loss of muscle with or without loss of fat mass. The prominent clinical
feature of cachexia is weight loss in adults (corrected for fluid retention) or
growth failure in children (excluding endocrine disorders). Anorexia, inflamma-
tion, insulin resistance and increased muscle protein breakdown are frequently
associated with cachexia. Cachexia is distinct from starvation, age-related loss of
muscle mass, primary depression, malabsorption and hyperthyroidism and is
associated with increased morbidity”. The metabolic disturbances found in the
cancer patient include an increased energy inefficiency, insulin resistance and
altered carbohydrate metabolism, adipose tissue dissolution and hypertriglycer-
idemia and muscle wasting. All of these alterations have a causative role in the
development of the cachexia syndrome [7, 8].

The loss of body weight results from both decreased adipose tissue and muscle;
however, muscle wasting should be regarded as the most important since it plays a
key role in recovery from cancer cachexia. Thus, it is an important determinant of
survival and muscle strength and function, central to the recovery process [9].
Muscle wasting occurs when synthesis is decreased, breakdown is increased, or a
combination of events leads to a net negative balance. The regulation of skeletal
muscle is managed by several transcription factors and intracellular signalling
pathways (anabolic or catabolic), and a chronic imbalance in the activation of
these different pathways leads to muscle wasting [10-12]. Although there are
several mediators involved in the metabolic alterations linked to muscle wasting,
pro-inflammatory cytokines seem to play a major role [13].

Many efforts have been involved in designing a treatment for the cachectic
syndrome, but unfortunately there is not a single one fully satisfactory in reversing
weight loss. The development of different therapeutic strategies has focused on
two targets: counteracting anorexia and neutralizing metabolic disturbances [14].
However, providing complete nutritional requirements by way of total parenteral
nutrition does not abrogate weight loss [8]. Instead, many drugs have been
proposed and used in clinical trials [15, 16], while others are still under
investigation using experimental animals in order to revert metabolic alterations
[17, 18]. However, there are no effective treatments actually adopted in the clinical
practice.

During the last decades several experimental models were established to study
cancer cachexia [19]. However, tumour-injected animals as substitute for cancer
patients have a major drawback in the omission of anti-tumour treatments that
frequently complicate patient management. Such treatments might improve, do
not affect, or even worsen cachexia, according to their effectiveness in getting rid
of the tumour or to secondary adverse effects.

New focused cancer treatments are less toxic than traditional chemotherapy.
Such therapies ought to make tumour cells more susceptible, without increasing
host toxicity. From this point of view, sorafenib is a multikinase inhibitor that has
shown efficacy against a wide variety of tumours in preclinical models [20] and it
has been approved in humans for the treatment of advanced hepatocellular
carcinoma [21] and advanced renal cell carcinoma[22]. Nevertheless, Antoun
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et al. [23] reported that long term administration of sorafenib is associated with
muscle wasting in patients with advanced renal cell carcinoma. Recent studies
showed that it inhibits cell proliferation by targeting the Raf/MEK/ERK signalling
pathways and exerts an anti-angiogenic effect by inhibition of tumour
angiogenesis through VEGFR and PDGEFR [24, 25]. Recently Yang et al. [26]
reported that sorafenib treatment blocked the IL-6-dependent STAT3 phos-
phorylation in cancer cells. Such effect is mediated by the inhibition of STAT3 up-
stream kinases JAK1 and JAK2 [27]. IL-6 is a critical cytokine secreted in several
cancer types, and circulating levels of this cytokine have been shown to correlate
with weight loss in cancer patients and reduced survival [28,29].

The aim of the present study was to characterize the cachectic phenotype of
three commonly used experimental tumours in mice treated with sorafenib, in
order to provide a reliable tool for translational research.

Materials and Methods

Experimental tumour models

C57BL/6 (for LLC and B16 tumour models) or Balb/C (for C26 tumour model)
mice weighing about 20 g (Harlan, Barcelona, Spain) were maintained on a
regular dark-light cycle (light from 08:00 to 20:00), with free access to food and
water during the whole experimental period. They were cared for in compliance
with the Policy on Humane Care and Use of Laboratory Animals (ILAR 2011). The
Bioethical Committee of the University of Barcelona approved the experimental
protocol. All animal manipulations were made in accordance with the European
Community guidelines for the use of laboratory animals.

The mice were randomized and divided into two groups, namely controls (C,
n=6) and tumour bearers (TB). TB mice were inoculated alternatively
subcutaneously in the back with 5 x 10° B16 or C26 cells or i.m. (hind leg) with
5x 10° LLC cells (see below for cell expansion). TB animals were divided into two
sub-groups: untreated (n=8) and treated (intragastric administration) every day
with sorafenib (90 mg/kg of initial body weight; n=8). Mice were sacrificed under
anaesthesia 14 days after tumour implantation. The day of sacrifice, the animals
were weighed and anaesthetized with an intraperitoneal injection of ketamine/
xylazine mixture (3:1; Imalgene® and Rompun® respectively). Several tissues and
the tumour were rapidly excised, weighed, and frozen in liquid nitrogen.

Colon26 carcinoma (C26) and B16 melanoma (B16) cells were maintained in
vitro in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) supplemented
with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, 100 pg/mL sodium
pyruvate, 2 mM L-glutamine, at 37°C in a humidified atmosphere of 5% CO, in
air. The day of tumour implantation the cells were trypsinized, re-suspended in
sterile saline and rapidly injected in the mice. Lewis lung carcinoma (LLC) cells
were obtained from previous tumour hosts harvesting the cells in the exponential
growth phase. The LLC is a cachexia-inducing, rapidly growing murine metastatic
tumour composed by poorly differentiated cells, with a relatively short doubling
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time. The number of lung metastases was evaluated by light microscopy after
necropsy. The metastases weight was evaluated according the methodology used
by Donati et al [30].

Haematocrit

Total blood was withdrawn from anaesthetized mice by cardiac puncture and
collected in heparinized tubes. A drop was used to fill haematocrit capillary tubes
that were centrifuged in a haematocrit centrifuge for 5 min at 800 x g.
Haematocrit was calculated as percentage of packed cell volume of the total blood.

Total physical activity

Total physical activity (IR ACTIMETER System and ACTITRAK software from
Panlab, Barcelona) was determined during the last 24 hours before the sacrifice of
the animals in control mice and tumour-bearing mice (both non-treated and
treated with sorafenib), using activity sensors which translate individual changes
in the infrared pattern caused by movements of the animals into arbitrary activity
counts. For the measurements, animals remained in their home cage. A frame
containing an infrared beam system was placed on the outside of the cage; this
minimised the stress of the animals.

ELISA

IL-6 serum levels were detected by a commercially available mouse ELISA Kkit,
used according to the manufacturer instructions (Diaclone, bioNova, Spain).
Serum from each animal (50 pL) was assayed in duplicate. Quantitative
calibration was obtained performing a standard curve with recombinant mouse
IL-6.

Western Blotting

50 mg of gastrocnemius muscle were homogenized in 10 mM HEPES, pH 7.5,
containing 10 mM MgCl,, 5 mM KCl, 0.1 mM EDTA, pH 8.0, 0.1% Triton X-
100, with freshly added protease and phosphatase inhibitors. Samples were then
centrifuged (5 min, 3000 g), the supernatant collected as the cytosolic fraction
and the pellet resuspended in 20 mM HEPES, pH 7.9, containing 25% glycerol,
500 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, pH 8.0, protease and phosphatase
inhibitor and incubated on ice for 30 min. Cell debris were removed by
centrifugation (5 min, 3000 g) and the supernatant (nuclear fraction) collected.
Protein concentration was assayed using BSA as working standard. Equal amounts
of protein (30 pg) were heat-denaturised in sample-loading buffer (50 mM Tris-
HCI, pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol),
resolved by SDS-PAGE and transferred to nitrocellulose membranes. The filters
were blocked with Tris-buffered saline (TBS) containing 0.05% Tween and 5%
non-fat dry milk and then incubated overnight with antibodies directed against:
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p-ERK (Tyr204), total-ERK, total-STAT3 and GAPDH (Santa Cruz
Biotechnology, USA), FoxO3a and p-STAT3 (Tyr705; Cell Signalling Technology,
Danvers, MA, USA), Atrogin-1 (ECM Biosciences, Versailles, KY) and the
monoclonal antibody against Pax7 developed by Atsushi Kawakami, obtained
from the Developmental Studies Hybridoma Bank (University of Iowa).
Peroxidase-conjugated IgG (Bio-Rad, Hercules, USA) was used as secondary
antibody. Membrane-bound immune complexes were detected by an enhanced
chemiluminescence system (Santa Cruz Biotechnology, USA) on a photon-
sensitive film (Hyperfilm ECL, GE Healthcare). Protein loading was normalized
according to GAPDH expression. Quantification of the bands was performed by
densitometric analysis using the Image] software.

Statistical analysis

Statistical analysis of the data was performed by means of one-way analysis of
variance (ANOVA). Statistically significant differences was analysed by post hoc
Duncan test. All statistical tests were performed using SPSS version 21.

Results and Discussion

In order to ascertain the effects of sorafenib on tumour-bearing animals we used
three distinct experimental models: C26 colon carcinoma, B16 melanoma and
Lewis lung carcinoma (LLC). All of them are associated with a clear cachectic
response. From this point of view, as can be seen in Figure 1, body weight was
reduced in all models as a consequence of tumour burden (23% C26, 12% B16,
24% LLC). Similar to the human condition, the reduction of body weight was
associated with hypophagia in all the experimental models (Figure 1).

Treatment with the anti-tumour sorafenib-inhibitor of the MAPK cascade-
resulted in a huge reduction in tumour mass in the B16-bearing mice (94%) while
it exerted only a small effect in the LLC (20% reduction of primary tumour mass
and 98% fall of metastases number) (Figure 2). Remarkably, sorafenib had no
effect on C26 tumour growth (Figure 2). The anti-tumoural treatment was able to
markedly recover body weight in B16-bearing animals and also resulted in
significant increases in body weight in C26 and LLC models although at a lesser
extent than in the B16 model (Figure 1).

In the B16 model, sorafenib treatment increased food intake in comparison
with the non-treated B16-bearing mice (Figure 1). Conversely, sorafenib
treatment did not affect food intake in both the C26 and LLC models (Figure 1),
suggesting that feeding behaviour mainly depends on the tumour burden rather
than sorafenib administration.

Tumour growth led to a decrease in haematocrit in all the models tested, being
especially marked in the B16 (56%) and the LLC (56%) mice, where the tumour
mass was bigger (Figure 1). It is important to note that sorafenib administration
was effective in increasing the haematocrit (as compared with the non-treated
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Figure 1. Body weight, food intake and haematocrit content in sorafenib-treated tumour-bearing mice. Results are mean + S.E.M. for 6-8 animals.
Food intake represents the total ingestion (g) during the period of the experiment prior to sacrifice, which took place 14 days after tumour inoculation. Final
body weight excludes the tumour weight. The haematocrit is expressed in percentage. C: animals without tumour (n=6); C26: C26 adenocarcinoma-bearing
mice (n=8); C26 Sor: C26 adenocarcinoma-bearing mice treated with sorafenib (n=8); B16: B16 melanoma-bearing mice (n=8); B16 Sor: B16 melanoma-
bearing mice treated with sorafenib (n=8); LLC: Lewis lung carcinoma-bearing mice (n=8); LLC Sor: Lewis lung carcinoma-bearing mice treated with
sorafenib (n=8). Values that are significantly different of the results by one-way analysis of variance (ANOVA), statistically significant differences by post hoc
Duncan test. Different letters in superscript indicate significant differences between groups.

doi:10.1371/journal.pone.0113931.9001
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animals) in both the B16 and LLC models, proportionally to the reduction of
tumour mass, thus linking directly the onset of anaemia with tumour burden.
(Figure S1)

The decreased body weight was associated with a concomitant loss of muscle
mass. As can be seen in Table 1, tumour growth promoted decreases in individual
muscle weights in the three different models tested. In the case of C26,
gastrocnemius (21%), tibialis (22%) and heart (13%) were decreased as a
consequence of tumour growth. In the other models gastrocnemius and tibialis

December 1, 2014 6/16



@'PLOS | ONE

Cancer Cachexia in Sorafenib-Treated Tumour-Bearing Mice

B16 LLC
Tumour Weight (mg)

Tumour Weight (mg)

4000 1 6000 -
[ 5000 * *
3000 -
J 4000
2000 - 3000 1
2000
1000 -
. 1000 -
0 _ eemeem . .
B16 B16 Sor LLC LLC Sor
C26

Tumour Weight (mg) Metastases (%)

350 1 40 7
300 T 35 1
250 - 1 30 1
200 - 25 7
20
150 A
15 1
100 10
50 A 5 *
0 T 0 T N
C26 C26 Sor LLC LLC Sor

Figure 2. Tumour weights in sorafenib-treated mice. Results are mean + S.E.M. for 6-8 animals. Tumour
weights are expressed in g. In the LLC model metastatic content is represented as % of invaded lung surface.
C26: C26 adenocarcinoma-bearing mice (n=8); C26 Sor: C26 adenocarcinoma-bearing mice treated with
sorafenib (n=8); B16: B16 melanoma-bearing mice (n=8); B16 Sor: B16 melanoma-bearing mice treated with
sorafenib (n=8); LLC: Lewis lung carcinoma-bearing mice (n=8); LLC Sor: Lewis lung carcinoma-bearing
mice treated with sorafenib (n=8). Values that are significantly different of the results by one-way analysis of
variance (ANOVA), * p<0.05; ** p<0.01.

doi:10.1371/journal.pone.0113931.g002

were significantly reduced (18% GSN, 14% tibialis for B16; 29% GSN, 27% tibialis
for LLC). No effects of tumour growth were observed in the heart neither in the
B16 nor in the LLC tumour models. Sorafenib treatment had significant effects in
the rescue of both gastrocnemius and tibialis mass in the C26 animal model (
Table 1), despite the ineffectiveness against tumour growth. Similarly, the
treatment caused a recovery of the gastrocnemius muscle in the LLC model;
however it did not have any statistical effects on the tibialis muscle. Concerning
the muscle, in contrast with the prevention of body weight loss, no statistically
significant effects were observed in the B16 animals after sorafenib administration.
As can be seen in Table 2, in addition to skeletal muscle, tumour growth
determined a very important decrease in white adipose tissue mass. Indeed,
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Table 1. Muscle and heart weights in sorafenib-treated tumour-bearing mice.

e [T [tsa  |aow |
C26 GSN 56249 °© 4454172 500+15° 0,000
Tibialis 192+3 °© 149+7 2 16846 ° 0,000
Heart 502+15° 439+14 2 477 +16 2 0,025
B16 GSN 634+21° 522424 ° 565+17 @ 0,010
Tibialis 193+8° 166+8 2 178+8 0,073
Heart 586+ 31 514421 512425 ns
LLC GSN 551416 © 390+18 @ 468+7° 0,000
Tibialis 189+9° 138+6 2 157 +11 2 0,005
Heart 550+ 35 536 +27 551 +11 ns

Results are mean + S.E.M. Muscle weights are expressed as mg/100 g of initial body weight. GSN: gastrocnemius muscle. C: animals without tumour
(n=6); T: tumour-bearing animals (n=8); T Sor: tumour-bearing animals treated with sorafenib (n=8). Values significantly different of the results by one-way
analysis of variance (ANOVA), statistically significant differences by post hoc Duncan test. Different letters in superscript indicate significant differences
between groups.

doi:10.1371/journal.pone.0113931.t001

cachexia is linked with muscle wasting and adipose tissue loss [6,31]. A recent
report suggests that muscle wasting is linked to the loss of adipose tissue; if fat
mobilization is prevented, muscle wasting does not take place, at least in
experimental animals [32]. The largest reduction is observed in the LLC-bearing
animals, with losses over 90% of total tissue. Sorafenib treatment induced a rescue
of adipose tissues in all the cachexia models tested, the amelioration being
especially marked in the case of B16 where almost total recovery is accomplished,
explaining partially the above reported discrepancy between body and muscle
wasting. This observation is particularly interesting since sorafenib, despite
inducing an almost complete adipose tissue recovery, exerted only negligible
effects on skeletal muscle. From this point of view, the present data do not
support the conclusions of Das et al. [32], since the complete recovery of adipose
tissue is not sufficient to promote muscle sparing.

Table 2. White adipose weights in sorafenib-treated tumour-bearing mice.

Tumour model Experimental groups _

C26 WATd 684+71° 29+18 2 285+56° 0,000
WATe 2043+172 ° 460+129 @ 1410+149 ° 0,000
B16 WATd 374+38° 140+29 @ 290+13° 0,000
WATe 1554 +103 ° 8114732 1425+24 © 0,000
LLC WATd 315447 ° 16+32 35+4° 0,000
WATe 1298+9° 171+36 @ 259+14 2 0,000

Results are mean + S.E.M. Adipose weights are expressed as mg/100 g of initial body weight. WATd: White adipose tissue dorsal; WATe: White adipose
tissue epididymal. C: animals without tumour (n=6); T: tumour-bearing animals (n=8); T Sor: tumour-bearing animals treated with sorafenib (n=8). Values
significantly different of the results by one-way analysis of variance (ANOVA), statistically significant differences by post hoc Duncan test. Different letters in
superscript indicate significant differences between groups.

doi:10.1371/journal.pone.0113931.t002
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Figure 3. Kinetic parameters in sorafenib-treated tumour-bearing mice. Results are mean + S.E.M. for 6-8 animals. Physical activity is expressed in
number of movements. Maximum velocity is expressed in cm/s. Travelled distance is expressed in cm. C: animals without tumour (n=6); C26: C26
adenocarcinoma-bearing mice (n=8); C26 Sor: C26 adenocarcinoma-bearing mice treated with sorafenib (n=8); B16: B16 melanoma-bearing mice (n=8);
B16 Sor: B16 melanoma-bearing mice treated with sorafenib (n=8); LLC: Lewis lung carcinoma-bearing mice (n=8); LLC Sor: Lewis lung carcinoma-
bearing mice treated with sorafenib (n=8). Values that are significantly different of the results by one-way analysis of variance (ANOVA), statistically
significant differences by post hoc Duncan test. Different letters in superscript indicate significant differences between groups.

doi:10.1371/journal.pone.0113931.9003

PLOS ONE | DOI:10.1371/journal.pone.0113931

Taking into consideration the fact that the rescue of muscle mass does not
necessarily mean a concomitant recovery of muscle function [33], we decided to
measure total physical activity as a surrogate for muscle function and behavioural
adaptation. Figure 3 depicts total activity, maximum speed and distance travelled
by the animals. As it can be seen, tumour burden resulted in a considerably
decrease in all these parameters. The most affected animals were the LLC mice,
where total activity (78%), maximum velocity (65%), and distance (82%) were
reduced. Sorafenib treatment improved total physical activity in the three models
studied. It is interesting to remark that the largest improvement was observed in
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Figure 4. Circulating IL-6 levels in sorafenib-treated tumour-bearing mice. Results are mean + S.E.M. for 6-8 animals. IL-6 levels are expressed in pg/
mL. C: animals without tumour (n=6); C26: C26 adenocarcinoma-bearing mice (n=8); C26 Sor: C26 adenocarcinoma-bearing mice treated with sorafenib
(n=8); B16: B16 melanoma-bearing mice (n=8); B16 Sor: B16 melanoma-bearing mice treated with sorafenib (n=8); LLC: Lewis lung carcinoma-bearing
mice (n=8); LLC Sor: Lewis lung carcinoma-bearing mice treated with sorafenib (n=8). Values that are significantly different of the results by one-way
analysis of variance (ANOVA), statistically significant differences by post hoc Duncan test. Different letters in superscript indicate significant differences
between groups.

doi:10.1371/journal.pone.0113931.9004
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Figure 5. Correlation between the tumour reduction induced by sorafenib and the circulating IL-6 levels. N=20 (B16, n=6; C26, n=7; LLC, n=7).
Pearson Correlation. ** Correlation is statistically significant at 0,01 level (bilateral).

doi:10.1371/journal.pone.0113931.9005
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Figure 6. Intracellular signals of skeletal muscle (gastrocnemius) in sorafenib-treated mice bearing the C26 adenocarcinoma. Results are mean +
S.E.M. C: animals without tumour; C26: C26 carcinoma-bearing mice; C26+sor: C26 adenocarcinoma-bearing mice treated with sorafenib. Values that are
significantly different of the results by one-way analysis of variance (ANOVA), statistically significant difference by post hoc Duncan test. Different letters in
superscript indicate significant differences between groups.

doi:10.1371/journal.pone.0113931.9006

the B16 model, precisely where sorafenib treatment was not able to fully revert
muscle wasting. Therefore, some other factors must be taken into consideration
for explaining the improvement in total activity, including the reduction of the
tumour mass. It is possible to speculate that animal activity does not rely on the
muscle mass alone, rather depending also on the energy availability (fat included)
and the presence of anaemia, a clear limiting factor for physical activity. Sorafenib
treatment also improved maximum velocity in the LLC model (Figure 3).
Concerning the distance travelled, the treatment improved this parameter in all
the models tested, independently from the distinct effect exerted on tumour
burden.

In order to explain the mechanisms accounting for the tumour-independent
sorafenib effects, we determined the circulating concentrations of IL-6, a cytokine
that has been reported to be affected by sorafenib, which reduces its release [26].
Interestingly, in both C26 and LLC-bearing mice, where the levels of IL-6 are high
as a consequence of tumour growth, sorafenib did not lower the cytokine
concentration, suggesting that sorafenib effects do not directly rely on IL-6
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Figure 7. Possible intracellular pathways linked with sorafenib action in skeletal muscle.

doi:10.1371/journal.pone.0113931.9007

inhibition (Figure 4). It has to be pointed out that muscle IL-6 concentration
could be altered by the treatment; differences in receptor content are another
possibility. Unfortunately, we have not assessed these possibilities. However, it is
interesting to point out that the anti-tumour effect of sorafenib was stronger when
IL-6 circulating levels were low, as in the B16-bearing mice, existing a good
correlation between the degree of tumour reduction and the concentration of IL-6
(Figure 5) in the different models tested. It seems, therefore, that sorafenib anti-
tumour action is more effective in low IL-6 conditions.

In order to further investigate the mechanisms by which sorafenib exerts its
effects, we determined the intramuscular concentration and activation state of
several proteins that might be involved in the sorafenib action. As far as we are
concerned, there are no reports suggesting a direct kinase-inhibiting action of
sorafenib in the skeletal muscle. For this part of the study we only used the C26
model, since in this setting, despite the absence of drug effects on tumour burden,
sorafenib improved both muscle weight and activity parameters. The results
depicted in Figure 6 show that tumour growth resulted in a significant nuclear
accumulation of Pax7, a protein involved in muscle regeneration [34, 35],
concomitant with the hyperactivation of the kinases ERK and STAT?3, that were
reported to be critical for the onset of muscle wasting in C26 mice [34-36].
Surprisingly, sorafenib significantly decreased the concentration of Pax7 and the
activation of the above-mentioned kinases. Consistent with previous observations
showing that ERK inhibition prevented the activation of the ubiquitin ligase
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atrogin-1 [34], sorafenib administration was able to reduce the atrogin-1 protein
accumulation in C26 mice (Figure 6), likely limiting the catabolic stimulus. Such
effect seems independent from the activation of the transcription factor FoxO3a,
as the nuclear (i.e. active) levels of the protein did not change in C26 mice and
slightly decreased in sorafenib-treated C26 animals, confirming that the Akt/FoxO
pathway is not involved in the onset of muscle wasting [37], at least in this
experimental setting. These results suggest that sorafenib exerts its anti-cachectic
action directly on the muscle by inhibiting either the STAT3 or ERK pathways,
independently from IL-6 serum levels (Figure 7). Recent observations point out
the suppressive role played by STAT3 in satellite cell-mediated muscle
regeneration [38,39] and, consistently, the anti-cachectic action exerted by
sorafenib is stronger in the experimental model of cachexia where muscle
regeneration is more affected.

In conclusion, the results presented here reinforce the idea that sorafenib is an
efficient drug for the treatment of tumours in addition to being a candidate for
anti-cachectic therapy. This is based on the fact that any reduction in tumour
mass results in a reduction in cachexia and also in the fact that, even without
affecting the tumour, it does behave as an anti-cachectic molecule, as observed
in the C26 tumour model. Yet, previous studies actually conclude that
sorafenib per se induces wasting [23,40]; therefore further studies in this field
are needed and might lead to a new promising drug combination for the
treatment of cachexia.

Supporting Information

Figure S1. Correlation between tumour mass (expressed as % of the mean) and
haematocrit in the three tumour models. Pearson analysis shows a significant
correlation of tumour versus haematocrit in B16 (Pearson r=0.789; p=0.004,
n=12) and a tendency in LLC (Pearson r=0.526; p=0.065, n=13). No correlation
is present in C26 (Pearson r=0.120; p=0.6, n=14).
doi:10.1371/journal.pone.0113931.s001 (TIF)
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L'eficacia dels farmacs destinats a contrarestar la caquéxia cancerosa
generalment sdn testats en models experimentals preclinics, on es tenen en compte
només les alteracions induides pel tumor, amb exclusi6 de la co-presencia de
molécules antitumorals que podrien empitjorar i/o interferir amb el tractament.
L'objectiu d'aquesta investigacid ha estat avaluar lI'eficacia d'un tractament
multifactorial, incloent formoterol i acetat de megestrol (AM), en rates caquéctiques
portadores del tumor Yoshida AH-130 les quals reben també un tractament de
quimioterapia (sorafenib). El tractament amb sorafenib (90 mg/kg) de rates portadores
de tumor caqueéctic provoca una important disminucidé en el contingut de les cél-lules
tumorals a causa d'una reduccié de la proliferacid cel-lular i augment de I'apoptosi.
Com a consequiéncia d'aixo, la supervivéncia dels animals millora significativament,
mentre la presencia de caquexia persisteix. El tractament multifactorial utilitzant
formoterol i AM va ser altament eficag en la prevencié de la pérdua de massa
muscular, i va tenir efectes més potents que Il'administracié simple només de
formoterol. A més, tant l'activitat fisica com la forca d'agafada van millorar
significativament en comparacié amb els animals portadors de tumor no tractats. Els
efectes del tractament multifactorial inclouen l'augment de la ingesta d'aliments
(probablement a causa I'AM) i la disminucié de la degradacié de proteines, com es
mostra per la reduccidé de I'expressié de gens associats als sistemes proteolitics del
proteasoma i de la calpaina. La combinacié dels dos farmacs doncs, apunta a ser una
estrategia prometedora per al tractament de la caquéxia cancerosa en un entorn

preclinic que millor s'assembla a la situacid clinica, fet que proporciona una solida

207




Publicacions

justificacio per a I'Us d'aquesta combinacid en assaigs clinics amb pacients caqueéctics

amb cancer.
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ABSTRACT

Background: The effectiveness of drugs
aimed at counteracting cancer cachexia is
generally tested in preclinical rodent models
where only the tumour-induced alterations are
taken into account, excluding the co-presence
of anti-tumour molecules that could worsen the
scenario and/or interfere with the treatment.

Methods: The aim of the present
investigation has been to assess the efficacy of
a multifactorial treatment, including formoterol
and megestrol acetate, in cachectic tumour-
(Yoshida AH-130,

cachectic tumour) undergoing chemotherapy

bearing rats a highly
(sorafenib).

Results: Treatment of cachectic tumour-
bearing rats with sorafenib (90 mg/kg) causes
an important decrease in tumour cell content
due to both reduced cell proliferation and
increased apoptosis. As a consequence, animal
survival significantly improves, while cachexia
occurrence persists. Multifactorial treatment
using both formoterol and megestrol acetate is
highly effective in preventing muscle wasting
and has more powerful effects than the single

formoterol administration. In addition, both

physical activity and grip strength are
significantly improved as compared with the
untreated tumour-bearing animals. The effects
of the multifactorial treatment include increased
food intake (likely due to megestrol acetate)
and decreased protein degradation, as shown
by the reduced expression of genes associated
with both proteasome and calpain proteolytic
systems.

Conclusions: The combination of the two
drugs proved to be a promising strategy for
treating cancer cachexia in a preclinical setting
that better resembles the human condition, thus
providing a strong rationale for the use of such
combination in clinical trials involving cachectic

cancer patients.
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INTRODUCTION

The percentage of cachexia in cancer patients
is quite high: 50 to 80% (1), and is a useful tool
for survival prediction, being held responsible for
more than 20% of the deaths of cancer patients
[1]. It is directly responsible for a reduction in
physical activity [2] and quality of life and
decreases the efficacy and outcome of
anticancer therapy [3,4]. In an international
consensus [5], cachexia was defined as a
“‘complex metabolic syndrome associated with
underlying illness and characterized by loss of
muscle with or without loss of fat mass”. The
prominent clinical feature of cachexia is weight
loss in adults (corrected for fluid retention) or
growth failure in children (excluding endocrine
inflammation, insulin

disorders). Anorexia,

resistance and increased muscle protein

breakdown are frequently associated with
cachexia. Cachexia is distinct from starvation,

age-related loss of muscle mass,

primary
depression, malabsorption and hyperthyroidism
and is associated with increased morbidity”[5].

The loss of weight is due to a reduction of
adipose tissue and muscle, but muscle wasting
is the key factor in the cancer cachexia outcome.
Therefore it determines the survival and muscle
strength and function, the pillar of the recovery
process [6].

There have been many approaches and
strategies to treat the cachexia syndrome, but
none of them totally reverses the weight loss.
Those strategies have basically two targets:
counteracting anorexia and  neutralizing
metabolic disturbances [7,8]. Many drugs are
being developed and tested in clinical trials, but
none of these treatments are efficient enough to
be applied in clinical practice [9].

The study of cancer cachexia is mainly based
on experimental models

(tumour injected
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animals) not undergoing the same antitumoural
treatments as in humans, therefore it is difficult
to translate the experimental results to humans:
on one hand, anticancer treatments have side
effects that can worsen cachexia, while on the
other hand the reduction of tumour mass can
mask or delay the appearance of cachexia.
Indeed, in experimental conditions, cachexia
occurs within days or few weeks after tumour
injection, while cancer cachexia in humans is
often a chronic process.

Regarding  antitumoural therapy, many
significant advances have been made in cancer
management with the development and
introduction of new targeted-agents, replacing
non-targeted highly toxic chemotherapies. Such
therapies make tumour cells more susceptible,
without  substantially

increasing  toxicity.

However, several studies in  humans
demonstrated that weight loss associated to
cancer was related to toxicity from treatment,
anaemia and shorter survival [10,11]. Prado et
al. [10] focused on body composition as a
potential determinant of toxicity in response to
commonly used antineoplastic agents. They
emphasised the importance to establish an
adjustment of the antitumoural treatment for lean
body mass, due the relationship between severe
skeletal muscle depletion and excess toxicity
during chemotherapy. Indeed, Antoun et al. [12]
reported that muscle loss was specifically

exacerbated by sorafenib treatment and
described it as an adverse effect of the drug
related to asthenia, fatigue, and physical
disability. Sorafenib is a multikinase inhibitor that
showed efficacy against a wide variety of
tumours in preclinical models [13]; it inhibits cell
the Raf/MEK/ERK

exerts an anti-

proliferation by targeting
signalling pathways and
tumour

angiogenic effect by inhibition of

angiogenesis through VEGFR and PDGFR



[14,15]. It is already approved in humans for the
treatment of advanced hepatocellular carcinoma
[16] and advanced renal cell carcinoma [17].
Common side effects of sorafenib are cutaneous
like hand-foot syndrome or rash and
gastrointestinal like diarrhoea or nausea as well
as alopecia and fatigue. These side effects limit
patient's ability to receive full-dose sorafenib
treatment [18,19].

Patient’s ability to tolerate anticancer therapy
will, in turn, be affected by their nutritional status
preceding treatment, and it will determine the
success of the therapy. So, nutritional support
has to be considered rather as part of the
oncological treatment than as a separated action
[20]. In spite of this,

demonstrated that nutritional strategies are not

several studies
sufficient to reverse the cachectic syndrome.
The use of total parenteral nutrition does not
abolish weight loss (8). This points out the need
that, any therapeutic approach based on
increasing food intake has to be combined with
a pharmacological strategy to counteract
metabolic changes.

One of the drugs most commonly used in
cachexia is megestrol acetate due to its high
efficacy and safety profile, as confirmed in
multiple clinical trials [21,22]. Megestrol acetate
is a synthetic derivative of progesterone and has
been described as a potent appetite stimulant as
well as promoting weight gain. However, this
gain had been mainly attributed to an increased
fat mass, not to muscle mass and had no
evidences of benefit in terms of quality of life or
survival [23,24]. The mechanisms of megestrol
acetate responsible for contributing to increase
body weight in cachectic patients are not
completely clear, but some studies showed that,
in addition to stimulating appetite, it also had
effect on both metabolic and inflammatory
[25,26]. skeletal

mechanisms Concerning
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muscle, previous studies performed in our
laboratory in experimental animals, showed a
clear anabolic effect of megestrol acetate in
skeletal muscle. Thereby, Busquets et al. [27]
demonstrated that administration of megestrol
acetate to tumour-bearing rats resulted in an
important reversal of the muscle wasting
process, as reflected by individual muscle
weights. The mechanism for this effect seems to
be, at least, partially explained by the ability of
the drug to block the enhanced proteolysis
associated with muscle wasting during cancer
cachexia. In fact, the drug also acted improving
appetite as well as enhancing physical
performance and muscle strength. In another
study Toledo et al. [28]

administration of megestrol acetate to cachectic

observed that

tumour-bearing rats caused increased
incorporation of orally administered labelled
14C-leucine into muscle protein, without altering
the in vivo rate of the amino acid oxidation,
suggesting that MA treatment is able to increase
protein synthesis during cancer cachexia.

With regard to finding a pharmacological
strategy to counteract metabolic changes, our
laboratory introduced the use of formoterol -- a
highly potent $2-adrenoceptor-selective agonist
-- as possible drug for the treatment of cachexia
[29]. The administration of beta-adrenergic
agonists had been related with hypertrophy of
skeletal muscles [30-33]. Formoterol combines
the clinical advantages of the rapid onset with
the duration of the action and it is currently in
use in humans for the treatment of
bronchospasm associated with asthma [34]. In
animal models, data from our laboratory demon-
strated that formoterol had important anti-
cachectic effects [29]. The mode of action of this
drug is based on its ability to prevent muscle
wasting by inhibiting proteolysis and apoptosis in

skeletal muscle. Thereby, formoterol decreased



the activation of the ubiquitin-dependent

proteolytic system, the main mechanism
activated in muscle wasting conditions, as well
as decreased muscle apoptosis in tumour
bearing animals [29,35]. The anti-wasting effects
of the drug were also observed in terms of total
physical activity and grip force, thus resulting in
an improvement in physical performance in
cachectic tumour-bearing rats [36].

Bearing all this in mind, the aim of the present
investigation was to assess the efficacy of a
multifactorial treatment, including formoterol and
megestrol acetate, in cachectic tumour-bearing

rats undergoing chemotherapy.

MATERIALS AND METHODS

Animals

5 weeks old male Wistar rats (Harlan,
Barcelona, Spain) were housed in individual
cages and maintained at a constant temperature
of 22 + 2 °C with a regular light-dark cycle (light
from 08:00 a.m. to 08:00 p.m.) and free access to
cachexia was

food and water. Experimental

obtained through i.p. injection of 108 AH-130
Yoshida ascites hepatoma cells obtained from
exponential tumours as described previously [37]
The food

Bioethical

intake was measured daily. The
Committee of the University of
Barcelona approved the experimental protocol.
All  animal made in

manipulations were

accordance with the European Community

guidelines for the use of laboratory animals [38].

Experimental Design

Four distinct experiments were performed in
order to: (l) test the action of anti-tumour drug
(sorafenib, Sor) on Yoshida AH-130 ascites
hepatoma cells (Il) test the effectiveness of the
anti-cachectic agent formoterol (F) in tumour-

bearing (TB) rats either receiving chemotherapy
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(Sor) or not; (Il
untreated with Sor-treated TB rats; (V) test the

effectiveness of combined chronic (20 days)

compare the survival of

administration of F and megestrol acetate (MA)
against cachexia in Sor-treated TB rats.

Experiment |: TB animals were divided into two
groups, untreated and treated daily with Sor (90
mg/kg body weight, intragastrically (i.g.), from
day 2 after tumour injection). On days 3, 5, 7, 9
and 11, 100 ul of ascites was extracted from
each animal and cells were analysed by flow
cytometry (see below).

Experiment II: the animals were divided into two
groups, namely controls (C) and TB. Both groups
were further divided into four subgroups:
untreated (vehicle administered), treated with F
(0,3 mg/kg body weight, subcutaneous (s.c.),
daily), treated with Sor (90 mg/kg body weight,
intragastrically (i.g.), daily from day 2 after
tumour injection) and treated with both drugs. 10
days after tumour transplantation, the animals
were weighted and anaesthetized with an i.p.
injection of ketamine/xylazine mixture (3:1)
(Imalgene: and Rompun- respectively). Tumour
volume and total cell number were assessed at
the day of sacrifice. Tissues were rapidly
excised, weighted, and frozen in liquid nitrogen.

Experiment [ll: TB animals were divided into
two groups, untreated and treated with Sor (see
above). The untreated group was administered
with the corresponding volume of solvent. The
treatment was stopped at day 20 after tumour
inoculation in order to observe tumour relapse.

Experiment 1V: the animals were divided into
four groups, one C group (untreated and non-TB)
and three TB groups. The latter three groups
were treated from day 2 after tumour inoculation
with Sor (see above). As for the anti-cachectic
treatments, one TB group was administered the
vehicle, one treated with F (see above) and the

last TB group was treated with F and MA (100



mg/Kg body weight, i.g., daily). The animals were
sacrificed 20 days after tumour injection as

previously stated.

Flow cytometry

The DNA distribution/cell cycle analysis was
performed in AH-130 cells obtained from
alternate day paracentesis in TB rats. Briefly,
cells were washed in phosphate buffer solution
(PBS), fixed in ice-cold 70% ethanol for at least
30 min, incubated at room temperature in PBS
containing DNase-free RNase and propidium
iodide at the final concentrations of 0.4 mg/mL
and 10 pg/mL, respectively. Cells were then
analysed using a Beckman Coulter Epics XL flow
cytometer. Data were then analysed with the
WinCycle software (Phoenix Flow Systems, San
Diego, CA). The percentage of apoptotic cells
was assessed by evaluating the accumulation of

cells having a <2n DNA content.

Blood haematochemical assays

Plasma albumin, triacylglicerides, glucose and
lactate were analysed by METROLAB 2300 (RAL
S.A., Barcelona, Spain), a chemistry analyser
that is based on the analysis of colorimetric

reactions.

Biochemicals
from GENTAUR

(Kampenhout, Belgium), formoterol was kindly

Sorafenib was obtained

provided by Industriale Chimica s.r.l. (Saronno,
Italy) and megestrol acetate was obtained from
Sigma Chemical Co. (St. Louis, MO, USA).

RNA isolation and RT-PCR

Total RNA from gastrocnemius muscle was
extracted by TriPureTM kit (Roche, Barcelona,
Spain), a commercial modification of the acid
guanidinium isothiocyanate/phenol/chloroform

method [39]. Reverse transcription (RT) reactions
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were prepared using by First Strand cDNA
Synthesis Kit for RT-PCR (Roche, Barcelona,
Spain) following the manufacturer’s instructions.
Analysis of mRNA levels for the genes from the
different proteolytic systems was performed with
primers designed to detect the following gene
products: ubiquitin (FORWARD 5 GAT CCA
GGA CAA GGA GGG C 3, REVERSE 5 CAT
CTT CCA GCT GCT TGC CT3);, E2
(FORWARD: 5 AGG CGA AGA TGG CGG T 35
REVERSE 5 TCA TGC CTG TCC ACC TTG TA
3’); C8 proteasome subunit (FORWARD 5 AGA
CCC CAA CAT GAA ACT GC 3’; REVERSE 5’
AGG TTT GTT GGC AGA TGC TC 3’); C2
proteasome (FORWARD: 5
GTTTCCATTGGGATTGTTGG 3’; REVERSE: 5
TGTTCCATTGGTTCATCAGC 3’); MuRF-1
(FORWARD 5 TGT CTG GAG GTC GTT TCC G
3’; REVERSE 5 ATG CCG GTC CAT GAT CAC
TT 3’); Atrogin-1 (FORWARD & CCA TCA GGA
GAA GTG GAT CTA TGT T 3; REVERSE 5’
GCT TCC CCC AAA GTG CAG TA 3’); m-calpain
(FORWARD 5 TTG AGC TGC AGA CCA TC 3;;
REVERSE 5 GCA GCT TGA AAC CTG CTT CT
3’), cathepsin B (FORWARD 5 CTG CTG AGG
ACC TGC TTA C 3; REVERSE 5 CAC AGG
GAG GGA TGG TGT A 3)
(FORWARD 5 TGC CAG AGA AAA GTG CCG
TGG G 3'; REVERSE 5 TGC AGC TCA TCC
AGC TTC CGT 3). To avoid the detection of

possible contamination by genomic DNA, primers

subunit

and hmbs

were designed in different exons. The real-time
PCR was performed using a commercial kit
(LightCycler ™ 480 SYBR Green | Master,
Roche, Barcelona, Spain). The relative amount of
all mMRNA was calculated using comparative Cr
method. Hmbs (Hydroxymethylbilane synthase)
mRNA was used as the invariant control for all

studies.



Total physical activity
Total physical activity (IR ACTIMETER System
and ACTITRAK Panlab,

Barcelona) was assessed during the last 24

software  from
hours prior sacrifice of the animals in different
experimental groups, using activity sensors that
translate individual changes in the infrared
pattern caused by movements of the animals into
counts [40]. For the

measurements, animals remained in their home

arbitrary  activity
cage. A frame containing an infrared beam
system was placed on the outside of the cage;

this minimised stress to the animals.

Grip force assessment

Skeletal muscular strength in rats was
quantified by the grip-strength test [40]. The
grip-strength device (Panlab-Harvard Apparatus,
Spain) comprised a pull bar connected to an
isometric force transducer (dynamometer).
Basically, the grip strength meter was positioned
horizontally and the rats are held by the tail and
lowered towards the device. The animals are
allowed to grasp the bar and were then pulled
backwards in the horizontal plane. The force
applied to the bar just before it lost grip was
recorded as the peak tension. At least three
measurements were taken per rat and the
results were averaged for analysis. The data are

presented as g/g initial body weight.

Statistical analysis

Average (arithmetic mean) and standard error
(SE) were calculated for each studied variable.
In Experiment | a mixed model with repeated
measures (longitudinal design) was performed.
In Experiment Il and IV, intergroup differences
were evaluated statistically using analysis of
variance (ANOVA); Experiment II: three-way
ANOVA  (fixed

treatment and

factors: tumour, sorafenib

formoterol treatment) and
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Experiment IV: one-way ANOVA with four levels.
Post hoc pairwise comparisons (Duncan test)
were performed when appropriated. In
Experiment Il Survival curves were computed
with the Kaplan-Meier method, and differences
in survival were validated with Log-rank test
(Mantel-Cox). All statistical tests were performed

using SPSS version 21.

RESULTS AND DISCUSSION

The majority of studies involving anticachectic
therapies are performed in tumour-bearing

animals not subjected to any antitumoral
treatment. This fact may interfere with the
translation of the results to human subjects
clinical

since in the practice antitumoral

treatment is given as soon as cancer is
diagnosed. For this reason in the present study
we adopted a well-established cachexia model
the Yoshida AH-130 ascites

hepatoma) and added the administration of a

(rats bearing

new generation antitumour drug, sorafenib [17].

The flow cytometry analysis of cell cycle
phases in alternate-day tumour samples (Figure
1) showed that sorafenib has a bimodal action; a
rapid (3 days after the first administration) exit
from the cell cycle (reduced S and increased
GO0/G1 phase) was followed by a strong increase
of G2/M arrest and apoptosis, suggesting that
sorafenib is both an inhibitor of cell proliferation
and an inducer of cell death.

10 days after tumour inoculation the cellularity
in sorafenib-treated animals was reduced by
63% (Figure 1B). Formoterol treatment did not
result in any changes of tumour cell content, as
previously described [29]. Bearing in mind the
strong antitumoral action of sorafenib, one would
expect a consequent and consistent reduction of
cachexia appearance. This was not the case,

since sorafenib treatment was not free from side



effects, such as hypophagia, even detectable in

control (non tumour-bearing) animals (Table 1).
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Figure 1. Effects of sorafenib on tumour cell cycle status
and content in rats bearing the Yoshida AH-130 ascites
hepatoma. A) Cytometric analysis of the cell cycle
distribution of AH-130 cells harvested every other day in both
untreated and sorafenib-treated TB rats. A mixed-model with
repeated measures (factor days) was used to test the
differences between sorafenib-treated and untreated rats
over time. A first order autoregressive covariance structure
AR(1) was chosen, according to AIC (Akaike Information
Criterion) and BIC (Bayesian Information Criterion).
Significant differences detected between treatments along
the days in all phases (Go/G1, S, G/M and apoptosis, results
in the supplemental data, table 2). The average values of
population percentages at Go/Gs, S, G,/M and apoptosis
phases are shown as mean + SE from five animals per
group. Pairwise comparisons for each day, significant
differences noted as: *,P < 0.05; **, P < 0.01; ***, P < 0.001.
B) Tumour cell content was assessed on day 10 after tumour
inoculation. Results are mean + SE for 8 animals per group.
T: tumour-bearing rats; T+S: treated with sorafenib; T+F:
treated with formoterol; T+F+S: treated with both formoterol
and sorafenib. Statistical significance of the results by two-
way ANOVA: sorafenib treatment (p<0.001), formoterol
treatment (p=0.86), non-significant interaction between
factors (p=0.64).

However, sorafenib administration did not
further reduce the food intake observed in

tumour-bearing animals, likely resulting from the
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combination of an attenuated tumour action and
the drug-induced hypophagia. In the control
group the decreased food intake was associated
with a reduction of body weight (Table 1). Again,
similarly to the food intake, sorafenib treatment
in tumour-bearing animals did not worsen the
body weight, possibly because of the decrease
of tumour cell content induced by sorafenib. The
effects of formoterol on body weight were also
distinct in control and tumour-bearing animals:
while formoterol treatment increased the body
weight significantly in the former ones, it did not
produce any changes in the latter ones. Finally,
the combination of formoterol with sorafenib
resulted in a decreased body weight in the
control group while an increase in the tumour-
bearing animals was observed. Again, this
distinct behaviour may rely on the decreased
cell content promoted by sorafenib, which
possibly compensate the anorexigenic effects of
sorafenib.

In non-tumour-bearing rats, sorafenib induced
a significant decrease in gastrocnemius (6%)
and heart (7%) mass (Table 1). Actually, Antoun
et al. [12] described skeletal muscle wasting as
treatment.

an adverse effect of sorafenib

However, it is interesting to remark that
sorafenib treatment did not significantly affect
white adipose tissue mass. Therefore, it may be
suggested that sorafenib side effects are more
severe on skeletal muscle rather than on
adipose tissue. As can be observed in Table 1
formoterol treatment completely reversed the
effects of sorafenib on skeletal muscle without
affecting adipose tissue. Sorafenib treatment in
tumour-bearing rats attenuated skeletal muscle
and heart weight loss (Table 1), probably as a
consequence of the reduction in tumour cell
content induced by sorafenib. The other way

round, bearing in mind the two third reduction of
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Table 1. Effects of formoterol treatment on food intake, body weight, muscle and adipose weight in sorafenib-

treated tumour-bearing rats at day 10 after tumour inoculation.

Parameters Experimental groups
C (6) C+S (7) C+F (7) C+F+S(7) T(8) T+S (8) T+F (8) T+F+S (8)
Food intake 128+ 2° 119+ 3° 141+ 3¢ 122+ 2° 88+ 3° 87+ 32 951+ 42 91+ 32
FBW 137+1¢ 129+2¢ 141x1¢ 128+1°¢ 89122 103+3° 91%22 105+2°
Muscle Weight
GSN 739+12%  696+11° 841+10f 758+14¢ 519+ 18° 624+ 9° 604+ 19° 701+ 13
Soleus 53+2¢ 49+1° 59+3¢ 50+2° 3912 44+2° 44+1° 50+1°
Tibialis 236+3° 228+5¢ 279+7¢ 266+9¢ 174178 200+3° 20245° 22813¢
EDL 56+1° 56+1° 67+1¢ 65+2¢ 4120 50+1° 49+1° 58+ 1°
Heart 376+7¢ 34818¢° 429+11¢ 413+ 12¢° 263+ 3¢ 292+ 6° 284+ 5%° 330+ 8°
Adipose Weight
dWAT 1390+91¢  1292+84  1277+99% 1135%113° 320+72%°  535+65° 211£ 518 37353
eWAT 1332+82° 1208+107° 1115+58¢  935+71°  542+106° 926449 401489 822+59°
BAT 266+16%  241+22° 283+14¢ 238+17° 110472 125+42 117162 118482

Results are mean + SE for the number of animals indicated in parentheses. Food intake is expressed as g/100g IBW and refers
to the cumulative intake (10 days). FBW: final body weight (without tumour) is expressed as g. Tissue weight is expressed as
mg/100 g of initial body weight. GSN: gastrocnemius muscle. EDL: extensor digitorum longus. dWAT: dorsal white adipose
tissue, eWAT: epididymal white adipose tissue; BAT: brown adipose tissue. C: rats without tumour; T: tumour-bearing rats; C+S
and T+S: treated with sorafenib; C+F and T+F: treated with formoterol; C+F+S and T+F+S: treated with both formoterol and
sorafenib. Statistical significance of the results by full factorial three-way ANOVA (fixed factors: tumour, sorafenib treatment and
formoterol treatment). p-values of all the parameters detailed in the supplemental data, table 1. Statistically significant
differences by post hoc Duncan test. Different superscripts indicate significant differences between groups.

tumour content, the animals were frankly
cachectic, probably due to the combination of
both residual tumour and sorafenib action.
Consistently, formoterol administration was able
to ameliorate muscle mass in tumour-bearing
animals, either untreated (as previously reported
[36]) or sorafenib-treated.

The different effects on food intake, body and
muscle

weights were  compared  with

physiological parameters such as physical
activity and muscle strength. In Figure 2 tumour-
bearing animals clearly showed a decrease in
both parameters: total physical activity and grip
strength. Treatment with sorafenib in healthy
rats caused a reduction in physical activity
(16%) and grip strength (17%). These changes
agree with the previous effects of sorafenib on

muscle weight (Table 1). Notably, sorafenib

treatment, while prominently reducing the
tumour burden, did not affect total physical
activity and actually increased grip strength in
tumour-bearing animals (Figure 2). On the other
hand, formoterol increased both parameters in
animals.

the control and tumour-bearing

Remarkably, formoterol administration to
sorafenib-treated animals induced an even
higher increase in physical activity 29% and grip
strength 33% as compared with the tumour-
bearing animals only receiving the antitumoral
treatment.

In summary, the use of formoterol in sorafenib-
treated animals seems to be highly effective in
preventing muscle wasting and, thus facilitating
physical activity and, therefore, quality of life
even in the presence of a chemotherapy

regimen.



TOTAL PHYSICAL ACTIVITY

c
% |

| D
C C+F C+S  C+F+S T T+F

GRIP STRENGTH

1

;

T+S T+F+S

7

C U

N/100g IBW

N

C C+F C+S  C+F+S T T+F T+S  T+F+S

Figure 2. Effects of formoterol on total physical activity
and grip force in sorafenib-treated tumour bearing rats.
Results are mean + SE for 7 animals per group in control
groups (without tumour) and 8 animals per group in tumour-
hosts groups. C: rats without tumour; T: tumour-bearing rats;
C+S and T+S: treated with sorafenib; C+F and T+F: treated
with formoterol; C+F+S and T+F+S: treated with both
formoterol and sorafenib. Statistical significance of the
results by full factorial three-way ANOVA (fixed factors:
tumour, sorafenib treatment and formoterol treatment). p-
values of all the parameters detailed in the supplemental
data, table 3. Statistically significant differences between all
groups were assessed by pairwise comparisons post hoc
Duncan test, different superscripts indicate significant
differences between groups.

Taking into consideration that sorafenib
treatment was able to strongly decrease tumour
growth, a survival curve was performed (Figure
3). It can be seen that sorafenib was able to
considerably increase survival (Log-rank test,
p<0.001). After 20 days (approximately the
double survival time of untreated TB rats) we
stopped sorafenib treatment and observed
tumour relapse, eventually leading to animal
death around day 30.

Bearing this in mind we decided to perform
another series of experiments lasting 20 days
following tumour inoculation in order to establish
a potential chronic anti-cachectic protocol able

to extend healthy lifespan. This experimental
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Figure 3. Survival. Kaplan-Meier survival analysis between
untreated tumour-bearing rats and sorafenib-treated tumour
bearing rats (T+Sor). Sorafenib administration was stopped
at day 20 after tumour inoculation (dotted line) in order to
observe tumour relapse. Comparison of Survival curves
were analysed by Log-rank test (Mantel-Cox). The global
comparison for the treatments has a p value<0.001.

setting better resembles the human condition,
where, after tumour diagnosis, an anticancer
treatment is given and, despite the arrest of
tumour growth, cachexia appears. At this time
point, sorafenib-treated TB animals have only a
very low residual tumour cell count, which
assessed

cannot be easily. We also

incorporated a multifactorial anticachectic

treatment by combining formoterol with
megestrol acetate. The rationale behind this was
to provide a drug to compensate hypophagia
induced by sorafenib. Indeed, megestrol acetate
has been described as an orexigenic drug and
its use in cancer patients is widely used [23]. In
addition, our laboratory described the anabolic
effects of the drug in skeletal muscle [27].

As shown in Figure 4, no effects were
observed of either formoterol or megestrol
acetate treatment on tumour cell content. The
orexigenic action of megestrol acetate can be
observed in Figure 5; indeed, while no effects of
formoterol were seen, the combination
increased food intake by 18%, despite being far
from a complete recovery. In sorafenib-treated
tumour-bearing rats, formoterol administration
caused once again a positive effect on the
majority of skeletal muscles studied (Table 2).

Interestingly, the combination of formoterol and



megestrol acetate was even more effective in
the mainly oxidative muscles soleus and
diaphragm, promoting an additional significant
(13% for

diaphragm) as compared with the animals that

increase soleus and 50% for

were treated only with formoterol.

TUMOUR CONTENT

3.000

2.500

2.000

—t—

1.500

ncellsx 1

1.000

S00

T+S T+S+F

T+S+F+MA

Figure 4. Effects of formoterol and formoterol +
megestrol acetate on tumour cell content in sorafenib-
treated tumour-bearing animals. Tumour cell content was
assessed on day 20 after tumour inoculation. Results are
mean = SE for 8 animals per group. T+S: tumour-bearing
rats treated with sorafenib; T+S+F: tumour-bearing rats
treated with sorafenib and formoterol; T+S+F+MA: tumour-
bearing rats treated with sorafenib, formoterol and megestrol
acetate. Statistical analysis of the results by one-way
ANOVA showed non-significant differences (p=0.31).

Chemotherapy and cachexia

FOOD INTAKE

350
300

250

%

HH

200

150

g totals/100g BW

100

50

C T+S T+S+F T+S+F+MA

Figure 5. Effects of formoterol and formoterol +
megestrol acetate on food intake in sorafenib-treated
tumour-bearing animals. Food intake is expressed in
g/100g IBW and refers to the ingestion during the period of
the experiment prior to sacrifice, which took place 20 days
after tumour inoculation. Results are mean + SE for 7-9
animals per group. C: animals without tumour; T+S: tumour-
bearing rats treated with sorafenib; T+S+F: tumour-bearing
rats treated with sorafenib and formoterol; T+S+F+MA:
tumour-bearing rats treated with sorafenib, formoterol and
megestrol acetate. Statistical significance differences
between groups were detected by one-way ANOVA
(p<0.001). Pairwise comparisons were performed by post
hoc Duncan test, different superscripts indicate significant
differences between groups.

Table 2. Effects of the combination of formoterol and megestrol acetate treatment in

sorafenib-treated tumour-bearing rats on muscle weight at day 20 after tumour inoculation.

Parameters Experimental groups ANOVA
C(7) T+S (8) T+S+F (8) T+S+F+MA (9) p-value
Muscle Weight
GSN 1005+24° 630+19= 723 +33° 762 +28° p<0.001
Tibialis 314+6° 208+ 5= 247 +12° 251+ 8% p<0.001
Soleus 73+1¢ 50+1-° 55+2° 62+2¢ p<0.001
EDL 76+2° 53+1-° 60+3° 62+1° p<0.001
Diaphragm 474 +16° 371+122 342+ 18> 513+23°® p<0.001
Heart 549 + 23 ¢ 376 £ 16 2 401 £ 14 =® 429 + 14 ® p<0.001

Results are mean + SE for the number of animals indicated in parentheses. Muscle weight is expressed as mg/100 g of initial
body weight. GSN: gastrocnemius muscle. EDL: extensor digitorum longus. C: animals without tumour; T+S: tumour-bearing
rats treated with sorafenib; T+S+F: tumour-bearing rats treated with sorafenib and formoterol; T+S+F+MA: tumour-bearing rats
treated with sorafenib, formoterol and megestrol acetate. Statistical significance of the results by one-way ANOVA. Statistically
significant differences by post hoc Duncan test. Different superscripts indicate significant differences between groups.



In relation to physical activity and muscle force,
20 days of tumour growth (18 of sorafenib
administration) induced a significant decrease in
both parameters (Figure 6). The combination of
formoterol and megestrol acetate treatments
was successful in significantly increasing both
physical activity and grip strength, especially for
the latter, consistently with the rescue of muscle
mass. Formoterol treatment alone was only able

to induce an improvement in grip strength.

TOTAL PHYSICAL ACTIVITY
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with an increase in circulating lactate and a
decreased glycaemia. The combined treatment
was able to partially improve glycaemia and
hyperlactemia in sorafenib-treated TB animals
while had no effects on either circulating albumin
or triglycerides (Figure 7).

Since one of the most deleterious events
taking place in skeletal muscle during tumour
growth is the increased protein breakdown, we
also examined the effects of either formoterol or
formoterol with megestrol acetate treatments on

gene expression of muscle proteolytic systems.
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Figure 6. Effects of formoterol and formoterol +
megestrol acetate on total physical activity and grip
force in sorafenib-treated tumour-bearing animals. Total
physical activity was assessed during the last 24 hours prior
sacrifice of the animals on day 20 after tumour inoculation
and was expressed as number of movements and grip force
was assessed before the sacrifice. Results are mean + SE
for 7-9 animals per group. C: animals without tumour; T+S:
tumour-bearing rats treated with sorafenib; T+S+F: tumour-
bearing rats treated with sorafenib and formoterol;
T+S+F+MA: tumour-bearing rats treated with sorafenib,
formoterol and megestrol acetate. Statistical significance
between groups detected by one-way ANOVA (Total
physical activity; p<0.001; Grip strength, p<0.001). Post hoc
Duncan tests were performed; different superscripts indicate
significant differences between groups.

The presence of a tumour induces important
metabolic changes which affect carbohydrate,
lipid and protein metabolism [41]. As readout of

such alterations, tumour burden is associated

120 c c
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Figure 7. Effects of formoterol and formoterol +
megestrol acetate on albumin and circulating
metabolites in sorafenib-treated tumour-bearing animals
on day 20 after tumour inoculation. Results are mean +
SE for 7-9 animals per group. C: animals without tumour;
T+S: tumour-bearing rats treated with sorafenib; T+S+F:
tumour-bearing rats treated with sorafenib and formoterol;
T+S+F+MA: tumour-bearing rats treated with sorafenib,
formoterol and megestrol acetate. One-way ANOVA denoted
statistically ~significant differences between treatments
(Albumin, p=0.003; Glucose, p=0.008; Triglycerides,
p<0.001; Lactate, p<0.001). Post hoc pairwise comparisons
(Duncan test) were performed; different superscripts indicate
significant differences between groups.

As shown in Table 3, the combined treatment
formoterol + megestrol

reduced both Murf-1

acetate significantly
and Atrogin-1 gene
expression in GSN muscle, two Ub-ligases that
represent the limiting step of proteasome-
dependent degradation [42]. Interestingly, the
double treatment also decreased m-calpain
gene expression, known to play a role in muscle

proteolysis in cancer cachexia [43,44]. Indeed, it



was  suggested that calcium-dependent

proteases participate in the release of
myofilaments from the sarcomere and these
myofilaments would be later degraded by the
[45].

Sandri et al. reported the role for lysosome

ubiquitin-dependent proteolytic system

activity in muscle degradation during cancer

cachexia. Actually, activation of FoxO3
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stimulates lysosomal proteolysis in muscle by
inducing the expression of autophagy-related
genes [46]. It has been recently shown that
autophagy play a relevant role even in cancer
cachexia [47]. Consistently, both formoterol
alone or in combination with megestrol acetate
effectively prevented the increase of Cathepsin

B transcript observed in TB rats.

Table 3. Effects of the combination of formoterol and megestrol acetate treatment on gastrocnemius

gene expression in sorafenib-treated tumour-bearing rats at day 20 after tumour inoculation.

Experimental groups ANOVA

Proteolytic system C (6) T+8S(7) T+S+F(7) T+S+MA+F(8) p-value
Ubiquitin-dependent

Ubiquitin 100 £ 22 M7z 21 102 £ 10 106 + 28 p=0.95

E2 100+ 23 = 269 £ 53° 190 £ 42 3 194 £ 49 b p=0.11

C8 proteasome subunit 100+ 23 = 224 £20° 280+ 58°b 235+49° p=0.035

C2 proteasome subunit 100112 220 £ 44° 160+ 26¢° 220+ 32° p=0.036

Murf-1 100+ 152 410t 77° 342 £ 58° 144 £ 34 @ p=0.001

Atrogin-1 100+ 182 323+69° 263 +65° 127 £30 @ p=0.007
Lysosomal

Cathepsin B 100 £ 12 129 + 61 7115 72+18 p=0.54
Calcium-dependent

m-calpain 100+ 12¢= 167 £+ 22° 110+ 122 90+24¢= p=0.052

Results are mean + SE for the number of animals indicated in parentheses. C: animals without tumour; T+S: tumour-bearing
rats treated with sorafenib; T+S+F: tumour-bearing rats treated with sorafenib and formoterol; T+S+F+MA: tumour-bearing rats
treated with sorafenib, formoterol and megestrol acetate. Statistical significance of the results by one-way ANOVA, following a
post hoc Duncan test. Different superscripts indicate significant differences between groups.

In summary, it is important to point out that this
is one of the few studies that incorporates

antitumour together with anticachectic

treatments, since the majority of the data
available from preclinical studies usually take
into consideration only the cachectic effect
induced in a short interval by tumour growth or
drugs, not the

by single antineoplastic

combination. Such experimental settings,

however, are far from the clinical practice, where
an antitumour intervention is adopted as soon as
the cancer is diagnosed and chronic cachexia
occurs. The other way round, the study of drug
toxicity and pharmacokinetic in the absence of
the tumour might hide important aspects [48]. As
a consequence, the use of inappropriate
preclinical models complicates and limits the

transfer of basic discoveries from the bench to



the bedside. On the contrary, in the present

study, sorafenib administration effectively
reduced tumour burden and prolonged survival
at the cost of a dramatic cachectic state,
reflecting the clinical conditions of cancer
patients. Testing the effectiveness of candidate
drugs in these experimental conditions offers a
valid and reliable approach for translational
research in the cancer cachexia field. Very
recent data obtained in cancer patients using a
similar combination strengthen this hypothesis
[22]. In conclusion, the present results reinforce
the idea that a successful cachexia treatment
has to be multifactorial. From this point of view,
the combination of an orexigenic drug
(megestrol acetate) with an anticatabolic one
(formoterol) resulted in clearly beneficial effects

in tumour-bearing animals.
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La caquéxia en pacients amb cancer s'associa amb una reduida supervivéncia
[366]. Aix0 es deu en part a una disminucio de la tolerancia als tractaments contra el
cancer, a una major susceptibilitat a les infeccions i altres complicacions [367]. La
caquexia pot tenir efectes adversos molt perjudicials per al benestar del pacient, i a
mesura que el procés caquectic avanca, I'activitat fisica es veu afectada per la pérdua
de teixit muscular, la concentracié i I'estat d'alerta es veuen disminuits per la fatiga i
I'estat d'anim esta dominat per la letargia i I'augment de la indiferéncia [14,368,369].

La caquexia és clinicament evident en la seva fase avancada (amb pérdua
substancial de greix i muscul esquelétic), fet que representa, en aquesta ultima
etapa, una reduida probabilitat d'exit de rehabilitacié dels pacients [366]. El
reconeixement que la caquéxia passa a través de diferents fases (precaquéxia,
caquexia i caquexia refractaria [2]), i el fet que les ultimes fases siguin menys
susceptibles a la reversid, ens fa prendre consciéncia de la importancia d’aplicar una
terapia anticaquéctica des del moment del diagnostic del cancer [1]. Hi ha una
necessitat urgent d'establir una millor atencié de suport multimodal per a la
caquexia: més enlla d'una bona atencié clinica o oncologica, han de ser tractades les
alteracions nutricionals, la disminucié en I'activitat fisica i la inflamacié sistémica. En
aquest sentit, la linia de recerca futura és el disseny d’estratégies terapéutiques
multimodals combinant diferents farmacs que actuin sobre les diferents vies
fisiopatologiques, ja que tenint en compte que la caquéxia és una sindrome
multifactorial, és gairebé impossible trobar un medicament que sigui capa¢ de

contrarestar-la per si sol.

227




Resum dels resultats i discussio

1. Avaluacio dels efectes del tractament amb formoterol sobre la funcié cardiaca

en rates portadores de ’hepatoma ascitic Yoshida AH-130.

El nostre laboratori té amplia experiéncia en I'estudi de I'Us d'agonistes B,-
adrenergics, com a possibles farmacs per al tractament de la caquéxia [370]. Sén
molecules potencialment interessants, conegudes com a potents promotors del
creixement muscular en moltes espécies animals, ja que causen hipertrofia del
muscul esqueléetic [311-313]. De fet, el nostre grup de recerca va patentar I'Us del
formoterol per al tractament de la caquéexia cancerosa [371]. Els estudis previs del
grup van demostrar que el tractament amb formoterol en animals portadors de
tumors bloqueja parcialment el procés de pérdua de massa muscular associat amb
I'estat caqueéctic reduint tant l'increment de la degradacié de proteines musculars
com l'augment de l'apoptosis [330] i activant el procés de regeneracid muscular
[332]. El formoterol també redueix I'estrés oxidatiu associat a I'atrofia muscular
[372]. Un estudi clinic recent de fase Il que implica formoterol també ha mostrat
resultats positius en pacients amb cancer avancat [373]. Per tant, el formoterol és un
bon candidat per formar part d’una terapia multifactorial per al tractament de la
caquexia. No obstant aix0, atés que alguns B,-agonistes han estat involucrats en certa
cardiotoxicitat [333,334,374], I'objectiu de la primera contribucié d’aquesta tesi va
ser analitzar els efectes del tractament amb formoterol sobre la funcié cardiaca en
rates portadores de I'hepatoma ascitic Yoshida AH-130.

Aguest experiment es va desenvolupar al laboratori de Recerca Aplicada en
Caquexia del Departament de Cardiologia de la Facultat de Medicina Charité a Berlin,

Alemanya, dirigit pel Professor Stefan D. Anker. En aquest laboratori disposen d'un
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sistema d'ecocardiografia d'alta resolucié per avaluar la funcié cardiaca en animals
experimentals, aixi com d'un dispositiu d'espectroscopia de ressonancia magnética
nuclear per analitzar la composicié corporal dels animals.

El tumor provoca una disminucié important de la massa muscular i el greix
corporal en els animals. El tractament amb formoterol va produir una significativa
reduccid de la pérdua de massa muscular en els animals portadors de tumors (Figura
2, Publicacié 1), tal com havia estat descrit préviament [330]. Aquesta reversio es va
observar a partir d’'un increment dels pesos dels musculs individuals aixi com un
augment significatiu en la massa corporal magra, mesurada mitjangant un dispositiu
d'espectroscopia de ressonancia magneética nuclear, en els animals tractats amb
formoterol (Figura 1, Publicacié 1).

No obstant aix0, un factor a considerar és la preséncia de B-adrenoceptors en
teixits diferents al muscul esquelétic, particularment en el cor i, a més a més, que
I'administracid cronica d’agonistes B,-adrenérgics pot alterar negativament la funcio
cardiaca [336]. Diversos estudis també han informat d'importants canvis
ultraestructurals, que es caracteritzen per un augment en la proporcid de
miofibril-les/mitocondris i alteracions sarcomeériques, observades també durant la
insuficiencia cardiaca [375]. D'altra banda, ha estat descrit que més d’'un 11% de les
morts en cancer es donen per problemes cardiacs [376]. En ratolins el creixement
tumoral s'associa amb una clara disfuncié sistolica [377]. Pel que fa als efectes del
tumor sobre els parametres cardiacs en el model experimental de rata utilitzat en el
nostre estudi, vam obtenir resultats similars als descrits anteriorment per Springer et
al. [378,379]. Aixi, els animals portadors de tumors van presentar un deteriorament

general de la funcié cardiaca: les rates portadores de tumor no tractades mostraven
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una disminucid significativa de la fraccié d'ejeccié del ventricle esquerre i de la fraccio
d'escurcament, la qual cosa esta associada amb una pitjor contractilitat del cor.
També vam observar una reduccié en el volum sistolic d'ejeccié (LVSV) i el volum
telediastolic (LV vol dia) en el grup tumoral en comparacié amb les rates control,
mentre que el volum telesistolic (LV vol sys) no va augmentar significativament.
Aquests parametres sén signes d'una disfuncié miocardiaca induida després de la
inoculacié del tumor [377]. A més, la reduccié del gruix de la paret posterior (PWT)
suggereix atrofia del miocardi, com es mostra amb una reduccié de la massa del
ventricle esquerre i del pes del cor en les rates portadores de tumor (Taula 1,
Publicacio 1).

L'administracié de formoterol va prevenir la perdua del diametre ventricular
esquerre (LVD) (en diastole i sistole); de fet, la pérdua de massa del ventricle
esquerre es correlaciona amb la supervivéncia, ja que la seva prevencié després del
tractament amb farmacs comunament utilitzats per tractar la insuficiéncia cardiaca
en millora la supervivencia [378]. A més, el formoterol augmenta el volum sistolic
d'ejeccié (LVSV) i els volums telediastolic i telesistolic (vol LV). Aquests resultats
suggereixen la possibilitat que el formoterol inhibeixi en petita mesura alguns
mecanismes d’atrofia cardiaca, millorant per tant la funcié del cor. L'efecte beneficids
del formoterol podria explicar-se pel fet que I'activacié dels receptors B,-adrenérgics
indueixi una activacié de la senyalitzacié antiapoptotica [330,380,381]. Tanmateix,
alguns autors han suggerit que l'administracié de formoterol inhalat no mostra
efectes negatius en subjectes sans [382].

D'aguesta manera, els resultats suggereixen que el tractament amb

formoterol, a més de reduir la pérdua de massa muscular, no altera negativament la
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funcié cardiaca en animals afectats per la caquéexia cancerosa; fins i tot, alguns
parametres cardiacs milloren amb el tractament. Per tant, es podria introduir I'Gs del

formoterol com a part de futurs tractaments multifactorials de la caquéxia cancerosa.

2. Determinacio de la possible correlacié entre desgast muscular i perdua de

funcionalitat del muscul esquelétic.

Com ja s'ha descrit, els animals portadors d'un tumor caqueéctic experimenten
desgast muscular (mesurat a partir de la disminucié en els pesos dels musculs) [383] i
és molt probable que aquesta pérdua de pes es tradueixi en una manca de
funcionalitat muscular. Per tant, el que ens vam plantejar en la segona contribucid va
ser quantificar la forca muscular i I'activitat fisica dels animals, tant controls com en
situacions de creixement tumoral, per evidenciar-ne les diferéncies i proposar-les
com a mesures que poden ser de gran utilitat per avaluar l'efectivitat dels
tractaments testats.

Per monitoritzar |'activitat fisica vam utilitzar un actimetre d'infraroig (IR) i el
software Acti-Track, el qual permet l'estudi de l'activitat locomotora en animals
d'experimentacié. Es basa en un sistema de deteccié mitjancant feixos d'infraroig
gue permeten mesurar la magnitud de l'activitat motora, utilitzant 'analisi de la
posicié i de la freqliiencia amb la que I'animal talla els raigs infraroigs. Durant la
mesura, cada animal té el seu espai independent i accés lliure a menjar i aigua, fet
gue minimitza l'estrés de I'animal. El software ens proporciona diferents parametres,
com sén l'activitat total dividida en moviments estereotipats (moviments sense

desplacament com menjar, beure, netejar-se) i moviments locomotors (moviments
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amb desplacament), les velocitats maxima i mitjana, la distancia recorreguda i el
percentatge de temps invertit en: periodes de temps sense desplacament (netejant-
se, menjant, dormint), periodes amb moviments lents i periodes amb moviments
rapids.

La forca muscular en les rates es va mesurar amb |'aparell grip-strength, que
consta d'una barra unida a un dinamometre. La rata s'agafa per la cua i s'apropa a la
barra fins que s'agafa amb les potes del davant, llavors s'estira de la cua fins a que es
deixa anar. L'aparell enregistra la maxima forga realitzada per la rata abans de deixar-
se anar.

Els resultats presentats van mostrar clarament que la presencia del tumor
indueix una rapida reduccié de la condicid fisica, que afecta tant a I'activitat fisica
com la forgca muscular. A partir de dia 4 de creixement tumoral, que coincideix amb
el moment en que el contingut tumoral ja comenca a ser evident de manera visual en
els animals i a partir de quan els animals comencen a presentar anorexia, els
moviments totals dels animals comencen a disminuir significativament (Figura 2,
Publicacid 2). De manera similar, comencen a disminuir la velocitat mitjana, la
distancia recorreguda i el temps que dediquen a realitzar moviments rapids i lents,
passant a estar més temps en repos (Figures 4, 5 i 6, Publicacio 2). L'activitat fisica de
les rates portadores de tumor va disminuint a mesura que avancen els dies, fins a dia
11 de creixement tumoral on les rates comencen a morir degut a l'estat avancat de
caquexia. Aquestes diferéncies entre animals portadors de tumor i animals control
son molt més evidents durant els periodes nocturns que en els dilirns, la qual cosa no
és d'estranyar ja que aquests animals sén més actius durant la nit [384]. Pel que fa a

la forca muscular, també observem una reduccid en les rates portadores de tumor,
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tot i que apareix més tard en el temps, sent evident a dia 7 de creixement tumoral i
molt marcada a dia 11 (Figura 2, Publicacié 2).

Per tant, aquestes mesures ens permeten valorar, en certa manera, la qualitat
de vida dels animals, fet que ens sera molt util d'ara endavant per avaluar I'efectivitat
dels tractaments testats, no només a nivell morfoldogic amb el pes dels teixits
musculars i adiposos, sind des de la vessant funcional, que ens permet valorar una

mica més a la qualitat de vida dels animals.

3. Avaluacidé de diferents estratégies terapéutiques unimodals per al tractament

de la caquéxia cancerosa.

En els ultims anys, la creixent comprensié dels mecanismes implicats en la
caquexia esta portant a la investigacid a centrar-se en possibles terapies dirigides a
mediadors de I'hipoanabolisme i de I'hipercatabolisme, aixi com en |'estat nutricional
del pacient. D'altra banda, la necessitat que la terapia sigui multimodal esta prenent
forca. Recentment s'han realitzat alguns estudis on s'han establert tractaments
multimodals que inclouen suport nutricional i tractament antiinflamatori, i s'ha
demostrat que alteren parcialment la trajectoria caquéctica, millorant la capacitat
funcional, la qualitat de vida i la supervivéncia prolongada dels pacients amb cancer
avancat [294,385,386].

Per dissenyar una bona terapia multimodal per al tractament de la caquéexia
cancerosa, ens vam plantejar primer testar de manera individual diferents farmacs
anabolics i anticatabolics, com sén I'agonista B;-adrenérgic formoterol o el receptor

soluble d'activines sActRIIB, per contrarestar la perdua de massa muscular, i per altra
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banda agents estimulants de la gana com l|'acetat de megestrol o la carnitina, per
contrarestar I'anorexia.

Aixi doncs, en la tercera contribucié vam voler comprovar si el potencial
anticaquectic del formoterol que haviem demostrat en experiments anteriors [330] es
traduia en una millora en la condicié fisica de les rates portadores de tumor, mesurant
la forca muscular d’agafada i I'activitat fisica. De fet, en pacients amb atrofia muscular
després d’una lesié de medul-la espinal, el tractament amb un agonista B,-adreneérgic
va donar lloc a una millora en la forca muscular d’aquests pacients [387]. No obstant
aixo, altres autors asseguren que no hi ha evidéncies significatives de que els B,-
agonistes millorin la forca o el rendiment fisic [388]. En el nostre cas els resultats van
demostrar que el tractament amb formoterol, a més a més de revertir la perdua de
massa muscular en les rates portadores de I’hepatoma ascitic Yoshida AH-130, va
revertir la reduccid en la forca muscular que produeix la preséncia del tumor [389] i va
exercir una millora en ['activitat fisica, la qual es troba molt afectada en els animals
portadors de tumor [389], incrementant de forma significativa el nombre total de
moviments, la distancia recorreguda i el temps invertit en realitzar moviments rapids i
lents (Figures 2, 3 i 4, Publicacié 3). Aquests resultats ens indiquen que el formoterol
sembla ser un bon candidat per a la terapia anticaquéctica, ja que el fet d’incrementar
la massa muscular es tradueix en una millora de la funcionalitat fisica, fet que suposa

una millora en la qualitat de vida dels animals.

Un altre agent anabolic que vam voler testar en aquesta tesi (Publicacié 4) va
ser el receptor soluble d'activines, sActRIIB, el qual ha estat descrit que recupera

completament la massa muscular en ratolins portadors de I'adenocarcinoma C26 i
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allarga la supervivencia d'aquests animals [129]. Aquest agent el vam testar en un
model experimental de ratoli, el carcinoma pulmonar de Lewis (LLC). Aquest tumor es
caracteritza per una tendéncia hemorragica marcada, que produeix metastasis
pulmonars multiples i és extremadament resistent a la majoria dels agents
quimioterapeutics [390]. El creixement d’aquest carcinoma causa una rapida i
progressiva pérdua de pes, particularment de massa muscular [391]. El tractament
amb sActRIIB va donar lloc a una millora en el pes final acompanyat d’un increment en
la massa muscular (Taula 1 i 2, Publicacié 4), el qual es va traduir en una lleugera
millora de l'activitat fisica i la completa recuperacié de la for¢a muscular (Taula 4 i 5,
Publicacio 4). Cal assenyalar que la pérdua de massa muscular associada al cancer esta
relacionada amb wuna activacid important de la proteolisi, tant en animals
d'experimentacié com en humans [181,182,392,393]. Entre els sistemes proteolitics
implicats en la degradacié de proteines musculars durant condicions cataboliques, el
sistema ubiquitina-proteasoma es considera el principal [163,180]. A I'avaluar
I'expressi6 de mRNA dels diferents sistemes proteolitics, vam observar que el
tractament amb sActRIIB no va ser capag¢ de reduir els nivells de mRNA dels
components del sistema proteolitic ubiquitina-proteasoma que es trobaven
incrementats pel creixement tumoral. En canvi, el tractament va exercir el seu efecte
sobre els sistemes lisosomal i depenent de calci (Taula 6, Publicacié 4). Ultimament el
paper del sistema lisosomal en la degradacié muscular durant la caquéxia esta agafant
forca importancia. L'activacié de FoxO3 estimula la proteodlisi lisosomal al muscul a
través de l'activacié de gens relacionats amb l'autofagia [394], i FoxO3 és un dels

principals factors de transcripcié implicats en l'activacié dels atrogens [150]. D'altra
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banda, el sistema de les calpaines té també un paper important en la degradacié de

proteines musculars durant el cancer [195,196].

A partir dels bons resultats obtinguts amb els tractaments de formoterol i del
sActRIIB, ens vam plantejar combinar tots dos tractaments per avaluar si hi havia un
efecte sinérgic o additiu d'aquest tractament en ratolins portadors del LLC. En aquests
experiments vam observar que el doble tractament (formoterol + sActRIIB) era
extremadament efectiu, revertint el desgast muscular associat al model de caquexia
experimental en ratoli. Amb el tractament es recuperava completament la pérdua de
pes corporal, els pesos dels musculs (Taula 1, Publicacié 5), aixi com la for¢ca muscular
en animals portadors de tumor (Figura 2, Publicacié 5). El doble tractament també va
incrementar la ingesta tant en animals control com en animals portadors de tumor
(Taula 1, Publicacié 5). Per altra banda, vam observar que la combinacié dels dos
tractaments reduia el nombre de metastasis sense afectar la massa del tumor (Figura
1, Publicacié 5), fet que es va traduir amb un augment substancial de la supervivéncia
(Figura 3, Publicacié 5). Tenint en compte que la causa de mort d'aquest model
tumoral s'associa amb la incapacitat respiratoria provocada per la invasié dels pulmons
[390], aquest efecte pot estar relacionat amb el bloqueig de les activines provocat pel
tractament amb sActRIIB. Nivells elevats d'activines han estat associats amb Ia
patogenesi de les metastasis en diferents tumors [133,395,396], i Zhou et al. ja van
descriure que el tractament amb el receptor soluble d'activines segrestava la
miostatina i I'activina reduint la disponibilitat d'aquests lligands per activar el receptor

ActRIIB i reduint per tant la senyalitzacio d'activines [129].
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Considerant que el creixement tumoral esta associat amb una important
resposta inflamatoria, vam avaluar els nivells circulants de les citoquines TNF-a, IL-1
i IL-6, les quals ja han estat associades anteriorment amb increments dramatics en
situacions de creixement tumoral [18,397,398]. Aixi, la combinacié de formoterol i
sActRIIB va provocar una disminucié significativa en TNF-a i IL-6 (Figura 4, Publicacid
5). Atés que aquestes citoquines semblen tenir un paper molt important en diferents
models de caquéxia associada a cancer [102,295], els efectes observats sobre els
pesos musculars, la forca i I'activitat podrien explicar-se en part per la prevencio
d'alts nivells de citoquines. El doble tractament també va produir una millora en
I'hemoglobina, I'hnematocrit i el recompte de plaquetes (Figura 4, Publicacié 5).

Amb I'objectiu d’esbrinar els mecanismes implicats en I'efecte del tractament
combinat sobre el guany de massa muscular, ens vam plantejar un nou experiment
gue ens permetés |'avaluacid de la sintesi proteica in vivo i la degradacid proteica ex
vivo. Per analitzar la sintesi proteica, tres hores abans del sacrifici, els animals van
rebre una dosi intragastrica de fenilalanina tritiada (500uCi/Kg >H-Phe) que
posteriorment s'incorporaria a la proteina sintetitzada per I'organisme. D'aquesta
manera, permetria fer un seguiment de I'anabolisme proteic en els diferents teixits
analitzats [399,400]. Els resultats van mostrar en tots els musculs estudiats (GSN,
tibialis i vastus lateralis) que el tumor produeix una disminucié molt important en la
taxa de sintesi de proteines, d'acord amb estudis previs on s'associava la caquéxia
amb una disminucié de I'anabolisme [159,160]. El tractament amb formoterol va
resultar en un increment en la sintesi de proteines només en el muscul vastus
lateralis, mentre que sActRIIB va promoure augments en la taxa de sintesi de

proteines en tibialis i vastus lateralis (Figura 5, Publicacié 5). El tractament combinat
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va produir una millora d'aquest parametre en tots els musculs esquelétics estudiats.
Per mesurar la proteolisis, vam realitzar incubacions ex vivo de musculs aillats
(extensor digitorum longus (EDL)) on es va quantificar la tirosina alliberada al medi
d’incubacio [235,392]. Els resultats van mostrar clarament que el formoterol va ser
capac de disminuir la degradacié de proteines tant en els ratolins control com en els
portadors de tumor (Figura 6, Publicacié 5). Per contra, sActRIIB no va afectar la taxa
de degradacié de proteines ex vivo.

Per tant, pel que fa als mecanismes implicats amb la preservacié de la massa
muscular durant la caquéxia, sembla que el formoterol i I'antagonista del receptor
soluble de la miostatina tenen un efecte additiu, on el formoterol actua
principalment reduint els nivells de degradacié proteica en el muscul (mesurant
I'alliberament de tirosina en musculs aillats incubats ex vivo) mentre que sActRIIB
només actua sobre la sintesi proteica (mesurada in vivo utilitzant fenilalanina
tritiada). El formoterol també incrementa la sintesi proteica en algun muscul, i aixo
sembla que s'afavoreixen en presencia del tractament antimiostatina.

Per acabar de confirmar el paper dels tractaments sobre la degradacié de
proteines, ens vam plantejar fer I'analisi dels nivells de transcripcié dels gens que
pertanyen a diferents sistemes proteolitics. Els resultats confirmen indirectament la
capacitat del formoterol sobre la proteolisi muscular reduint I'expressié de diversos
components del sistema proteolitic dependent d'ubiquitina, incloent atrogina-1 i
MuRF1, i d'altres sistemes proteolitics, com ara m-calpaina i catepsina B (Taula 3,
Publicacio 5).

A tall de resum, podem proposar el model d'accié del tractament multifactorial

de la seglient forma: en primer lloc, el tractament combinat actua reduint la resposta
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inflamatoria; i en segon lloc, preservant la massa muscular degut a I'augment de la
sintesi de proteines i a la reduccid de la degradacié proteica, fet que s'associa amb la
recuperacié de l'activitat fisica i la forca muscular, resultant en una millora de la
qualitat de vida. | per ultim, el tractament va disminuir el nombre de metastasis, fet
que clarament es pot associar amb la millora de la supervivéncia (Figura 7, Publicacid
5). Els resultats obtinguts en aquest estudi preclinic generen fonaments solids per al
disseny d'una terapia eficag per al tractament de la caquéxia en pacients amb cancer.
Una estratégia combinada permetra fer front als tractaments antitumorals en la
millora de les condicions de salut, millorant aixi la seva eficacia general. D'altra

banda, I'accid antimetastatica reforgara I'efecte dels farmacs antitumorals.

A més a més de combatre el desgast muscular que pateixen els pacients amb
cancer, un altre aspecte molt important de I'etiopatogenia de la caquéxia és I'anorexia
gue sovint experimenten els pacient amb cancer, ja sigui pel propi tumor o degut als
tractaments antitumorals. Per dissenyar una millor terapia multimodal, aquesta hauria
de contrarestar tant I'atrofia muscular com I'anoréxia i, per aix0, ens vam plantejar
testar alguns agents estimulants de la gana com sdén la L-carnitina [220,401] o l'acetat
de megestrol [253-255] en rates portadores de I'hepatoma ascitic Yoshida AH-130, ja
gue en aquest model tumoral és molt evident aquesta disminucié de la ingesta
respecte als animals control [402].

Com es mostra a la sisena contribucié d'aquesta tesi, I'administracié de L-
carnitina a rates portadores de tumor va produir un increment en la ingesta d'aliments
(Taula 1, Publicacid 6). Alguns dels possibles mecanismes implicats en l'increment de la

ingesta poden ser, en part, per I'efecte de la L-carnitina sobre els nivells de citoquines
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en sang. De fet, alguns autors han descrit que la L-carnitina disminueix la produccié de
citoquines com TNF-a, IL-6 i IL-1B [401,403], les quals és ben sabut que es troben
implicades la induccié de I'anorexia [18,22]. D'altra banda, els efectes de la L-carnitina
en la ingesta de menjar podria ser parcialment el resultat de la disminucié dels nivells
d'acids grassos lliures en la circulacié degut a I'augment de la seva oxidacié d'acids
grassos [403,404]. Nivells elevats de malonil-CoA hipotalamic han estan relacionats en
una disminucié de la gana en caqueéxia [405,406]. Per tant, I'augment de |'oxidacié
d'acids grassos pot donar lloc a una disminucid del contingut de malonil-CoA
hipotalamic, i d'aquesta manera disminuir I'anorexia.

Els resultats també van mostrar un increment significatiu de la massa muscular
dels animals portadors de tumors tractats amb L-carnitina (Taula 1, Publicacié 6), que
es va traduir en una millora en tots els parametres d’activitat fisica monitoritzats
(Taula 2, Publicacid6 6). Com s'ha anat reiterant al llarg d'aquesta tesi, la pérdua
muscular associada amb el cancer esta relacionada amb una activacié important de la
proteolisi, i entre els sistemes proteolitics implicats, el sistema ubiquitina-proteasoma
es considera un dels principals [178,181,383,392]. Per avaluar els mecanismes que
influeixen en I'efecte beneficids de la L-carnitina en la perdua de massa muscular, vam
decidir mesurar I'activitat dels principals sistemes proteolitics en el miscul esquelétic.
De fet, el tractament amb L-carnitina va donar lloc a una disminucié significativa en
I'activitat del proteasoma, i aquesta observacid anava també acompanyada d’una
disminuci6 significativa en el contingut muscular de mRNA d'ubiquitina, subunitat C8
del proteasoma i MuRF-1 (Taula 3, Publicacié 6). Per tant, es pot suggerir que la L-
carnitina és capa¢ de modular I'activitat proteolitica en el muscul esquelétic. De fet,

altres investigacions també han demostrat que la L-carnitina és capac¢ d'inhibir el
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sistema ubiquitina-proteasoma en garrins [407,408]. D'altra banda, tenint en compte
que el desgast muscular va acompanyat d'un augment de I'apoptosi [203], o fins i tot
que l'apoptosi podria precedir la proteolisi [409], vam examinar |'expressié d'un gen
implicat en apoptosis: la caspasa 3. L'activacio sequliencial de les caspasses té un paper
central en l'apoptosi cel-lular, i la caspasa 3 és una proteina que interactua amb la
caspasa 8 i caspasa 9 [410]. El tractament amb L-carnitina va reduir I'expressié de
mRNA de la caspasa 3, d'acord amb una publicacié anterior on mostraven que el
tractament de L-carnitina bloquejava I'apoptosi en la miopatia del muscul esquelétic
associada amb insuficiéncia cardiaca [411].
Considerant tots aquests resultats, podem suggerir que la L-carnitina, a més
dels efectes beneficiosos sobre I'anoréxia, és també un compost antiproteolitic i
antiapoptotic amb efectes beneficiosos sobre la massa muscular. No obstant aixo, els
efectes de la L-carnitina podrien ser resultat d’un efecte indirecte a través de la
disminucié de la produccié de citoquines [401,403], ja que les citoquines son capaces
d'activar el sistema proteolitic ubiquitina-proteasoma i la cascada apoptotica
[330,391,409]. Per determinar si la L-carnitina tenia algun efecte directe sobre el
muscul esquelétic, vam incubar musculs EDL aillats de rates sanes en presencia de
diferents concentracions de L-carnitina. Els resultats van mostrar una disminucié en la
proteolisi en els musculs aillats (Taula 4, Publicacié 6), fet que ens suggereix que, a més
dels possibles efectes sobre els nivells de citoquines, la L-carnitina també és capag de
modular directament la proteolisi del muscul esquelétic.
Es podria hipotetitzar, per tant, que la L-carnitina actua sobre |'anoréxia a través
de dues vies (Figura 1, Publicacié 6). En primer lloc, estimulant l'oxidacié d'acids

grassos [404], fet que produeix la disminucid dels nivells circulants dels acids grassos i
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triglicerids. Cal destacar que, en situacions de cancer, s'observa hipertrigliceridemia i
nivells elevats d'acids grassos circulants [412,413], els quals estan relacionats amb
I'anoréxia [412]. En segon lloc, un altre mecanisme d'accié de la L-carnitina sobre la
ingesta pot ser mitjancant la disminucié de les citoquines, que indueixen anoréxia
[18,22]. De fet, diversos estudis suggereixen que la L-carnitina afecta l'activitat i
proliferacié dels macrofags [414]. Pel que fa als efectes que exerceix sobre la integritat
muscular, la L-carnitina pot actuar de forma directa modulant I'activitat proteolitica,
reduint la degradacié de proteines musculars i per tant contribuint a disminuir el
desgast muscular (Figura 1, Publicacié 6). D’altra banda, ha estat ampliament descrit
que la L-carnitina té capacitat antioxidant [415,416], i per tant disminueix la
peroxidacié de lipids i la formacié d’especies reactives d'oxigen (ROS), provocant una
disminucié de la taxa d'apoptosi [417]. A més, ha estat descrit que la L-carnitina
augmenta la biogénesi i la integritat de les mitocondries [416], fenomen que podria
estar relacionat amb I'apoptosi (Figura 1, Publicacié 6).

En conclusid, els resultats presentats demostren clarament que la suplementacié
amb L-carnitina augmenta la ingesta d'aliments i pot prevenir el desgast muscular en
animals amb caquéxia per cancer, fet que suggereix que aquest compost podria ser un
component essencial d'una estratégia multimodal d'intervencié nutricional en la
caquexia cancerosa. De fet, la suplementacid amb L-carnitina ha estat recentment
inclosa en els assaigs clinics amb resultats encoratjadors. Gramignano et al., van
informar d’una millora significativa de la fatiga i la qualitat de vida amb I'administracié
de 6 g/dia de L-carnitina, aixi com un augment significatiu de les variables nutricionals
com la massa corporal magra i la gana [221]. De manera similar, un parell d'estudis de

fase lll van posar de manifest que I'estratégia terapeutica multimodal que incorporava
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L-carnitina va ser la més efica¢c per combatre els simptomes clinics de la caquéxia

[418,419].

L'altra aproximacio terapéutica, objecte d'estudi en aquesta tesi, per combatre
I'anoréxia va ser l'acetat de megestrol (AM). Estudis anteriors van demostrar que
I'administracid d'AM provoca un augment en la ingesta d'aliments, tant en animals
com en humans [253,257,418,420]. Sembla que el mecanisme d'accié sobre I'augment
de la ingesta recau parcialment en I'estimulacié del neuropéptid Y [257]. A més, I'AM
és capac de reduir la produccio in vitro de serotonines i citoquines (IL-1, IL-6 i TNF-a)
en plasma de pacients amb cancer [418]. D'altra banda, el tractament amb AM ha
estat relacionat en diferents estudis amb un augment del pes corporal [248,259,260],
tot i que aquest increment ha estat atribuit principalment a un augment de la massa
grassa i no a la massa muscular [262]. Tot i les millores que exerceix sobre la ingesta i
el guany de pes, fins ara no hi ha estudis que confirmin els efectes beneficiosos de
I’AM sobre la massa magra, qualitat de vida i supervivéncia de pacients amb cancer
[262,263]. Malgrat aix0, assaigs clinics en pacients amb SIDA han demostrat que els
resultats del tractament AM també mostren un augment de la massa corporal magra.
[421,422]. Aixi mateix, I'objectiu de la setena contribucié d’aquesta tesi va ser estudiar,
a més a més de l'efecte sobre la ingesta, el possible potencial anticaquéctic de I'AM
(100 mg/kg de pes inicial) en rates portadores de I'hepatoma ascitic Yoshida AH-130.

El tractament amb AM va donar lloc a un increment en la ingesta en els animals
portadors de tumors (Figura 1, Publicacié 7) sense afectar el creixement del tumor
(Taula 1, Publicacié 7). A més a més, els resultats van mostrar clarament que

I'administracié d'AM contribueix a un increment de pes corporal i a la preservacié de la
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massa muscular, amb un increment significatiu dels pesos de tots els musculs
analitzats (Figura 1, Publicacié 7). De fet, el tractament amb el farmac va donar lloc a
canvis en l'expressid genica dels principals components dels sistemes proteolitics
musculars, disminuint-ne el contingut de mRNA (Taula 2, Publicacié 7). A més, |'efecte
de I'AM sobre la proteolisi del muscul esquelétic sembla ser directe, ja que la incubacié
musculs EDL aillats en un medi suplementat amb AM a una concentracié 200 mM, va
donar lloc a una disminucid significativa en I'alliberament de tirosina, un indicador de
la taxa proteolitica total (Taula 3, Publicacié 7). Aquestes observacions ens confirmen
que I'AM té un efecte destacable sobre la massa corporal magra.

Per avaluar si aquest augment en el pes dels musculs millorava la condicié fisica
dels animals, vam mesurar l'activitat fisica i la forca muscular d'agafada. Varem
observar que tots els parametres estudiats van millorar significativament en les rates
tractades amb AM (Taula 4, Publicacié 7), fet que ens suggereix que el farmac millora
la qualitat de vida dels animals. De fet, la qualitat de vida esta fortament afectada per
la fatiga a causa de la pérdua de massa corporal magra i l'estat inflamatori cronic.
Alguns autors consideren que els parametres clinics a millorar per a un bon pronostic
no sén només augmentar el pes corporal i la gana, sind preservar la massa corporal
magra, disminuir la despesa energética en repos i la fatiga, i la correccidé de I'estat
d’inflamacidé cronic [423]. En el nostre cas, les dades obtingudes suggereixen que el
farmac no només actua sobre la gana i el pes corporal, sind que té un clar efecte sobre
la massa muscular i el rendiment fisic influint positivament en el recanvi de proteines
musculars.

Per aprofundir una mica més sobre aquest efecte a nivell muscular, en la

contribucié 8 ens vam plantejar estudiar si I'administracié d'AM influia en la taxa
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d'incorporacié d'aminoacids en el teixit muscular, i d'altra banda avaluar I'efecte del
farmac sobre I'absorcidé intestinal i posterior captacid tissular d'aminoacids neutres
provinents de la dieta. Per aclarir el primer punt, es va administrar **C-leucina a rates
portadores de tumor i es va examinar la taxa d'oxidacié i la incorporacié d'aquest
aminoacid de cadena ramificada a proteines de diferents teixits. Els resultats van
mostrar clarament que el tractament amb AM augmenta significativament la taxa de la
incorporacio d'aquest aminoacid marcat a la proteina muscular dels diferents musculs
analitzats (Taula 4, Publicacié 8), sense alterar la taxa d'oxidacié d'aminoacids in vivo
(Taula 4, Publicacié 8). Per tant, podriem suggerir que el tractament amb AM és capac¢
d'augmentar la sintesi de proteines durant la caquéxia associada al cancer.

Per al segon proposit d'avaluar I'efecte del farmac sobre I'absorcié intestinal i
posterior captacid tissular d'aminoacids neutres provinents de la dieta, es va utilitzar
I'aminoacid no metabolitzable a-amino->H-isobutirat (AIB), un analeg de alanina, que
es transporta principalment pel sistema A. Estudis previs al nostre laboratori indicaven
que la captaciéo d'AIB pel muscul esquelétic disminueix en la caquéxia cancerosa,
mentre que la captacid hepatica d'aquest analeg augmenta [424]. Els resultats van
mostrar que I'administracido d'AM és capac¢ d'augmentar significativament la captacié
muscular d'AIB mentre que disminueix la captacié hepatica (Taula 3, Publicacié 8). De
fet, durant la caquéxia cancerosa, s'observa un alliberament massiu de nitrogen del
muscul en forma d'aminoacids i el fetge esta implicat en I'eliminacié d'una gran
qguantitat d'aminoacids derivats del muscul, tant per a la gluconeogénesi com per a la
sintesi de proteines de fase aguda [66,68]. En conjunt, les dades demostren que el

tractament amb AM és capag d'influir en la distribucid interorganica d'aminoacids

245




Resum dels resultats i discussio

mitjancant I'augment en el muscul esquelétic i la disminucid en el fetge, normalitzant
d'aquesta manera el patré d'absorcié d'aminoacids trobat en rates control [424,425].
En resum, les dades presentades en aquestes dues contribucions donen suport a
que el tractament amb AM, a més d’incrementar la ingesta i el pes corporal tal com
havia estat descrit fins ara [248,259,260], és capa¢ de disminuir el desgast muscular
associat a la sindrome caquectica i millorar la qualitat de vida, donant lloc a una
millora del rendiment fisic i la forca muscular. En aquest sentit, els resultats ens
suggereixen que I'AM és un bon candidat per al tractament de péerdua de massa
muscular, ja sigui sol o en combinacié amb altres farmacs o estratégies nutricionals.
Tanmateix, hem de tenir en compte que el I'AM esta associat amb efectes secundaris
com impotencia, hiperglucemia, supressié adrenal, febre, flatuléncia i dispépsia [426].

Per tant, es necessita investigacio futura per buscar la combinacié optima.

4. Aplicacio d’una terapia multimodal per al tractament de la caquéxia i analisi de

la interaccié amb la quimioterapia.

El primer que ens varem plantejar en aquest punt va ser que, per poder avaluar
I'efectivitat d’una terapia multimodal, hauriem de treballar amb un model
experimental el més proper possible als pacients amb cancer. Aixi doncs, ens vam
plantejar buscar un agent quimioterapeéutic per tractar els nostres models tumorals, ja
que la situacié real en humans avui en dia és, en primer lloc, el tractament
antitumoral, i en segon lloc, en el millor dels casos, complementar-ho amb el

tractament anticaquectic.
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Per tant, el nostre objectiu en les contribucions 9 i 10 va ser, en primer lloc,
trobar un tractament antitumoral efectiu per als nostres models experimentals, i
posteriorment avaluar si una terapia multimodal anticaqueéctica redueix també els
efectes secundaris produits per la quimioterapia i, per tant, millora la qualitat de vida
dels animals.

Els models tumorals testats van ser el carcinoma pulmonar de Lewis (LLC) i el
melanoma B-16 (en ratoli de la soca C57BL/6), I'adenocarcinoma de colon C-26 (en
ratoli de la soca Balb) i I'hnepatoma ascitic Yoshida AH-130 (en rata de la soca Wistar).
Tots quatre es caracteritzen per ser tumors de creixement rapid i que indueixen la
sindrome de la caquéxia.

El farmac quimioterapeutic utilitzat va ser el sorafenib (90 mg/kg), un inhibidor
de les tirosina quinases, que actua com a antiangiogénic i com a inhibidor del factor de
creixement endotelial vascular (VEGF) [427]. Aquest farmac esta aprovat per al seu Us
en clinica des del 2007 en el tractament del cancer renal metastatic [428] i
I'hepatocarcinoma [429]. El sorafenib ha estat relacionat amb asténia, fatiga i
discapacitat fisica en pacients. Antoun et al. van observar que la pérdua de muscul es
va agreujar especificament pel tractament amb sorafenib, independent de la resposta
a la malaltia [206].

L'efecte del sorafenib sobre el creixement tumoral va ser molt divers entre els
diferents models tumorals. En el model de rata, I'hepatoma ascitic Yoshida AH-130,
I'agent quimioterapéutic va provocar una reduccié del 63% del contingut tumoral
(Figura 1B, Publicacié 10). Aquesta disminucié es va deure per una banda a una
reduccio de la proliferacié tumoral, i per altra banda a una activacié dels mecanismes

de mort cel-lular (bloqueig a G2/M i apoptosi) (Figura 1A, Publicacié 10). Pel que fa al
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model de ratoli B-16, el farmac antitumoral va ser molt efectiu, reduint fins a un 94% el
tumor respecte els no tractats (Figura 2, Publicacié 9), mentre que en el LLC la reduccid
va ser molt menor (20%), tot i que el tractament va reduir practicament la totalitat de
les metastasis (98%) (Figura 2, Publicacid 9). En quant al C26, el sorafenib no va exercir
cap efecte sobre el tumor.

Pel que fa als efectes del sorafenib sobre el propi individu, també vam observar
resultats molt diversos entre models tumorals. En el model de rata, la reduccié del
tumor provocada pel farmac es va traduir en una reduccié dels parametres associats
amb la caqueéxia. Les rates van presentar una major massa muscular respecte les no
tractades i una recuperacié d’alguns dels teixits adiposos (Taula 1, Publicacié 10). Els
animals també van mostrar una millor condicio fisica respecte els no tractats (Figura 2,
Publicacié 10). Referent al LLC vam observar una lleugera recuperacio del pes corporal
i muscular, sense cap efecte sobre els teixits adiposos (Taula 1 i 2, Publicacié 9); també
es va mostrar una petita recuperacié de I'hematocrit i de I'activitat fisica (Figura 1i 3,
Publicacié 9). En quant al model de B16, tot i la drastica reduccié del tumor, no vam
observar cap increment a nivell de pesos musculars, comparable amb el que passa
amb els pacients [206]. No obstant aix0, el farmac va provocar la completa restauracié
dels teixits adiposos (Taula 2, Publicacié 9), de ’hematocrit (Figura 1, Publicacié 9) i de
I'activitat fisica dels animals (Figura 3, Publicacid 9), fet que ens permet especular que
I'activitat fisica dels animals no depén Unicament de la massa muscular sind també de
la disponibilitat energeética i de la presencia d’anéemia.

Fins a aquest punt, els models tumorals comentats sembla que més o menys
responen com esperariem. Aquests models tumorals provoquen una profunda

caquexia en molt poc temps, de manera que al reduir el volum tumoral no permet
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arribar a un grau tan elevat de caquéxia i aix0 ens podria emmascarar els efectes toxics
del sorafenib pel que fa a I'atrofia muscular. No obstant aix0, el que ens va sobtar va
ser I'efecte del sorafenib sobre el model tumoral C26. Tenint en compte que el farmac
no va exercir cap efecte sobre el tumor, sorprenentment va ser capa¢ de induir una
recuperacié de la massa muscular i adiposa (Taula 1 i 2, Publicacié 9), fet que es va
traduir en un lleuger increment de I'activitat fisica (Figura 3, Publicacié 9).

Per entendre els mecanismes implicats en 'accié directa del sorafenib sobre
I'individu vam avaluar els nivells d'IL6 circulants dels tres models de ratoli, ja que ha
estat descrit que aquesta citoquina es troba afectada pel sorafenib [430]. A més a més,
el model experimental de caquéxia C26 en ratoli es caracteritza per uns nivells molt
elevats d'IL-6, i alguns autors han demostrat que la inhibiciéd d’aquesta citoquina en
aquest model tumoral és capac¢ de revertir la caquéxia d’aquests animals [431]. Els
resultats ens van mostrar que tant en C26 com en LLC, on els nivells d'IL6 estan elevats
a consequliencia del tumor, el sorafenib en cap cas va disminuir la concentracié
circulant d'aquesta citoquina (Figura 4, Publicacié 9), fet que ens suggereix que |'efecte
del farmac no recau directament en la inhibicié de la IL-6. No obstant aix0, cal destacar
que l'efecte antitumoral del sorafenib va ser molt més potent quan més baixos eren
els nivells circulants d'IL6, mostrant una bona correlacié entre el grau de reduccié
tumoral i la concentracié d'IL6. En el cas del B16, on la preséncia del tumor no
produeix un increment dels nivells circulants d’aquesta citoquina, és on el sorafenib va
exercir un efecte més fort eliminant gairebé del tot el tumor; en canvi, en C26, on el
tumor provoca una elevada alliberacié d'IL6, el farmac antitumoral no produeix cap

efecte en el tumor (Figura 5, Publicacio 9).
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Per tant, per poder determinar quins sén els mecanismes implicats en la
prevencid de la sindrome caquéctica en el model de C26, tot i no tenir cap efecte a
nivell tumoral, vam determinar la concentracié intramuscular de diverses proteines
que podrien estar implicades amb I'accié del sorafenib. Els nostres resultats (Figura 6,
Publicacié 9) suggereixen que el sorafenib actua inhibint |'activitat de STAT3 i ERK a
nivell muscular, unes quinases que es troben hiperactivades degut al creixement
tumoral en el model de caquéexia C26 [84,432], i amb aquesta inhibicié, donant lloc a
una reduccio en I'acumulacié de Pax7 (proteina implicada en la regeneracié muscular)
i atrogina-1 (lligasa E3 associada a I’atrofia muscular) [84,432,433]. De fet, estudis
previs ja havien mostrat que la inhibicié de ERK prevenia l'activacié d'atrogina-1 [432].

Dels quatre models testats vam considerar el model de rata per tal d’establir el
nostre model preclinic, ja que respon al tractament del sorafenib reduint forca el
tumor i, a més a més, és el model tumoral més estudiat pel grup i on han estat
testades la majoria de les terapies anticaquectiques.

Per avaluar millor si el sorafenib tenia algun efecte toxic sobre l'individu, vam
testar el farmac en animals control i en portadors de tumor. En tots dos casos vam
analitzar si el sorafenib combinat amb formoterol, un dels farmacs amb potents
efectes sobre la caquéxia cancerosa segons experiments previs [330,434], millorava
I'estat dels animals. En els animals control el farmac antitumoral va provocar una
perdua de massa muscular, una reduccio de la ingesta i una reduccioé de |'activitat fisica
i forca muscular (Taula 1 i Figura 2, Publicacié 10) evidenciant doncs els efectes toxics
del farmac en aquests animals control. Pel que fa als animals portadors de tumor, els
tractats amb sorafenib no van assolir una pérdua de pes tan marcada, si ho comparem

amb els portadors de tumor no tractats, i no es van observar canvis en la ingesta (Taula
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1, Publicacié 10). No obstant aix0, cal destacar que en humans no existeix la situacio
d’un tumor diagnosticat i no tractat; llavors, probablement aquest efecte es deu a la
reduccio de més del 60% del contingut tumoral, la qual no permet arribar a un grau de
caquexia tan forta, i aixd0 pot emmascarar els efectes toxics del sorafenib. Al combinar
el tractament antitumoral amb el formoterol, observem una recuperacié de I'efecte
negatiu del sorafenib en els animals control. En el cas dels animals portadors de tumor,
la combinacid dels dos tractaments té un efecte additiu, on observem una recuperacié
de la massa muscular que assoleix nivells d'animals control (Taula 1, Publicacié 10), la
qual és tradueix en una recuperacio total de la forca muscular i una recuperacio parcial
de l'activitat fisica (Figura 2, Publicacié 10).

Els experiments realitzats fins al moment ens verificaven la necessitat d'una
terapia combinada en els pacients amb cancer, no només dirigida al tractament del
tumor sind també a I'estat nutricional del pacient, fet que es tradueix amb una millora
de la qualitat de vida dels malalts.

En un segon experiment, ens vam plantejar analitzar si el tractament
antitumoral per se allargava la supervivéncia dels animals, per poder aixi plantejar
nous experiments a més llarg termini. En aquest experiment, les rates no tractades van
morir entre dia 11 i 12 de creixement tumoral, mentre que les rates que van rebre el
tractament amb sorafenib (90 mg/kg) a partir de dia 2 de creixement tumoral fins a dia
20, a dia 20 de creixement tumoral semblava que ja no tenien tumor (Figura 3,
Publicacié 10). Tot i aixi, es veien malaltes, tenien piloereccié i no augmentaven de pes
com s'esperaria d'uns animals controls de la mateixa edat. Al deixar d’administrar el

tractament, el tumor va comencar a créixer i les rates van morir a dia 30.
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Considerant que podiem allargar més del doble la vida dels animals només amb
el tractament antitumoral, ens vam plantejar un tercer experiment de més durada per
estudiar millor els mecanismes moleculars implicats en la prevencié del desgast
muscular associat al tractament anticaqueéctic, comparant animals portadors de tumor
només amb una terapia antitumoral amb animals portadors de tumor tractats amb
una combinacid de terapia antitumoral i anticaquectica. Pel que fa a la terapia
anticaquectica, també ens vam plantejar la necessitat de combinar el tractament de
formoterol amb un altre farmac, en aquest cas dirigit a reduir I'anoréxia. Varem escollir
I'acetat de megestrol (AM) ja que estudis previs duts a terme durant aquesta tesi han
demostrat que aquest millora I'anoréxia i la pérdua de massa muscular en rates
portadores de I'hepatoma ascitic Yoshida AH-130 [435].

Per tant, aguest nou experiment va tenir una durada 20 dies amb un grup de 7
animals control i 25 animals portadors de tumor (hepatoma ascitic Yoshida AH-130),
els quals rebien una terapia antitumoral (sorafenib) a partir del segon dia de
creixement tumoral. D’aquesta manera podriem testar els tractaments anticaqueéctics
en un model preclinic més semblant a la situacié que té lloc en pacients amb cancer.
Aquests animals portadors de tumor i tractats amb sorafenib es van separar en 3
subgrups: sense tractament anticaquectic, tractament amb formoterol i tractament
combinat de formoterol i acetat de megestrol. Vam observar que I'administracio del
tractament multimodal, format per formoterol i AM, incrementava significativament
la ingesta dels animals portadors de tumor respecte als animals tractats Unicament
amb sorafenib o amb sorafenib i formoterol (Figura 5, Publicacié 10). Pel que fa als
pesos dels musculs, vam observar que I'administracié d’una terapia antitumoral no

preserva el desgast de la massa muscular associat a la preséncia del tumor tal i com ha
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estat descrit en pacients [206,210]. Al combinar aquesta terapia antitumoral amb un
tractament anticaquectic, es va produir una recuperacié de la massa muscular (Taula 2,
Publicacié 10). L'addicié d'AM a la terapia anticaqueéctica resultava en un increment
significatiu dels pesos del muscul soleus, diafragma i cor respecte als animals que no
havien rebut aquest tractament. Aquesta recuperacié de la massa muscular en els
animals que van rebre la terapia anticaqueéectica, també es va traduir en una
recuperacié de la forca muscular, assolint una forga igual a la dels animals control
(Figura 6, Publicacié 10).

Les alteracions metaboliques que pateixen els pacients amb caquéxia impliquen
també canvis sobre els nivells plasmatics de diferents molécules, entre les quals es
troben I'albimina, el lactat, la glucosa i els trigliceérids [15]. La hipoalbuminémia
observada en els pacients amb caquéxia cancerosa ha estat relacionada amb la gravetat
i el mal pronostic dels diferents estats caquéctics [436]; i sembla que esta relacionada
amb la resposta inflamatoria associada a 'estat caquéctic, aixi com amb la distribucié i
increment de la degradacid de l'albumina plasmatica [437]. En el cas del lactat,
increments en aquest metabolit son freqlients en els pacients amb cancer [61].
Experiments previs realitzats pel nostre grup han mostrat un increment de lactat
produit per I'efecte del tumor en rates portadores de I'hepatoma ascitic Yoshida AH-
130 [438]. Aquests increments es troben associats a una elevada produccié de lactat
per part de les cél-lules tumorals (efecte Warburg [439]), i es troba correlacionada amb
I'acidosi lactica que caracteritza els pacients amb cancer, aixi com amb el grau de
malignitat del tumor. Per altra banda, la hipoglucémia observada en els animals
portadors de tumor es podria explicar per un major consum de glucosa associat a la

presencia del tumor en 'hoste [438]. Com s'ha esmentat anteriorment, el metabolisme
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anaerobic del tumor sobre la glucosa estaria relacionat amb l'increment de lactat.
Finalment, l'increment de triglicérids plasmatics és un tret associat amb les condicions
cataboliques que caracteritzen la sindrome caquectica [61]. No obstant, la caquéxia en
un estat avancgat implica no només la pérdua de massa muscular, sind també el consum
de triglicérids [440]. Es interessant destacar com la terapia anticaquéctica formada per
formoterol i AM va ser capa¢ de millorar parcialment la glucémia i hiperlactémia en
animals amb tumor tractats amb sorafenib, mentre que no va tenir efectes sobre
I'albumina o els triglicérids circulants (Figura 7, Publicacié 10).

Ates que un dels esdeveniments més perjudicials que es desenvolupen en el
muscul esquelétic durant el creixement del tumor és I'augment de la degradacié de
proteines, vam examinar els efectes del tractament sobre I'expressié génica dels
diferents sistemes proteolitics musculars (Taula 3, Publicacié 10). El tractament
multimodal format per formoterol i AM va reduir significativament I'expressié génica
de MuRF-1 i atrogina-1 en el muscul GSN, dues Ub-lligasses que representen el pas
limitant de la degradacié proteica dependent del proteasoma [150]. El doble
tractament també va disminuir I'expressié de m-calpaina, també coneguda per tenir un
paper en la proteolisi muscular en la caquéxia cancerosa [195,196].

En resum, és important assenyalar que aquest és un dels pocs estudis que
incorpora el tractament antitumoral juntament amb tractaments anticaqueéctics, ja
qgue la majoria d’estudis preclinics estan basats només amb |'efecte caquéctic induit en
un curt interval de temps de creixement tumoral o amb farmacs antineoplastics
individuals, no amb una terapia combinada. Aquests parametres experimentals, pero,
estan lluny de la practica clinica, on s’adopta una intervencié antitumoral tan aviat

com es diagnostica el cancer, pero no es té en compte la caquéxia fins que aquesta ja
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esta avancada. Per altra banda, I'estudi de la toxicitat del farmac i la farmacocinética
en abséncia de tumor podria ocultar aspectes importants [441]. Com a conseqliéncia,
I'is de models preclinics inapropiats complica i limita la transferéncia dels
descobriments basics. Per contra, en el present estudi, I'administracié de sorafenib
redueix eficagment la carrega tumoral al mateix temps que allarga la supervivéncia a
expenses d'un estat caquectic dramatic, reflectint les condicions cliniques dels pacients
amb cancer. Testar l'eficacia dels farmacs candidats en aquestes condicions
experimentals ofereix un enfocament valid i fiable per a la investigacio translacional en
el camp de la caquéxia associada al cancer. Dades molt recents obtingudes en pacients
amb cancer utilitzant una combinacié similar enforteix aquesta hipotesi [373]. En
conclusid, els resultats presentats reforcen la idea que un tractament anticaquectic
exitds ha de ser multifactorial. Des d'aquest punt de vista, la combinacié d'un farmac
orexigénic (acetat de megestrol) amb un anticatabolic (formoterol) comporta efectes

clarament beneficiosos en la millora de la caquéxia en animals portadors de tumors.
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El desgast muscular associat a la sindrome caquéctica en rates portadores de
I'hepatoma ascitic Yoshida AH-130 esdevé en una reduccié substancial de la
condicid fisica. Aquesta reduccidé es reflexa en la disminucié de la forga

muscular i de |'activitat fisica total.

El tractament amb I'agonista del receptor B2-adreneérgic, formoterol, a part de
reduir el desgast muscular, no afecta negativament la funcié cardiaca de les
rates portadores de ['hepatoma ascitic Yoshida AH-130 i, a més a més,
incrementa la forca muscular i l'activitat fisica, indicant una millora de la

qualitat de vida.

La inhibicié de la senyalitzacié de la miostatina mitjancant el receptor soluble
d'activines tipus 1B (sActRIIB) reverteix la pérdua de massa muscular en ratolins
portadors del carcinoma pulmonar de Lewis (LLC), fet que es tradueix en una

menor perdua del pes corporal i en un increment en la for¢ca muscular.

El doble tractament composat per formoterol i sActRIIB reverteix el desgast
muscular associat al model de caquéxia experimental de ratoli LLC, aturant
completament les perdues tant de pes corporal com dels pesos dels musculs,
aixi com mantenint la forca muscular. Aquest efecte ve donat per una activacid
de la sintesi proteica i una reduccié de la degradacid de proteines. La
combinacid dels dos tractaments redueix la resposta inflamatoria i el nombre
de metastasis, fet que es tradueix amb un augment substancial de la

supervivencia.

L'administracié de L-carnitina a rates portadores de I'hepatoma ascitic Yoshida
AH-130 incrementa la ingesta i evita parcialment el desgast muscular modulant
el metabolisme proteic de forma directa, donant lloc a una reduccié de la
degradacio de proteines musculars, a un augment de la forca muscular i de

I'activitat fisica, tot aix0 conduint a una millora de la condicio fisica del animals.
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6. El tractament amb acetat de megestrol (AM) incrementa la gana, el pes

corporal, i millora tant el desgast muscular com I'activitat fisica i la forca
muscular. El tractament incrementa significativament la captacié d'aminoacids
neutres (AIB) al muscul esquelétic i la incorporacié de I'aminoacid de cadena
ramificada leucina en la proteina muscular, fet que indica una clara accid

anabolica de la droga en el teixit muscular.

L'agent antitumoral sorafenib és eficac per reduir el creixement del tumor en
els models de Yoshida AH-130, LLC i B16, mentre que no mostra cap efecte en
el C26. El sorafenib té un efecte anticaquéctic en el model C26 que no esta
vinculat a una disminucié dels nivells circulants d'IL-6 sind que a una reduccid

de I'expressié de ERK i STAT3 a nivell muscular.

La terapia multimodal anticaquéctica formada per formoterol i AM és una
estrategia prometedora per al tractament de la caquéxia associada al cancer en
I'entorn preclinic que millor s'aproxima a la situacid clinica, com és el model
experimental Yoshida AH-130 tractat amb una terapia antitumoral (sorafenib).
El tractament multimodal incrementa la gana i reverteix el desgast muscular,
provocant també una recuperacié total de la forca muscular i un augment de

|'activitat fisica.
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 6
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 1
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 6
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 1
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	agraïments
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15




	blanc
	Tesi Final Tota 9.02.15
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 3
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
	Tesi Final 9.02.15
	Publicació 1
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15




	blanc
	Tesi Final Tota 9.02.15
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 4
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 1
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 1
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 4
	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15





	Tesi Final 9.02.15
	Tesi Final Tota 11.02.15
	Tesi Final Tota 9.02.15
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 3
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15



	agraïments
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15


	agraïments
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	Tesi Final 9.02.15
	Publicació 1
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	agraïments
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 1
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 1
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15


	agraïments
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15




	blanc
	Tesi Final Tota 9.02.15
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 6
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 1
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15




	blanc
	Tesi Final Tota 9.02.15
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15


	agraïments
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 3
	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 3
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 6
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 4
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
	Tesi Final 9.02.15
	Publicació 3
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 4
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 4
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 1
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15




	blanc
	Tesi Final Tota 9.02.15
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 3
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 1
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 6
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	agraïments
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15


	agraïments
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15


	agraïments
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	Tesi Final 9.02.15
	Publicació 1
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15


	agraïments
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
	Tesi Final 9.02.15



	agraïments
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 3
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 1
	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 4
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 3
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 3
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15


	agraïments
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 4
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 6
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	agraïments
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 4
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	agraïments
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	agraïments
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 4
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 3
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	agraïments
	Tesi Final Tota 9.02.15
	tesi combinada 2
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Formoterol in the treatment of experimental cancer cachexia: effects on heart function
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Body composition analysis
	Echocardiographic study
	Statistical analysis

	Results
	Discussion
	References


	Tesi Final 9.02.15
	Publicació 2
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15



	agraïments
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 4
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15



	agraïments
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 1
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 6
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	Tesi Final 9.02.15
	Publicació 3
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 1
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 6
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 6
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
	Tesi Final 9.02.15


	agraïments
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 3
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 3
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 3
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	Megestrol acetate treatment influences tissue amino acid uptake and incorporation during cancer cachexia
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. Administration of α-amino-[3H] isobutyrate (AIB)
	2.4. Determination of the intestinal absorption of AIB
	2.5. Determination of incorporated AIB
	2.6. Administration of [1-14C]Leucine
	2.7. L-[1-14C]leucine oxidation in vivo
	2.8. L-[1-14C]leucine incorporation
	2.9. Statistical analysis

	3. Results
	4. Discussion
	Conflict of interest statement & statement of authorship
	Acknowledgements
	References


	Tesi Final 9.02.15
	Publicació 9
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	Tesi Final 9.02.15
	Publicació 4
	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Figure 2
	TABLE_1
	TABLE_2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Section_10
	Section_11
	Section_12
	Section_13
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40

	Tesi Final 9.02.15
	Publicació 10
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	Tesi Final 9.02.15
	Publicació 4
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15
	Publicació 4
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	Tesi Final 9.02.15
	Publicació 6
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Myostatin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Animals
	Tumor inoculation and treatment
	Real-time polymerase chain reaction
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results and discussion
	References


	Tesi Final 9.02.15
	Publicació 5x
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15

	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 3
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	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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	l-Carnitine: An adequate supplement for a multi-targeted anti-wasting therapy in cancer
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.2. Tumour inoculation and treatment
	2.3. RNA isolation and real-time PCR
	2.4. Determination of proteasome activity
	2.5. Muscle preparations and incubations
	2.6. Total physical activity
	2.7. Grip force assessment
	2.8. Statistical analysis

	3. Results
	4. Discussion
	Statement of authorship
	Conflict of Interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 7
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15
	Publicació 1
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	Tesi Final 9.02.15

	blanc
	tesi combinada 1
	portada 2
	portada firmes
	ABREVIATURES
	blanc
	INDEX
	Tesi Final 9.02.15
	informe directors Míriam vSBR
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	Tesi Final 9.02.15
	Publicació 4
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	Megestrol acetate: Its impact on muscle protein metabolism supports its use in cancer cachexia
	Introduction
	Material and methods
	Animals
	Tumour inoculation and treatment
	Biochemicals
	RNA isolation
	Real-time PCR (polymerase chain reaction)
	Muscle preparations and incubations
	Total physical activity
	Grip force assessment
	Statistical analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgments
	References


	Tesi Final 9.02.15
	Publicació 8
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