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«Le ceeur est le commencement de la vie, car c'est par le ceeur gue le sang est distribué ... la

source de toute action», William Harvey, 1673.




RESUME

La Galanine est un peptide ubiquitaire de 29 acides aminés chez les mammiféres (30 chez
I'nomme) qui contrdle de nombreuses fonctions biologiques: (I) secrétions endocrines
(insuline, somatostatine, glucagon); (Il) comportement (prise alimentaire, nociception,
apprentissage, mémoire); (I11) tonicité musculaire dans le tractus digestif. Ce peptide a
particulierement été étudié dans le systéeme nerveux central ou il joue un réle dans I'évolution
de certaines maladies neurodégénératives telles que les maladies de Parkinson et d'Alzheimer.
La galanine agit en se fixant sur 3 récepteurs connus, GalR1-2-3 qui appartient a la grande
famille des récepteurs couplés aux protéines G (GPCR). Bien que la Galanine et ses trois
récepteurs soient fortement exprimés au niveau périphérique, leur role dans les effets
périphériques et leur implication en pathologie ont été trés peu étudié. L’objectif de mon
travail de thése a été d’identifier le r6le de la galanine dans le remodelage myocardique, qui
constitue un déterminant majeur dans la progression de I’insuffisance cardiaque.

Dans un premier temps, nous avons démontré que la galanine posséde des propriétés anti-
apoptotiques et anti-oxydantes in vitro dans les cardiomyocytes. En effet, le traitement de
cellules par la galanine entraine une diminution de I’apoptose et de la production de radicaux
libres oxygénés en réponse a I'hypoxie. En accord avec ces effets bénéfiques au niveau
cellulaire, les études in vivo réalisees dans un modeéle d’ischémie-reperfusion cardiaque, ont
montré que le traitement a la galanine dans la phase précoce de reperfusion réduit I’apoptose
et la nécrose myocardique. De plus, nous avons confirmé in vivo l'importance de la galanine
dans la défense contre le stress oxydant associé aux Iésions mitochondriales post-ischémiques.
Dans un deuxieme temps, nous avons mis en évidence le rdle important de la galanine dans le
contrdle de I'activité des fibroblastes cardiaques in vitro. Nous avons montré que la galanine
inhibe des étapes clés d’activation de la cascade pro-fibrotique dans les fibroblastes
cardiaques. Les propriétés anti-fibrotiques de la galanine ont également été confirmées in vivo
dans un modele de surcharge en pression par constriction aortique chez la souris. Dans ce
modele, nos résultats montrent que le traitement chronique a la galanine s'accompagne d'une
amélioration de la fonction cardiaque.

Ces données nous ont permis de démontrer que la galanine joue un réle clé dans le
remodelage cardiaque et de proposer la galanine comme un candidat potentiel dans le

traitement de I’insuffisance cardiaque.



ABSTRACT

Galanin is an ubiquitous 29 amino acid peptide in mammals (30 in humans) that
controls many biological functions: (1) endocrine secretions (insulin, somatostatin, glucagon);
(1) behavior control (food intake, nociception, learning, memory, pain); (111) muscle tonicity
in the digestive tract. This peptide has been particularly studied in the central nervous system
where it plays a role in the evolution of neurodegenerative diseases such as Parkinson's and
Alzheimer's. Although Galanin and its three receptors (GalR1, GalR2, GalR3) are strongly
expressed at the peripheral level, their role in peripheral effects and their involvement in the
pathology have been poorly studied. The objective of my thesis work was to identify the role
of galanin in myocardial remodeling, which is a major determinant in the progression of heart
failure.

Firstly, we demonstrated that galanin has anti-apoptotic and anti-oxidant properties in
vitro in cardiomyocytes. Indeed, the treatment of cells with galanin causes a dose-dependent
decrease in apoptosis and reactive oxygen species in response to hypoxia. In line with these
beneficial effects at the cellular level, using in vivo model of cardiac ischaemia-reperfusion
we showed that galanin treatment reduces apoptosis and necrosis in the early phase of
reperfusion. In addition, we confirmed in vivo the importance of galanin in the defense
against oxidative stress associated with post-ischemic mitochondrial lesions. Secondly, we
demonstrated the important role of galanin in controlling the activity of cardiac fibroblasts.
Using in vitro models, we have shown that galanin inhibits activation of key steps of the pro-
fibrotic cascade in cardiac fibroblasts. The anti-fibrotic properties of galanin were also
confirmed in vivo in a mouse model of pressure overload-induced heart failure. This
observation is accompanied by an improvement of cardiac function.

These data reveal that galanin plays a key role in cardiac remodeling and suggest
galanin as a potential candidate in the treatment of heart failure.
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INTRODUCTION

L'insuffisance cardiaque (IC) est un syndrome de proportions épidémiques aggraveé par
une morbidité et une mortalité extrémement élevées (Go et al., 2014). Les perspectives pour
ces patients sont médiocres, avec des taux de survie plus faible que pour le cancer de
I'intestin, du sein ou de la prostate (Ambrosy et al., 2014). Les demandes en matiére de
services de santé devraient augmenter de fagon importante au cours de la prochaine décennie,
car le nombre de patients avec IC augmente en raison du vieillissement de la population et des
changements de style de vie.

Compte tenu de I'augmentation du fardeau de I'lC et malgré un effort considérable sur
la recherche de traitements innovants, seulement quelques nouveaux traitements
pharmacologiques ont été montrés efficaces contre I'lC dans les 10 derniéres années (Zannad
etal., 2011).

La recherche continue est essentielle si nous voulons aborder les besoins non satisfaits
en soins aux patients atteints d'IC. La recherche collaborative internationale axée sur les
causes et le traitement de I'IC a le potentiel de bénéficier a des millions de personnes souffrant
de cette maladie, afin de non seulement soulager les symptdmes mais surtout la maladie en

elle-méme.

1.1 DEFINITION

L’IC se définit comme I’incapacité du cceur a répondre aux exigences de I’organisme
et, plus précisément, I'échec du coeur a pomper le sang avec une efficacité normale. Lorsque
cela se produit, le cceur est incapable de fournir un flux sanguin adéquat pour assurer le bon
fonctionnement des organes tels que le cerveau, le foie et les reins (Braunwald, 2013). L'IC
peut étre due a une défaillance du ventricule droit ou gauche, ou des deux ventricules.Les
syptomes cliniques peuvent inclure I'essoufflement (dyspnée), I'asthme cardiaque, la stase
dans la circulation générale du corps (systémique) ou dans la circulation du foie (systéme
veineux portal), le gonflement (cedéme), la cyanose et I'élargissement du cceur (hypertrophie
cardiaque) (Dickstein et al., 2008).
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Récemment, la Société Européenne de Cardiologie a publié un tableau d'aide au

diagnostic de I'IC utilisant différents parameétres cliniques (Tableau 1). (Ponikowski et al.,

2016):

Diagnostique de I’insuffisance cardiaque
Evaluation . S'oppose si normal ou
Supporter si présent
absent
Symptdmes compatibles ++ ++
Signes compatibles + +
Dysfonctlon _cardlaqye a it .
I’échocardiographie
La réponse des symptomes ou i .
signes au traitement
ECG
Normal ++
Anormal ++ +
Dysrythmie +++ +
Laboratoire
Augmentation BNP/NT-proBNP +++ +
Réduit/normal BNPO/NT- N .
proBNP
Sodium sanguine diminué + -+
Dysfonction rénale + -+
Augmentation modere de la N N
troponine
Radiographie thoracique
Congestion pulmonaire +++ +
Diminution de I’effort physique +++ ++
Tests pulmonaires anormaux + +
Hémodynamique anormale au it it
repos

+ = petite importance; ++ = importance moyenne; +++ = grande importance

Tableau 1. Diagnostic de I’insuffisance cardiaque selon la Société Européenne de

Cardiologie.
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1.2 EPIDEMIOLOGIE, ETIOLOGIE

Les maladies cardiovasculaires ont été jusqu’en 2004 la premiére cause de mortalité
en France (INSEE) (Saudubray et al., 2005). A I'heure actuelle, elles restent encore la
deuxieme cause de mortalité derriere les pathologies néoplasiques. L’IC chronique est
actuellement la seule pathologie cardiovasculaire dont I’incidence et la prévalence sont en
augmentation du fait du vieillissement de la population, mais aussi d’une meilleure prise en
charge des différentes cardiopathies et notamment les cardiopathies ischémiques. La
prévalence de I’IC est évaluée en Europe de 2 a 3 % de la population générale, a plus de 10%
chez les plus de 70 ans et méme plus de 20% au-dela de 80 ans (McMurray JJV,
Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein K, 2012). On estime & 1
million le nombre de patients insuffisants cardiaques en France soit une prévalence de 2,2%,
ce qui représente 150 000 hospitalisations/an, pour un séjour moyen de 10,7 jours (Tuppin et
al., 2013). Ainsi, I'IC et ses complications représentent la premiére cause d’hospitalisation en
France.

L’étude de la cohorte Framingham aux Etats Unis apporte des renseignements
complémentaires: 1’age moyen du diagnostic d’IC est de 70 ans, I’incidence passe de 3%o
entre 50 et 59 ans, a 27%o entre 80 et 89 ans chez I’homme (Oppenheimer, 2010). Cette
cohorte montre que la survie a 5 ans, une fois le diagnostic d’IC chronique posé, est de 25%
chez I’homme et de 38% chez la femme. L’IC chronique est toujours une des premieres
causes de déceés d’origine cardiovasculaire (Tableau 2). En France, la mortalité attribuable a
I’IC chronique est estimée a environ 54.8 cas/100000 (Gabet et al., 2015). La mortalité intra
hospitaliere de I’IC aigué est de 8,2% en 2009, et reste supérieure a celle de I’infacrtus
myocardique (IM) (Zuily et al., 2010). Cependant, lI'amélioration du traitement des
symptomes de I'IC a permis d'améliorer le pronostic de I'lC au cours des vingt derniéres
années en Europe (Guha and Mcdonagh, 2013).

L’IC chronique dans les pays occidentaux est donc un probléme majeur de santé
publigue. En France, on estime que les dépenses concernant I’IC chronique représentent
environ 1.1 milliard d’euros (Tuppin et al., 2013). Du fait du vieillissement de la population et
de I’optimisation de la prise en charge des différentes cardiopathies, ces données risquent de
s’aggraver, ce qui semble étre confirmé par les dernieres prévisions de la CNAM.
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Nombre et taux de déceés par IC selon le sexe et I’age, 2011
\ Hommes \ Femmes \ Total
Nombres de déces
Moins de 25 ans 116 84 200
24-44 ans 243 120 363
45-64 ans 2361 889 3250
65-84 ans 13714 10184 23898
85 ans et plus 14905 27356 42261
Total tous ages 31339 38633 69972
Taux brut*
Moins de 25 ans 1.1 0.9 1.0
24-44 ans 2.9 1.4 2.1
45-64 ans 28.2 10.1 18.9
65-84 ans 336.4 194.7 256.8
85 ans et plus 2885.4 2275.2 2458.6
Total tous ages 99.4 115.1 107.5
Taux standardisé** 135.0 87.3 105.8
* - taux pour 100 000 habitants ; ** - taux standardisés sur I’age de la population
européenne s’Eurostat (IARC, 2010)

Tableau 2. Nombre et taux de décés par IC selon sexe et I’age.

Les maladies qui peuvent conduire a une IC sont trés différentes et leur détection est
d'une grande importance, car cela permet de modifier I'approche diagnostique, thérapeutique
et préventive, ainsi que le pronostic (Braunwald, 2013). Conformément aux principaux
guides, il y a trois types de causes de I’IC: prédisposantes, déterminantes et précipitantes.

Les causes étiologiques prédisposantes comprennent des altérations structurelles,
congeénitales ou acquises, ou il existe un trouble des vaisseaux périphériques, de la circulation
coronarienne, péricardique, myocardique, endocardique ou des valves cardiaques. Cela a pour
conséquence des altérations dans la physiologie normale du cceur (McMurray, 2000). La
cause principale de I’IC sont les maladies coronariennes, qui sont responsables de plus de
50% des cas de I’IC aux Etats-Unis. L’IM est le facteur principal du développement des
maladies coronariennes, avec un risque 10 fois plus élevé de développer une IC dans la
premiére année qui suit I’infarctus, et jusqu’a 20 fois plus au cours des années suivantes
(Kemp and Conte, 2012). La cardiomyopathie dilatée et les anomalies cardiaques congénitales

sont d'autres étiologies prédisposantes moins fréquentes de I’'IC.
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Les causes déterminantes de I’IC sont celles qui modifient les mécanismes de
régulation de la fonction ventriculaire (Oosterom-Calo et al., 2012). Celles-ci peuvent étre la
surcharge hémodynamique, les défauts de remplissage ventriculaire, la dysynergie
ventriculaire et les altérations de la fréquence cardiaque.

Les causes précipitantes de I’IC sont les facteurs qui provoguent une décompensation
dans une situation stable chez les patients avec ou sans diagnostic antérieur de I’IC, mais avec
une anomalie cardiaque structurelle sous-jacente. Ceux-ci sont divisés en causes cardiaques et
extracardiaques. Les causes cardiaques sont des arythmies, l'apparition d'un nouveau
dommage musculaire (le plus fréquent est l'infarctus aigu du myocarde) et les médicaments
inotropes (antagonistes du calcium, béta-bloquants, antiarythmiques, antidépresseurs
tricycliques, adriamycine) (King, Kingery and Casey, 2012). Les causes extracardiaques sont
les infections (principalement des voies respiratoires), les médicaments qui provoquent la
rétention de sodium (en particulier les anti-inflammatoires non stéroidien qui sont trés
utilisés), l'arrét du traitement, I'embolie pulmonaire, le stress physique ou psychologique,
I'anémie ou la maladie intercurrente, la chirurgie et les habitudes toxiques, comme le

tabagisme et I'alcoolisme (Roger, 2013).
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1.3 PHYSIOPATHOLOGIE

1.3.1. Physiologie cardiaque normale

La fonction premiére du coeur est une fonction de pompe, permettant I’envoi du sang
dans tout I’organisme. Chez I’homme, le débit cardiaque est typiquement de 4 a 8 I/min (Katz,
2011). Ce paramétre est affecté par différents facteurs comme la fréquence cardiaque, la
contraction ventriculaire, I’intégrité de la paroi ventriculaire et la compétence valvulaire.

Le volume d’éjection systolique (VES) est la quantité de sang éjecté par le ventricule
lors d'une contraction. Au repos, le volume d'éjection est de 60 a 100 ml par battement (Nadir,
Beadle and Lim, 2014). Le VES est modulé par trois facteurs principaux: la précharge, qui est
le volume qui existe dans le ventricule en fin de diastole; la postcharge correspond a la
résistance contre laquelle le ventricule éjecte son contenu; et la contractilité, qui est I'état
inotrope du cceur indépendamment de la précharge ou de la postcharge (Nyhan and Blanck,
2006).

Le cceur est un réseau complexe de tissus cellulaires et acellulaires qui est formé
principalement de cardiomyocytes et des fibroblastes ainsi que des cellules endothéliales et
immunitaires (Wilcken, 2015). Le cardiomyocyte différencié développe la tension en se
raccourcissant. La matrice extracellulaire, majoritairement composée de collagénes de type |
et 11, fournit un réseau viscoélastique tolérant au stress qui couple les myocytes et maintient
les relations spatiales entre les myofilaments et leur microcirculation capillaire (Tiyyagura
and Pinney, 2006). Les fibroblastes peuvent administrer une force mecanique sur les
cardiomyocytes par la contraction de I’unité collagénique qui forment la matrice
extracellulaire (Goldsmith et al., 2004).

1.3.2. La dysfonction ventriculaire

Différentes pathologies affectant le fonctionnement cardiaque peuvent conduire a des
dysfonctions du ventricule gauche (VG) ou droit. Le dysfonctionnement du VG conduit a la
diminution du debit cardiaque, ce qui entraine une hypoperfusion globale, qui peut étre a
terme fatale (Yuzefpolskaya, Weinberg and Kukin, 2010). La defaillance VG peut étre divisée
en deux catégories: le dysfonctionnement systolique ou diastolique. La systole correspond a la

phase de contraction ventriculaire et d’éjection du sang par le ventricule gauche. A contrario,
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la diastole correspond a la phase de relachement du muscle cardiaque et de remplissage du
ventricule (Schunkert et al., 1998). Bien qu'il y ait beaucoup d’étiologies de I'lC, certaines
tendent a affecter davantage la fonction systolique: 70% des patients atteints d’IC ont un
dysfonctionnement systoliqgue contre 30% avec un dysfonctionnement diastolique
(McMurray, 2010). En outre, la plupart des patients souffrant de dysfonctionnement
systolique présentent également un dysfonctionnement diastolique.

Il est toutefois important de noter que si les symptomes de I’IC systolique ou
diastolique sont les mémes, la fraction d’éjection (FE) du ventricule gauche peut les
différencier. Si la FE est < 40% c’est un dysfonctionnement systolique, et si elle est > 40%,
c’est un dysfonctionnement diastolique (Chatterjee, 2012). On parle alors d’IC a fraction
d’éjection préservée (Udelson, 2011).

La principale cause de dysfonction systolique du VG est la perte d’un myocarde
fonctionnel due a une maladie ischémique et a un infarctus (Chatterjee and Massie, 2007).
Une hypertension non contrélée conduisant a un exceés de la surcharge de pression est un autre
facteur majeur (Genet et al., 2016). La surcharge de volume en raison d’une'incompétence
valvulaire et la défaillance de la contractilité cardiaque due aux cardiotoxines peuvent
également y contribuer.

L’insuffisance ventriculaire droite reste assez peu etudier comme cause de I’IC, car
dans la majorité des cas, c’est la consequence de I’insuffisance cardiaque gauche (Serdahl,
2008). Comme le ventricule droit échoue, il y a une augmentation de la quantité de sang dans
le ventricule qui conduit a une élévation de la pression de l'oreillette droite et une
augmentation en conséquence de la pression dans le systeme de la veine cave qui altére le
drainage veineux du corps. Cela entraine une pression accrue dans le foie, le tractus gastro-
intestinal et les extrémités avec I’apparition de signes cliniques: tels que la douleur
abdominale, hépatomégalie, dyspnée et cedéme périphérique (Krum and Abraham, 2009).
D'autres causes de I'lC droite comprennent les cardiomyopathies arythmiques et la dysplasie

ventriculaire droite.
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1.4 REMODELAGE CARDIAQUE

Le terme «remodelage» a été utilisé pour la premiere fois en 1982 par Hockman et
Buckey, dans un modéle d’infarctus myocardique (IM) (Hochman and Bulkley, 1982). Ce
terme visait d’abord a caractériser le remplacement du myocarde endommagé aprés I’infarctus
par du tissu cicatriciel. En 1990, Pfeffer et Braunwald ont publié une revue sur le remodelage
cardiaque suite a I'IM, et le terme a été adopté pour caractériser les changements
morphologiques importants apres l'infarctus dans le ventricule gauche (Pfeffer and
Braunwald, 1990). En 2000, le remodelage cardiaque est défini comme l'ensemble des
changements moléculaires, cellulaires et interstitiels qui se manifestent cliniquement par un
changement de taille, de forme et de fonction du cceur suite & un dommage cardiaque (Cohn,
Ferrari and Sharpe, 2000).

Un coeur adulte sain consomme I’équivalent de 80kg d’ATP par jour pour assurer les
fonctions normales de contraction. La tres grande majorité de cette énergie (80%) est produite
par I’oxydation des acides gras, le reste provenant de la glycolyse et d’autres métabolites
(Doenst, Nguyen and Abel, 2013). Le remodelage du ventricule gauche induit par le stress
pathologique se caractérise d’abord par une altération de cette balance énergétique en faveur
de la consommation du glucose. Cela entraine rapidement un deficit en ATP qui induit & son
tour des dégats cellulaires importants, des défauts de contraction des cardiomyocytes et qui
conduit, a terme, a une perte massive de cardiomyocytes par apoptose et au développement de
la fibrose cardiaque (Gajarsa and Kloner, 2011).

Le remodelage cardiaque peut étre physiologique (adaptatif) ou pathologique
(Klabunde, 2004). Le remodelage cardiaque physiologique peut étre induit par I'entrainement
physique, la grossesse ou la croissance postnatale du cceur de la naissance a I'age adulte
(Quattrini and Pelliccia, 2012). Le remodelage du ventricule gauche induit par des stimuli
physiologiques conduit a une fonction VG préservée ou méme améliorée, une diminution de
la fibrose cardiaque, une angiogenése accrue, un stress oxydant myocardique réduit et une
diminution du dysfonctionnement mitochondrial, ce qui réduit la mort cellulaire par apoptose
et/ou nécrose des cardiomyocytes (Burchfield, Xie and Hill, 2013).

Le remodelage pathologique peut se produire aprés un IM comme initialement décrit
(Hochman and Bulkley, 1982), une augmentation de la postcharge (sténose aortique,

hypertension), une maladie inflammatoire cardiague (myocardite), une cardiomyopathie
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idiopathique dilatée ou une surcharge de volume (régurgitation valvulaire) (Cohn, Ferrari and
Sharpe, 2000).

La phase précoce de remodelage cardiaque est caractérisée par la dégradation du
collagéne intermyocytaire par les sérine protéases et activation des métalloprotéines de la
matrice (MMPs) libérées principalement par les cellules immunitaires infiltrées (neutrophiles,
macrophages et monocytes); la dilatation précoce du ventricule suite a I’infarctus;
I’augmentation du stress pariétal suivi par une hypertrophie du ventricule, qui stimule & son
tour la libération de I’angiotensine Il afin d’augmenter la performance cardiaque (Cleutjens et
al., 1995). La réponse adaptative concerne la partie du myocarde sain. L'expansion de
I’infarctus provoque la déformation de la zone frontaliere du myocarde, qui modifie la loi de
Frank/Starling" et augmente le raccourcissement des cardiomyocytes (Lew et al., 1985). Les
perturbations de la circulation hémodynamique déclenchent [I’activation du systéme
sympathique adrénergique, qui stimule la synthese des catécholamines par les surrénales,
I’activation du systéme rénine-angiotensin-aldostérone et la stimulation de la production des
peptides natriurétiques: Atrial Natiruretic Peptide (ANP) et Brain Natriuretic Peptide (BNP)
(Opie et al.,, 2006) (Figure 1). L’augmentation du rythme cardiaque et de la stimulation
sympathique, entraine une hyperkinésie du myocarde non infarci et une compensation
temporaire de la fonction cardiaque. De plus, les peptides natriurétiques réduisent le volume
intravasculaire et la résistance vasculaire systémique, normalisent le remplissage ventriculaire
et améliorent la fonction de la pompe (Sutton and Sharpe, 2000).

Le remodelage cardiaque peut également étre considéré comme un processus
compensatoire, apparaissant suite a une hypertrophie et une dilatation du tissu non ischémique
aprés IM ou comme une réponse cardiaque inadaptée a une hypertrophie secondaire a une
hypertension systémique de longue durée. Le processus de remodelage lui-méme peut devenir
auto-inductif, entrainant une progression de la dysfonction ventriculaire et I'induction de
I'apoptose (Konstam et al., 2011). Cependant, le stimulus inducteur, comme l'ischémie ou la
myocardite, peut continuer a étre actif et conduire a une perte de tissu supplémentaire et a un
remodelage progressif. Cette progression peut conduire a une serie de réactions

neurohormonales et hémodynamiques manifestées par un élargissement de la paroi, une

! Laloi de Frank-Starling (decrite en 1895 par Otto Frank) stipule que I'énergie créée par un ventricule
cardiaque pour éjecter le sang est corrélée au volume télédiastolique. Ainsi, plus le volume télédiastolique
s'accroit et plus la force d'éjection du sang sera importante. Selon cette loi, la force de contraction du muscle
cardiaque augmente en méme temps que le ventricule cardiaque s'emplit de sang.
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hypertrophie et une dilatation ventriculaire. Ces caractéristiques du remodelage cardiaque
vont aboutir finalement & I’apparition clinique de I’lC (Gaballa and Goldman, 2002). En
revanche, plusieurs études indiquent que la modification du processus de remodelage peut
limiter I’apparition de I’IC dans un certain nombre de pathologies (Gjesdal, Bluemke and
Lima, 2011; Azevedo et al., 2016).

Figure 1. Les mecanismes impligueés dans le remodelage cardiaque

Un apport constant d'oxygene est indispensable pour la viabilité et la fonction
myocardique. Cependant, lI'oxygene est également au centre de la génération d'especes
réactives d'oxygene (ROS). Les ROS peuvent exercer des effets potentiellement bénéfiques
ou préjudiciables qui contribuent au dysfonctionnement cardiaque et a la mort cellulaires. Au
cours des derniéres décennies, les études cliniques et expérimentales ont fourni des preuves
substantielles que le stress oxydatif, défini comme une production excédentaire de ROS par
rapport a la défense antioxydante reste un élément crucial dans le développement de I’IC
(Grieve and Shah, 2003; Sheeran and Pepe, 2006; Sugamura, Keaney and Jr., 2011). Les
sources cellulaires de la génération de ROS dans le cceur comprennent les myocytes
cardiaques, les cellules endothéliales et les neutrophiles. Dans les myocytes cardiaques, les
ROS peuvent étre produits par plusieurs sources, y compris les mitochondries, la
nicotineamide adénine dinucléotide phosphate (NAD(P)H) oxydase, la xanthine oxydase et
I’oxyde nitrique synthase non couplée (eNOS) (Taverne et al., 2013) (Figure 2).
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Figure 2. Les différentes voies menant & une lésion cellulaire aprés I’ischemie.

La production excessives des ROS provoque un dysfonctionnement cellulaire, la
peroxydation des protéines et des lipides et des dommages a I'ADN et peuvent entrainer des
Iésions myocardique irréversibles, tels que la morte cellulaire, impliqués dans I’apparition des
pathologies cardio-vasculaires (Circu and Aw, 2010). L'implication du stress oxydatif émerge
de plus en plus dans la pathophysiologie du remodelage cardiaque responsable du
développement et de la progression de I’IC (Tsutsui, Kinugawa and Matsushima, 2011). Plus
précisément, les ROS peuvent affecter directement la fonction contractile en modifiant les
protéines centrales ayant un role cruciale dans le couplage excitation-contraction. Ils stimulent
également la prolifération des fibroblastes cardiaques et activent les métalloprotéinases
matricielles (MMP), conduisant au remodelage de la matrice extracellulaire (Kameda, 2003).
Ces événements cellulaires sont impliqués dans le développement et la progression du
remodelage. En outre, les ROS activent des kinases et des facteurs de transcription qui sont a

I’origine de I'apoptose (Figure 3).
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Figure 3. L’implication des derivés réactifs de I’oxygéne mitochondriaux dans
I’apoptose (Fleury C, Mignotte B, Vayssiere JL.. Mitochondrial reactive oxygen species in cell death
signaling. Biochimie 84: 131-141).

L'apoptose est impliquée dans la disparition aigué ou chronique de cardiomyocytes
dans l'infarctus du myocarde, la cardiopathie ischémique, les Iésions de réperfusion, diverses
formes de cardiomyopathie et le développement de I’IC aigué et chronique (Kang and Izumo,
2003). L'apoptose est differente de la nécrose, dans laquelle la lyse cellulaire produit une
réponse inflammatoire environnante. De plus il existe des changements biochimiques et
morphologiques qui caractérisent I'apoptose: la ségrégation de la chromatine a la périphérie de
I’enveloppe nucléaire, la condensation du cytoplasme et la formation d’invaginations des
membranes plasmiques et nucléaires (Kerr, 1971). Contrairement a I’apoptose, la nécrose est
considérée comme une mort cellulaire non coordonée et est caractérisée par une modifcation

de la perméabilité membranaire entrainant une dilatation du cytoplasme et des organites; la
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cellule se gorge d’eau. Les études sur les animaux et les humains ont démontré que I'apoptose
est présente dans la zone bordante de I’infarctus du myocarde, confirmant le réle important de
I'apoptose dans la perte tissulaire du myocarde dans la phase aiqué d’IM (Olivetii et all.,
2005). Des études complémentaires montrant que l'apoptose est également detectée, plusieurs
mois plus tard, suggérent que l'apoptose peut également jouer un réle dans le remodelage et
dans le développement ultérieur de I'lC (Takemura et all., 1998). L'apoptose est un processus
biologique réglementé qui régule I'équilibre entre les signaux cellulaires pro-mort et pro-

survie (Figure 4).

Figure 4. Les cibles cellulaires et subcellulaires potentielles du stress oxydatif affectant
I'insuffisance cardiaque. reproduced from (Tsutsui, Kinugawa and Matsushima, 2011)

La famille de protéines Bcl-2 est une composante clé du processus apoptotique de la
mort cellulaire. La famille Bcl-2 est composée d’antagonistes de la mort (Bcl-2, Bcl-xL) et
d’agonistes (Bax, Bak), qui fonctionnent principalement pour protéger ou altérer l'intégrité de

la membrane mitochondriale pour permettre la libération de protéines pro-apoptotiques. Il a
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été suggéré que le myocyte cardiaque pourrait également utiliser une voie apoptotique
alternative qui active les caspases en aval des "récepteurs de la mort" (ex.: Fas, récepteur du
facteur de nécrose tumorale (TNF) et caspase-8 (Saraste, 1999; Filippatos et al., 2004)).

Il convient de souligner que le processus de remodelage ventriculaire affecte la
biologie du cardiomyocytes et I’ensemble des cellules myocytaires et non-myocytaires, ainsi
que la géométrie et I'architecture de la chambre du ventricule gauche (Tableau 3).

Les composants du processus de remodelage cardiaque

e Les modifications de la biologie du cardiomyocyte
e Le couplage excitation-contraction
e | ’expression génique de la chaine lourde de la myosine
e Ladésensibilisation B-adrénergique
L’hypertrophie avec la pert des myofilaments
e Les protéines cytosquelettiques
e Les changements dans le myocarde
e La mort des myocytes
e Lanécrose
e | ’apoptose
e Les modifications de la matrice extracellulaire
e Ladégradation de la matrice
e Leremplacement fibrotique
e Les modifications de la géométrie de la chambre ventriculaire gauche
e Conformation sphérique
e Amincissement pariétal
e Insuffisance de la valve mitrale

Tableau 3. Les composants du processus de remodelage cardiaque

L'infarctus aigu du myocarde est une cause majeure de déces et d'invalidité dans le
monde entier. Une grande partie de cette morbidité et mortalité est la conséquence du
remodelage cardiaque qui se produit aprés I’infarctus (M. G. Sutton and Sharpe, 2000). Bien
que ce remodelage soit souvent associé a des événements qui se produisent dans les semaines
et les mois qui suivent, les conséquences sont directement liées a la taille initiale de
I’infarctus.

Le stress cardiaque prolongé entraine une fibrose cardiaque et une hypertrophie des

cardiomyocytes, fréguemment observées dans I'lC — et consitute un caracteristigue commune
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de nombreuses maladies CV en phase finale (Segura, Frazier and Buja, 2014). L’étude
Framingham a révélé que chez les patients suivis pendant une période de 20 ans, 91% des cas
d'IC interviennet suite & une hypertension artérielle (Oppenheimer, 2010). L'importance de
I'nypertrophie secondaire suite a I’hypertension de longue date et les changements
anatomiques associés a I'hypertrophie ont été signalés pour la premiére fois par Linzbach
(Linzbach, 1960). Il a montré la relation entre la pression artérielle et la longueur et
I’épaississement des cardiomyocytes.

Les etudes expérimentales et cliniques démontrent que I'hypertension artérielle est
associée aux changements structurels cardiaques défavorables, tels que I’élargissement de
I’oreillette gauche, I’hypertrophie du VG et la fibrose myocardique, mais egalement a des
changements de la performance incluant le dysfonctionnement systolique et diastolique du
VG (Cohn, Ferrari and Sharpe, 2000). Dans ces conditions I’activation des fibroblastes
cardiaques entrainent un exces de production du collagéne | et Ill, ce qui conduit a la
formation d’une Vvéritable cicatrice qui permet de stabiliser les forces de distension et de
prévenir une déformation supplémentaire (Anversa et al., 1986). L'hypertrophie des myocytes
est initiée par l'activation neurohormonale, I'étirement myocardique, I'activation du systéeme
rénine-angiotensine (SRAA) et les facteurs paracrine/autocrine (Olivetti et al., 1991). La
prévention et la réversion de I’hypertrophie VG sont associées a une amélioration de la
fonction cardiaque et a la diminution du risque de complication cardiovasculaire. La
prévention de I’hypertrophie ventriculaire devrait étre une priorité chez les sujets atteint de
I’hypertension artérielle.

Le développement de I’hypertrophie cardiaque est influencée par des facteurs
hémodynamiques, tels que l'augmentation du stress pariétal, et des autres facteurs, tels que le
génotype altéré, les cardiomyocytes, la matrice cellulaire, I’apoptose, les vaisseaux sanguins,
le systeme neurohormonal et les cytokines (Kenchaiah and Pfeffer, 2004) (Figure 5).
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Figure 5. Les mécanismes de remodelage cardiaque suite a I’hypertension artérielle

chronique (modifié depuis Kenchaiah and Pfeffer, 2004).

En plus de la croissance des myocytes, le tissu interstitiel participe également au
remodelage cardiaque induit par la surcharge de pression par I’activation et la prolifération
des fibroblastes et le dépdt en exces des types de collagene extracellulaire. Au cours de
I'nypertension, la matrice extracellulaire se développe en raison de la fibrose réactive et
réparatrice. L'épaississement de la matrice extracellulaire autour des cardiomyocytes est
également susceptible de diminuer I’approvisionnement énergétique des cardiomyocytes.
Dans un méme temps, la charge de travail du muscle cardiaque augmente en réponse a
I'nypertension systémique. Ce déséquilibre entraine la mort cellulaire, probablement a la fois
par la nécrose et I'apoptose. Les fibroblastes environnants synthétisent une nouvelle matrice
visant a remplacer les cellules endommagées qui forment des cicatrices en fonction de la taille
de la lésion. Ce processus s'appelle la fibrose réparatrice. A I'heure actuelle, I'élément
déclencheur n’est pas clairement identifié.

L’inflammation joue un réle important dans le remodelage cardiaque et spécialement
I'inflammation périvasculaire. Des études récentes ont suggéré que le stress hémodynamique
artériel pourrait activer les communications pro-inflammatoires autour de la paroi artérielle.

Premiérement, l'augmentation de la pression artérielle est impliquée dans I’activation du
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signal conduisant a l'induction de l'activation de la Monocyte Chemoattractant Protein-1
(MCP-1) dans la paroi aortique hypertendue, ce qui suggére une régulation positive de MCP-1
par contrainte mécanique de la paroi artérielle. Deuxiemement, la production des ROS et
I'induction de cytokines inflammatoires et de facteurs de croissance, tels que le TGF-p et

I’angiotensine 11, ont été montrés dans la paroi artérielle hypertensive (Sprague and Khalil,
2009).
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Il. LE SYSTEME GALANINERGIQUE

La Galanine a été identifiée pour la premiére fois dans des extraits intestinaux porcins
en 1978 par le Professeur Viktor Mutt et ses collégues de I'Institut Karolinska, en Suede, en
utilisant une technique de dosage chimique qui détecte les peptides selon leurs structures
d'alanine amide C-terminales. La galanine a été ainsi nommée car elle présente un résidu de
glycine en N-terminal et une alanine en C-terminal (Hokfelt and Tatemoto, 2008) . La
structure de la galanine a été résolue en 1983 par la méme equipe (Tatemoto et al., 1983) et
I’ADNCc de la galanine a été cloné pour la premiere fois a partir de I’hypohyse de rat en 1987
(Vrontakis et al., 1987).

La galanine est un neuropeptide constitué de 29/30 acides aminés provenant de
I'nydrolyse d'un polypeptide plus longue. Ce neuropeptide est exprimé dans I’ensemble du
cerveau et plus précisément au niveau des noyaux paraventriculaires (PVN) de
I’hypothalamus (Merchenthaler, Ldépez and Negro-Vilar, 1993) et dans le systeme
périphérique (Tatemoto et al., 1983). Les acides aminés N-terminaux de 1 a 15 sont
hautement conservés. La galanine humaine présente la particularité d’avoir 30 acides aminés
sans amidation a son extrémité N-terminale (Evans and Shine, 1991). Le précurseur
peptidique de la galanine, la "pré-progalanine " est codé par un gene a copie unique, situé sur
le chronomosome 11913.3-g13.5 et est organisé en 6 exons couvrant environ 6 kb d’ADN

génomique, en fonction de I'espece (Kofler et al., 1996). (Figure 6)

Figure 6. L’organisation du géne de la preprogalanine (modifié du Liu et al., 1996).

La galanine et ses récepteurs sont impliqués dans le contréle de la sécrétion de
certaines hormones hypophysaires (Melander, Staines and Rokaeus, 1986), ainsi que dans la

28



régulation de la sécrétion d’autres neuropeptides, comme la vasopressine, la cholecystokinine
et le neuropetide Y (Meister et al., 1990). Outre ses effets au niveau du SNC, la galanine a
aussi des effets périphériques propres. En concordance avec sa distribution dans les nerfs, la
galanine exerce de multiples effets biologiques, parmi lesquels, la contraction des muscles
lisses intestinaux, I’inhibition de la sécrétion de la somatostatine et de I’insuline (Lindskog
and Ahren, 1987), et la diminution du taux de glucagon et de I’hormone de croissance. En
effet, la sécrétion de la galanine modifie la motilité gastro-intestinale a la fois par
l'augmentation et la diminution de la libération de substances neuro-humorales (réle de
neuromodulateur). Certaines actions de la galanine peuvent étre médiées par l'activation
directe du/de ces recepteur/s situés sur les cellules musculaires lisses (rble de
neurotransmetteur) (Ahrén et al., 1986). Des nombreuses données indiquent également un

role de la galanine dans I'immunité innée, I'inflammation et le cancer (Lang et al., 2001).
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I1.1 LES RECEPTEURS DE LA GALANINE

La Galanine joue un r6le important dans la régulation de nombreux processus
physiologiques et physiopathologiques par sa liaison a trois récepteurs couplés aux protéines
G: le galanine récepteur 1 (GalR1), le galanine récepteur 2 (GalR2) et le galanine récepteur 3
(GalR3). Ces récepteurs déclenchent plusieurs voies de signalisation, y compris la stimulation
de la phospholipase C, pour GalR2, ou I’activation de I’adenylate cyclase, conduisant a la
diminution de I’AMPc, pour les 3 récepteurs (Figure 7). Les récepteurs a la galanine sont
extrémement bien conservés entre les espéces mais peu conservés entre eux (Howard, Peng
and Hyde, 1997; lismaa et al., 1998; Kolakowski et al., 1998).

Figure 7. Exemple schématique des trois sous-types de récepteurs de la Galanine et de

leurs mécanismes de transduction intracellulaire (Maria-Elena Lautatzis and Maria Vrontakis
(2011). Profile of Galanin in Embryonic Stem Cells and Tissues, Embryonic Stem Cells - Basic Biology to
Bioengineering, Prof. Michael Kallos (Ed.), InTech, DOI: 10.5772/23771. Available from:

https://www.intechopen.com/books/embryonic-stem-cells-basic-biology-to-bioengineering/profile-of-galanin-in-

embryonic-stem-cells-and-tissues).
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La distribution des récepteurs a la galanine est également spécifique aux tissus. La
présence de GalR1 a été montrée dans I'hypothalamus, I'hippocampe ventral, le thalamus,
I’lamygdale, le tronc cérébral et la moelle épiniere. GalR2 est fortement exprimé dans
plusieurs régions du cerveau, en particulier dans I'hypothalamus, I'hippocampe, I'hypophyse
antérieure et aussi dans I'amygdale et les régions du cortex. Enfin, GalR3 montre I'expression
la plus élevée dans la zone préoptique/hypothalamique et I'hypophyse.

Les trois sous-types des récepteurs ont une plus grande affinité pour la partie N-
terminale conservée de la galanine que pour d'autres composés testés. Il est clair que la
synthése de nouveaux ligands sélectifs pour les sous-types de récepteurs est nécessaire pour
caractériser finement les profils pharmacologiques des recepteurs.
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11.1.1 LE RECEPTEUR GALR1

Le récepteur GalR1 est le sous-type de récepteur le plus abondant dans les tissus
adultes. 1l est associé a la sous-famille des protéines Gi, qui conduit a l'inhibition de la
synthése d'AMPc par I'adénylate cyclase.

Les ADNCc codant pour des homologues d'especes humaines et de rat du récepteur
GalR1 ont été clonés et caractérisés pour la premiere fois en 1995. Le profil de I'expression de
I'ARNmM du récepteur GalR1 de rat dans les tissus périphériques et les régions du systeme
nerveux central est en corrélation générale avec la plupart des sites ou la galanine marquée a
I’iode 125 se lie et ou des effets fonctionnels de la galanine ont été observés. En utilisant
I'analyse par Northern Blot, Parker et al. ont détecté I'expression de 'ARNmM du récepteur
GalR1 dans le cerveau, la moelle épiniere et l'intestin gréle, mais pas dans I'hypophyse
antérieure, la rate, I'estomac, le gros intestin, la glande surrénale, le foie, le poumon, le rein ou
le ceeur (Parker et al., 1995). Les récepteurs GalR1 humains et de rat partagent les mémes
sites de consensus pour la N-glycosylation et pour la phosphorylation intracellulaire a
I'exception de la présence de deux sites de phosphorylation supplémentaires dans le domaine
C-terminal du GalR1 humain. Le gene codant pour le récepteur GalR1 humain est localisé sur
le chromosome 18923 (Nicholl et al., 1995). L'homologue GalR1 de souris a été clone et
localisé sur le chromosome 18E4 (Jacoby et al., 1997), en position identique a celle du gene
humain. Des études pharmacologiques ont démontré que la surexpression de GALR1 humain
ou de rat dans des lignées cellulaires inhibe la production d’AMPc stimulée par la forskoline
d’une maniére sensible a la toxine de pertusis (PTX) (E Habert-Ortoli et al., 1994; Parker et
al., 1995; Smith et al., 1997; Wang et al., 1998).

L‘expression ectopique du récepteur GalR1 réduit ainsi la concentration d’AMPc
(Estelle Habert-Ortoli et al., 1994; Burgevin et al., 1995; Parker et al., 1995), ouvre les
courant potassique rectifiant activé par les protéines G (GIRK), et stimule I'activité des MAP
kinase (Wang et al., 1998) d'une maniére sensible a la toxine de pertusis; ceci est cohérent
avec un couplage aux protéines G de type Gi /o.

Chez le rat, 'ARNm de GalR1 hypothalamique est plus élevé chez les femelles que
chez les méles et varie selon le cycle oestral (Faure-Virelizier et al., 1998). Dans une autre
étude, il a été montré que I'expression de 'ARNm de GALRL1 dans les ganglions de la racine

dorsale du rat diminue apres une inflammation ou une Iésion du nerf périphérique (Xu et al.,
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1996). Cependant, 'ARNmM GALR1 de rat n'a pas été détecté dans le noyau du nerf facial
avant ou aprés une lésion expérimentale du nerf facial (Burazin and Gundlach, 1998). Dans
d'autres travaux, I'ARNm de GalR1 est retrouvé en grande quantité dans les noyaux
hypothalamiques de rat, soit injectés avec du 2-déoxy-D-glucose (un anti-métabolite de
glucose), ou du mercaptoacétate de sodium (un anti-métabolite d'acide gras), qui stimulent
I'alimentation (Gorbatyuk and Hokfelt, 1998). A l'inverse, I'ARNm de GalR1 est diminué lors
de la lactation et suite a une hypophysectomie (Landry, Aman and Hokfelt, 1998).
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11.1.2 LE RECEPTEUR GALR?2

L’ADNCc du récepteur GalR2 a été isolé premiere fois chez le rat et il est composé par
une région codante interrompue par un intron juste apres le 3éme domaine transmembranaire
(TM) (Smith et al., 1997). L'épissage de l'intron a restauré le cadre de lecture ouvert pour
révéler la structure d'un GPCR contenant 372 acides aminés, y compris trois sites consensus
pour la N-glycosylation dans la partie extracellulaire et plusieurs sites de phosphorylation de
la partie intracellulaire distincts de ceux présent dans GalR1. Le récepteur GALR2 humain
contient 387 acides aminés, soit 15 de plus que le récepteur GalR2 de rat dans sa partie C-
terminale, avec seulement 85% d’homologie avec ce récepteur. Le géne codant pour le
récepteur GalR2 humain est localisé sur le chromosome 17¢g25.3 (Fathi et al., 1997); son
homologue chez la souris a été cloné et localisé sur le chromosome 11 (Kolakowski et al.,
1998; Pang et al., 1998). Fait intéressant, le chromosome contenant le gene codant pour le
récepteur GalR2 chez I’homme est associé & deux maladies humaines: I’amyotrophie
névralgique héréditaire et le syndrome de Russel-Silver, caractériseées en partie par une petite
stature ou nanisme et un faible poids a la naissance, respectivement, en plus de défauts de
développement (Fathi et al., 1998). Cependant a I’heure actuelle, I’implication potentielle du
géne GalR2 dans ces maladies n’est pas connu.

L'’ARNmM codant pour le récepteur GalR2 de rat est largement distribué dans presque
tous les tissus, y compris le cerveau et des tissus périphériques tels que le canal déférent, la
prostate, I'utérus, I'ovaire, l'estomac, le gros intestin, les ganglions de la racine dorsale et les
cellules dérivées du pancréas (Fathi et al., 1997; Howard, Peng and Hyde, 1997; Smith et al.,
1997; Sten Shi et al., 1997; O’Donnell et al., 1999). Dans I'hypophyse antérieure de rat,
I'ARNmM de GalR2 a été détecte par hybridation in situ et par RT-PCR, cette derniére
technique soutenant I'absence d'ARNm de GalR1 dans ce tissu (Fathi et al., 1997). Ainsi, le
récepteur GalR2 pourrait servir de médiateur de la galanine sur la sécrétion d'hormones
hypophysaires chez le rat. De plus, le récepteur GalR2 humain a été détecté par RT-PCR dans
plusieurs tissus centraux et périphériques, y compris I'hippocampe, I'amygdale, I'nypophyse,
le cceur et l'intestin gréle, mais contrairement au GalR2 de rat, il est apparemment absent de
I'nypothalamus (Fathi et al., 1998).

Les réceptéurs GalR1 et GalR2 de rat partagent des profils pharmacologiques

similaires dans le sens qu'ils possedent une affinité élevée pour la galanine et la partie N-
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terminale de la galanine, mais aussi pour des peptides chimériques (Smith et al., 1997;
Kolakowski et al., 1998).

L'activation de GalR2 conduit a la stimulation de multiples événements
intracellulaires. La voie de signalisation principale implique la phospholipase C. En effet,
GalR2 hydrolyse le phosphatidylinositol(4,5)-bis-phosphate générant de I’inositol phosphate
IP3 qui controle la mobilisation intracellulaire de Ca?* et I’activation du canal Ca®* chlore-
dépendant (Smith et al., 1997; Fathi et al, 1998; Wang et al., 1998).

De plus, GalR2 inhibe également I'accumulation d'AMPc selon les types cellulaires et
son couplage a la protéine G (Fathi et al., 1998; Wang et al., 1998). Par exemple, les groups
de Smith et Wang, ont observé une stimulation de I'accumulation d’IP3 dans des cellules
d'ovaire de hamster chinois (CHO), transfectées de facon stable avec le récepteur GalR2 de
rat, mais seule I'équipe de Wang montre que GalR2 peut également médier une diminution
faible de I’AMPc aprés stimulation par la forskoline, vraisemblablement par une voie Gi/o
(Smith et al., 1997; Wang et al., 1998). En utilisant les cellules HEK293 comme hote, Fathi et
collaborateurs ont rapporté que la transfection stable du récepteur GalR2 humain entraine une
augmentation de I'accumulation d' IP3 et une mobilisation de Ca?* ainsi qu’une diminution de
I'AMPc (seule la derniéere est bloguée par la toxine pertussique), alors que la transfection
stable de GalR2 de rat conduit & la régulation galanine-dépendante de I’IP3 et du Ca®*, mais
pas de I'AMPc (Fathi et al., 1997, 1998). Enfin, le récepteur GalR2 de rat stimule les MAP
kinases dans les cellules CHO; cet effet est bloqué par la toxine pertussique, ou par une
déplétion (par siRNA) ou une inhibition (indolylmaleimide) de la protéine kinase C, mais pas
par I'expression du peptide C-terminal compatible avec une signalisation médiée par Go
(Wang et al., 1998).

La présence d’ARNm GalR2 dans de nombreux tissus chez le rat suggére son role
modulateur dans de nombreuses fonctions physiologiques tel que la libération de prolactine, la
lactation, la libération d’hormone de croissance, l'alimentation, I'émotion, la mémoire, le
nociception, la croissance cellulaire, la régénération nerveuse, la fonction des Tlots

pancréatiques, le tonus cardiovasculaire, le métabolisme périphérique et la reproduction.
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11.1.3 LE RECEPTEUR GALR3

Le récepteur GalR3 a été d'abord cloné chez le rat (Smith et al., 1998). L'ADNc du
récepteur GalR3 de rat code pour une protéine de 370 résidus, avec une similarité en acides
aminés avec les récepteurs GalR1 et GalR2 de rat, respectivement de 36% et 55%. Il existe 83
acides aminés conservés dans les trois sous-types de récepteurs de la galanine de rat, ce qui
donne une homologie pour les acides aminés de ~ 23%.

Le récepteur humain GalR3 a été cloné a partir d'une banque génomique humaine
basée sur une similarité structurelle avec GalR1 et GalR2 humain. D’ailleurs la présence d’un
intron au méme endroit (aprés le TM3) que celui décrit pour GalR2 confirme la similitude
observé pour la structure des récepteurs (Smith et al., 1998). La protéine humaine de la GalR3
contient 368 acides aminés et a 90% de homologie avec le GalR3 de rat. Les récepteurs
GalR3 de rat et humain contiennent un seul site de consensus pour la N-glycosylation et de
multiples sites de consensus intracellulaires de phosphorylation, notamment un pour la PKC
dans la partie C-terminale. Le géne du récepteur GalR3 humain est localisé sur le
chromosome 22g12.2-13.1 (Kolakowski et al., 1998). Le géne codant pour le récepteur GalR3
de la souris a été cloné et est localisé sur le chromosome 15 (Bailey and Crawley, 2009).

Les premieres analyses par transfert d’ARN (Northern Blot) ont détecté la présence de
transcrits de GalR3 dans le cceur, la rate et les testicules (Wang et al., 1997). A l'aide de
méthodes plus sensibles, Smith et ses collaborateurs ont détecté une expression majoritaire de
transcrits de GalR3 de rat dans I'hypothalamus et I'hnypophyse; ils ont également trouvé GalR3
réparti dans certaines régions du SNC du rat comme I'ampoule olfactive, le cortex cérébral, la
médulla oblongata, le noyau caudé, le cervelet et la moelle épiniére, mais pas dans
I'nippocampe ou la substance noire (Smith et al., 1998). Les transcrits du GalR3 de rat ont
également été détectés dans les tissus périphériques, y compris le foie, le rein, l'estomac, les
testicules, le cortex surrénal, le poumon, la glande surrénale, la rate et le pancréas, mais pas
dans le cceur, l'utérus, le canal déférent, le plexus choroide ou les ganglions dorsaux.

La localisation de 'ARNm du GalR3 dans des régions telles que le noyau caude,
I'nypothalamus, I'nypophyse, la moelle épiniere, le pancréas, le foie, le rein, I'estomac et la
glande surrénale suggére que GalR3 pourrait étre impliqué dans la modulation de I'émotion, la
régulation de l'alimentation, la libération d'hormones hypophysaires, la nociception et le

métabolisme.
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I1.2 LES AGONISTES ET ANTAGONISTES DE LA GALANINE

L'extremité N-terminale de la galanine est fortement conservée entre différentes
especes et les 15 premiers acides aminés sont suffisants pour la liaison de I’agoniste a son
récepteur dans le cerveau et dans la moelle épiniére chez le rat (Fisone et al., 1989; Xu et al.,
1990). Le clonage moléculaire de sous-types de récepteurs a la galanine a permis de concevoir
et de cribler de nombreux agonistes et antagonistes spécifiques de chaque sous-type afin
d'étudier les bases moléculaire des actions de la galanine et de développer des composés
thérapeutiques potentiels. Dans le tableau 4 sont présentées les caractéristiques générales des
principaux agonistes et antagonistes peptidiques de la galanine.

Les peptides de la galanine mentionnés dans le tableau 4 et les différents ligands
peptidiques chiméres décrits dans la littérature, agissent tous comme des agonistes complets
in vitro, specifiquement dans des lignées cellulaires. C'est seulement in vivo que ces peptides
agissent comme des antagonistes, bien que ce ne soit pas une observation générale faite dans
tous les laboratoires. Par exemple, le peptide chimeére, M35 (galanine (1-3) -bradykinine (2-9)
amide), est un ligand du récepteur a la galanine de haute affinité qui agit comme antagoniste
dans de nombreux modéles expérimentaux tels que le réflexe fléchisseur chez le rat (Xu et al.,
1997). Cependant, en I'absence de galanine endogene dans le modele de souris invalidées
pour la géne de la galanine, M35 a un effet agoniste, améliorant de maniére significative
I'excroissance des neurones des ganglions dorsaux adultes cultivés. Cependant, en présence de
galanine, son activité agonistique est masquée et elle agit comme antagoniste (Mahoney et al.,
2003). D’ailleurs Fang et ses collaborateurs ont montré que I’administration intracérébrale
chez le rat de I’agoniste M617 diminue considérablement [l'insulinemie & jeun et la
concentration de glucose, via I’activation du transporteur du glucose GLUT4 (Fang et al.,
2014).
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Le ligand

Spécificité de

o La séquence . L activité L’espéce
peptidique récepteur
Galanine humaine (1- | GWTLNSAGYLLGPHAV i Adoniste i
30) GNHRSFSDKNGLTS g
Galanine rat/souris GWTLNSAGYLLGPHAID . Agoniste .
(1-29) NHRSFSDKHGLT g
. GWTLNSAGYLLGPHAID :
Galanine porc (1-29) NHRSFHDKYGLA - Agoniste -
Ga'a”'&el 5;161)) (AR- WTLNSAGYLL GalR2/GalR3*? | Agoniste’ rat
C7 = galanin (1-13)- | GWTLNSAGYLLGPRPKP . Antagoniste? rat
spantide QQWFWLL g
M15 = galantide =
galanine (1-13)- GWTLNSAéBLY'\}I_LGPQQFF - Antagoniste* rat
substance P(5-11)
M32 = galanine (1-
13)-neuropeptide Y GWTLI\’iISS_(FBF:(QLFIQ_\((SPRHYI - Antagoniste® rat
(25-36) amide
M35 = galanine (1-
13)-bradykinine (2-9) GCWTLNSAGYLLGPPPGF - Antagoniste® rat
. SPFR
amide
M40 = galanine (1- .3
13)-Pro-Pro-(Ala- GWTLNSAG;(LLGPALAL i Antagg)nlste rat
Leu),Ala amide
M617 = galanine (1-
13)-Gl,14- GWTLNSAGYLLGPQPGF .. 80
bradykinine (2-9) SPFR GalR1>GalR2 Agoniste rat
amide
M871 = galanine (2-
13)-Glu-His- WTLNSAGYLLGPEHPPP 10,11 P
(Pro)s(Ala-Leu),Ala ALALA GalR2 Antagoniste rat
amide
RGRGNWLNSAGYLLGP 12 T .
M1160 VLPPPALALA GalR2 Agoniste souris
18 RGRGNWTLNSAGYLLG | GalR2>GalR3>G Agoniste® souris
PKKK(eNH_C(O)stearic cia)" alR1
Gal-B2 (NAX 5055) | CANWTLNSAGYLLGPKK | o 1p1.GaIR2® | Agoniste | souris
KpalmitoylK
N-
[N-Me, dé‘;saﬂea" ve(Sa)WTLNSAGYLLGP | GalR2>GalR1™® | Agoniste®® | souris
KKKpalmitoyIK
Gal-S2 (Sar)WTLN}if(\)CzYLLGPXK B Agoniste™ souris
APAHRGRGGWTLNSAG
. YLLGPVLHLP
GALP hgg)‘a'”e (I~ | OMGDODGKRETALEILD 7 Agoniste™® souris
LWKAIDGL
PYSHPPQPS
GALP humaine (3- | AHRGRGGWTLNSAGYL 1743 Agoniste® souris
32) LGPVLHLPQMGDQ g

Tableau 4. Les ligands peptidiques de la Galanine.
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"Liu etal. (2001), 2Lu et al. (2005), *Crawley et al. (1993), *Bartfai et al. (1991), *Xu et al. (1995), *Wiesenfeld-
Hallin et al. (1992), ‘Leibowitz and Kim (1992), ®Lundstrom et al. (2005), *Jimenez-Andrade et al. (2006),
%Sollenberg et al. (2006), 'Sollenberg et al. (2010), **Saar et al. (2013), **Non testé pour GalR3; X = (S)-2-4-
pentenyl)alanine, **Bulaj et al. (2008), **Robertson et al. (2010), **Green et al. (2013), *'Lang et al. (2005),

8Schmidhuber et al. (2007).

Des etudes ont été réalisées pour délimiter les fonctions des sous-types individuels des

récepteurs a la galanine en utilisant des ligands non peptidiques (Tableau 5).

Le ligand Spécificité
. %di e Structure Ligné cellulaire du L activité
pepticiq récepteur
SPIROCOUMA Human Bowes GalR1, .
RONE SCh202596 melanoma cells GalR3? antagoniste
Human Bowes
(2,3-dihydro-2- melanoma cells?,
RWJ-57408 (4methylphenyl)-1,4- Neurones - antagoniste
dithiepine 1,1,4,4-tetroxide) myentériques de rat
cultivés’
[7-((9-fluorenyl- Human Bowes
GALNON methoxycarbonyl)(_:ycIohexyl melanorrja ce_:lls, 6 agoniste”
alanylysyl)amino-4- Cellules d'ovaire de
methylcoumarin] hamster®
GALMIC Souris, rat Galr1%8? agoniste
1-Phenyl-3-[[3
SNAP37889 (trifluoromethyl)phenyl]imin Souris, rat, porc Galr3Y antagoniste’®
0]-1H-indol-
2-0ne
1-[3-(2-(Pyrrolidin-1-
SNAP398299 yl)ethoxy)phenyl]-3-(3- Rat GalR3™ | antagoniste™
trifluoromethyl)
phenylimino)indolin-2-one
(9H-Fluoren-9-yl)methyl((S)-
1(((S)-
6(tertbutoxycarbonyl)amino-
CYM2503 1-((4-methyl-2-oxo-1,2- Souris, rat Galr2t1? agoniste™*?

dihydroquinolin-7-yl)amino)-
1-oxohexan-2-yl)amino))-3-
cyclohexyl-1-oxopropan-2-yl)
carbamate

Tableau 5. Les ligands non-peptidiques de la Galanine.

Chu et al. (1997), ?Lang et al. (2001), 3Scott et al. (2000), “Anselmi et al. (2009), °Bartfai et al. (2009),
®Interactions avec des autres recepteurs, ‘Saar et al. (2002), ®Bartfai et al. (2004), °Non testé sur GalR3,
Swanson et al. (2005), 'Lu et al. (2010), **Modulateur allostérique positif de la galanine endogéne.
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Le développement de souris KO pour la Galanine et pour ses récepteurs a permis

d’identifier les phénotypes spécifiques liés a cette inactivation génique (tableau 6).

Knockout

Le phenotype

Galanine

Réduit I’allodynie mécanique apreés une blessure nerveuse (Kerr et al.,
2000; Holmes et al., 2003).

Augmentation de I’apoptose dans le DRG au jour 3-4 postnatal avec
réduction du nombre de petits neurones peptidergiques. Diminution de la
régénération in vivo et in vitro (Holmes et al., 2000; Sachs et al., 2007)
Perte d’un tiers des neurones cholinergiques dans le cerveau antérieur
basal (O’Meara et al., 2000).

Perte de la mémoire spatiale chez les souris agées (O’Meara et al., 2000;
Massey et al., 2003).

Augmentation de la mort des cellules de I’hippocampe in vivo et in vitro
(Elliot-Hunt et al., 2004, 2011).

Augmentation des crises épileptiques induites (Mazarati et al., 2000).
Augmentation de la sécrétion des glandes sudoripares suite a la stimulation
thermique (Vilches et al., 2012).

Diminution de I’orexine et de la mélanine dans I’hypothalamus (Karatyev
et al., 2010).

GalR1

Sensibilité accrue a la chaleur et intacte au froid. Augmentation de la durée
de I’analgésie pour une douleur neurogene (Blakeman et al., 2003).
Augmentation du comportement lors du sevrage aux opiacés (Holmes et
al. 2012).

Apparition de crises d’épilepsie spontanées et taux plasmatiques réduits
d’IGF-1. (Jacoby et al., 2002).

Intolérance légére au glucose aprés I’alimentation et perte de I’élimination
du glucose. Augmentation de I’apport alimentaire pendant un régime riche
en matieres grasses (Zorrilla et al., 2007).

Augmentation de la mort des cellules de I’hippocampe in vivo aprés
traitement au glutamate (Elliot-Hunt et al., 2011).

Niveaux réduits d’ERK et AKT apreés injection de glutamate in vivo
(Elliot-Hunt et al., 2007).

GalR2

Phénotype dépressif persistant (Lu et al., 2008).
Augmentation du comportement anxieux (Bailey et al., 2007).

GalR3

Phénotype d’anxiété mais pas de comportement de type dépressif (Brunner
etal., 2014).

Tableau 6. Le phenotype des souris KO pour la Galanine et pour ses récepteurs.
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11.3 LA GALANINE ET LE SYSTEME NERVEUX

La galanine régule de nombreuses fonctions physiologiques dans le systéme nerveux
de mammifere adulte, y compris la régulation de I'excitation et du sommeil (Sherin et al.,
1998; Steininger et al., 2001), I'noméostasie énergétique et osmotique (Gundlach, 2002;
Lawrence and Fraley, 2011), la reproduction (Richter, 1999; Gundlach, 2002), la nociception
(Liu and Hokfelt, 2002) et la cognition (McDONALD et al., 1998; Wrenn and Crawley, 2001,
Barreda-Gémez et al., 2015). En utilisant une combinaison d’agonistes et d’antagonistes
sélectifs sur des modeéles de souris transgéniques (WYNICK et al., 1998; Elliott-Hunt et al.,
2007; Kerr et al., 2015; Lang et al., 2015) il a montré que le recepteur GalR2 etais impliqué
dans la transmission de I’influx nerveux dans la moelle épiniere (Liu and Hokfelt, 2002) et
dans I’hippocampe (Mazarati, 2004). En effet, GalR2 module la croissance des neurites dans
le ganglion de la racine dorsale (Mahoney et al., 2003) et de I’hippocampe (Elliott-Hunt et al.,
2004, 2007), et contr6le la survie neuronale et la neurogenese dans I'hippocampe suite a une
Iésion (Elliott-Hunt et al., 2004; Mazarati, 2004; Pirondi et al., 2005).

Des recherches approfondies ont été faites pour examiner la fonction du systeme
galaninénergique dans le traitement de la douleur dans le systéme nerveux intact et dans des
modeles de neuropathie et de douleur inflammatoire afin de definir son implication dans la
régénération axonale et la neurite prolifération des neurones sensoriels. Une récente étude
d'hybridation in situ chez des rats naifs a montré la présence de neurones positifs pour
I'ARNmM de GalR1 dans la lame I-I11 ainsi que dans des couches plus profondes, y compris la
corne ventrale, la zone X et le noyau latéral de la colonne vertébrale (Xu et al., 1998).

Différents travaux montrent que la galanine montre a la fois un effet analgésique et
hyperalgésique. L'action relative ou anti-nociceptive de la galanine semble dépendre de I'état
aigu ou chronique du stimulus nociceptif, de sa nature (thermique, mécanique ou chimique) et
de la concentration de galanine disponible pour agir sur les nerfs afférents nociceptifs (Kerr et
al., 2000; Liu and Hokfelt, 2000; Liu et al., 2001; Flatters, Fox and Dickenson, 2003). Des
études électrophysiologiques révelent que la galanine réduit I'nyperexcitabilité de la colonne
vertébrale et que les antagonistes des récepteurs a la galanine induisent une allodynie chez les
rats naifs. Le r6le de la galanine dans le nociception aigu a été évalué chez des souris
transgéniques. Les souris adulte galanine-KO ont une plus grande sensibilité aux douleurs
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mécaniques et thermiques aigués, tandis que les souris qui surexpriment la galanine ont une
réponse réduite a la chaleur nociceptive aigué (Lang et al., 2015).

Dans les affections chroniques de la douleur telles que la douleur neuropathique,
I'expression de la galanine est nettement augmentée dans les voies nociceptives dans le
ganglion de la racine dorsale et la moelle épiniére. L'effet analgésique de la galanine dépend
de sa concentration. De fortes doses de galanine exogeéne atténuent les comportements
neuropathiques suite a une lésion du nerf périphérique (Hao, 1999; Liu et al., 2001), tandis
que de faibles doses d'agonistes des récepteurs GalR1/GalR2 (AR-M1896 ou AR-M961)
administrées par perfusion intrathécale augmentent la sensibilité a la douleur thermique et
mécanique (Liu et al., 2001; Flatters, Fox and Dickenson, 2002). La sensibilité & la douleur
est également augmentée lorsque la galanine est administrée de maniere chronique par
infusion intrathécale (Kerr et al., 2000).

Il a été démontré que la galanine agit comme un facteur de survie et de croissance
pour différents types de neurones périphériques et du systeme nerveux central, y compris les
neurones sensoriels du ganglion de la racine dorsale (Mahoney et al., 2003; Lang et al.,
2015), les neurones cholinergiques du cerveau antérieur basal (O’Meara et al., 2000) et les
neurones de I’hippocampe (Elliott-Hunt et al., 2004, 2007). Ces effets ont été observés a la
fois dans des modeles in vitro et in vivo et sont censés se produire dans les systemes nerveux
adultes et en développement. La galanine est également impliquée dans le contrdle de la
neurogénese (la prolifération, la différenciation et/ou la migration des cellules souches
neurales) dans le cerveau sain et blessé (Shen, Larm and Gundlach, 2003; Elliott-Hunt et al.,
2004; Mazarati, 2004).
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I1.4 LA GALANINE ET LE SYSTEME NEUROENDOCRINE ET ENDOCRINE

La galanine exerce également son action dans le cerveau et les tissus périphériques
impliqués dans les circuits complexes contrélant le métabolisme, I'appétit et I'obésité (Lang et
al., 2015).

Une augmentation aigué de la concentration en galanine dans le systéme nerveux
central peut augmenter I'apport alimentaire et la consommation de matiéres grasses chez les
mammiferes (Adams et al., 2008). En effet, I’injection de la galanine dans le systéme nerveux
central, particulierement dans le noyau paraventriculaire de I’hypothalamus, stimule I’apport
alimentaire chez les rats (Gundlach, 2002).

Contrairement a l'administration aigué de  galanine, une augmentation du
tauxdegalanine dans le SNC pour un temps relativement long peut entrainer une hyperphagie
et un gain de poids. En outre, I'administration chronique de la galanine par des pompes mini-
osmotiques dans le ventricule latéral des souris knock-out pour la Galanine a inversé
partiellement le phénotype d'évitement des graisses (Adams et al., 2008). Ces résultats
suggerent que la production de la galanine hypothalamique favorise la suralimentation et le
gain de poids lorsque les aliments, en particulier les graisses alimentaires, sont abondants.
Les données de la littérature montrent que I’augmentation de la consommation alimentaire
induite par la galanine au niveau du SNC est médiée par le récepteur GalR1 (Zorrilla et al.,
2007; Zhang et al., 2016).

A l'exception de I’augmentation de I'apport alimentaire par la stimulation du SNC par
la galanine, la galanine circulante peut moduler I'appétit et le contréle du poids chez les
animaux. L'injection intraveineuse de galanine diminue la synthése de la leptine et la secrétion
dans le tissu adipeux viscéral des rats, qui est impliqué dans la régulation de I'alimentation et
I'équilibre énergétique des animaux (Jureus et al., 2000). Afin d’étudier les effets
périphériques de la galanine des souris transgéniques homozygotes males galanine (Gal-Tg)
ont été utilisées. Dans ce modeéle, I’augmentation de la galanine circulante contribue au
développement de I'obésité et du métabolisme lipidique, entrainant une augmentation du poids
corporel, de l'adiposité viscérale, du cholestérol sérique total et des triglycérides sériques
totaux, mais sans incidence sur l'apport alimentaire par rapport au groupe control (Poritsanos
et al., 2009). Il semble exister une association de plusieurs voies de signalisation médiées par

la galanine dans I'activation de l'adipogénése a la suppression concomitante de la
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thermogenese dans les tissus adipeux dans un modeéle de souris soumise a un régime a haute
teneur en graisse (Kim and Park, 2010).

L’augmentation chronique du taux de galanine dans le sang induit I’installation de
I’obésité et modifie le métabolisme lipidique (Poritsanos et al., 2009) et peut donc contribuer
au développement de troubles métaboliques conduisant au diabete de type 2. Legakis et Fang,
ont montré que le niveau plasmatique de galanine est augmenté significativement chez les
patients atteint de diabétes de type 2 et chez les femmes atteintes de diabéte gestationnel
(Fang et al., 2013). En outre, la Galanine a récemment été proposée comme biomarqueur
potentiel pour la prédiction du diabete gestationnel (Zhang et al., 2014).

Diverses études demontrent I’existence d'une relation en tre les tauxde galanine et de
glucose. Les études fonctionnelles ont montré que la perfusion intraveineuse de galanine
provoque une hyperglycémie légére mais statistiquement significative chez le chien. Celle-ci
produit une diminution transitoire du niveau basal d'insuline et des réponses a l'insuline apres
stimulation par au glucose ou a I’arginine chez le chien (McDonald et al., 1985; McDONALD
et al., 1986). Une corrélation positive entre les taux de la galanine et les taux de glucose dans
le sang a été observée chez les enfants atteints de diabete de type 1 (Celi et al., 2005), chez
des patients atteint de diabétes de type 2 (Legakis, Mantzouridis and Mountokalakis, 2005) et
chez des femmes atteintes de diabéte gestationnel (Fang et al., 2013; Nergiz et al., 2014;
Zhang et al., 2014). Chez les patients atteints de diabéte de type 1 ou de type 2, les taux
plasmatiques de galanine ont également été corrélés positivement avec I'hémoglobine
glyquée, qui est fréguemment utilisée comme marqueur pour guider le traitement dudiabete
(Celi et al., 2005). Plusieurs études indiquent que la galanine pourrait réguler la libération
d'insuline. En effet, I'administration de galanine diminue les taux plasmatiques d'insuline dans
diverses espéces, y compris les rats et les porcs (McDonald et al., 1985; Lindskog et al., 1990;
Manabe et al., 2003). Cependant, des résultats contradictoires ont été rapportés chez I’homme,
et bien que des taux d'insuline diminués aient été détectés aprés une infusion de galanine dans
une étude (Bauer et al., 1989), d'autres études n'ont observé aucun effet de I'administration de
la galanine sur la sécrétion basale d'insuline plasmatique (Gilbey et al., 1989; Ahrén, 1990). Il
est propable que la galanine inhibe la libération d'insuline induite par le glucose par des
terminaux nerveux sympathiques qui innervent les Tlots pancréatiques (Kashimura et al.,
1994).
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La galanine inhibe directement la sécrétion d'insuline stimulée par le glucose a partir
de tissus pancréatiques isolés de plusieurs especes (Lindskog et al., 1990; Flynn and White,
2015). Les souris hyperinsulinémiques, génétiquement obéses, présentent une teneur réduite
en galanine pancréatique (Dunning and Ahrén, 1992). Fait intéressant, les rats diabétiques ont
également montré une réduction significative des cellules des Tlots pancréatiques exprimant la
galanine (Adeghate and Ponery, 2001). Les données de plusieurs études suggérent que la
galanine réduit la résistance a I'insuline en augmentant le transporteur de glucose GLUT4
présent dans les cellules du muscle squelettique et les adipocytes de rats diabétiques de type 2
et de rats sains. Enfin il a été montré que I'exercice diminué la résistance a l'insuline et les
niveaux élevés de galanine plasmatique chez les rats (Jiang et al., 2009; Guo et al., 2011; He
etal., 2011).

L'activation de la voie Akt2 est nécessaire pour promouvoir les effets de la galanine
sur la translocation de GLUT4 a la membrane plasmique et I'absorption ultérieure de glucose
dans les adipocytes d'animaux diabétiques. En outre, I'injection de galanine augmente la
phosphorylation d'Akt2 et d’AS160 stimulée par I'insuline, mais réduit la phosphorylation de
FoxO1 et GSK-3p concomitante avec une augmentation de I'absorption de glucose dans les
adipocytes (Zhu et al., 2017).
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11.5 LA GALANINE DANS LE CANCER, L’ INFLAMMATION ET DANS LA PEAU

L'expression du neuropeptide Galanine a été détectée dans une variété de tumeurs et
les niveaux d'expression se sont révélés en corrélation avec le niveau de différenciation ou
I'agressivité tumorale (Rauch and Kofler, 2010).

La premiére description de récepteurs ala galanine a été faite dans une tumeur de
cellules pancreatiques de hamster et dans une lignée cellulaire d'insulinome de rat (Lagny-
Pourmir et al., no date; Amiranoff et al., 1987). Chez I'nomme, les récepteurs a la galanine
ont été décrit pour la premiére fois dans les tumeurs hypophysaires (Hulting et al., 1993) et
ont ensuite été identifiées dans le phéochromocytome (Berger et al., 2005), le neuroblastome
(Tuechler et al., 1998), le gliome (Berger et al., 2003), le carcinome de la prostate (Berger et
al., 2005), le carcinome du colon (Stevenson et al., 2012; Nagayoshi et al., 2014) et le
carcinome épidermoide de la téte et du cou (HNSCC) (Misawa et al., 2008).

Les études in vivo d'lishi et al. ont révélé que I'administration prolongée de la galanine
diminue considérablement l'incidence des cancers gastriques chez les rats Wistar, suggérant
pour la galanine un réle inhibiteur de la carcinogenése gastrique qui pourait étre lié a la
suppression de la prolifération des cellules épithéliales antrales. Cependant, ces effets médiés
par la galanine semblent étre spécifiques de la tumeur et du type cellulaire cellule, car le
galanine est également considéré comme un agent mitogéne dans le cancer du poumon a
petites cellules (Sethi and Rozengurt, 1991). Dans des expériences de culture cellulaire sur
des lignées de cellules tumorales, la galanine a montré des effets favorisant ou inhibant la
croissance. L'activation de GalR1 est généralement anti-proliférative, alors que I'activation de
GalR2 peut avoir des effets pro-ou anti-prolifératifs.

En 1994, GalR1 a été cloné a partir de la lignée cellulaire humaine de mélanome de
Bowes (E Habert-Ortoli et al., 1994) et est le récepteur de la galanine le plus clairement
exprimé dans le méningiome humain, le glioblastome (Berger et al., 2003) et le
neuroblastome (Berger et al., 2002). De plus, I'expression élevée de GalR1 est associée a une
malignité accrue (Perel et al., 2002b). Une augmentation de l'expression de GalR1l a
également été observée dans les adénomes hypophysaires humains par rapport aux niveaux
dans les hypophyses humaines normales (Tofighi et al., 2012), ce qui suggere des propriétés
favorisant le cancer pour GalR1, au moins dans ces tumeurs. En outre, I'activation de GalR1

induit l'arrét du cyle cellulaire et supprime la prolifération des lignées cellulaires HNSCC
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(Henson et al., 2005; Kanazawa et al., 2007; Misawa et al., 2008). Les effets antiprolifératifs
via la signalisation GalR1 ont également été observés dans des cellules de neuroblastome
humain SH-SY5Y transfectées avec GalR1 (Berger et al., 2004).

En revanche, la présence de GalR2 est moins fréquente dans le gliome humain (Berger
et al., 2003), le neuroblastome (Tuechler et al., 1998) et les adénomes hypophysaires humains
(Tofighi et al., 2012). Dans une étude récente, dans les cellules de neuroblastome humain SH-
SY5Y transfectées avec GalR2, I'activation du récepteur sur le traitement par la galanine
inhibe complétement la prolifération cellulaire et I'apoptose (Berger et al., 2004). Les
récepteurs a la galanine présentent des propriétées de signalisation mitogenes par exemple via
la voie de MAP kinases, ce qui joue un réle important dans la prolifération cellulaire (Seger
and Krebs, 1995; Hammond et al., 1996; Seufferlein and Rozengurt, 1996; Wittau et al.,
2000). L'expression ectopique de GalR2 inhibe la prolifération cellulaire et induit une
apoptose dans des cellules HNSCC mutée pour p53 suggérant que GalR2 peut étre une cible
possible pour le traitement par HNSCC (Kanazawa et al., 2009). Banerjee et al., ont démontré
que GalR2 stimule I’angiogenése tumorale et induit les voies de signalisation ERK et PI3K /
AKT via rapl pour favoriser la croissance et la survie dans les cellules HNSCC et la
progression tumorale in vivo (Banerjee et al., 2011).

L’activité biologique de récepteur GalR3 est le moins étudiée. L’expression du
récepteur GalR3 a été démontrée dans la lignée cellulaire humaine de HNSCC (Henson et al.,
2005), dans les cellules de mélanomes humaines de Bowes (Lang et al., 2001), dans le
scellules phéochromocytomes PC12 de rat et dans les lignées cellulaires de neuroblastome de
rat B104 (Cheng and Yuan, 2007). Dans les tumeurs I’expression du récepteur GalR3 a été
détectée dans le neuroblastome (Berger et al., 2002; Perel et al., 2002a) et dans le gliome
(Berger et al., 2003). Une augmentation d’expression du récepteur GalR3 a été trouvéedans
les lignées humaine tumorales HNSCC par rapport au tissue sain (Sugimoto et al., 2009).
Enfin, une étude de Tofighi et ses collaborateurs montre une expression augmentée du
récepteur GalR3 dans les adénomes d’hypophyse humaine, mais qui n’est pas retrouvée dans
I’hypophyse post-mortem (Tofighi et al., 2012). Ces données suggérent le rle potentiel de
GalR3 dans la biologie du cancer, mais des investigations supplémentaires sont nécessaires
afin de décortiquer le mécanisme.

Par des méthodes d’immunohystochimie et hybridisation in situ une augmentation de

la synthése de la Galanine a été démontrée dans I’inflammation de la peau, tant dans les
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macrophages que dans I’épithélium, mais absente dans I’épithélium normal (Ji et al., 1995). Il
est intéressant de noter que les souris adultes portant une mutation de perte de fonction dans le
géne de la galanine (souris knock-out galanine) montrent des réponses inflammatoires
neurogéniques anormales au niveau de la peau, probablement dues a des déficits
neurologiques lors du développement (Schmidhuber et al., 2008). La galanine semble agir
comme un régulateur de la production de cytokines proinflammatoires, puisque
I'administration de galanineprovoque une augmentation de la production de TNF-a, IL-1-a et
IL-8 dans les kératinocytes humains, méme sans stimulation inflammatoire antérieure (Dallos
et al., 2006). De méme, l'injection intracérébroventriculaire de la galanine dans des rats
Sprague Dawley a stimule la production d'lL-1a et d'IL-1b dans les macrophages et/ou la
microglie dans certaines zones du cerveau (Man and Lawrence, 2008).

En outre, les souris knock-out galanine présentent une pancréatite aigué induite par la
céruléine moins sévere par rapport aux souris sauvage, qui est exacerbée par I'administration
de galanine (Bhandari et al., 2011). Bien que les trois récepteurs de la galanine soient
exprimés dans le pancréas de souris, une étude récente suggeére un rdle majeur pour GALR3
dans la mediation des effets de la galanine dans la pancréatite aigué. en effet, I'antagoniste
spécifique de GalR3, SNAP-37889, réduit I'activité de la myéloperoxydase pancréatique, les
dommages aux acinis pancréatiques et I'nyperamylasémie dans la pancréatite aigué induite par
la céruléine chez la souris (Barreto et al., 2011).

Similaire aux vaisseaux cutanés, ou la galanine a une activité vasoconstrictrice
(Schmidhuber et al., 2007), celle-ciréduit le flux sanguin a travers le pancréas, ce qui est un
facteur contribuant a la nécrose pancreatique dans la pancreatite aigué (Brooke-Smith et al.,
2008). Par contre, dans un modele de rat de colite aigué expérimental induite par le 2,4,6-
Trinitrobenzenesulfonic acid (TNBS), I'administration de galanine réduit considérablement
les dommages macroscopiques a la muqueuse colique et I’activité de la myéloperoxydase
(MPO) (Talero et al., 2006). Les effets anti-inflammatoires de la galanine ont également été
observés dans la colite chronique induite par le TNBS (Talero et al., 2007). Cependant, la
réduction de I'accumulation de neutrophiles, reflétée par une activité MPO réduite chez les
souris KO galanine ne se limite pas exclusivement a la pancréatite aigué et semble étre un
phénoméne plus général de l'inflammation, car elle a également été observée avec des
réponses inflammatoires de la peau (Schmidhuber et al., 2008). Le traitement par la galanine

entraine également une réduction significative de la diarrhée chez les rats atteints de colite
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aigué induite par le TNBS (Talero et al., 2006). Ces derniers résultats sonten désaccord avec
I’étude du Benya et al., dans lequel I'administration de la galanine conduit a une sécrétion de
fluide accrue dans la colite induite par le dextran sulfate de sodium chez les souris (Benya et
al., 2000).

En conclusion, la galanine et ses récepteurs sont des cibles thérapeutiques potentielles
pour le traitement de la pancréatite aigué et d'autres troubles inflammatoires si les actions
pléiotropes de la galanine a différents niveaux de l'inflammation peuvent étre prises en

compte et exploitées avec succes.
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11.6 LA GALANINE ET LE SYSTEME CARDIOVASCULAIRE

Apres plus d’une trentaine années d’études, il ne fait aucun doute que la galanine est
impliquée dans la modulation de I’activité cardiaque par le systéme nerveux central. En effet,
une injection intracisternale de galanine induit une faible hypotension associée a une légére
tachycardie, qu’il est possible de bloquer par I'antagoniste de la galanine M40 chez le rat
(Diaz-Cabiale et al., 2005). Une étude récente a démontré que la galanine exogene appliquée
a la médulla ventrolatérale rostrale réduit I'activité cardiovasculaire sympathique, produisant
un effet hypotenseur (Abbott and Pilowsky, 2009). Chez les souris anesthésiées, la galanine
administrée par voie intraveineuse atténue la capacité du nerf vague a ralentir le coeur en
fonction de la dose utilisée. L'effet inhibiteur de la galanine n'est pas été modifié dans des
souris galanine KO mais est absent chez les souris GalR1 KO (Smith-White, lismaa and
Potter, 2003), suggérant I’activation du récepteur GalR1 par la galanine.

L’injection périphéerique de la galanine inhibe la libération d'acétylcholine a partir des
neurones parasympathiques cardiaques dans une grande variété d'espéces (Parsons et al.,
1989; Revington, Potter and McCloskey, 1990; Ulman et al., 1993; Mahns and Courtice,
1996; Smith-White, lismaa and Potter, 2003) et est suivi par une augmentation de la
fréguence cardiaque et une diminution de l'intervalle de temps lors de la prise du pouls.

Selon une étude récente, les taux plasmatiques de galanine sont significativement
diminués chez les patients obeses atteints d'hypertension par rapport au groupe témoin obese,
tandis que les taux degalanine sont significativement augmentés dans les témoins obéses par
rapport aux témoins maigres. Dans les deux groupes d'obésité, les taux de galanine sont
corrélés de fagcon négative a la pression artérielle diastolique et sont corrélés de facon positive
aux niveaux d'insuline et de triglycérides, mais pas a la fréguence cardiaque (Fang et al.,
2017). De plus, chez les rats hypertendus induits par la coarctation de I’aorte, les niveaux
d'expression de 'ARNmM de la galanine sont diminués dans le noyau du tractus solitaire et le
noyau paraventriculaire hypothalamique (Coelho et al., 2004). Enfin, il existe des
dimérisations entre les récepteurs a la galanine et les récepteur a I’alpha-2 noradrénergique, a
la sérotonine de type 1A (5-HT1A), au neuropéptide Y (NPY) et a l'angiotensine 1 (AT1)
dans les zones centrales de contréle cardiovasculaire (Diaz-Cabiale et al., 2000, 2005, 2010).

De plus, la galanine joue un réle important dans I’homéostasie du métabolisme du

glucose. En effet, la galanine endogene agit comme un régulateur métabolique via ses
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récepteurs au niveau du SNC et présente un effet bénéfique sur I'expression de GLUT4 dans
le muscle cardiaque chez les rats diabétiques type 2 (Fang et al., 2014).

La combinaison des dommages aux axones et de la production de cytokines
inflammatoires suite a une ischémie-reperfusion pourrait modifier la production de
neuropeptides dans les neurones sympathiques innervant le cceur. La galanine peut jouer un
r6le important dans le remodelage cardiaque et neuronal ainsi que dans la régénération apres
ischémie-reperfusion (Habecker et al., 2005). D’ailleurs, une Iésion ischémique myocardique
peut réguler l'expression de la galanine et accélérer le transporteur de glucose 1 et la
translocation GLUT4 sur le sarcolemme, entrainant une augmentation de I'absorption du
glucose et de la glycolyse pendant l'ischémie (Jiang et al., 2009; He et al., 2011). De plus, la
galanine protége le muscle cardiaque contre les perturbations contractiles induites par
I'nypoxie (KOCIC, 1998). Habecker et ses collegués ont montré une augmentation du taux de
galanine dans le ventricule gauche en dessous de la ligature de l'artére coronaire du ceeur,
mais qui n’est pa retrouvée de maniere significative dans les oreillettes ou la base du cceur au-
dessus de la ligature (Habecker et al., 2005). L'accumulation de la galanine spécifiquement
dans le VG endommagé est compatible avec les rapports précédents selon lesquels la galanine
est transporté a la régénération des terminaisons nerveuses apres les dommages aux axones
(Shadiack and Zigmond, 1998).
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IV. OBJECTIFS

L’objectif de ma these a été de déterminer le réle de la Galanine dans les processus du
remodelage cardiaque par des approches in vitro, in vivo et ex vivo. Une premiére partie de
mon étude concerne la description de I’effet de la galanine sur le remodelage cellulaire et
tissulaire du myocarde dans une phase précoce (modéle d’ischemie reperfusion cardiaque).

Dans une seconde partie, je me suis intéressé a I’étude du rble du systéme
galaninergique dans la phase tardive du remodelage cardiaque (modéle de la constriction
aortique transverse -TAC) par des approches in vitro et in vivo.

Les résultats obtenu seront décrites dans le chapitre «Résultats» de cette thése.
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V. RESULTATS

Article 1: Myocardial protection from ischemia/reperfusion injury by exogenous galanin
fragment

AVANT PROPOS

Nos travaux ont permis de mettre en évidence une activité cardioprotectrice de la
Galanine. De plus, nous avons démontré que le récepteur GalR2 est majoritairement exprimé
dans les cardiomyoblastes et le tissu cardiaque. Récemment il a été démontré que le fragment
Gal2-11 (G1) posseéde une spécificité pour le récepteur GalR2 (ref), donc, nous avons décidé
d’étudier I’effet de G1 dans le remodelage cellulaire et tissulaire du myocarde. Pour cela nous
avons choisi des approches in vitro (lignées cellulaires H9C2), ex vivo (cceur isolé de rat) et in
vivo (I/R cardiaque). Ces études ont été réalisées en collaboration avec I’équipe de Dr.
Pisarenko Oleg (I’Institut de Cardiologie de Moscou, Russie), qui ont synthétisé le fragment
et réalisé les experiences in vivo et ex-vivo.

Nos résultats ont permis de montrer que le peptide G1 joue in réle important dans le
rétablissement du statut cardio-métabolique en réponse a I’hypoxie et a I’ischémie /
réperfusion myocardique. La réalisation de cette étude a mis en évidence que la préservation
du métabolisme énergétique du myocarde par G1 est associée avec la prévention des lésions
myocardiques et une amélioration de la fonction cardiaque.

Ces résultats ont été publiés dans le journal Oncotarget (2017).
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ABSTRACT

Background and purpose: Galanin is a multifunctional neuropeptide with
pleiotropic roles. The present study was designed to evaluate the potential effects
of galanin (2-11) (G1) on functional and metabolic abnormalities in response to
myocardial ischemia-reperfusion (1/R) injury.

Experimental approach: Peptide Gl was synthesized by the
9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase method. The chemical
structure was identified by *H-NMR spectroscopy and mass spectrometry. Experiments
were conducted using a rat model of I/R injury in vivo, isolated perfused rat hearts ex
vivo and cultured rat cardiomyoblast H9C2 cells in vitro. Cardiac function, infarct size,
myocardial energy metabolism, hemodynamic parameters, plasma levels of creatine
kinase-MB (CK-MB) and lactate dehydrogenase (LDH) were measured in order to
evaluate the effects of G1 on myocardial I/R injury.

Key results: Treatment with G1 increased cell viability in a dose-dependent
manner, inhibited cell apoptosis and excessive mitochondrial reactive oxygen species
(ROS) production in response to oxidative stress in H9C2 cells. Pre- or postischemic
infusion of G1 enhanced functional and metabolic recovery during reperfusion of
the ischemic isolated rat heart. Administration of G1 at the onset of reperfusion
significantly reduced infarct size and plasma levels of CK-MB and LDH in rats subjected
to myocardial I/R injury.

Conclusions and implications: These data provide the first evidence for
cardioprotective activity of galanin G1 against myocardial I/R injury. Therefore,
peptide G1 may represent a promising treatment strategy for ischemic heart disease.

administration of galanin stimulates feeding behavior and
energy balance that impact body weight regulation [1].
Galanin is involved in central cardiovascular regulation,
which affects the blood pressure and the heart rate [2].

INTRODUCTION

Galanin is a highly conserved 29-(30 in human)
amino acid neuropeptide with multiple biological functions.

Galanin modulates the release and secretion of many
neurotransmitters and hormones in the central nervous
system and periphery, such as acetylcholine, gastrin,
insulin, dopamine, somatotropin and prolactin. Central

Administration of galanin into the rostral ventrolateral
medulla produces a weak hypotension and tachycardia
effect by reducing the sympathetic vasomotor tone in rats
[3], which may be blocked by the intracerebroventricular
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injection of galanin antagonist M40 [4]. Recent studies
suggest that galanin and its fragment play a major role
in the regulation of metabolic homeostasis in cardiac
muscle and galanin is an important hormone relative
to diabetic heart [4]. The endogenous galanin, acting
through its central receptor, has an important attribute
to glucose transporter 4 (GLUT4) regulation, leading
to enhanced insulin sensitivity and glucose uptake in
cardiac muscle of type 2 diabetic rats [5]. In response to
ischemia-reperfusion, galanin may stimulate sensory nerve
regeneration and promote the regrowth of cardiac sensory
nerves [6, 7]. Furthermore, galanin protects the heart
muscle against hypoxia-induced contractile disturbances
to improve inotropic action [8]. Although galanin and its
fragments are involved in central cardiovascular regulation,
the therapeutic potential of galanin-receptor ligands for
coronary heart disease remains unexplored.

Galanin is involved in the regulation of
physiological processes in peripheral organ systems
via neuronal mechanisms and direct receptor mediated
cellular effects. Currently three types of galanin receptors
(GalR1, GalR2, and GalR3) have been identified by
molecular cloning and characterized pharmacologically
in various species [9]. They are members of the G-protein
coupled receptor superfamily, but have differences in
their functional coupling and signaling activities. All
subtypes of galanin receptors are distributed in the
hypothalamus, paraventricular nucleus, hippocampus,
amygdale, peripheral nervous system and other tissues,
including the heart [10]. The N-terminal end of galanin is
highly conserved between different species, and the first
15 amino acid residues were found to be responsible for
agonistic receptor binding [11]. The C-terminal region
(amino acid residue 17-29) varies in most species and has
a weak receptor affinity [11]. All three galanin receptor
subtypes couple to G, and inhibit adenylyl cyclase
causing a decrease of the activity of the CAMP response
element binding protein (0CREB). The activated pCREB
may inhibit the Rab GTPase-activating protein (AS160), a
substrate of Akt and GLUT4 translocation, thus promoting
insulin resistance [11, 12]. GalR2 receptor signals through
several classes of G-proteins and stimulates multiple
intracellular pathways. Signaling via G /11 activates
phospholipase C (PLC) and protein kinase C (PKC) [13].
Activation of PLC leads to an increase in the hydrolysis
of phosphatidylinositol (4,5) bis-phosphate (PI(4,5)P,) and
promotes Ca?" release from the endoplasmic reticulum
[14], suggesting that galanin signaling via GalR2 receptor
may modulate multiple cell death mechanisms in the
failing heart. In spite of a variety of potential galanin
receptor ligands developed to elucidate the specific
roles of galaninergic system, very few agonists have
high selectivity towards GalR2 receptor. One of them is
a short N-terminal galanin fragment (2-11, G1) with no
appreciable activation of GalR1 receptor [15]. The ability
of this peptide to act as a non-GalR1 receptor agonist has
provided evidence for the strong anti-kindling activities

of G1. In fact, the action of G1 could be identified as anti-
epileptogenic, as judged by the complete prevention of
both full motor seizures and of a post-kindling increase
of hippocampal excitability [16]. However, the peripheral
action of this peptide remains poorly understood. No data
regarding the role of G1 in cardiac cells and cardiovascular
diseases is available so far.

In the present study we have evaluated the effects
of G1 on myocardial I/R injury in various experimental
models including cardiomyoblasts, perfused isolated heart
and the heart in situ.

RESULTS

The effects of G1 on H9C2 cell survival in
response to stress

To determine whether G1 affects cell survival
in response to oxidative stress, we examined the dose-
dependent effects of the peptide on H,0,-induced loss of
cardiomyoblast viability measured by ATP concentration. As
shown in Figure 1, cell exposure to 400 uM H, 0, for 4 hours
led to a significant reduction of the cell viability compared
to control. Dose-response studies revealed that at the dose
of 50 and 250 nM G1 was able to prevent H,O,-induced
decrease of cell survival. Next, we examined by terminal
deoxynucleotidyltransferase dUTP nick end labeling
(TUNEL) assay whether G1 affects apoptotic cell death in
response to hypoxic stress. Because 50 nM of G1 produced
approximately a 20% increase in cardiomyoblast viability,
we used this concentration in subsequent experiments. As
shown in Figure 2, the exposure of H9C2 cells to hypoxia
caused a significant increase in the number of TUNEL-
positive cells as compared to normoxia. However, the
treatment of cells with 50 nM G1 significantly reduced
hypoxia-induced apoptosis (Figure 2A-2B).

The effects of G1 on hypoxia-induced
mitochondrial ROS production in H9C2 cells

The excessive generation of ROS and impaired
cellular metabolism are closely linked to cell death and
myocardial damage [17]. To determine whether G1
could affect ROS generation in response to hypoxia, we
examined the effects of G1 on mitochondrial superoxide
(O,) production using the MitoSOX Red fluorescent
probe. As shown in Figure 3A-3B, cell exposure to hypoxic
stress caused a significant increase in O, production as
compared to normoxia. Importantly, treatment of H9C2
cells with 50 nM G1 markedly prevented hypoxia-induced
O, formation (Figure 3A-3B).

The cardioprotective potential of exogenous G1
in isolated rat hearts after I/R injury

To study the functional role of galanin fragment
in the failing heart, we evaluated the effects of G1 on
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Figure 1: Dose-dependent effect of G1 on cell survival in response to oxidative stress. Treatment of cardiomyoblasts with G1 prevents
H,0,-induced decrease of cell viability in a dose-dependent manner. The HOC2 were pretreated with G1 (10, 50, 250 nM) for 20 min and then
exposed to 400uM H,0, for 4h. Values are the means = SEM for three experiments. ***P < 0.001, vs control; %P < 0.01, vs H,0, treatment.

Figure 2: Effect of G1 on hypoxia-induced cell apoptosis. A. Representative fluorescence images of HOC2 cells pretreated with
50 nM G1 for 20 min and then exposed to normoxia or hypoxia (1% O,) followed by reoxygenation. Apoptosis was measured by TUNEL
assay in H9C2 cells after 16h of hypoxia followed by 4h of reoxygenation. B. Quantitative analysis of TUNEL-positive cells in HIC2 cells.
Values are the means + SEM from three experiments. ***P < 0.001, vs normoxia; %P < 0.001, vs hypoxia.

Figure 3: Effect of G1 on hypoxia-induced mitochondrial O,- production. A. Representative fluorescence images of H9C2
cells pretreated with G1 peptide. Mitochondrial O,” formation was assessed by MitoSOX Red in H9C2 cells exposed to 16h hypoxia
followed by 4h of reoxygenation. B. Quantitative analysis of mitochondrial O, production in H9C2 cells exposed to normoxia or hypoxia-
reoxygenation. Values are the means + SEM from three experiments. ***P < 0.001 vs normoxia; 5P < 0.001 vs hypoxia.
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the recovery of perfused hearts subjected to I/R injury
(Figure 4A). Infusion of peptide G1 before global
ischemia or at onset of reperfusion enhanced recovery
of cardiac function during reperfusion compared with
control. A dose-dependent effect of G1 on recovery of
cardiac output (CO) by the end of reperfusion is shown
on Figure 4B. The significant increase in CO recovery
was observed after pre- or postischemic infusion of 80
uM G1 as compared with the control. The differences
in CO recovery between the experimental and control
groups became more pronounced with an increase in
G1 concentration in Krebs-Henseleit bicarbonate buffer
(KHB). The maximal response to G1 was observed at
the concentration of 240 uM; at a higher concentration
a dose-effect curve reached a plateau. Within the range
of 80 - 280 uM, CO recovery was more effective when
peptide infusion was performed after ischemia. A similar
dose-dependent effects were obtained for recovery of the
left ventricular (LV) developed pressure (LVDP) x heart
rate (HR) product (Figure 4C).

Cardiac function indices were compared at the end
of reperfusion for preischemic (G1-1) and postischemic
(G1-R) infusion of the optimal G1 concentration (240
uM) in Table 1. In addition to recovery of CO, recovery
of aortic output and stroke volume was also significantly
higher in the G1-R group compared to the G1-1 group. An
augmented restoration of the LVDPxHR product in
both G1 groups was due to better recovery of HR and
LVDP comparing with control. A significant increase in
LVDP was caused by a marked reduction of LV diastolic

pressure during reperfusion. Both G1 groups exhibited
an increase in coronary flow with concomitant reduction
in coronary resistance in comparison with control. Data
in Table 1 show that recovery of cardiac function was
more effective after G1 administration at the onset of
reperfusion.

Myocardial energy status is a critical aspect
of cardiac function. We next evaluated the effects of
exogenous G1 on the energy metabolism in isolated
hearts in response to I/R. The control group exhibited poor
recovery of energy metabolism at the end of reperfusion.
A dramatic decrease in myocardial ATP to 31% of the
initial content was accompanied by a reduction of adenine
nucleotide pool (XAN) and adenylate energy charge (AEC)
by 45 and 33%, respectively, as compared to steady state
values (Figure 5A-5B). Myocardial phosphocreatine (PCr)
recovery was about 52% of the initial value, total creatine
pool (2Cr) was significantly reduced by 15%, while
myocardial lactate content was almost 5 times higher than
steady state value (Figure 5C-5D). Pre- or postischemic
infusion of G1 significantly enhanced restoration of ATP,
>AN and increased AEC in reperfused hearts compared
with control. These effects were combined with a
significant increase in PCr recovery, better preservation
of ZCr and a substantial reduction in myocardial lactate
content. Recovery of metabolic state in the G1-R group
was more effective than in the G1-I group. G1 infusion
after ischemia improved preservation of ATP, AN and
PCr, and reduced lactate accumulation in myocardial
tissue at the end of reperfusion in comparison with effects

Figure 4: Dose-dependent effect of G1 infusion on functional recovery of isolated rat heart at the end of reperfusion. A.
Study design including three groups: 1 - Control; 2 - G1 infusion before ischemia; 3 - G1 infusion after ischemia; L - a 5-min Langendorff
perfusion at a flow rate of 4 ml/min before or after ischemia; N — a working perfusion according to a method of Neely. B. Effects of peptide
G1 on cardiac output (CO) recovery at the end of reperfusion. C. Effects of peptide G1 on the contractile function intensity index (left
ventricular developed pressure (LVDP) x heart rate (HR)) recovery at the end of reperfusion. The values are expressed as means + SEM

from 8 experiments.
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Table 1: Effect of infusion of 240 pM G1 before (G1-I) and after global ischemia (G1-R) on recovery of isolated rat
heats at the end of reperfusion

Steady state Control GI1-R G-I Vehicle
Coronary flow, ml/min 17+2 13+12 16 £ 1° 14+1 13+1¢2
Perfusion pressure, 62+4 58+ 1 60+ 1 59+ 1 58+ 1
mmHg
Coronary resistance, 3.62+0.03 4460070  395+010%  420+013°  445%013°
mmHg/ml
LV systolic pressure, 98+3 69 + 10 85 + 2 76+3 69 +2°
mmHg
LV diastolic pressure, 3+1 10+ 1 341 e 641 1041
mmHg
LV developed pressure, 101+ 1 59 + 20 82+3% 70+ 4% 59+3¢
mm Hg
Heart rate, beat/min 3012 238 £ 3¢ 272 £ 5 %¢ 254 +6® 23852
LVDP x HR, mmHg/min 30380 + 373 14186 £525° 22318 +1270°%°c 17812+ 1309% 14052 + 969 *
Aortic output, ml/min 26+3 0+1° 14 + 1 %c 7+1%® 01
Cardiac output, ml 43+2 13+1¢ 29 £ 23bc 21+2%® 13+1¢%
Stroke volume, pl 144 £ 1 54 + 42 106 + 6 %* 81+8%® 53+5%

The hearts were perfused as indicated in Materials and methods. Data are the mean + SEM for 10 experiments. @ p<0.05 vs.
steady state; p<0.05 vs. control and vehicle; ¢ p<0.05 vs. G1-I.

Figure 5: Effects of G1 infusion on metabolic state of isolated rat heart at the end of reperfusion. St. - steady state; Contr.
- control; G1-I - peptide infusion at the dose of 240 uM before ischemia; G1-R - peptide infusion at the dose of 240 uM after ischemia. A.
Pre- or postischemic infusion of G1 improved recovery of myocardial ATP and adenine nucleotide pool (XAN) = (ATP+ADP+AMP) and
B. adenylate energy charge (AEC) = (ATP+0.5ADP)/ZAN) at the end of reperfusion. C. Infusion of G1 increased recovery of myocardial
phosphocreatine (PCr), total creatine (XCr) = (PCr+Cr) and D. reduced myocardial lactate accumulation. Values are the means = SEM from
8 experiments.”P < 0.05 vs. steady state; *P < 0.05 vs control, *P < 0.05 vs G1-I.
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Table 2: Effects of G1 administration on systemic hemodynamic variables in anesthetized rats in vivo

LAD reperfusion

Group Steady state - -

1-2 min 60 min
SAP, mm Hg

Control 86+3 85+ 2 86 +3

G1-04 82+2 63+ 22° 814

G1-0.7 84+2 64 £22° 83+2

G1-1.3 89+3 69 £ 33° 8712

HR, beats /min

Control 334+ 5 331+4 332+4

G1-04 338+ 6 314 +732° 3377

G1-0.7 3295 306 + 6230 3305

G1-1.3 332+ 4 246 + 4 2bcd 327+6

G1 was administrated by i.v. bolus injection at the onset of reperfusion at doses of 0.4; 0.7 or 1.3 pmol/kg (groups G1-0.4,
G1-0.7 or G1-1.3, respectively). An equal volume of saline was injected in control. Values are expressed as mean + SEM
for 12 experiments. Significant difference (P<0.05) from: @ steady state; ® control; ¢ G1-0.4; ¢ G1-0.7.

Figure 6: Effects of G1 on myocardial infarct size and area at risk in rats in vivo. Dose-dependent effects of peptide G1 on
A. area at risk (AAR) and B. myocardial infarct size. AAR was expressed as percentage of the left ventricular weight (AAR/LV, %) and
myocardial infarct size (MI) was expressed as percentage of the AAR (MI/AAR, %). Control - i.v. bolus injection of 0.5 ml of saline;
DMSO - i.v. bolus injection of 0.5% DMSO in saline; G1- i.v. bolus injection of peptide G1 at dose of 0.4, 0.7 or 1.3 pmol/kg. Values are

the means =+ SEM from 8 experiments."P < 0.05 vs control.

Figure 7: Effects of G1 on plasma level of necrosis markers in rats in vivo. Dose-dependent effects of peptide G1 on A. activity
of creatine kinase-MB (CK-MB) and B. lactate dehydrogenase (LDH) in blood plasma. St. state - steady state; Control - i.v. bolus injection
of 0.5 ml of saline; DMSO - i.v. bolus injection of 0.5% DMSO in saline; G1- i.v. bolus injection of peptide G1 at dose of 0.4, 0.7 or 1.3
umol/kg. Values are the means + SEM from 8 experiments.”P < 0.05 vs Control; ##P < 0.001 vs St. state.
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of preischemic peptide infusion. Thus, the experiments on
perfused rat hearts clearly demonstrated metabolic and
functional advantages of postischemic infusion with G1
over its administration prior to ischemia.

The cardioprotective effects of exogenous G1 in
anesthetized rats in vivo

In the steady state, there were no differences in the
systolic arterial pressure (SAP) or HR between the groups
(Table 2). Bolus injection of saline after the period of left
anterior descending (LAD) coronary artery occlusion
did not affect SAP and HR during reperfusion in control.
Treatment with G1 at a dose of 0.4, 0.7 or 1.3 pmol/kg
resulted in a fall in SAP (on average by 23+4% of the
initial value at the second min of reperfusion). By the end
of reperfusion, SAP recovered to near baseline (98+4%). A
slight decrease in HR on average by 7+1% from baseline
was observed in groups G1-0.4 and G1-0.7 at the first
minute of reperfusion. It was accompanied by complete
restoration of HR by the end of reperfusion. Similar
hemodynamic changes were observed when G1 was
administrated at a dose of 0.4 and 0.7 pumol/kg in sham-
operated animals. In the G1-1.3 group, HR reduced to 73
+ 6% of the initial value at the first min of reperfusion
and returned to baseline by the end of reperfusion. G1
administration at dose of 2.0 or 2.7 umol/kg caused a
pronounced bradycardia up to 200 and 100 beats/min,
respectively and was accompanied by a sharp drop in
SAP by 50 and 80%, respectively, followed by gain of
bradycardia.

We evaluated effects of G1 administration at
doses of 0.4; 0.7 and 1.3 umol/kg on myocardial infarct
size and cell membrane damage. The percentage ratios
of area at risk to LV weight (AAR/LV, %) were similar
among G1-0.4, G1-0.7 and G1-1.3 groups and did not
differ significantly from the values in control and the
vehicle group (Figure 6A). Treatment with G1 at a dose
of 0.4 pmol/kg or the vehicle alone did not affect the
percentage ratio of myocardial infarction/area at risk
(MI/AAR, %) compare with control and the vehicle
group. Administration of G1 at a dose of 0.7 or 1.3 umol/
kg significantly reduced the percentage ratio of MI/AAR
(on average by 25% compared with the value in control)
thus indicating limitation of infarct size (Figure 6B). In
addition, we analyzed the effects of G1 on plasma level of
myocardial damage markers. In the steady state, plasma
CK-MB and LDH activity of 270.1+24.2 and 90.3£15.5
IU/l were respectively observed (Figure 7A-7B). The
activity of CK-MB and LDH in blood plasma increased
by 8 and 16 times, respectively, by the end of reperfusion
in the control animals. Administration of G1 at dose of 0.4
pmol/kg did not significantly affect the activity of both
enzymes compared with control. Treatment with G1 at the
dose of 0.7 or 1.3 pmol/kg reduced the CK-MB and LDH
activity compared with the control group suggesting less
damage to cell membranes.

DISCUSSION

Galaninergic system has been implicated in
diverse higher order physiological functions including
cognition, feeding, nociception, mood regulation, and
neuroendocrine modulation [18]. The peripheral functional
properties of galanin and its receptors have not yet been
fully elucidated. One major limitation to delineate the
pathophysiological role of galaninergic system is the
lack of receptor subtype specific ligands. Numerous
studies within the galaninergic system have mainly been
focusing on the GalR1 subtype, which therefore is the
best-characterized among the three receptors. However, an
intense interest has lately been addressed towards the other
two receptors, GalR2 and GalR3. The increased attention
for GalR2 coincides with the introduction of the GalR2
selective ligand G1, which has lower affinity for GalR3
but does not affect GalR1 [19, 20]. In the present study, we
provide the first direct evidence that G1 has potent in vitro
and in vivo cardioprotective activities against I/R-induced
myocardial injury. Our data revealed that G1 prevents
apoptotic cell death and mitochondrial ROS production
under hypoxic stress in cardiomyoblasts. Furthermore,
exogenous G1 attenuated cardiac damage, reduced infarct
size and improved cardiac function in rat myocardial I/R
injury suggesting the potential therapeutic value of G1 in
heart diseases.

Compelling evidence has implicated a role for
galanin and G1 in neuroprotection. For example,
galanin knockout mice show a higher loss of pyramidal
neurons in the hippocampus than wild-type mice
after peripheral injection of kainic acid, and galanin
or galanin (2-11) counteracts cell death induced by
glutamate in hippocampal cultures [21, 22]. Our work
demonstrates that exogenous G1 improves metabolic
recovery of isolated rat heart subjected to I/R injury and
cardiomyoblast survival after hypoxia and reoxygenation
suggesting that galaninergic system may play an important
role in metabolic remodeling of the heart in response to
stress. Clinical studies and animal models demonstrate
that abnormalities in cardiac energy metabolism are
characteristic features of various heart diseases [23, 24].
The present results showing that the pre- or postischemic
administrations of G1 improve recovery of myocardial
energy status in response to I/R damage suggest
that peptide G1 is an important regulator of cardiac
metabolism in the failing myocardium. The ability of
G1 to preserve energy state of postischemic myocardium
may be related to enhanced uptake and utilization of
glucose. At the metabolic level, administration of galanin
antagonist M35 to diabetic rats reduces insulin sensitivity,
decreases GLUT4 content [25], and reduces GLUT4
MRNA expression in the membrane of myocytes and
adipocytes [26, 27]. Alterations in glucose utilization in
the heart may be a metabolic indicator of progressing
chronic heart failure. Indeed, in patients with diabetes and
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coronary artery disease, the loss of GLUT4 content in the
heart takes place simultaneously with the development of
severe heart failure and ischemic cardiomyopathy [28, 29].
Importantly, we show that improvement of myocardial
energy metabolism by peptide G1 was associated with the
preservation of contractile function in isolated rat heart
after I/R injury. In addition, the exogenous administration
of peptide G1 at the onset of reperfusion reduced infarct
size and plasma levels of necrosis markers in rats
subjected to I/R suggesting a beneficial role for peptide
G1 in limiting myocardial ischemic injury. This is the first
demonstration of a cardioprotective activity of peptide G1.
Compared to the more selective synthetic GalR2 agonists
M1153 and M1145 [12, 30], the main advantages of G1
are better solubility, the simplicity of chemical structure
and the fact that this peptide is a fragment of natural
galanin.

Recent findings indicate that changes in
mitochondrial ROS production could be relevant in
cardiovascular pathophysiology, as such alterations may
have an impact on cellular fate decisions [24]. Excessive
ROS generation in mitochondria may provoke a state
of oxidative stress, associated with pathophysiological
progression in heart ischemic diseases. The intracellular
changes during ischemia, including accumulation of
H* and Ca?* as well as the disruption of mitochondrial
membrane potential, lead to the formation of ROS [31].
Furthermore, ROS accumulation directly activates the
pathways of stress response, subsequently resulting in
activation of apoptosis [32]. The primary ROS generated
by mitochondria, as a result of mono-electronic reduction
of O,, is superoxide anion O,, the precursor of most
ROS and a mediator in oxidative chain reactions [33]. In
the present study, our results revealed that G1 prevents
mitochondrial O, formation in living cardiomyoblasts
and apoptosis in response to hypoxic stress. These
findings suggest that G1 may control oxidative stress
status and activation of apoptotic cell death pathways in
cardiac cells. One of the principal results of our study is
that G1-dependent increased cardiomyoblast survival in
response to hypoxic stress was associated with reduced
generation of mitochondrial O,", a mediator in oxidative
chain reactions. This association may be related to an
increase in enzymatic antioxidant capacity induced by
the peptide or to their direct antioxidant actions. Indeed,
we have previously demonstrated that some endogenous
peptides such as apelin, may exhibit powerful antioxidant
properties [34, 35]. Further studies are required to
define the potential mechanisms of how Gl inhibits
mitochondrial ROS production and cell apoptosis and to
identify the precise role of GalR2/GalR3 interactions in
these processes.

In conclusion, our data provide the first evidence
that the peptide G1 reduces I/R-associated cardiac
dysfunction and myocardial damage. These beneficial
effects are accompanied by substantial improvement of

myocardial energy state and cell membrane integrity. In
addition, we report that in cardiomyoblasts, G1 regulates
mitochondrial ROS production and apoptosis in response
to hypoxic stress. Taken together, these data collectively
indicate that peptide G1 may be a promising new agent for
cardioprotection against I/R injury.

MATERIALS AND METHODS

Galanin peptides

The peptide utilized in this study was rat galanin
fragment G1 (Supplementary Table 1). Peptide G1 was
synthesized by solid-phase method on Rink-amide-
resin (Nova BioChem, Switzerland). The synthesis
was carried out in automatic mode with Fmoc-(9-
fluorenylmethoxycarbonyl)-technology on a peptide
synthesizer Tribute-UV (Protein Technologies, Inc.,
USA). Fmoc amino acids (Nova BioChem, Switzerland)
were coupled as 1-hydroxybenzotriazole esters. The
peptide was cleaved from the resin using a solution of
95% trifluoroacetic acid, 2.5% triisopropylsilane and
2.5% H,O for 2 h. The crude product of solid-phase
synthesis was purified by preparative reverse-phase HPLC
with 98% homogeneity. The synthesized G1 has correct
mass-spectrometric (m/z = 1137.3 [M+H]") and *H-NMR
characteristics.

Analytical HPLC was performed on a Gilson
(France) system using 4.6x250 mm Kromasil-100 5 pm
C18 columns (Sweden). Preparative HPLC was performed
on a Knauer (Germany) system using Eurosphere
octadecylsilyl columns (20 x 250 mm, 10 pum) (Knauer,
Germany). Acetonitrile (Panreac, Spain) was used for
HPLC. The mass spectra were recorded on a VISION 2000
mass spectrometer (Termobioanalysis corp., Finnigan,
United States) with matrix assisted laser desorbtion
ionization time-of-flight (MALDI-TOF) method. *H-NMR
was performed on WH-500 Bruker 500 MHz (Germany)
in DMSO-d6 at 300 K, peptide concentration was 2-3 mg/
ml, chemical shifts in *H-NMR spectra were measured
relative to an internal standard tetramethylsilane.

Reagents

Enzymes and chemicals for in vivo experiments
were purchased from Sigma Chemical Co. (St Louis, MO
USA). Solutions were prepared using deionized water
(Millipore Corp. Bedford, MA, USA).

Animals

Male Wistar rats weighing 300 to 340 g were housed
in cages in groups of three, maintained at 20-30°C with
a natural light-dark cycle. All animals had free access
to standard pelleted diet (Aller Petfood, St. Petersburg,
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Russia) and tap water. The care and use of the animals
were conducted in accordance with the European
Convention for the Protection of Vertebrate Animals Used
for Experimental and other Scientific Purposes (No 123 of
18 March 1986).

Isolated perfused rat hearts

The isolated heart provides a highly reproducible
preparation that can be studied in a time-dependent
manner. It allows a broad spectrum of biochemical,
physiological, morphological and pharmacological
indices to be measured, permitting detailed analysis
of ventricular mechanics, metabolism and coronary
vascular responses. In principle, two different isolated
heart models exist: 1) the isolated heart according
to Langendorff (1895), in which hearts are supplied
with coronary flow through retrograde perfusion and
2) the working, fluid-ejecting heart, in which hearts
are perfused via the left atrium and eject fluid through
the left ventricle into the aorta thus perfusing their
own coronaries. The present study is designed with a
combination of features from both the Langendorff (non-
working) and the Neely (working) systems. The working
heart performs pressure-volume work, an important
distinction from its Langendorff counterpart, which
performs energetically less demanding isovolumetric
contractions.

Briefly, rats were heparinized (1600 IU/kg body
weight, intraperitoneally (i.p.)) and anaesthetized with
urethane (1.3 g/kg body weight, i.p.). Hearts were
perfused with KHB containing (in mM): NaCl 118, KCI
4.7, CaCl, 3.0, Na,EDTA 0.5, KH,PO, 1.2, MgSO, 1.2,
NaHCO, 25.0 and glucose 11.0. It was oxygenated with a
mixture of 95%0, and 5% CO,; pH was 7.4+0.1 at 37°C.
KHB was passed through a 5 pm Millipore filter (Bedford,
MA, USA) before use. A needle was inserted into the LV
cavity to register LV pressure via a Gould Statham P50
transducer, SP 1405 monitor and a Gould Brush SP 2010
recorder (Gould, Oxnard, Ca, USA). The contractile
function intensity index was calculated as the LVDPxHR,
where LVDP is the difference between LV systolic and
LV end-diastolic pressure. Cardiac pump function was
assessed by CO, the sum of aortic output and coronary
flow as previously described [34].

The steady state values of cardiac function were
recorded after preliminary 20-min perfusion in working
mode according to a modified method of Neely under
constant left atrium pressure and aortic pressure of 20 and
100 cm H,0, respectively. After the steady state period,
the control hearts were perfused in Langendorff mode for
5 min at a constant flow rate of 4 ml/min, and then they
were subjected to 35-min normothermic global ischemia
followed by 5-min Langendorff perfusion with subsequent
30-min working reperfusion by Neely method (Figure
4A).

In order to provide a successful G1 transport to
cardiomyocyte membranes of ischemic heart we had to
profoundly increase G1 concentration in KHB compared
to cell experiments. Thus, in the G1-I group, 5-min
Langendorff perfusion with KHB containing 40, 80, 160,
240 or 280 uM G1 was applied before global ischemia.
Further procedure was the same as for the control group.
The hearts of the G1-R group were perfused for 5 min
with KHB containing 40, 80, 160, 240 or 280 uM G1
in Langendorff mode after global ischemia. Other
experimental stages were the same as in control. The final
concentration of dimethyl sulfoxide (DMSO) in KHB with
peptide G1 was 0.2%. In a separate series of experiments,
it was found that 5-min infusion of KHB containing 0.2%
DMSO did not affect the recovery of cardiac function after
ischemia.

Analysis of metabolites

After preliminary working perfusion (steady state)
and at the end of reperfusion, the hearts were freeze-
clamped in liquid nitrogen for metabolite analysis. Frozen
isolated perfused hearts were quickly homogenized in
cooled 6% HCIO, (10 ml/g) using an Ultra-Turrax T-25
homogenizer (IKA-Labortechnik, Staufen, Germany), and
the homogenates were centrifuged at 2800xg for 10 min
at 4°C. The supernatants were then neutralized with 5SM
K,CO, to pH 7.40, and the extracts were centrifuged after
cooling to remove KCIO, precipitate. Tissue dry weights
were determined by weighing a portion of the pellets after
extraction with 6% HCIO, and drying overnight at 110°C.
Concentrations of ATP, ADP, AMP, PCr, creatine (Cr) and
lactate in neutralized tissue extracts were determined by
enzymatic methods [36].

In vivo rat model of I/R injury

Rats were anesthetized with 20% urethane (120 mg/
kg, i.p.) and artificially ventilated with a KTR-5 animal
respirator (Hugo Sacks Electronik) with a volume of 2-3
ml at a rate of 70—75 breaths/min. Further preparation
of animals was performed as described earlier [37].
Arterial blood pressure was recorded with a pressure
transducer (Statham p23Db, Oxnard, USA) using a
polygraph Biograph-4 (St. Petersburg, Russia). The mean
arterial pressure, heart rate and standard lead Il ECG
were recorded on a computer using a LabVIEW 7.1 data
acquisition system (National Instruments, USA).

After 30-min stabilization of hemodynamic
parameters (steady state), LAD coronary artery was
occluded for 40 min to simulate regional ischemia;
the duration of subsequent reperfusion was 1 h. In the
experimental series, G1 was administrated by i.v. bolus
injection at the onset of reperfusion at doses of 0.4; 0.7;
1.3; 2.0 or 2.7 umol/kg (groups G1-0.4; G1-0.7; G1-
1.3; G1-2.0 or G1-2.7, respectively). An equal volume
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of saline (0.5 ml) was injected in the control series of
experiments. The influence of a vehicle, 0.5% DMSO, on
myocardial infarct size was studied in a separate series of
experiments. Additionally, effects of i.v. G1 administration
on hemodynamic data were evaluated. At the end of
experiments, LAD coronary artery was occluded and 2 ml
of 2% Evans Blue (Sigma, USA) solution was injected
through the jugular vein to distinguish the myocardial non-
ischemic area from the AAR.

Determination of myocardial infarct size

After staining with Evans Blue, the heart was
excised and the LV was frozen. A frozen LV was
transversely cut into 1.5 mm thick slices which were
incubated in 0.1 M sodium phosphate buffer pH 7.4,
containing 1% 2,3,5-triphenyl-tetrazolium chloride (TTC,
Sigma, USA) 10 min at 37°C. The slices were fixed in
10% formalin for 5 min. Then they were placed between
two transparent glasses and captured using a scanner at
600 d.p.i. resolution; the saved images were analyzed by
computerized planimetry using Imagecal software. The
slices were then weighed for determination of LV weight.
The AAR was expressed as a percentage of LV weight; Ml
was expressed as a percentage of the AAR in each group.

Determination of necrosis markers

At the end of the steady state and reperfusion, blood
samples were collected for plasma separation. Plasma
LDH activity was determined enzymatically with pyruvate
as substrate by using standard kits from BioSystems S.A.
(Barcelona, Spain). Plasma CK-MB activity was assessed
by an immunoinhibition method using standard kits from
BioSystems S.A. (Barcelona, Spain) from the rate of
nicotinamide adenine dinucleotide phosphate formation
by means of the hexokinase and glucose-6-phosphate
dehydrogenase coupled reactions.

Cell culture and treatments

Rat ventricular myocardial H9C2 cells were
obtained from American Type Culture Collection
(Manassas, VA, USA). HIC2 cells at passages 18 to 24
were seeded in 24 or 96-well cell culture plates with
Dulbecco's Modified Eagle Medium (Invitrogen, Cergy-
Pontoise, France) containing 10% Fetal Bovine Serum
(Invitrogen, Cergy Pontoise, France), 100U mL™ penicillin
and 100pg mL? streptomycin at 37°C in a humidified
atmosphere of 5% CO, and were used at less than 80%
of confluence.

Measurement of mitochondrial O, production

The mitochondrial levels of ROS were determined in
HOC?2 cells subjected to hypoxia (1% O,, 5% CO,) for 16h
followed by 4h of reoxygenation (95% O,, 5% CO,) using

mitochondrial superoxide indicator (MitoSOX™ red, Life
Technologies). Before hypoxia the HIC2 were pretreated
with G1 analogue for 20 min. After reoxygenation, cells
were washed once with phosphate-buffered saline (PBS)
and incubated in 1uM MitoSOX red for 30 min at 37°C
followed by three washes with PBS. The fluorescence was
then measured at the excitation wavelength of 510 nM and
emission wavelength of 580 nM.

Evaluation of apoptosis

The apoptosis level was assessed using the TUNEL
system according to manufacturer’s instructions (Promega,
Madison, WI, USA) as described previously [38]. TUNEL
is a general method to detect nuclear DNA fragmentation
during apoptosis. TUNEL technique relies on the use
of endogenous enzymes that allow the incorporation of
labeled nucleotides into the 3'-hydroxyl (3'OH) recessed
termini of DNA breaks. The added value in this approach
resides in the possibility of evaluating both morphological
and staining features in the same sample.

ATP measurement

ATP was measured with the CellTiter-Glo®
Luminescent Cell Viability Assay from Promega
(Madison, WI). HIC2 cells were seeded at a density of 2
x 10° cells/ml with 100ul per well in a white 96-well plate
and allowed to grow for 24h. Before addition of 400uM
of H,0, for 4h, HOC2 cells were pretreated for 20min with
G1 at the different doses (10, 50 and 250 nM). The cells
were equilibrated at room temperature for 30 min and,
followed by addition of the CellTiter-Glo® reagents, per
manufactured instructions. The luminescence was read
after a 10 min incubation of the reagents on the INFINITE
F500 on luminescence module (TECAN, Switzerland,
Mennedorf) and expressed as mean percentage of control

group.
Statistical analysis

Data are presented as means + SEM. Results were
analyzed by one-way ANOVA followed by Bonferroni
multiple range test post-hoc analysis for calculation
differences between more than two groups. Comparisons
between two groups involved use of the Student’s
unpaired t-test. All statistical analyses were performed
using SigmaPlot version 12 (Systat Software Inc, San
Jose, CA). A p <0.05 was defined as significant.
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Article 2: Cardioprotective properties of N-terminal galanin fragment (2-15) in
experimental ischemia and reperfusion

AVANT PROPOS

Plus récemment, en collaboration avec I’équipe de Dr. Pisarenko Oleg de
I’Institut de Cardiologie de Moscou, Russie, nous avons « designé » et synthétisé un
nouveau peptide court dérivé de I’extrémité N-terminale de la Galanine, le Gal 2-15
(G3) et nous avons décidé d’étudier I’implication de ce peptide dans le processus de
remodelage cardiaque suite a une I/R myocardique.

Par des approches in vivo, ex vivo et in vivo nous avons montré que le peptide
G3 joue un rble majeur dans le contréle du remodelage cardiaque au niveau cellulaire
et tissulaire dans un contexte physiopathologique. Les résultats de cette étude ont mis
en évidence que le G3 est capable de préserver le statut énergétique du myocarde et
d’améliorer la récupération cardiaque post-ischémique. De plus le traitement par G3
contréle la production de ROS au niveau de la mitochondrie et prévient les lésions
myocardiques au cours de I’l/R cardiaque.

Ces résultats on été publiés dans le journal Oncotarget (2017).
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ABSTRACT

Background and purpose: Galanin is an endogenous peptide involved in diverse
physiological functions in the central nervous system including central cardiovascular
regulation. The present study was designed to evaluate the potential effects of the
short N-terminal galanin fragment 2-15 (G) on cardiac ischemia/reperfusion (1/R)
injury.

Experimental Approach: Peptide G was synthesized by the automatic solid phase
method and identified by 1H-NMR spectroscopy and mass spectrometry. Experiments
were performed on cultured rat cardiomyoblast (H9C2) cells, isolated perfused
working rat hearts and anaesthetized open-chest rats.

Key Results: Cell viability increased significantly after treatment with 10 and 50
nM of G peptide. In hypoxia and reoxygenation conditions, exposure of HO9C2 cells to
G peptide decreased cell apoptosis and mitochondrial reactive oxygen species (ROS)
production. Postischemic infusion of G peptide reduced cell membrane damage and
improved functional recovery in isolated hearts during reperfusion. These effects
were accompanied by enhanced restoration of myocardial metabolic state. Treatment
with G peptide at the onset of reperfusion induced minor changes in hemodynamic
variables but significantly reduced infarct size and plasma levels of necrosis markers.

Conclusion and implications: These findings suggest that G peptide is effective
in mitigating cardiac I/R injury, thereby providing a rationale for promising tool for
the treatment of cardiovascular diseases.

regulatory functions, including central cardiovascular
control [1]. The N-terminal fragments of galanin are
crucial for its biological activity and the first 15 amino

INTRODUCTION

Galanin, a 29/30 amino acid neuropeptide, is widely

distributed throughout the central and peripheral nervous
system as well as endocrine system, preferentially in
brain, hypothalamus, pituitary, and other tissues including
the heart. Galaninergic system is involved in multiple

acids are conserved in most species [2], while the
C-terminal region (residues 17-29) varies among species
and lacks receptor affinity [2]. To date, three galanin
receptors (GalR1, GalR2 and GalR3), members of the
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GPCR superfamily, have been identified by molecular
cloning and pharmacologically characterized [3].

GalR1 and GalR3 activate the intracellular effectors
through pertussis toxin (PTX) sensitive Gi/o proteins,
which results in the inhibition of adenylyl cyclase activity
and a decrease in CAMP in the cytosol that leads to the
opening of G protein gated inwardly-rectifying potassium
(GIRK) channels [4, 5]. Additionally, GalR1 activation
stimulates MAPK activity in a PKC-independent manner
by coupling with a G,-type G-protein via GBy subunits [6].
GalR2 triggers PLC activity via Ga,,,-proteins, leading
to IP3-mediated opening of Ca?*-dependent channels
and release of Ca?" into the cytoplasm from intracellular
stores [7]. GalR2 is also able to activate MAPK through
PKC and Ga -proteins dependent mechanism leading to
the downstream PI3K-dependent phosphorylation of Akt
resulting in suppression of caspase-3 and caspase-9 activity
[8]. GalR2 activation also inhibits forskolin stimulated
CAMP production in a PTX-sensitive manner, suggesting
the activation of Ga, o -proteins [8]. Thus, activation
of all galanin receptors can inhibit the formation of the
transcription factor cAMP regulatory element binding
protein (CREB) [8]. Noteworthy, the activated CREB
may inhibit the Rab GTPase-activating protein (AS160),
a substrate of Akt and glucose transporter 4 (GLUT4)
translocation, thus promoting insulin resistance [9]. The
differences in the functional coupling and subsequent
signaling activities contribute to the diversity of galanin
physiological effects. Although the galanin signaling has
been characterized in neuronal cells, carcinoma cells and
rat gastrointestinal tract [10], the role of GalR-mediated
signaling pathways in the heart is poorly explored.

The cardiovascular effects of galanin and its
fragments are complex. These peptides are involved in
central cardiovascular control affecting arterial pressure
and heart rate (HR). Administration of galanin into the
rostral ventrolateral medulla produced a hypotensive
effect by reducing the sympathetic vasomotor tone in rats
[10]. Intracisternal injections of galanin or its fragments
(1-15) and (1-16) produce a transient vasopressor
response followed by a decrease in mean arterial pressure
(MAP) which is accompanied by tachycardia in rats [10].
It has been demonstrated that cardiovascular action of
galanin occurs by interactions of its receptors with o.,-
adrenergic receptors and angiotensin Il receptor type 1
and neuropeptide Y1 receptor subtypes [1]. Infusion of
human galanin into male volunteers increased resting
HR by decreasing vagal tone and stimulated the release
of growth hormone (GH) [11], thus indicating that this
peptide is able to modulate GH secretion and vagal
control of the heart. Galanin may have a direct action on
cardiomyocytes, since all three galanin receptor subtypes
are expressed in the heart [5, 12]. However, the available
data on the effects of galanin peptides on cardiac function
are scanty. In isolated guinea pig papillary muscle galanin
exerted a positive inotropic action and prolonged effective

refractory period [13]. These effects may be associated
with galanin-induced activation of inwardly rectifying
K* channels, in cardiac myocytes [14]. Under hypoxic
conditions, galanin may protect the cardiac muscle
against contractile disturbances through activation of
ATP-sensitive K* channels [13, 14]. The ability of galanin
to gate ATP-sensitive K* channels and hyperpolarize
membrane potential was also demonstrated in the
insulinoma cell line RINm5F [15]. Galanin mRNA levels
in cardiac sympathetic neurons and myocardial galanin
content are increased one week after cardiac ischemia and
reperfusion in rats [16]. The increase in galanin content
specifically in the damaged left ventricle is consistent
with studies showing that the peptide is transported to
regenerating nerve endings after axon damage [16, 17].
In addition, galanin stimulates sensory nerve regeneration
and may promote the re-growth of cardiac sensory
nerves following ischemia-reperfusion [18, 19]. These
observations suggest that galaninergic system plays an
important role in the pathophysiology of many diseases
at the level of central cardiovascular regulation. However,
the peripheral function of galanin and its fragments
remains to be determined.

Therefore, we aimed to investigate the effects of
G peptide on in vitro in H9C2 cardiomyaoblast cell line
subjected to hypoxia/reoxygenation (H/R), ex vivo in
isolated perfused rat hearts and in vivo in a rat model of
I/R injury.

RESULTS

The effects of G on HI9C2 cell survival in
response to stress

To determine whether G affects cell viability, we
examined the dose-dependent effects of the peptide on H,0,-
induced loss of ATP in HI9C2 cells. As shown in Figure 1,
cell exposure to 400 uM H,0, for 4 hours led to a significant
reduction of the cell viability compared to control. Dose-
response studies revealed that G at the dose of 10 and 50 nM
was able to prevent H,0,-induced decrease of ATP levels.
Next, we examined by TUNEL assay whether G affects
apoptotic cell death in response to hypoxic stress. Because
50 nM of G produced approximately a 20 % increase in
cardiomyoblast viability, we used this concentration in
subsequent experiments. As shown in Figure 2, the exposure
of HIC2 cells to hypoxia caused an increase in the number
of TUNEL-positive cells as compared to normoxia. However,
the treatment of cells with 50 nM G significantly reduced
hypoxia-induced apoptosis (Figure 2).

The effects of G on hypoxia-induced
mitochondrial ROS production in H9C2 cells

The excessive generation of ROS and impaired cellular
metabolism are closely linked to cell death and myocardial
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damage [20]. To determine whether G could affect ROS
generation, we examined the effects of G on mitochondrial
superoxide (O,) production using the MitoSOX Red
fluorescent probe. As shown in Figure 3A, 3B, cell exposure
to hypoxic stress caused a significant increase in O,
production as compared to normoxia. Importantly, treatment
of HIC2 cells with 50 nM G markedly prevented hypoxia-
induced O, formation (Figure 3).

Effects of exogenous G in isolated rat heart
subjected to I/R injury

Infusion of peptide G after global ischemia
enhanced recovery of cardiac function during reperfusion

compared with control. A concentration-dependent effect
of G on recovery of CO at the end of reperfusion is shown
on Figure 4A. The maximal response to G infusion was
observed at the concentration of 225 puM; at higher peptide
concentrations CO recovery reduced. A similar effects
were obtained for recovery of the index of contractile
function intensity expressed as LVDPxHR product (Figure
4B). Comparison of the main cardiac function indices
for 225 uM G infusion and control is shown in Table 1.
In addition to enhanced recovery of CO and LVDPxHR
product, the recovery of LV systolic pressure, aortic output
and stroke volume was also significantly higher whereas
LV diastolic pressure and coronary resistance were
markedly reduced in the G group compared with these

Figure 1: Dose-dependent effect of G on cell viability in response to oxidative stress. Treatment of cardiomyoblasts with G
prevents H,0,-induced decrease of cell viability in a dose-dependent manner. The H9C2 were pretreated with G (10, 50, 250 nM) for 20
min and then exposed to 400uM H,0, for 4h. Values are the means + SEM for three experiments. “P < 0.05 vs H,0, treatment; “P < 0.01

vs H,0, treatment; P < 0.001, vs control.

Figure 2: Effect of G on hypoxia-induced cell apoptosis. (A) Representative fluorescence images of HIC2 cells pretreated with 50
nM G for 20 min and then exposed to normoxia or hypoxia-reoxygenation. Apoptosis was measured by TUNEL assay in HIC2 cells after
16h of hypoxia followed by 3h of reoxygenation. (B) Quantitative analysis of TUNEL-positive cells in HIC2 cells. The arrows indicate
apoptotic cells. Values are the means + SEM from three experiments. P < 0.001, vs normoxia (C); %8P < 0.001, vs hypoxia (H).
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indices in control. Thus, administration of the optimal
concentration of peptide G at the onset of reperfusion
caused a pronounced reduction of I/R injury.

We evaluated the effects of 225 uM G infusion on
the energy state of reperfused hearts and LDH leakage
during early reperfusion. The hearts of the control group
exhibited a poor restoration of high-energy phosphates,
significant decrease in the total creatine (XCr) and lactate
accumulation in myocardial tissue at the end of reperfusion
compared with the steady state (Figure 5). Postischemic
G infusion significantly enhanced restoration of ATP,
2AN and increased adenylate energy charge (AEC) in
reperfused hearts compared with control. These effects
were combined with a significant increase in PCr recovery,
better preservation of XCr and a substantial reduction in
myocardial lactate content. LDH leakage in the perfusate
before ischemia did not differ significantly between the
studied groups (Figure 6A). In control, the release of
LDH at early reperfusion increased by more than two-
fold compared with the value before ischemia. G infusion
significantly decreased LDH leakage compared with
control, thus suggesting fewer defects of the sarcolemma.
In vivo studies on activity of necrosis marker showed that
plasma level of CK-MB and LDH increased by 8 and 20
times respectively, at the end of reperfusion in the control
animals (Figure 6B, 6C). Administration of G at dose of
0.35 or 2.10 pmol/kg did not significantly reduce the
activity of both enzymes compared with control. However,
treatment with G at dose of 0.7 or 1.4 umol/kg reduced the
CK-MB and LDH activity (on average 1.6 and 1.5-times
respectively, compared to the values in the control group).
Decrease in the plasma activity of both necrosis markers

in the group G-1.4 is shown in Figure 6B, 6C. These
experiments demonstrated a direct cardioprotective action
of exogenous peptide G on the heart after ischemia and
reperfusion.

Effects of G administration in rats with
myocardial regional ischemia and reperfusion

Changes in hemodynamic variables in rats treated
with increasing doses of peptide G are shown in Table 2.
Mean systolic arterial pressure (SAP) and heart rate (HR)
did not differ significantly between studied groups in the
steady state. Bolus injection of saline after the period of
LAD coronary artery occlusion did not affect SAP and HR
during reperfusion in control. Postischemic administration
of any dose of peptide G resulted in a transient rise in SAP
followed by its decrease (on average by 10+1 and 26+3%
of the initial value at the first minutes of reperfusion). By
the end of reperfusion, SAP recovered to near baseline
(94+3%). A decrease in HR was observed in all G-treated
groups at the first minute of reperfusion (on average by
10+1% from baseline). Further reperfusion resulted in HR
restoration in the groups G-0.35 and G-2.10. In the other
two groups, HR decreased on average by 18+2% of the
steady state value. By the end of reperfusion, HR did not
differ from baseline values in all G-treated groups.

The percentage ratios of AAR/LV did not differ
significantly in all studied groups. AAR/LV in the control
group and the mean AAR/LV value in G-treated groups were
39.6+0.7 and 40.8+1.0%, respect. Peptide G administration
at a dose of 0.35 pumol/kg did not affect the percentage
ratio of MI/AAR compared with control (40.8+1.3 and

Figure 3: Effect of G on hypoxia-induced mitochondrial O, production. (A) Representative fluorescence images of HIC2 cells
pretreated with G peptide. Mitochondrial O, formation was assessed by MitoSOX RED in H9C2 cells exposed to 16h hypoxia followed by
3h of reoxygenation. (B) Quantitative analysis of O, production in HIC2 cells exposed to normoxia or hypoxia-reoxygenation. Values are
the means + SEM from three experiments. "P < 0.05 vs normoxia; #P < 0.01 vs hypoxia.
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40.7+2.1%, respectively) (Figure 7). Administration of
the peptide at dose of 0.7 and 1.4 umol/kg significantly
reduced the percentage ratio of MI/AAR (on average by
22+1% compared with the value in control), thus indicating
limitation of infarct size. Infarct size did not significantly
differ from control in the group G-2.10.

The results of in vivo study showed that i.v.
administration of peptide G slightly affected systemic
hemodynamic parameters but significantly reduced

irreversible myocardial damage induced by LAD coronary
artery occlusion followed by reperfusion.

DISCUSSION

Galanin is involved in regulating numerous of
pathological and physiological processes, through
interactions with three G-protein-coupled receptors,
GalR1-3. Over the past decade, it was shown that both

Figure 4: Effects of peptide G concentrations in KHB on recovery of cardiac output (A) and the index of contractile function intensity
(B) at the end of reperfusion. Values are means + SEM from 8 experiments and are expressed in percentage of the initial value. CO, cardiac
output; LVDPxHR, the index of contractile function intensity. The dotted lines show recovery of the indices in control.
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Table 1: Effect of infusion of 225 pM G after global ischemia on recovery of isolated rat heats at the end of
reperfusion

Steady state Control G
Coronary flow, ml/min 17+2 13+12 15+1
Perfusion pressure, mmHg 62+3 58+1 611
Coronary resistance, mmHg/ml 3.65+0.03 4.46 £0.07° 4.06 £0.10%
LV systolic pressure, mmHg 98+3 69 £ 12 85 + 2%
LV diastolic pressure, mmHg 31 10+12 5+ 1%
LV developed pressure, mm Hg 101+ 1 59 + 22 80 £ 3%®
Heart rate, beat/min 3022 240+ 3 245+ 3
LVDP x HR, mmHg/min 30380 +373 14186 £525° 19474 + 643®
Aortic output, ml/min 26+3 0+1° 12 + 1%
Cardiac output, ml 43+2 13+ 17 27 + 2%
Stroke volume, pl 142 +1 54 + 42 110 + 4%

The hearts were perfused as indicated in Materials and methods. Data are the mean + SEM for 8 experiments. @ P<0.05 vs.
steady state;® P<0.05 vs. control.

Figure 5: Effect of G infusion on energy state of isolated rat heart at the end of reperfusion. St. st. - steady state; G - 5-min
infusion of 225 u M G after ischemia. (A) Myocardial contents of ATP and SAN=ATP+ADP+AMP. (B) Adenylate energy charge (AEC)
= (ATP+0.5ADP)/2AN. (C) Myocardial contents of PCr and total creatine XCr=PCr+Cr. (D) Myocardial content of lactate. Values are the
means + SEM from 8 experiments.”P < 0.05 vs. steady state; P < 0.05 vs. control.
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agonists and antagonists for galanin receptor subtypes
can be used as putative therapeutics targets for the
treatment of various human diseases. These compounds
exhibit an antidepressant and anxiolytic efficacy in
animal models, have adhesive and antidepressant
properties and may be also useful as potential regulators
of feeding behavior and agents for the treatment of
Alzheimer’s disease [21]. In addition to the complete
peptide, several truncated galanin fragments are also
biologically active [12]. In the current study, we provide
the first in vitro, ex vivo and in vivo evidence that short
galanin fragment G reduces I/R-induced injury in the
heart. Using live-cell model we show that G prevents
mitochondrial ROS production in response to stress.
Several lines of evidence suggest that excessive ROS
generation in mitochondria may provoke a state of

oxidative stress, associated with pathophysiological
progression in heart ischemic diseases [22]. In addition,
in cardiomyoblasts exposed to hypoxia, G is able to
reduce apoptotic cardiac cell death suggesting that G
may control activation of apoptotic cell death pathways
and oxidative stress during stressful conditions. These
effects may be related to an increase in enzymatic
antioxidant capacity induced by the peptide or the
antioxidant action. Indeed, we have previously
demonstrated that some endogenous peptides such as
apelin, may exhibit powerful antioxidant properties [23,
24]. Signaling via GalR1-3 receptors triggers multiple
intracellular routes that mimic postconditioning.
Unfortunately, the non-selectivity of galanin (2-15) to
GalR1-3 receptors excludes more specific suggestions.
Undoubtedly, reduction in mitochondrial ROS formation

Figure 6: Effects of G administration on necrosis markers in ex vivo and in vivo models of myocardial I/R injury. (A)
LDH release in myocardial effluent from isolated perfused rat heart. Control - postischemic infusion of KHB; G - postischemic infusion
of KHB with 225 pM G. Values are the means + SEM of 8 experiments and are expressed in [U/g dry wt. for 5-min Langendorff perfusion
before or after global ischemia (early reperfusion). * p<0.05 vs. the value before ischemia; # p<0.05 vs. the value in control. Activities of
LDH (B) and CK-MB (C) in blood plasma in rats in vivo. St. state - steady state; Control — i.v. administration of saline at the onset of
reperfusion; G - i.v. administration of peptide G (1.4 pmol/kg) at the onset of reperfusion. Values are the means + SEM for 8 experiments.”

P<0.05 vs. steady state; # P<0.05 vs. control.
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Table 2: Effects of i.v. G administration on hemodynamic variables in anesthetized rats in vivo

Group Steady state LAD reperfusion
1-2 min 2-3min 60 min
SAP, mm Hg
Control 90+4 88+ 2 87+2 86+3
G-0.35 86+ 2 97 £ 3® 73+ 2% 8214
G-0.70 8712 94 + 2 71+ 2% 802
G-1.40 89+3 97+ 3 76 £ 3% 85+2
G-2.10 85+3 94+3 72+ 3% 81+3
HR, beats /min
Control 321+12 315+8 313+8 308+5
G-0.35 312+ 11 290+ 7 3087 296 + 7
G-0.70 328+9 295 + 10° 287 £ 9 302+ 6
G-1.40 314+ 10 274 £ 7% 261 £ 7%® 292+ 6
G-2.10 319 12 297+ 8 328+9 299+9

Peptide G was administrated by i.v. bolus injection at the onset of reperfusion at doses of 0.35, 0.70, 1.40 or 2.10 umol/kg
(groups G-0.35, G-0.70, G-1.40 or G-2.10, respect.). An equal volume of saline was injected in control. Values are expressed
as mean + SEM for 8 experiments. Significant difference (P<0.05) from: 2 steady state; ® control.

may be one of the operative mechanisms contributing
to less cell damage. In addition, galanin-induced
cardioprotection is associated with a reduction in infarct
size after acute reperfusion. This finding implies the
activation of survival kinase pathways that prevents
opening of the mPTP. But the functional involvement
of these mechanisms can be confirmed only by using

inhibitors of signaling cascades and antioxidants.
Exploration of the nature of cardioprotective properties
of galanin deserves further expanded research.

A short-term postischemic G infusion caused the
concentration-dependent recovery of cardiac function during
reperfusion of isolated rat heart. Noteworthy, the optimal
peptide concentration effectively restored metabolic state

Figure 7: Effects of intravenous G administration on myocardial infarct size (MI/AAR, %,) in rats in vivo. Black circle
corresponds to myocardial infarction in control. Values are means + SEM from 8 experiments.”P < 0.05 vs. control.
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of reperfused heart and reduced cell membrane damage.
Intravenous injection of G at the onset of reperfusion also
exerted the dose-dependent limitation of myocardial infarct
size in rats along with the concomitant decrease in activity of
necrosis markers in blood plasma. These data suggest, for the
first time, that peptide G may act as postconditioning agent
effectively reducing reperfusion injury.

Galaninergic system plays an important role
in determining the status of cardiovascular system in
pathological states. Our findings identify G peptide as a
potent protective agent in mitigating metabolic disturbance
in the heart. Importantly, the preservation of metabolic
status of the myocardium after I/R stress was associated
with reduction in infarct size and improvement of cardiac
function. Our previous study has demonstrated that
galanin fragment (2-11) has a role in regulating biological
activity of cardiac cells under stress conditions [20]. At the
same time, it is not possible to evaluate the contribution of
GalR1, GalR2 and GalR3 receptors to G effects based on
the obtained results. Indeed, several of the physiological
effects modulated by galanin may be mediated via both
GalR2 and GalR3 subtypes activation. GalR2 couples to
PLC mediated via G_,, and hence activates the MAPK
pathways (ERK) and Akt leading to inhibition of caspase-3
and caspase-9, thus reducing apoptotic cell death [4, 6, 8,
20, 25]. Additionally, PLC activation increases inositol
phosphate hydrolysis, mediating the release of Ca?* into
the cytoplasm from intracellular stores and opening Ca?*
dependent chloride channels [4, 7, 20]. Signaling via
GalR3 coupled to a Gi/o-type G-protein stimulates PTX-
sensitive opening of GIRK channels [4, 5, 26]. Lastly,
GalR2 and GalR3 activation inhibits the phosphorylation
of CREB [4, 6, 27], which leads to GLUT4 translocation
from intracellular membrane compartments to plasma
membranes to enhance glucose uptake [28, 29]. All these
mechanisms are implicated in recovery of cardiac function
and reduction of irreversible cardiomyocyte damage in the
heart subjected to I/R injury. Therefore, further studies are
required to identify the precise role of these receptors in
cardioprotective activity of G peptide.

The involvement of galaninergic signaling in
a variety of physiological and pathological functions
amplify interest in investigation of agonist and antagonists
of GalR1-3 receptors for the correction of cardiac
disturbances in ischemic heart disease and heart failure.
Recently it was shown that the GalR1 antagonist M40
attenuated remodeling and improved cardiac function in
a rat model of HF [30]. The beneficial effects of M40 are
attributed to suppression of the inhibitory action on the
vagal nerve induced by galanin in HF and improvement of
the balance of the autonomic nervous system and cardiac
function. These data suggest that GalR1 antagonist may
be a potential therapeutic agent for HF. On the other hand,
our recent studies demonstrate that galanin fragment
(2-11) can enhance metabolic and functional tolerance
to I/R stress [20]. Although the deletion of the Gly*

residue results in loss of affinity for GalR1 [31], further
delineation of cardioprotective mechanisms against I/R
injury requires the development of selective agonists.

In conclusion, by combining in vitro, ex vivo and
in vivo approaches, we show that G peptide is effective in
mitigating myocardial I/R injury. These data provide the
first evidence that G treatment after ischemia improved
recovery of cardiac function and reduced infarct size. The
preservation of cardiac function by the G was accompanied
by restoration of myocardial energy state and cell membrane
integrity. In addition, G attenuates mitochondrial ROS
production and apoptosis in cardiomyoblasts in response to
hypoxic stress. Taken together, these results indicate that
peptide G may be a promising tool for the treatment of
myocardial I/R damage.

MATERIALS AND METHODS

Galanin (2-15)

Galanin fragment (2-15) H-Trp-Thr-Leu-Asn-Ser-
Ala-Gly-Tyr-Leu-Leu-Gly-Pro-His-Ala-OH (G) was
synthesized by solid-phase method on a Tribute-UV
peptide synthesizer (Protein Technologies Inc., USA)
according to standard protocol for condensation of
Fmoc-amino acids using O-(benzotriazole-1-yl)-1,1,3,3,-
tetramethyluronium tetrafluoroborate (TBTU). Amino
acid side chain functional groups were blocked with the
acid labile protecting groups: tert-butoxycarbonyl (Boc) at
indole moiety of Trp; tert-butyl (But) at hydroxyl groups
of Ser, Thr and Tyr; trityl (Trt) at imidazole ring of His;
and at carboxamide function of Asn. Fmoc-Ala-Wang resin
(capacity 0.64 mmol/g) was used as the starting material.
All amino acids were coupled as active derivatives in a
4-fold excess with the use of the TBTU with addition of
N-methylmorpholine coupling method. Cleavage of the
Fmoc group was carried out with 25% 4-methylpiperidine
in N,N-dimethylformamide. After synthesis had been
completed, side chain deprotection and cleavage of
peptide from a solid support were performed by treatment
with a solution containing 90% TFA, 2.5% water, 5%
dithiothreitol and 2.5% triisobutylsilane for 1.5 h at 20
°C. The peptide was precipitated with dry diethyl ether.
Crude peptide was purified by HPLC. Preparative HPLC
was performed on a Knauer (Germany) system using
Eurosphere C18 column (20 x 250mm, 10 pum particle
size) (Knauer, Germany). The elution was achieved with
a linear gradient of acetonitrile (B) in aqueous 0.1%
TFA (A) at a flow rate of 10 ml/min with UV detection
at 220 nm. Purity of the peptide (96.6%) was checked
by an analytical HPLC with Luna 100 C18 (2) column
(4.6x250 mm, 5 pm particle size) with linear gradient
of acetonitrile in aqueous 0.1% TFA. Peptide structure
was confirmed by both *H-NMR and mass spectrometry
techniques. *H-NMR spectra were obtained using a WM-
500 spectrometer (Bruker, Germany). Mass-spectrometry
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data were obtained using an Ultrafex MALDI TOF/TOF
(Bruker Daltonics, Germany) instrument.

Reagents

Fmoc-protected amino acids derivatives were
purchased from Novabiochem and Bachem (Switzerland).
Chemicals for peptide synthesis were from Fluka
(Switzerland). Enzymes and chemicals were purchased
from Sigma Chemical Co. (St Louis, MO USA). Solutions
were prepared using deionized water (Millipore Corp.
Bedford, MA, USA).

Animals

Male Wistar rats weighing 300 to 340 g were
housed in cages in groups of three, maintained at 20—
30°C with a natural light-dark cycle. All animals had
free access to standard pelleted diet (Aller Petfood, St.
Petersburg, Russia) and tap water. They were purchased
in the Pushchino Nursery for laboratory animals, Russian
Academy of Sciences. The care and use of the animals
were conducted in accordance with the European
Convention for the Protection of Vertebrate Animals Used
for Experimental and other Scientific Purposes (No 123 of
18 March 1986).

Isolated perfused rat hearts

Rats were heparinized by intraperitoneal injection
(1600 IU/kg body weight) and anaesthetized with urethane
(i.p., 1.3 g/kg body weight). Hearts were perfused with
Krebs-Henseleit buffer (KHB) supplied with 11 mM
glucose. A needle was inserted into the left ventricular
(LV) cavity to register LV pressure via a Gould Statham
P50 transducer, SP 1405 monitor and a Gould Brush SP
2010 recorder (Gould, Oxnard, Ca, USA). The contractile
function intensity index was calculated as the LV
developed pressure-heart rate product (LVDPxHR), where
LVDP is the difference between LV systolic and LV end-
diastolic pressure. Cardiac pump function was assessed by
cardiac output (CO), the sum of aortic output and coronary
flow [20].

The steady state values of cardiac function were
recorded after preliminary 20-min perfusion in working
mode according to a modified method of Neely under
constant left atrium pressure and aortic pressure of 20 and
100 cm H,0, respectively. After the steady state period,
the control hearts were perfused with KHB in Langendorff
mode for 5 min at a constant flow rate of 4 ml/min, and
then they were subjected to 35-min normothermic global
ischemia followed by 5-min Langendorff reperfusion
in the same mode with subsequent 25-min working
reperfusion by Neely method. In the G group, 5-min
Langendorff reperfusion at a constant flow rate of 4
ml/min with KHB containing 75, 150, 175, 225, 275

or 290 uM G was applied after global ischemia. Other
experimental stages were the same as in control. After
preliminary working perfusion (steady state) and at the end
of reperfusion, the hearts were freeze-clamped in liquid
nitrogen for metabolite analysis. The myocardial effluent
was collected in ice-cold tubes during both periods of
Langendorff perfusion for assessment of LDH activity.

Analysis of metabolites

Frozen tissue of the left ventricle (LV) of the heart
was quickly homogenized in cooled 6% HCIO, (10
ml/g) using an Ultra-Turrax T-25 homogenizer (IKA-
Labortechnik, Staufen, Germany), and the homogenates
were centrifuged at 2800xg for 10 min at 4°C. The
supernatants were then neutralized with 5 M K,CO, to
pH 7.40, and the extracts were centrifuged after cooling
to remove KCIO, precipitate. Tissue dry weights were
determined by weighing a portion of the pellets after
extraction with 6% HCIO, and drying overnight at 110°C.
Concentrations of ATP, ADP, AMP, phosphocreatine (PCr),
creatine (Cr) and lactate in neutralized tissue extracts were
determined by enzymatic methods [20].

Anesthetized rats in vivo

Rats were anesthetized with 20% urethane (120
mg/kg body wt i.p.) and artificially ventilated with a
KTR-5 animal respirator (Hugo Sacks Electronik) with a
volume of 2-3 ml at a rate of 70—75 breaths/min. Further
preparation of animals was performed as described
earlier [27]. Arterial blood pressure was recorded with
a pressure transducer (Statham p23Db, Oxnard, USA)
using a polygraph Biograph-4 (St. Petershburg, Russia).
The mean arterial pressure, HR and standard lead 1l ECG
were recorded on a computer using a LabVIEW 7.1 data
acquisition system (National Instruments, USA) [20].

In  control, after 30-min stabilization of
hemodynamic parameters (steady state), LAD coronary
artery was occluded for 40 min to simulate regional
ischemia; the duration of subsequent reperfusion was 1
h. Prior to intravenous administration, G was dissolved in
saline. In the experimental series, G was administrated by
i.v. bolus injection at the onset of reperfusion at doses of
0.35,0.70, 1.40 and 2.1 pmol/kg (groups G-0.35, G-0.7,
G-1.4 and G-2.1, respect.) An equal volume of saline (0.5
ml) was injected in control. At the end of experiments,
LAD coronary artery was reoccluded and 2 ml of 2%
Evans Blue (Sigma, USA) solution was injected through
the jugular vein to distinguish the myocardial non-
ischemic area from the area at risk (AAR).

Determination of myocardial infarct size

After staining with Evans Blue, the heart was
excised and the LV was frozen. A frozen LV was
transversely cut into 1.5 mm thick slices which were

www.impactjournals.com/oncotarget

Oncotarget



incubated in 0.1 M sodium phosphate buffer pH 7.40,
containing 1% 2,3,5-triphenyl-tetrazolium chloride (TTC,
Sigma, USA) 10 min at 37°C. The slices were fixed in
10% formalin for 5 min. Then they were placed between
two transparent glasses and captured on both sides using
a scanner at 600 d.p.i. resolution; the saved images were
analyzed by computerized planimetry using Imagecal
software. The slices were then weighed for determination
of LV weight. The AAR was expressed as a percentage of
LV weight, myocardial infarction (MI) was expressed as a
percentage of the AAR in each group [20].

Determination of necrosis markers

At the end of the steady state and reperfusion, blood
samples were collected for plasma separation. Plasma
LDH activity was determined enzymatically with pyruvate
as substrate by using standard kits from BioSystems S.A.
(Barcelona, Spain). Plasma CK-MB activity was assessed
by an immunoinhibition method using standard Kits
from BioSystems S.A. (Barcelona, Spain) from the rate
of NADPH formation in the hexokinase and glucose-6-
phosphate dehydrogenase coupled reactions.

Cell culture and treatments

Rat ventricular myocardial H9C2 cells were obtained
from American Type Culture Collection (Manassas, VA,
USA). HIC2 cells at passages 18 to 24 were seeded in 24 or
96-well cell culture plates with Dulbecco’s Modified Eagle
Medium (Invitrogen, Cergy-Pontoise, France) containing
10% Fetal Bovine Serum (Invitrogen, Cergy Pontoise,
France), 100U mL™* penicillin and 100pg mL™* streptomycin
at 37°C in a humidified atmosphere of 5% CO, and were
used at less than 80% of confluence.

Measurement of mitochondrial O, production

The mitochondrial levels of ROS were determined
in HOC2 cells subjected to hypoxia (1% O,, 5% CO,,
94% N,) for 16h followed by 4h of reoxygenation (95%
0,, 5% CO,) using mitochondrial superoxide indicator
(MitoSOX™ red, Life Technologies). Before hypoxia
the H9C2 were pretreated with G for 20 min. After
reoxygenation, cells were washed once with PBS and
incubated in 1pM MitoSOX red for 30 min at 37°C
followed by three washes with PBS. The fluorescence was
then measured at the excitation wavelength of 510 nM and
emission wavelength of 580 nM.

Evaluation of apoptosis

The apoptosis level was assessed using the
TUNEL system according to manufacturer’s instructions
(Promega, Madison, WI, USA) as described previously
[22]. TUNEL is a general method to detect nuclear DNA
fragmentation during apoptosis. TUNEL technique

relies on the use of endogenous enzymes that allow the
incorporation of labeled nucleotides into the 3'-hydroxyl
(3'OH) recessed termini of DNA breaks. The added value
in this approach resides in the possibility of evaluating
both morphological and staining features in the same
sample.

ATP measurement

ATP was measured with the CellTiter-Glo®
Luminescent Cell Viability Assay from Promega
(Madison, WI). HIC2 cells were seeded at a density of 2 x
10° cells/ml with 100 ul per well in a white 96-well plate
and allowed to grow for 24 h. Before addition of 400 uM
of H,0, for 4 h, HOC2 cells were pretreated for 20 min
with G at the different doses (10, 50 and 250 nM). The
cells were equilibrated at room temperature for 30 min
and, followed by addition of the CellTiter-Glo® reagents,
per manufactured instructions. The luminescence was read
after a 10 min incubation of the reagents on the INFINITE
F500 on luminescence module (TECAN, Switzerland,
Mennedorf) and expressed as mean percentage of control

group.
Statistical analysis

Data are presented as means + SEM. Results
were analyzed by one-way ANOVA followed by
Bonferroni multiple range test post-hoc analysis for
calculation differences between more than two groups.
Comparisons between two groups involved use of the
Student’s unpaired t-test. All statistical analyses were
performed using SigmaPlot version 12 (Systat Software
Inc, San Jose, CA). P < 0.05 was defined as significant.
The data and statistical analysis complied with the
recommendations on experimental design and analysis
in pharmacology [23].

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data
from the IUPHAR/BPS.
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AEC - adenylate energy charge
Boc - tert-butoxycarbony!l

BUT - tert-butyl

CK-MB - creatine kinase-MB

CO - cardiac output
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CREB - cAMP responsive element
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GH - growth hormone

GIRK — gated inwardly-rectifying potassium
GLUT4 — glucose transporter 4

'H-NMR - proton nuclear magnetic resonance
HF — heart failure

H/R - hypoxia/reoxygenation

HR - heart rate

I/R — ischemia/reperfusion

KHB - Krebs-Henseleit buffer

LAD - left anterior descending artery

LV — left ventricular

LVDP - left ventricular developed pressure
MAP — mean arterial pressure

MI — myocardial infarction

PCr — phosphocreatine

PTX — pertuxis toxin

SAP —systolic arterial pressure

TBTU O-(benzotriazole-1-yl)-1,1,3,3,-
tetramethyluronium tetrafluoroborate

TFA — trifluoroacetic acid

TTC - 2,3,5-triphenyl-tetrazolium chloride
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V1. DISCUSSIONS ET PERSPECTIVES

Le remodelage cardiaque est considéré comme un déterminant clé de la phase clinique
de l'insuffisance cardiaque. Défini comme une expression du génome qui entraine des
changements moléculaires, cellulaires et interstitiels, le remodelage cardiaque est influencé
par la charge hémodynamique et l'activation neurohormonale. Au niveau cellulaire le
remodelage se traduit par I'nypertrophie des myocytes, la nécrose, I'apoptose et I’activation
des fibroblastes.

Certains peptides jouent un role crucial dans le contrdle du remodelage cardiaque.
Nous avons récemment démontré qu'une altération de I’expression de I’apeline, un nouveau
peptide vasoactif, associée a une réponse cellulaire spécifique, participait a la mise en place
d'un remodelage cardiométabolique (Pisarenko et al., 2015). Lors de ce travail de these, nous
avons pu montrer que la galanine, un peptide de 29 acides aminés, pourrait jouer un rdle dans
le remodelage du myocarde.

Le systeme galaninergique est mis en jeu dans le contrble du comportement,
I'alimentation, le nociception, et la modulation neuroendocrine. Les propriétés fonctionnelles
périphériques de la galanine et de ses récepteurs n'ont pas encore été entierement élucidées.
Dans le systéeme cardiovasculaire le réle de la galanine reste peu étudié. Au niveau central
I’injection de galanine réduit I’activité cardiovasculaire sympathique produisant une légere
hypotension et une tachycardie (Diaz-Cabiale et al., 2005; Abbott and Pilowsky, 2009).
Habecker et al. ont montré une augmentation du taux de galanine dans le ventricule gauche en
dessous de la ligature de I'artere coronaire (Habecker et al., 2005). L'accumulation de galanine
spécifiguement dans le ventricule gauche endommagé est compatible avec les rapports
précédents montrant que la galanine est transportée a la régénération des terminaisons
nerveuses apres les dommages aux axones. Plusieurs études ont démontré que la galanine peut
réduire la transmission cholinergique dans le cceur (Revington, Potter and McCloskey, 1990;
Smith-White, lismaa and Potter, 2003; Herring et al., 2012). Cependant, le fait que la galanine
puisse également cibler les cellules cardiaques, et donc moduler le remodelage cardiaque,
n'était pas encore démontré.

La présente étude a permis d’identifier le systéme galaninergique comme un
déterminant clé du remodelage cardiaque dans les phases précoce et tardive. Nos résultats
démontrent que parmi les 3 récepteurs de la galanine, GalR2 joue un rdle important lors du

remodelage structurel et fonctionnel du myocarde. De plus, dans les cardiomyoblastes, nous
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avons observé une augmentation de I’expression de la galanine et de GalR2 en réponse a
I'nypoxie. Cette augmentation n’est pas observée pour les récepteurs GalR1 et GalR3.

Les radicaux libres oxygénés jouent un réle important dans I’initiation des lésions
myocardiques aprés I/R (Hori and Nishida, 2008). Dans le cadre de cette étude, nous avons
mis en évidence pour la premiére fois des activités anti-oxydantes et anti-apoptotiques de la
galanine. En effet, nous avons montré que le traitement par la galanine inhibe la formation
d'O, mitochondrial et de I'apoptose en réponse au stress hypoxique dans les cardiomyoblastes.
Ces effets pourraient étre associés avec une stimulation de la capacité anti-oxydante
enzymatique induite par le peptide. En effet, nous avons récemment démontré que certains
peptides endogenes tels que l'apeline peuvent présenter de puissantes propriétés anti-
oxydantes (Foussal et al., 2010; Pisarenko et al., 2015). Sur un modele in vivo d’IR cardiaque
chez la souris le traitement par la galanine diminue les lésions tissulaires et préserve
I’intégralité ultrastructurelle des mitochondries dans la phase précoce (24h apres I'l/R
cardiaque). De plus, dans ce méme modele, nous avons confirmé les propriétés anti-oxydantes
et anti-apoptotiques de la galanine. Afin d’élucider les mécanismes moléculaires potentiels,
nous avons étudié le profil d'expression des facteurs de transcription (Foxol, Foxo3, Sirt3,
Sirtl) qui contrélent le statut de stress oxydant et métabolique. Parmi ces facteurs, la famille
FoxO joue un role important dans le contréle du stress oxydatif et de I’apoptose au niveau
cellulaire (Greer and Brunet, 2005). Par des approches in vitro et in vivo, nous avons identifié
un nouveau meécanisme qui pourra étre impliqué dans les effets anti-oxydant et anti-
apoptotique de la galanine. En effet, nous avons démontré une augmentation de I’expression
de FoxO1 aprés stimulation des cellules cardiaques par la galanine. Par une approche de
siRNA, nous avons mis en évidence un nouveau mécanisme de la galanine qui implique la
voie FoxOl. Dans un modele d’I/R cardiaque le traitement des souris par la galanine
augmente I’expression de FoxO1 apres 24h d’I/R. Ces résultats suggerent que la galanine peut
réguler I’activation de FoxO1 dans les conditions pathologiques. (Manuscrit en préparation).

Afin de déterminer le réle de la galanine dans I’insuffisance cardiaque, nous avons
exploré le statut du systeme galaninergique dans un modéle de constriction transverse de
I’aorte (TAC). Dans la phase tardive du remodelage cardiaque, I'accumulation excessive du
collagéne interstitiel est responsable du développement de la fibrose et de la défaillance
cardiaque (Segura, Frazier and Buja, 2014). Au niveau cellulaire, I’activation des fibroblastes
est associée a une production massive de collagéne et a la sécrétion des facteurs pro-
fibrotiques (aSMA, TGFp). Nous avons démontré que le traitement par la galanine diminue la
production du collagene induit par le TGFb dans des fibroblastes cardiaques isolés de souris.
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De plus, dans un modele de TAC, nous avons démontré que le traitement chronique par la
galanine diminue la fibrose myocardique et améliore la fonction cardiaque altérée par la
sténose aortique. (Manuscrit en préparation)

En collaborations avec I’équipe de chimistes du Centre de Cardiologie a Moscou, nous
avons genéré et testé des nouveaux analogues structurels de la galanine: le fragment 1-11
(G1) et le fragment 2-15 (G3). Sur des cellules cardiaques exposées a I’H/R nous avons
démontre I'activité inhibitrice puissante des analogues G1 ou G3 contre la formation de ROS
mitochondriaux et la mort de cellules par apoptose. Au cours de l'ischémie myocardique
aigué, le manque d'oxygéne modifie le métabolisme cellulaire, qui se traduit par
I'accumulation de lactate, I'appauvrissement en ATP, la surcharge en Na* / Ca** et I'inhibition
de la fonction contractile myocardique (Yellon and Hausenloy, 2007; Chen and Zweier,
2014). Dans un modéle d’ischémie ex-vivo chez les rats, nous avons pu démontrer que
I’administration i.v. de G1 ou G3 améliore le statut métabolique du myocarde et le débit
cardiaque. En effet, le traitement par G1 ou G3 diminue de maniére significative le taux
plasmatique de la lactate déshydrogénase et de la créatinine kinase MB. De plus, le traitement
avec G1 ou G3 a permis de restaurer les réserves en ATP et enphosphocréatine. Ces données
expérimentales indiquent le potentiel thérapeutique des analogues G1 et G3 dans l'atténuation
des lésions oxydatives et métaboliques induites par une Iésion I/R myocardique. L’ensemble
de ces données suggere que le systeme galaninergique joue un rdle important dans le contrdle
de statut métabolique du myocarde au réponse au stress.

D'autres études sont nécessaires pour définir les mécanismes potentiels de la fagon
dont la galanine régule le métabolisme cardiaque et le stress oxydant au niveau de la
mitochondrie et pour identifier le rdle précis des interactions de la galanine avec le récepteur
GalR2 dans ces processus.
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CONCLUSIONS

En conclusion, les résultats de cette these fournissent la premiére preuve que le
systeme galaninergique joue un réle important dans le contrdle du remodelage cardiaque.
Dans la phase précoce du remodelage myocardique, la galanine et ses analogues G1 et G3
atténuent la production excessive de ROS mitochondriaux et préservent le statut métabolique
dans les modeles in vitro (H/R) et in vivo (I/R). De plus, nous avons montré qu'une inhibition
sélective de la formation de ROS mitochondriaux par des analogues de la galanine est
associée a une diminution de la mort cellulaire par I’apoptose, de la nécrose et a I'amélioration
de la fonction cardiaque. Ces résultats suggérent que G1 et G3 peuvent étre considérés comme
des molécules qui peuvent contre-balancer le stress oxydatif, la perte des cellules cardiaques
et les modifications métaboliques lors du remodelage cardiaque.

Dans la phase tardive du remodelage due a une sténose aortique, la galanine prévient
I’activation des fibroblastes cardiaques et le développement de la fibrose cardiaque. Ces effets
de la galanine sur le remodelage structurel du myocarde ont été associés a I’amélioration de la
fonction cardiaque.

Dans la perspective de confirmer le réle du systéme galaninergique, nous souhaitons
étudier chez la souris les conséquences de la délétion du gene du récepteur a la galanine
GalR2 sur le remodelage cardiague De plus, le développement de souris galanine KO
spécifique dans le cceur nous permettra d’étudier plus précisément le r6le de ce peptide dans
un contexte physiopathologique.
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ANNEXES

Manuscrit 1. Inhibition of PIKfyve prevents myocardial apoptosis and
hypertrophy through activation of SIRT3 in obese mice.
Manuscrit 2: Apelin-13 administration protects against ischaemia/reperfusion-mediated
apoptosis through the FoxO1 pathway in high-fat diet-induced obesity.
Manuscrit 3: Apelin regulates FoxO3 translocation to mediate cardiprotective responses

to myocardial injury and obesity.
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Abstract

PIKfyve is an evolutionarily conserved lipid kinase that regulates
pleiotropic cellular functions. Here, we identify PIKfyve as a key
regulator of cardiometabolic status and mitochondrial integrity in
chronic diet-induced obesity. In vitro, we show that PIKfyve is criti-
cal for the control of mitochondrial fragmentation and hyper-
trophic and apoptotic responses to stress. We also provide
evidence that inactivation of PIKfyve by the selective inhibitor STA
suppresses excessive mitochondrial ROS production and apoptosis
through a SIRT3-dependent pathway in cardiomyoblasts. In addi-
tion, we report that chronic STA treatment improves cardiometa-
bolic profile in a mouse model of cardiomyopathy linked to
obesity. We provide evidence that PIKfyve inhibition reverses
obesity-induced cardiac mitochondrial damage and apoptosis by
activating SIRT3. Furthermore, treatment of obese mice with STA
improves left ventricular function and attenuates cardiac hyper-
trophy. In contrast, STA is not able to reduce isoproterenol-induced
cardiac hypertrophy in SIRT3.KO mice. Altogether, these results
unravel a novel role for PIKfyve in obesity-associated cardiomyopa-
thy and provide a promising therapeutic strategy to combat cardi-
ometabolic complications in obesity.
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Introduction

Global increase in rates of obesity-associated cardiovascular compli-
cations poses a major challenge to overall population health
(Battiprolu et al, 2012). Obesity has been linked to a spectrum of

changes in metabolic status and cardiac phenotype with reduced
contractility, left ventricular hypertrophy and heart failure
(Battiprolu et al, 2012). Given the limited capacity of the heart for
regeneration, the progression of these abnormalities in obese
patients poses a major threat. However, the specific mechanisms
through which obesity triggers the decline of cardiac function
remain unclear. A fragile balance between survival and death exists
in cardiac cells undergoing pathologic stress, and activation of apop-
totic machinery leads to premature cell death and heart failure
progression (Barouch et al, 2006). This loss of cardiomyocytes may
be secondary to mitochondrial dysfunction caused by chronic expo-
sure to reactive oxygen species (ROS) in obese conditions (Bournat
& Brown, 2010; Tsutsui et al, 2011). However, to date, effective
therapeutic tools that control both metabolic and cardiac abnormali-
ties in obese patients are elusive.

The evolutionarily conserved lipid kinase PIKfyve that synthe-
sizes PISP and PI(3,5)P, has been implicated in a diverse range of
cellular processes, including cell proliferation, migration, tyrosine
kinase receptor signaling, and membrane trafficking (Shisheva,
2008). PIKfyve is ubiquitously expressed in mammals, including in
cardiac tissue (Ikonomov et al, 2013), and the total knockout is
embryonic lethal in mice (Ikonomov et al, 2011). It contains a FYVE
domain which binds to PI3P on endosomes and is responsible for its
intracellular localization (Sbrissa et al, 2002b). Expression of a
PIKfyve dominant negative mutant (Ikonomov et al, 2001), epige-
netic or pharmacological inhibition of PIKfyve (Jefferies et al, 2008)
induces the formation of enlarged endosomal vacuoles, indicating
its critical role in the maintenance of the endo-lysosomal membrane
homeostasis. Recently, a new potent and highly selective PIKfyve
inhibitor has been characterized, shedding light on a new role for
PIKfyve in inflammation and autoimmune diseases (Cai et al, 2013).
Indeed, this inhibitor, known as apilimod or STA-5326 (referred to
STA throughout this study), shows great potency to reduce the
production of pro-inflammatory cytokines and TLR signaling in
dendritic cells and monocytes. STA has been tested in patients with
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rheumatoid arthritis (Krausz et al, 2012), psoriasis (Wada et al,
2012), and Crohn’s disease (Billich, 2007). To date, there are no
reports concerning the effects of STA on cardiac and metabolic
disorders.

In this study, we unravel a critical role of PIKfyve in the regula-
tion of cardiometabolic status in obesity-induced phenotype. We
provide evidence that chronic inhibition of PIKfyve by STA attenu-
ates obesity-related cardiometabolic phenotype by reducing mito-
chondrial oxidative stress and apoptosis through the deacetylase
SIRT3. Therefore, these data pave the way to new promising
therapeutic strategies to prevent cardiometabolic complications in
obesity.

Results

STA treatment attenuates hypertrophic response and
mitochondrial ROS production in cardiomyoblasts

Oxidative and metabolic stresses are key factors in the pathogenesis
of obesity-related diseases (Bournat & Brown, 2010; Tsutsui et al,
2011). To investigate whether PIKfyve activity is affected in condi-
tions of metabolic or oxidative stress, we measured PISP levels
in H9C2 cells subjected to hypoxia-induced oxidative stress or
2-deoxy-p-glucose (2DG)-induced metabolic stress. We found a
~fivefold increase in PISP levels in H9C2 cells in response to hypoxic
(Fig 1A) or 2DG stimulations (Fig 1B) as measured by mass assay.
This PISP synthesis was totally abrogated by the selective PIKfyve
inhibitor STA, providing the first evidence that stress-induced cellu-
lar responses are linked to PIKfyve activity. Interestingly, we found
that basal levels of PISP are refractory to STA treatment in
cardiomyoblasts.

Cardiac hypertrophy is a potent predictor of cardiovascular risk
in obesity (Battiprolu et al, 2012). To examine the potential role of
the lipid kinase PIKfyve in hypertrophic responses to stress, we
evaluated the effects of its pharmacological inhibition by STA on
hypoxia-induced hypertrophy in cardiomyoblasts. As shown in
Fig 1C, STA treatment of H9C2 cells induced the formation of
enlarged vacuoles, a hallmark of PIKfyve inhibition (Ikonomov
et al, 2001; Jefferies et al, 2008). As described by Dupuis-Coronas
et al (2011) and others (Jefferies et al, 2008) in various cell types,
the formation of these endosomal vacuoles did not impede H9C2
cell viability (Fig EV1A), even at high concentration. Strikingly, STA
treatment abrogated hypoxia-induced hypertrophic responses as

Figure 1.
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shown by measuring the cell surface (Fig 1C) and quantification of
the hypertrophic marker B-MHC (Fig 1D). Cell hypertrophy is
closely linked to ROS production by mitochondria, a major site for
ROS production (Sawyer et al, 2002); therefore, we next investi-
gated whether PIKfyve inhibition affects hypoxia-induced mitochon-
drial ROS production. Remarkably, H9C2 cells treated with STA
presented a reduced level of mitochondrial O; (Fig 1E, MitoSOX)
and H,O, (Fig 1E, MitoPY1) in response to hypoxic stress. More-
over, PIKfyve inhibition by STA attenuated 2DG-induced mitochon-
drial ROS production in H9C2 cells (Fig 1F). In order to confirm
STA specificity toward PIKfyve, we resorted to siRNA-mediated
silencing of PIKfyve in H9C2 cells. Silencing efficiency was moni-
tored by qRT-PCR (Fig EV1B). Notably, we found that PIKfyve
silencing prevented hypoxia-induced ROS production to the same
extent as STA treatment (Fig EV1C). Interestingly, we demonstrated
that in cells depleted for PIKfyve, STA has no further effect on
hypoxia-induced ROS generation, validating PIKfyve as the target
for the anti-oxidant properties of STA.

PIKfyve inhibition prevents stress-induced cell apoptosis and
mitochondrial structural damage

Mitochondrial damage and excessive ROS production may result in
activation of apoptotic cascades and cell death (Tsutsui et al, 2011).
As shown in Fig 2, in response to hypoxia, STA treatment of HOC2
cells attenuated apoptosis as shown by TUNEL staining (Fig 2A)
and cleavage of caspase 3, a bona fide marker of apoptotic cascade
activation (Fig 2B). Importantly, STA-dependent anti-apoptotic
activity was confirmed in conditions of metabolic stress induced by
2DG (Fig 2C and D).

One of the hallmarks of apoptosis is the fragmentation of the
mitochondrial network (Youle & Karbowski, 2005). Therefore, we
next examined whether inhibition of PIKfyve could affect stress-
induced mitochondrial fragmentation. While control cells harbored
a typical elongated and interconnected mitochondrial network, both
hypoxia (Fig 2E) and 2DG (Fig 2F) resulted in mitochondrial frag-
mentation. Strikingly, PIKfyve inhibition by STA prevented mito-
chondrial fragmentation induced by both oxidative (Fig 2E) and
metabolic stresses (Fig 2F) suggesting STA-dependent preservation
of mitochondrial integrity. Notably, depletion of PIKfyve by siRNA
recapitulated STA effect on the preservation of mitochondrial struc-
tures upon hypoxic stress (Fig EV1D).

Mitochondrial fragmentation is mediated by recruitment of the
small cytosolic GTPase dynamin-related protein 1 (Drpl) at the

Inhibition of PIKfyve by STA reduces cardiomyoblast hypertrophic response and mitochondrial ROS production.

A Rat H9C2 cardiomyoblasts were subjected to hypoxia (H) or kept in normoxia (N) in the presence of STA or vehicle only (DMSO). PISP levels were measured by mass
assay to address PIKfyve activation (left panel). Quantification of PISP from independent experiments is shown on the right panels (n = 3-5).

B Same as in (A) but cells were exposed to 2DG-induced metabolic stress.

HIC2 cells were subjected to hypoxia (H) to induce cell hypertrophy or kept in normoxia (N) in the presence of STA or vehicle only (DMSO). Phase contrast images
are shown (left panel). Scale bar is 25 pm. Cell surface was quantified from 239 to 279 cells across three independent experiments.
gRT-PCR quantification of the expression level of the hypertrophic marker B-MHC from three to six independent experiments.

E F

HIC2 cells were exposed to oxidative- (E) or 2DG-induced metabolic (F) stress as indicated and mitochondrial O, production or mitochondrial H,0, were assessed using

the MitoSOX Red fluorescent probe and MitoPY1 probe, respectively (left panels). Scale bar is 10 um. Quantifications are shown on the right panels (n = 16-81).

Data information: Data are presented as mean + SEM. Two-way ANOVA followed by Bonferroni’s post hoc test: ***P < 0.001, **P < 0.01, and *P < 0.05 between

indicated conditions. The exact P-values are specified in Appendix Table S1.

© 2017 The Authors
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Figure 2. STA treatment prevents cardiomyoblast apoptotic cell death and preserves mitochondrial structures.

A TUNEL staining of apoptotic HIC2 cells treated as indicated (left panel). Scale bar is 50 um. Right panel shows quantification of apoptotic cells from three to four

independent experiments.

B Cell lysates from H9C2 cells treated as in (A) were probed with the indicated antibodies (left panel). Quantification of caspase 3 cleavage is shown on the right

panel from three to four independent experiments.

C TUNEL staining of apoptotic cells treated with 2-deoxy-p-glucose (2DG) in the presence or not of STA. Quantification is shown on the right panel from three to four

independent experiments. Scale bar is 50 pm.

Western blot of H9C2 cells treated as in (C). Results are from four independent experiments.
E,F H9C2 cells were treated as indicated, and live-stained with MitoTracker Red to assessed mitochondrial structures (left panels). Scale bar is 10 pm. Mitochondrial
fragmentation was quantified on thresholded images using a dedicated Image] plugin. Quantification of mitochondrial fragmentation is shown on the right panels

(n = 10-51).

G, H Self-assembly of Drpl at mitochondrial fission sites was monitored by immunofluorescence on treated cells (left panels). Scale bar is 10 um. Quantification of the

number of Drpl punctae per cell is shown on the right panels (n = 33-114).

Data information: Data are presented as mean & SEM. Two-way ANOVA followed by Bonferroni’s post hoc test: ***P < 0.001, **P < 0.01, and *P < 0.05 between

indicated conditions.
Source data are available online for this figure.

active fission site on the surface of mitochondria, which can be
followed by immunofluorescence (Frank et al, 2001; Smirnova
et al, 2001). As shown in Fig 2G and H, both oxidative (Fig 2G)
and metabolic (Fig 2H) stresses induced the self-assembly of
Drpl in H9C2 cells. In these conditions, STA treatment reduced
Drpl assembly, to the same extent as the Drpl-specific inhibitor
Mdivi-1 (Fig 2G and H). siRNA-mediated depletion of PIKfyve also
led to the reduction in Drpl self-assembly induced by hypoxia
(Fig EV1E), demonstrating the implication of PIKfyve in the control
of mitochondrial dynamics.

PIKfyve induces mitochondrial ROS production and apoptosis
through a SIRT3-dependent pathway

In cardiac myocytes, the high density of mitochondria reflects the
high energy demand needed to maintain contractile functions.
Therefore, in order to maintain the redox cellular status and opti-
mize the bioenergetic efficiency of the heart, the functioning of
mitochondria is in turn tightly regulated. The NAD'-dependent
lysine deacetylase SIRT3 has recently emerged has a key regulator
of mitochondrial functions, through the control of the oxidative
and metabolic status, mitochondrial dynamics, and apoptosis
(Huang et al, 2010; McDonnell et al, 2015). SIRT3 is a nuclear-
encoded protein and therefore needs to be translocated into the
mitochondrial matrix to deacetylate its targets (Schwer et al,
2002). In order to test whether PIKfyve affects cardiac SIRT3, we
first localized endogenous SIRT3 in H9C2 cells subjected to oxida-
tive stress in the presence of STA. In control cells, SIRT3 was
found mainly cytosolic (Fig 3A). Interestingly, a strong transloca-
tion of SIRT3 to the mitochondria was induced by STA treatment
independently of stress stimuli (Fig 3A and B). This mitochondrial
enrichment was confirmed biochemically by isolating mitochon-
dria from control or STA-treated cells (Fig 3C and D). Impor-
tantly, the localization of the nuclear SIRT1 was not altered by
STA treatment (Fig 3E), suggesting a specificity toward SIRT3. In
order to confirm the results obtained with the pharmacological
inhibition of PIKfyve, we examined SIRT3 localization in H9C2
cells silenced for PIKfyve expression using siRNA. As shown in
Fig 3F, knockdown of PIKfyve in H9C2 cells resulted in a strong
translocation of SIRT3 to the mitochondrion without changes in
SIRT1 localization.

EMBO Molecular Medicine Vol 9| No 6| 2017

Next, in order to determine whether SIRT3 is involved in PIKfyve
regulation of mitochondrial ROS generation and apoptosis, we
resorted to its silencing using specific siRNA. Knockdown efficiency
was confirmed by qRT-PCR (Fig EV2). We hypothesized that SIRT3
depletion may result in the loss of STA-induced anti-oxidant and
anti-apoptotic activities. As shown in Fig 4, in conditions of meta-
bolic stress, SIRT3 silencing totally prevented STA effects on mito-
chondrial ROS production (Fig 4A and B) and cell apoptosis (Fig 4C
and D). These results point to an unprecedented role of PIKfyve in
the control of mitochondrial ROS production, cell hypertrophy, and
apoptosis through the control of SIRT3 pathway.

STA treatment reduces cardiac hypertrophy and improves
cardiac function in a mouse model of diet-induced obesity

Considering the in vitro effects of STA on cellular responses to
oxidative and metabolic stresses, we next examined whether
PIKfyve inhibition could improve cardiometabolic phenotype in a
mouse model of chronic high fat diet (HFD)-induced obesity. As
shown in Table 1, the exposure of mice to HFD for 12 months
resulted in the development of glucose intolerance, insulin resis-
tance, and morphometric changes as compared with normal diet
(ND) fed mice. Echocardiographic analysis revealed ventricular
dysfunction characterized by the decreased ejection fraction (EF)
and fractional shortening (FS) and cardiac hypertrophy as shown by
elevated LVPWd and IVSTd in HFD-fed mice as compared to ND-fed
mice (Fig SA-E). Analysis of heart weight-to-body weight ratio
(HW/BW, Fig 5F), cardiac myocyte cross-sectional area (Fig 5G),

Table 1. Metabolic parameters of mice under ND or HFD feeding.

Parameters ND HFD

Body weight (g) 428 + 21 517 4+ 1.8**
Fat mass (%) 96 + 0.8 19.6 £ 2.2%**
Glucose (mmol/l) 102 + 0.4 12.8 + 0.8**
IGTT AUCglucose 38,310 + 842 45,722 + 4161*

Body weight, fat mass, plasma glucose, area under the curve of intraperitoneal
glucose tolerance test (IGTT AUCglucose) were evaluated in male C57BL/6) mice
after 12 months HFD or ND feeding. n = 6-14 per group. Data are

means £ SEM; Student’s t-test, *P < 0.05, **P < 0.01, and ***pP < 0.001
versus ND-fed group.

© 2017 The Authors
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Figure 3. PIKfyve inhibition induces SIRT3 translocation to the mitochondria.

A H9C2 cells were treated as indicated, mitochondria were live-stained with MitoTracker Red (in red), and the cells were fixed and stained for endogenous SIRT3 (in
green) and imaged by confocal microscopy. Scale bar is 10 um.

B Quantification of the colocalization between SIRT3 and mitochondria in treated cells from (A). Data are presented as mean + SEM. Two-way ANOVA followed by
Bonferroni’s post hoc test: ***P < 0.001 as compared with control (n = 69-91).

C Mitochondria were isolated from H9C2 cells treated as indicated and blotted for SIRT3 and COX V as a control. Asterisk indicates non-specific band.

D Quantification of SIRT3 enrichment in mitochondria from (C). Data are presented as mean + SEM. Two-way ANOVA followed by Bonferroni’s post hoc test: **P < 0.01
and ***P < 0.001 as compared with control (n = 3). ns, non-significant.

E  H9C2 cells were treated with STA as indicated, fixed and stained for endogenous SIRT3 (in green), SIRT1 (in blue). Mitochondria were live-stained with MitoTracker
Red (in red). Scale bar is 10 pum. Pearson’s coefficients are indicated in the zoomed boxes as mean + SEM from three to four independent experiments.

F H9C2 cells were transfected with a control siRNA (siControl) or with a siRNA targeting PIKfyve (siPIKfyve), fixed and stained as in (E). Scale bar is 10 pm.

Source data are available online for this figure.
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Figure 4. Endogenous SIRT3 is required for STA anti-oxidant and anti-apoptotic properties.

A H9C2 cells were transfected with a control siRNA (siControl) or with a siRNA targeting SIRT3 (siSIRT3), and cells were treated as indicated. Mitochondrial O
production was assessed using the MitoSOX Red fluorescent probe. Scale bar is 10 um.

B Quantification from (A) (n = 75-157).
C TUNEL staining of apoptotic cells treated as in (A). Scale bar is 50 um.
D Quantification of apoptotic cells from (C) (n = 4-7).

Data information: Data are presented as mean 4 SEM. One-way ANOVA followed by Bonferroni’s post hoc test: ***P < 0.001 as compared with control cells; $55p < 0.001

between indicated conditions.

and myocardial expression of hypertrophic markers 3-MHC (Fig 5H)
and BNP (Fig 5I) confirmed the induction of cardiac hypertrophy in
HFD-fed mice as compared to ND-fed mice. In HFD-fed mice,
PIKfyve inhibition prevented obesity-induced impairments in
cardiac function and structure. Indeed, in HFD-fed mice, chronic
treatment with STA improved cardiac function as shown by the
increased EF and FS (Fig 5A-C). Compared to vehicle-treated HFD-
fed mice, STA treatment reduced cardiac hypertrophy as shown by
the decrease in the LVPWd and IVSTd (Fig 5D and E, respectively),
HW/BW ratio (Fig 5F), cardiomyocyte cross-sectional area (Fig 5G),
and myocardial expression of B-MHC and BNP (Fig SH and I).
Importantly, STA-dependent preservation of cardiac function was
accompanied by a reduction in myocardial fibrosis as compared to
vehicle-treated HFD-fed mice (Fig 5J). Moreover, STA treatment,

EMBO Molecular Medicine Vol 9| No 6| 2017

leading to reduced myocardial PISP level (Fig EV3A), improved
glucose tolerance as compared to vehicle-treated mice (Fig EV3B
and C) without significant changes in body weight (44.8 g + 3.3 in
control versus 51.7 g + 2.8 in STA-treated mice). In the same line,
we found that STA did not change the amount of perigonadal
adipose tissue (2.27% + 0.16 in vehicle-treated mice versus
2.20% =+ 0.11 in STA-treated mice, expressed as % of body weight),
suggesting that STA treatment had no major effect on fat depot in
obese mice. In addition, anti-glycemic activity of STA was associ-
ated with reduced levels of plasma triglycerides and myocardial
content of lipid peroxide (LPO), an oxidative stress marker
(Fig EV3D and E).

STA has been initially described for its anti-inflammatory proper-
ties (Cai et al, 2013). In cardiac tissue from HFD-fed mice, STA

© 2017 The Authors
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treatment did not significantly affect myocardial expression level of
key inflammatory factors including IL-1p, IL-12, IL-23, IL-6, TNF-q,
and MCP1 (Fig EV4A). Moreover, no changes were detected in
plasma IL-6 and TNF-o in STA-treated mice (Fig EV4B). This
suggests that the cardioprotective effects of STA in cardiomyopathy
linked to obesity are not due to its systemic anti-inflammatory
properties.

PIKfyve function in obesity-linked cardiomyopathy
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PIKfyve inhibition prevents obesity-induced oxidative stress,
cardiac apoptosis, and mitochondrial damage

Based on our in vitro data, we next asked whether PIKfyve inhibi-
tion was able to affect obesity-induced oxidative stress and
cardiac apoptosis. Chronic consumption of HFD resulted in
enhanced production of mitochondrial ROS (Fig 6A and B) and
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Figure 5. PIKfyve inhibition reduces cardiac hypertrophy and improves cardiac function in vivo.
A Representative 2D-M-Mode echocardiographic images of non-obese (ND) or obese (HFD) mice treated intraperitoneally with STA or vehicle only (Vehicle).

B-E

Echocardiographic measures of ejection fraction (EF, B), fractional shortening (FS, C), left ventricular posterior wall thickness at end diastole (LVPWd, D) and

interventricular septum thickness at end diastole (IVSTd, E) of ND or HFD vehicle- or STA-treated mice.

F Quantification of the heart weight-to-body weight ratio (HW/BW).
G Quantification of myocyte cross-sectional area from heart cryosections.
H

, | Expression levels of B-MHC (H) and BNP (I) were measured by gRT-PCR from cardiac tissues.

Cardiac fibrosis was quantified on heart cryosections stained with Sirius red. Scale bar is 100 um.

Data information: Data are presented as mean £ SEM. Student’s t-test, *P < 0.05; **P < 0.01 ***P < 0.001 between indicated conditions, n = 4-8 mice per group.
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activation of apoptosis (Fig 6C and E). Importantly, PIKfyve
inhibition culminated in the reduction in mitochondrial O;
levels (Fig 6A and B) in HFD-fed mice. As compared to vehicle-
treated mice, myocardial levels of apoptosis (Fig 6C and D) and
pro-apoptotic factor Bax (Fig 6E) were significantly lower in
STA-treated HFD-fed mice. Electron microscopy analysis of mito-
chondrial integrity in cardiac tissue from HFD-fed mice revealed
ultrastructural changes including decreased mitochondrial size
and fragmented rounded interfibrillar mitochondria (Fig 7A and
B), a typical hallmark of cardiac injury (Ong et al, 2010). In
contrast, treatment of HFD-fed mice with STA preserved mito-
chondrial size and prevented mitochondrial damage as compared
to vehicle-treated HFD-fed mice (Fig 7A and B). Defects in mito-
chondrial architecture are hallmarks for respiratory chain damage
and ROS production. Therefore, we analyzed the expression pro-
file of key complexes of the mitochondrial respiratory chain
(OXPHOS complexes). Strikingly, in conditions of PIKfyve inhibi-
tion, we found an increased expression of mitochondrial-encoded
genes in complexes I, II, III, IV, and V in cardiac tissue (Fig 7C
and D) suggesting an improved respiratory efficiency.

PIKfyve inactivation drives cardiac SIRT3 pathways in
obesity-related cardiometabolic phenotype

We next studied the activation status of SIRT3 in STA-treated mice.
It has been recently shown that phosphorylation of SIRT3 on

A HFD+Vehicle

HFD+STA

HFD+Vehicle HFD+STA

Figure 6.
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Ser/Thr residues led to increased enzymatic activity in mitochondria
(Liu et al, 2015). Therefore, we performed immunoprecipitation of
endogenous SIRT3 in heart extracts from control or STA-treated
mice followed by immunoblot of phosphorylated proteins on serine
residues. As shown in Fig 8A, STA treatment increased significantly
the amount of phosphorylated SIRT3. Moreover, we investigated the
acetylation status of two mitochondrial targets of SIRT3 involved in
redox homeostasis, the superoxide dismutase 2 (SOD2) (Tao et al,
2010) and the isocitrate dehydrogenase 2 (IDH2) (Yu et al, 2012).
STA treatment significantly reduced the amount of acetylated
cardiac IDH2 (Fig 8B) and SOD2 (Fig 8C). Altogether, these data
suggest that PIKfyve inhibition led to increased SIRT3 activity in
hearts from obese mice.

STA loses its anti-hypertrophic properties in SIRT3.KO mice

In order to confirm the implication of SIRT3 in the anti-hypertrophic
effects of STA, we evaluated the effects of PIKfyve inhibition in
SIRT3.KO mice treated with isoproterenol (ISO) to induce cardiac
hypertrophy (Fig 9A and B). As shown in Fig 9B and C, treatment
with STA significantly prevented ISO-induced cardiac hypertrophy
as measured by decreased IVSTd and cardiomyocyte cross-sectional
area as compared to vehicle-treated WT mice. In contrast, STA-
mediated effects on cardiac hypertrophy were totally abrogated in
SIRT3.KO mice (Fig 9B and C) suggesting that SIRT3 is required for
the anti-hypertrophic activity of STA.
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Figure 7. Chronic STA treatment reduces mitochondrial damages in obese mice.

A Electron micrographs showing preservation of myocardial mitochondrial structure in HFD STA-treated mice. Scale bar is 1 pm.
B Quantification of mitochondria size from (A). Data are presented as mean & SEM. Student’s t-test, ***P < 0.001 between indicated conditions, n = 4-6 mice per

group.

C Expression of several OXPHOS complexes was measured by Western blot on heart lysates.
D Quantification of OXPHOS complexes expression from (C). Data are presented as mean =+ SEM. Student’s t-test, *P < 0.05 as compared with ND, P < 0.05 as

compared with HFD+Vehicle. n = 3-6 mice per group.

Source data are available online for this figure.

Finally, in order to investigate whether PIKfyve inhibition affects
cardiac SIRT3 protein content in mitochondria under hypertrophic
stimulation, we examined the level of mitochondrial SIRT3 in
control or ISO-treated mice hearts. As shown in Fig 9D, ISO treat-
ment induced a reduction in mitochondrial level of SIRT3, most
likely due to mitochondrial damage induced by ISO (Bloom &
Cancilla, 1969). Strikingly, STA treatment induced a strong accumu-
lation of SIRT3 in the mitochondria (Fig 9D). Taken together, these
results indicate that PIKfyve inhibition reduces cardiac hypertrophy
through mitochondrial SIRT3 activation.

Discussion

Obesity is closely associated with cardiovascular and metabolic
complications (Battiprolu et al, 2012). Increasing evidence suggests
that abnormal mitochondrial ROS production and mitochondrial
defects are at the center of the pathophysiology of the failing heart
and metabolic disorders (Bournat & Brown, 2010; Tsutsui et al,
2011). The loss of mitochondrial integrity inevitably disturbs cell
functions, sensitizes cells to stress and may trigger cell death, with
potentially dramatic irreversible pathological consequences. In the
present study, we unravel a critical role for the phosphoinositide
kinase PIKfyve in the control of stress-induced mitochondrial

© 2017 The Authors

damage, ROS generation, apoptosis, and ventricular dysfunction in
obesity-induced phenotype. Long-term HFD-induced obesity
increases the heart workload, causes left ventricular hypertrophy,
and impairs cardiac function (Battiprolu et al, 2012; Fuentes-Antras
et al, 2015). Our in vitro results demonstrate that inhibition of
PIKfyve attenuated stress-induced hypertrophic responses in
cardiomyoblasts. In addition, in a mouse model of obesity-induced
phenotype, we show that chronic treatment with STA decreased
ventricular hypertrophy, a major predictor of cardiovascular events,
and improves left ventricular contractility, suggesting a tight associ-
ation between myocardial PIKfyve activity and cardiac function in
the setting of obesity.

Obesity is associated with metabolic disorders leading to the
installation of type 2 diabetes (Battiprolu et al, 2012). The present
study is the first report that demonstrates the efficacy of pharmaco-
logical inhibition of PIKfyve on glycemic status in obesity-induced
type 2 diabetes. If the total knockout of PIKfyve in mice is lethal at
embryonic stage (Ikonomov et al, 2011), the generation of tissue-
specific PIKfyve knockout mice has given some insights in the
in vivo functions of the lipid kinase. Indeed, muscle-specific PIKfyve
knockout mice are glucose intolerant and insulin resistant
(Ikonomov et al, 2013). The key difference between the genetic and
pharmacological inactivation of PIKfyve is that in KO mice, the
protein is totally absent, preventing both the kinase activity and any

EMBO Molecular Medicine Vol 9 | No 6] 2017
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Figure 8. SIRT3 is activated in hearts from STA-treated mice.

A Heart lysates from vehicle- or STA-treated obese mice were immunoprecipitated using an anti-SIRT3 antibody. Bound proteins were immunoblotted with an anti-
phospho-serine antibody to reveal the phosphorylated SIRT3 (pSIRT3). As a loading control, total homogenates were probed with an anti-SIRT3 antibody (SIRT3
total). Asterisk indicates antibody light chains. Quantification is shown on the right panel.

B, C
on the right panels.

Same as in (A) but lysates were immunoprecipitated with an anti-acetyl-lysine antibody and immunoblotted for IDH2 (B) and SOD2 (C). Quantifications are shown

Data information: Data are presented as mean + SEM. Student’s t-test, *P < 0.05; **P < 0.01, n = 3-8 mice per group.

Source data are available online for this figure.

scaffolding/docking function of PIKfyve. The use of pharmacologi-
cal inhibitors allows a more detailed dissection of these two charac-
teristics.

Our study provides the first evidence that PIKfyve controls the
structural mitochondrial integrity and ROS production in cardiac
cells through a SIRT3-dependent pathway. One might hypothesize
that PIKfyve could be found on mitochondria to play such a role.
However, PIKfyve is a cytosolic protein localized on endosomes
through its FYVE domain (Sbrissa et al, 2002b). One might specu-
late that some lipid transfer may occur, allowing PIKfyve lipid prod-
ucts PISP and/or PI(3,5)P, to be accumulated in mitochondrial

EMBO Molecular Medicine Vol 9| No 6] 2017

membranes. The capacity of phospholipids to alter membrane
dynamics is widely recognized (van Meer et al, 2008), and interest-
ingly, membrane fluidity has been shown to be a key factor in the
respiratory chain efficiency (Waczulikova et al, 2007). Although a
direct transfer between two distant lipid bilayers is very unlikely,
there are examples of lipid exchange through protein carriers
between two organelles, for example endoplasmic reticulum to
Golgi apparatus (Moser von Filseck et al, 2015) or to plasma
membrane (Stefan et al, 2013). Such a transfer mechanism could
exist between the endosomal system and the mitochondria.
Further work is needed to explore these possibilities and also to

© 2017 The Authors
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Figure 9. STA loses its anti-hypertrophic properties in SIRT3.KO mice.

A Schematic of the protocol used. WT or SIRT3.KO mice received isoproterenol (ISO) for 3 days followed by injections of ISO+STA or ISO+DMSO for 4 days.
Echocardiography analysis was performed at the beginning and at the end of the protocol to compare the groups.

B IVSTd was measured in WT and SIRT3.KO mice treated with ISO or ISO+STA as indicated. Data are presented as mean + SEM. Student’s t-test, *P < 0.05; ***P < 0.001
as compared with control (C, before treatment) and °P < 0.05 as compared with 1SO, from three to nine mice per group. ns, non-significant.

C Hematoxylin—eosin staining of heart cryosections from WT or SIRT3.KO mice after ISO or ISO+STA acute treatment and quantification of myocyte cross-sectional area. Scale
bar is 25 pum. Data are presented as mean + SEM. Student’s t-test, *P < 0.05 as compared with ISO-treated group, from three to four mice per group. ns, non-significant.

D SIRT3 is enriched in mitochondria after STA treatment. Mitochondria were isolated from mice cardiac tissue treated as indicated, and blotted for SIRT3. COX IV was
used as a loading control. Right panel shows quantification of mitochondrial SIRT3 normalized against COX IV. Data are presented as mean + SEM. Student’s t-test,
*P < 0.05 between indicated conditions (n = 3—4 mice per group).

Source data are available online for this figure.

examine mitochondrial dynamics in the context of obesity-induced
cardiomyopathy. Alternatively, we could not exclude that PIKfyve
effects on mitochondria involve its protein kinase activity. Indeed,

© 2017 The Authors

it has been suggested that PIKfyve is able to phosphorylate several
protein substrates (Ikonomov et al, 2003), although the regulation
of this protein kinase activity remains poorly documented. It is

EMBO Molecular Medicine Vol 9 | No 6| 2017

781



Published online: April 10, 2017
EMBO Molecular Medicine

tempting to speculate that PIKfyve directly phosphorylates SIRT3 to
control the redox status of the cell. However, given the fact that
PIKfyve inhibition by STA increased SIRT3 phosphorylation and
that only activating phosphorylations have been described for
SIRT3 (Liu et al, 2015), one has to admit that PIKfyve controls
SIRT3 activity through a different mechanism. One possibility
would be that PIKfyve phosphorylates SIRT3 on a different site
through an inhibitory phosphorylation. In any case, our results
clearly demonstrate that PIKfyve is activated upon metabolic and
oxidative stresses, adding new activation pathways to the already
described osmotic shock (Sbrissa et al, 2002a). Taken together,
these observations clearly identify PIKfyve as a stress sensor which
is able to orchestrate the cell response.

A line of evidence suggests that obesity-induced cardiac dysfunc-
tion is linked to excessive mitochondrial ROS production, oxidative
stress, and massive loss of cardiac cells (Sawyer et al, 2002;
Battiprolu et al, 2012; Aurigemma et al, 2013). Both in vitro
and in vivo, we show here that STA was able to reduce mitochon-
drial ROS generation, oxidative stress, and apoptosis. Interestingly,
anti-hypertrophic activity of STA was associated with activation of
SIRT3 pathways in the heart. SIRT3 has been shown to be a nega-
tive regulator of cardiac hypertrophy (Sundaresan et al, 2009), ROS
production (Qiu et al, 2010), apoptotic cell death (Sundaresan et al,
2008), metabolism (Alfarano et al, 2014), and aging (McDonnell
et al, 2015). Our data suggest the existence of a novel PIKfyve-
dependent regulatory pathway that impinges on key processes of
mitochondrial biogenesis. This is supported by the following
evidences: First, PIKfyve inhibition increases myocardial phosphory-
lation level of SIRT3; second, PIKfyve inhibition decreases mito-
chondrial ROS production; third, PIKfyve inhibition is able to
increase OXPHOS components in cardiac tissue; and fourth, PIKfyve
inactivation causes an increase in mitochondrial size in the heart.

Despite its fundamental role, little is known on how SIRT3 is
translocated into the mitochondrial matrix (Schwer et al, 2002).
Here, we show that PIKfyve inhibition induced the translocation of
SIRT3 to the mitochondria, independently of stress. We postulate
that such a regulation would prime the cell for a quick response
under stress and ultimately protecting it from ROS overproduction
and cell death. In that regard, deciphering the molecular mecha-
nisms involved in STA-dependent SIRT3 translocation and activa-
tion would help to better understand the regulation of SIRT3, and
would pave the way to new therapies for diseases associated with
SIRT3 deficiency.

With the increasing prevalence of obesity-associated metabolic
and cardiovascular disorders, our study places the lipid kinase
PIKfyve in the context of cardiometabolic diseases and highlights
the therapeutic potential of PIKfyve pharmacological inhibition to
limit mitochondrial damage and to improve cardiometabolic pheno-
type in obese patients.

Materials and Methods

Reagents and antibodies

Antibodies used in this study are the following: anti-GAPDH (sc-
32233), anti-HSP90 (sc-13119), anti-Drpl (H-300), and anti-caspase
3 (sc-7148) from SantaCruz Biotechnology; anti-phospho-serine
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(4A4) from Millipore; anti-OXPHOS/COX (MS604/G2594) from
Mitosciences; and anti-acetylated-lysine  (9441S), anti-SIRT3
(D22A3), anti-SIRT1 (1F3), anti-COX IV (4844), and anti-cleaved
caspase 3 (9661) from Cell Signaling Technology. All antibodies
were used at 1:1,000 for immunoblot and 1:100 for immunofluores-
cence. Fluorescent Alexa-coupled secondary antibodies (used at
1:300) and DAPI were from Life Technologies. HRP-coupled
secondary antibodies (used at 1:3,000) were from Cell Signaling
Technology. STA-5326 was purchased from Axon MedChem and
was referred to as STA throughout this study. All other chemicals
were from Sigma-Aldrich unless otherwise stated.

Molecular biology

siRNA against SIRT3 were from Eurogentec and as follows: 5'-GCGU
UGUGAAACCCGACAU-3" and 5-AUGUCGGGUUUCACAACGC-3'.
siRNA Universal negative control was from Sigma. siRNA against
PIKfyve were from Sigma and as follows: 5'-GUUGUCAAUGGCUUU
GUUU-3" and 5'-AAACAAAGCCAUUGACAAC-3'. Primers for gRT-
PCR used in this study are as detailed in Table EV1.

Quantitative RT-PCR analysis

Total RNAs were isolated from cultured mouse cardiac fibroblasts
using the RNeasy mini kit (Qiagen). Total RNAs (300 ng) were
reverse transcribed using Superscript II reverse transcriptase (Invit-
rogen) in the presence of a random hexamers. Real-time quantita-
tive PCR was performed as previously described (Alfarano et al,
2014). The expression of target mRNA was normalized to GAPDH
mRNA expression.

Evaluation of apoptosis and ROS production

Apoptosis level was assessed as before (Boal et al, 2016) using the
DeadEnd Fluorometric TUNEL system according to manufacturer’s
instructions (Promega). Mitochondrial O, and H,O, were measured
using MitoSOX Red indicator (Life Technologies) and MitoPY1
(Sigma-Aldrich) as described (Boal et al, 2015b). Mitochondrial
superoxide levels on heart cryosections were assessed as described
elsewhere (Sun et al, 2013).

Quantification of PIKfyve product PISP

Quantification of the PISP level was performed using a mass assay
as described before (Morris et al, 2000) with slight modifications
(Dupuis-Coronas et al, 2011).

Animal studies, experimental protocol, and
metabolic measurements

The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1985) and was
performed in accordance with the recommendations of the French
Accreditation of the Laboratory Animal Care (approved by the local
Centre National de la Recherche Scientifique ethics committee).
Two-month-old wild-type male C57BL6/J mice purchased from
Janvier Labs were fed a high fat diet (HFD, 45% fat) for 12 months.
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Animals were randomly divided into two groups (n = 8 each). Mice
then received for 17 consecutive days intraperitoneal injections of
STA (2 mg/kg/day) or vehicle (DMSO), corresponding to a final
DMSO concentration of 50% diluted in PBS. The dose of STA was
selected on the basis of our preliminary animal studies. The effi-
ciency of PIKfyve inhibition was monitored by the quantification of
cardiac PISP (Fig EV4A). Plasma glucose (Accu-check, Roche Diag-
nostics) was measured in fasted state. LPO (lipid peroxide) quan-
tification was done as described before (Foussal et al, 2010) using
an ELISA-based kit (Cayman). Triglycerides were quantified using
enzymatic assay (TG enzymatic PAP150, Biomerieux). Plasma
insulin was measured using an ELISA-based kit (Mercodia). Plasma
IL-6 and TNF-o were quantified using ELISA kit (eBiosciences). Mice
genetically invalidated for SIRT3 and their controls have been
described previously and display no significant phenotype under
basal conditions (Bochaton et al, 2015). In order to induce cardiac
hypertrophy, WT or SIRT3.KO mice (n =9 per group) were
intraperitoneally treated with ISO (15 mg/kg/day) for 3 days. Mice
were then randomly segregated into two groups and treated for
4 days with either ISO+DMSO or ISO+STA (2 mg/kg/day).

Echocardiographic studies

Blinded echocardiography was performed as described (Pchejetski
et al, 2012) on isoflurane-anesthetized mice using a Vivid7 imaging
system (General Electric Healthcare) equipped with a 14-MHz
sectorial probe. Two-dimensional images were recorded in paraster-
nal long- and short-axis projections, with guided M-mode record-
ings at the midventricular level in both views. Left ventricular (LV)
dimensions and wall thickness were measured in at least five beats
from each projection and averaged. Fractional shortening and
ejection fraction were calculated from the two-dimensional images.

Morphology

Ultrastructural studies of cardiac tissue by electron microscopy were
done as before (Boal et al, 2015b). Briefly, cardiac tissues were fixed
in cold 2.5% glutaraldehyde/1% paraformaldehyde, post-fixed in
2% osmium tetroxide, embedded in resin, and sectioned. Hema-
toxylin—eosin and Sirius red stainings of heart cryosections were
done according to standard methods. The extent of cardiac fibrosis
was quantified using ImageJ software (Pchejetski et al, 2012).
Quantification of myocyte cross-sectional area was performed as
described (Foussal et al, 2010).

Cell culture, transfection, and treatments

The rat embryonic cardiomyoblastic cell line H9C2 (ATCC) was
cultured in DMEM medium (Life Technologies) supplemented with
10% FBS and 1% penicillin—streptomycin in a 37°C, 5% CO, incu-
bator. siRNA transfection was performed with Lipofectamine
RNAIMAX (Life Technologies) according to manufacturer’s instruc-
tions. For hypoxic treatment, cells were pretreated for 30 min with
STA (100 nM) or DMSO (vehicle only) and then subjected to
normoxia (5% CO,; 21% O,, balance N,) or hypoxia in a hypoxic
chamber (5% CO,, 1% O,, balance N,) for 2 h (for ROS measure-
ment) or 16 h (for apoptosis). To assess cell hypertrophy, the
medium was replaced and cells were further incubated for 24 h in
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normoxic conditions (reoxygenation) in the continuous presence of
STA or DMSO. To induce metabolic stress, the cells were treated
with 2-deoxy-p-glucose (2DG, 50 mM) in complete medium for 4 h
(for ROS production) or 24 h for apoptosis. Cell viability was
assessed using MTT colorimetric assay.

Immunofluorescence, determination of mitochondrial
fragmentation, and cell size measurement

Immunofluorescence was performed as previously described (Boal
et al, 2015a). For determination of mitochondrial fragmentation,
HI9C2 cells were live-stained with MitoTracker Red CMXRos (Life
Technologies) at 200 nM for 15 min at 37°C. Fixed cells were then
imaged by widefield microscopy. Mitochondrial fragmentation was
measured using a dedicated ImageJ plugin as described (Dagda
et al, 2009). For cell size measurement, three fields of view were
randomly selected per conditions and cell surface was quantified
using ImageJ.

Isolation of mitochondria from H9C2 cells

Cells were extensively washed in ice-cold PBS, scraped in HB
(20 mM HEPES, 270 mM sucrose, protease/phosphatase inhibitor
cocktails from Biotools, pH 7.4), and disrupted by 10 strokes through
a 27-gauge needle. Cell debris were pelleted by centrifugation
(10 min 400 g 4°C). The supernatant was further spun 25 min
10,000 g 4°C. The resulting pellet corresponding to the isolated
mitochondria was solubilized in RIPA buffer (50 mM Tris—HCIl (pH
7.5), 150 mM NaCl, 0.1% SDS, 0.5% DOC, 1% Triton X-100, 1 mM
EDTA, and protease/phosphatase inhibitor cocktails).

Isolation of mitochondria from mice heart

Mitochondria were isolated from mouse hearts essentially as
described (Fazal et al, 2017).

Protein extraction, immunoprecipitation, and Western blotting

Proteins from cardiac tissues and H9C2 cells were extracted using
RIPA buffer and quantified using the Bio-Rad Protein Assay (Bio-
Rad). For immunoprecipitation, lysates (500 pg proteins) were incu-
bated overnight at 4°C with 5 pl of the specific antibody bound to
Protein G Sepharose 4 Fast Flow (GE Healthcare). After extensive
washes, bound proteins were eluted in Laemmli sample buffer
(50 mM Tris-HCI (pH 6.8), 2% SDS, 6% glycerol, 0.2 mM DTT, and
0.02% bromophenol blue) and denaturated at 70°C for 15 min.
Proteins were resolved by SDS-PAGE and Western blotting.
Immunoreactive bands were detected by chemiluminescence with
the Clarity Western ECL Substrate (Bio-Rad) on a ChemiDoc MP
Acquisition system (Bio-Rad).

Statistical analysis

Data are expressed as mean 4+ SEM. Statistical comparison between
two groups was performed by Student’s t-test, while comparison of
multiple groups was performed by one- or two-way ANOVA
followed by a Bonferroni’s post hoc test when appropriate using
GraphPad Prism version 5.00 (GraphPad Software, Inc).
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The paper explained

Problem

Obesity is a growing health issue in modern societies and is associ-
ated with cardiovascular diseases, metabolic complication, and cardiac
dysfunction. Increasing evidences suggest that mitochondrial defects
are central to the pathophysiology of the failing heart and metabolic
disorders. However, the specific mechanisms remain unclear, and the
clinical management of this multifactorial disease requires a multi-
disciplinary approach and new therapeutic strategies.

Results

Here, we show that the lipid kinase PIKfyve is critical for stress-
induced mitochondrial damage in myocardium. Pharmacological inhi-
bition of the kinase by STA-5326 reduces mitochondrial ROS produc-
tion and apoptosis through the deacetylase SIRT3. Moreover, chronic
PIKfyve inhibition reduces ventricular hypertrophy and improves
cardiac function in morbidly obese mice.

Impact

Our study reveals the importance of PIKfyve inhibition in the treat-
ment of cardiomyopathy in obese mice and propose new therapeutic
avenue to improve cardiometabolic phenotype in obese patients.

Expanded View for this article is available online.
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BACKGROUND AND PURPOSE

Apelin-13, an endogenous ligand for the apelin (AP]) receptor, behaves as a potent modulator of metabolic and cardiovascular
disorders. Here, we examined the effects of apelin-13 on myocardial injury in a mouse model combining ischaemia/reperfusion
(I/R) and obesity and explored their underlying mechanisms.

EXPERIMENTAL APPROACH

Adult male C57BL/6] mice were fed a normal diet (ND) or high-fat diet (HFD) for 6 months and then subjected to cardiac I/R. The
effects of apelin-13 post-treatment on myocardial injury were evaluated in HFD-fed mice after 24 h I/R. Changes in protein
abundance, phosphorylation, subcellular localization and mRNA expression were determined in cardiomyoblast cell line H9C2,
primary cardiomyocytes and cardiac tissue from ND- and HFD-fed mice. Apoptosis was evaluated by TUNEL staining and caspase-
3 activity. Mitochondrial ultrastructure was analysed by electron microscopy.

KEY RESULTS

In HFD-fed mice subjected to cardiac I/R, i.v. administration of apelin-13 significantly reduced infarct size, myocardial apoptosis
and mitochondrial damage compared with vehicle-treated animals. In H9C2 cells and primary cardiomyocytes, apelin-13
induced FoxO1 phosphorylation and nuclear exclusion. FoxO1 silencing by siRNA abolished the protective effects of apelin-13
against hypoxia-induced apoptosis and mitochondrial ROS generation. Finally, apelin deficiency in mice fed a HFD resulted in
reduced myocardial FoxO1 expression and impaired FoxO1 distribution.

CONCLUSIONS AND IMPLICATIONS
These data reveal apelin as a novel regulator of FoxO1 in cardiac cells and provide evidence for the potential of apelin-13 in
prevention of apoptosis and mitochondrial damage in conditions combining I/R injury and obesity.

Abbreviations

FoxO, forkhead box O; HFD, high-fat diet; I/R, ischaemia/reperfusion; MI, myocardial infarction; mtDNA, mitochondrial
DNA; HF, heart failure; DCFHDA, dichlorodihydrofluorescein diacetate

DOI:10.1111/bph.13485 © 2016 The British Pharmacological Society
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Introduction

Myocardial infarction (MI) due to coronary artery disease is a
leading cause of death and disability in obese individuals
(Rana et al., 2004). Deprivation of oxygen and energy after
coronary artery occlusion causes severe damage in the cardiac
tissue and mediates cell death. Cardiomyocyte death was
originally considered to occur exclusively via necrosis, an un-
controlled disintegration of the cell through rupture of the
plasma membrane and subsequent release of intracellular
contents into surrounding tissue. However, it is now clear
that apoptosis, or programmed cell death, plays a significant
role in the failing heart (Kang and Izumo, 2000; Wencker
et al., 2003; Konstantinidis et al., 2012). Because of the lim-
ited ability of cardiac myocytes to proliferate, low levels of ap-
optosis can result in profound structural and functional
consequences in the myocardium leading to cardiac dysfunc-
tion and heart failure (HF) (Mani, 2008). Wencker et al. dem-
onstrated that induction of apoptosis in just 0.02% of
myocytes is sufficient to cause a lethal cardiomyopathy in
mice at 9 weeks of age (Wencker et al., 2003), suggesting that
cardiac apoptosis may be an important component of HF
pathogenesis. However, in situations combining myocardial
damage and obesity, the molecular and cellular mechanisms
that govern apoptotic machinery are poorly understood.
The FoxO transcription factor family governs fundamen-
tal programmes, including apoptosis, stress resistance and
mitochondrial activities (Wang et al., 2014). FoxO transcrip-
tion factors (FoxO1, FoxO3, FoxO4 and FoxO6) belong to
the forkhead family of transcriptional regulators, of which
FoxO1 is abundantly expressed in the cardiovascular system
(Evans-Anderson et al., 2008; Sengupta et al., 2011). A defi-
ciency of FoxO1 induces embryonic lethality due to impaired
vasculogenesis and is important in the aetiology of cardiovas-
cular diseases (Furuyama et al., 2004). Recent studies have
demonstrated that FoxO1 is a critical mediator of oxidative
stress resistance in cardiac cells (Sengupta et al., 2011). Like-
wise, defects in FoxO1 specifically in mouse cardiomyocytes
lead to increased oxidative damage and decreased myocardial
function after acute ischaemia/reperfusion (I/R) or MI
(Sengupta et al., 2011). A recent report has provided new
in vivo evidence of the role of FoxO1 in cardiomyopathy re-
lated to metabolic stress (Battiprolu et al., 2012). However,
the exact role of FoxO1l in obesity-triggered myocardial

remodelling processes and related mechanisms remains
obscure.

Obesity is associated with altered levels of adipose tissue-
derived factors, commonly referred to as adipokines (Maury
et al., 2007). Dysregulation of adipokines such as leptin and
adiponectin contributes to the development of metabolic
and cardiovascular disease (Bluher, 2013; Nakamura et al.,
2014). Circulating levels of leptin are elevated in obesity, hy-
pertension, chronic HF and MI, while diminished level of
adiponectin are found in obese, diabetic and coronary artery
disease patients (Nakamura ef al.,, 2014). Changes in
adipokine production can affect the balance between apopto-
sis and survival, and ultimately cell fate decisions. We have
previously demonstrated that apelin, a recently described
adipokine, plays an important role in the regulation of car-
diovascular and metabolic homeostasis (Dray et al., 2008;
Pchejetski et al., 2012). Apelin, an endogenous ligand for
the GPCR, apelin (APJ]) receptor, exerts inotropic activity
and increases coronary blood flow by vascular dilation
(Kleinz et al., 2005). Pyrl-lapelin-13 (apelin 13) is the main
form circulating in plasma, and it has greater biological activ-
ity than apelin-36 or apelin-17, measured as the extracellular
acidification rate in cultured cells expressing the apelin recep-
tor (Tatemoto et al., 1998; Zhen et al., 2013). In response to
stress, apelin-13 prevents myocardial remodelling and im-
proves cardiac function (Foussal et al., 2010; Pchejetski
et al., 2012). The defects in apelin in mice induce age-
dependent progressive cardiac dysfunction, which is
prevented by apelin infusion (Kuba et al., 2007), suggesting
an important role for the apelinergic system in maintaining
cardiac performance. In humans, circulating and cardiac
levels of apelin are reduced in subjects with acute MI and
established coronary artery disease (Weir et al., 2009;
Kadoglou et al., 2010; Tycinska et al., 2010), whereas in obese
individuals, plasma apelin concentrations are increased
(Kleinz and Davenport, 2005; Dray et al., 2010). The loss of
apelin enhances the susceptibility to apoptosis and myocar-
dial injury ex. vivo and in vivo suggesting that apelin plays
an important role in cell fate decisions in response to ischae-
mic stress (Wang et al., 2013). We have previously demon-
strated that apelin regulates ROS production during the
cardiac remodelling processes. ROS play a dual role in I/R act-
ing as secondary messengers in intracellular signalling cas-
cades, which maintain the cellular ‘redox’ status; however,
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ROS can also trigger irreversible injury leading to cell death.
To date, the precise role of apelin ROS-dependent cellular re-
sponses to I/R in an obese state remains to be determined.
The results of the present study revealed that apelin-13
prevents myocardial apoptosis, mitochondrial damage and
myocardial injury in conditions combining I/R injury and
obesity. We demonstrated that apelin-13 is an important reg-
ulator of FoxO1 dynamics in cardiac myocytes in response to
stress. Furthermore, we showed that apelin counteracted cell
apoptosis and ROS generation via the FoxO1 pathway.

Methods

Reagents and antibodies

Antibodies used in this study are as follows: anti-FoxO1
(C29H4) and phospho-FoxO1 (Ser®®®) antibodies (#9416)
from Cell Signalling Technology (Danvers, MA, USA); anti-
tubulin from Santa Cruz Biotechnologies (Dallas, TX, USA);
anti-B-actin from Sigma (A1978; St Louis, MO, USA). Fluores-
cent Alexa-coupled secondary antibodies were from Life
Technologies (Carlsbad, CA, USA) and HRP-coupled second-
ary antibodies from Cell Signalling Technologies. DAPI was
from Life Technologies. Apelin-13 was purchased from
Bachem (Bubendorf, Switzerland) and is referred to as apelin
throughout this study. OXPHOS was from Mitosciences
(MS604/G2594; Eugene, OR, USA). siRNA against FoxO1
was from Ambion (Foster City, CA, USA). All other chemicals
were from Sigma unless otherwise stated.

Animal studies

The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1985) and was performed in accordance with the recom-
mendations of the French Accreditation of the Laboratory
Animal Care (approved by the local Centre National de la
Recherche Scientifique Ethics Committee). At 8 weeks,

Table 1
Cardiometabolic profile of ND- and HFD-fed mice

Metabolic parameters

Body weight (g)

Glucose (mM)

Insulin (pg-qu)
Echocardiographic parameters
IVST, cm

LVID, cm

LVPWT, cm

EF, %

FS, %

C57BL/6] mice were fed a high-fat diet (HFD, 45% fat) or
normal diet (ND, 4% fat) for 6 months. The metabolic pro-
file of HFD-fed mice is summarized in Table 1. Apelin
knock-out (KO) mice were fed with ND as described previ-
ously (Alfarano et al.,, 2014). Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath and Lilley, 2015).

Experimental protocol

A mouse model of I/R was used as previously described
(Pchejetski et al., 2007). In brief, the mice were incubated
and placed under mechanical ventilation after undergoing
general anaesthesia, induced by i.p. injection of ketamine
(35 mg-kg ') and xylazine (5 mg-kg ). A left parasternotomy
was performed to expose hearts, and a 7-0 silk suture
(Softsilk; US Surgical, Norwalk, CT, USA) was placed around
the left anterior descending coronary artery. A snare was
placed on the suture, and regional myocardial ischaemia
was produced by tightening the snare. After 45 min of ischae-
mia, the occlusive snare was released to initiate reperfusion
up to 24 h. Sham-operated control mice underwent the same
surgical procedures except that the snare was not tightened.
Animals were randomly divided into four groups: (i) sham ve-
hicle (n = 6); (ii) I/R vehicle (n = 7); (iii) sham apelin (n = 7);
and (iv) I/R apelin (n = 7). Apelin-13 (0.1 ug~kg’]) or vehicle
(PBS) was injected into the jugular vein at 5 min of reperfu-
sion in a final volume of 100 pL.

Evaluation of apoptosis

The apoptosis level both in vivo and in vitro was assessed using
the DeadEnd Fluorometric TUNEL system according to man-
ufacturer’s instructions (Promega, Madison, WI, USA) as de-
scribed previously (Pchejetski et al., 2012).

Determination of area at risk and infarct size

Determination of area at risk and infarct size was done as
described previously (Pchejetski et al., 2012). Briefly, after
injection of 1.5% Evans blue into the left ventricular

ND HFD
30.2+0.7 48.3 £ 0.4*
8.5+£0.6 11.4+0.8*
1364.7 £ 293.2 4053.3 £ 518.4*
ND HFD
0.08 £ 0.01 0.10+0.01*
0.37 £0.01 0.39 £0.01
0.08 +0.01 0.10+0.07*
79.15+£2.73 69.23 + 0.889*
39.43 £1.35 33.59 £ 0.63*

Body weight, plasma levels of glucose and insulin, interventricular septum thickness (IVST), left ventricular internal diameter (LVID), left ventricular
posterior wall thickness (LVPWT), fractional shortening (FS) and ejection fraction (EF) were measured in mice fed a ND or HFD for 6 months. Data are

means + SEM; n = 5-6 per group.
*P < 0.05 versus ND-fed group.
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cavity, mice were killed, and the heart was removed. Infarct Electron microscopy

size was evaluated by triphenyltetrazolium chloride Ultrastructural studies of cardiac tissues by electron micros-
staining and expressed as a percentage of the ischaemic copy were performed as described previously (Attane et al.,
risk area. 2012). Briefly, cardiac tissues were fixed in cold 2.5%
Figure 1

Protection of cardiac tissue by apelin-13 against apoptosis and necrosis in acute phase of myocardial I/R in obese mice. (A) Representative images
and (B) quantification of TUNEL positive cells in the heart sections from ND-fed and HFD-fed mice. (C) Representative images of TUNEL analysis of
cardiac tissue sections from HFD-fed mice treated with vehicle or apelin-13, A, after 24 h of sham-operation, S, or I/R. (D) Quantification of apo-
ptosis in (C). (E-G), Caspase-3 activity (E), Bax (F) and Blc-2 (G) expression levels in hearts from HFD-fed mice treated as indicated. (H-I) Repre-
sentative images of triphenyltetrazolium chloride staining of heart sections from HFD-fed mice treated with vehicle or apelin-13, A, after 24 h of
sham-operation, S, or I/R. (I) Quantification of infarct size expressed as % of area at risk. *, P < 0.05 versus S; #, P < 0.05 versus I/R.
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glutaraldehyde/1% paraformaldehyde, post-fixed in 2%
osmium tetroxide, embedded in resin and sectioned.

Immunolabelling of paraffin sections
Paraformaldehyde-fixed (4%) and paraffin-embedded heart
sections were deparaffinized and rehydrated; antigen re-
trieval was performed using a sodium citrate treatment,
followed by permeabilization with 0.2% Triton X-100 for
20 min. After the blocking of non-specific sites with 1%
BSA, the primary antibodies were incubated overnight at
4°C. After labelling with appropriate secondary antibodies,
the sections were mounted in Vectashield mounting medium
including DAPI (Vector Laboratories, Burlingame, CA, USA)
and imaged by confocal microscopy.

Echocardiographic studies

Echocardiography was performed in isoflurane-anaesthetized
mice using a Vivid7 imaging system (General Electric
Healthcare, Toulouse, France) equipped with a 14 MHz secto-
rial probe. Two-dimensional images were recorded in
parasternal long-axis and short-axis projections, with guided

Figure 2

M-mode recordings at the midventricular level in both views.
Left ventricular (LV) dimensions and wall thickness were
measured in at least three beats from each projection and av-
eraged. Interventricular septum, LV posterior wall thickness
and LV internal dimensions at diastole (LVID) were mea-
sured. Fractional shortening and ejection fraction were calcu-
lated from the two-dimensional images.

Caspase-3 activity and metabolic plasma
measurements

Caspase-3 activity was assessed with EnzChek Caspase-3 Assay Kit
#1 (Life Technologies) according to the manufacturer’s instruc-
tions. Insulinemia (Mercodia, Uppsala, Sweden) and glycemia
(Accu-check, Roche Diagnostics, Risch-Rotkreuz, Switzerland)
were measured in fasted state. Body fat mass composition was
determined as described previously (Alfarano et al., 2014).

Primary mice cardiomyocytes preparation, cell
culture, transfection and treatments

Adult mice ventricular cardiomyocytes were isolated from
adult obese mice and maintained as described previously

Prevention of mitochondrial damage by apelin-13 in acute phase of myocardial I/R in obese mice. (A) Typical electron micrographs (original mag-
nifications x10000) from ND- and HFD-fed mice. (B) Quantitative RT-PCR analysis of mtDNA content in hearts from ND- and HFD-fed mice. (c)
Scanning electron microscope images (original magnification x10000) in mice treated with vehicle or apelin-13, A, after 24 h of sham-operation,
S, or I/R. (D) Effect of apelin-13 treatment on mtDNA content in hearts from HFD-fed mice subjected to I/R. (E) Western blot analysis of the myo-
cardial OXPHOS complex IV in ND- and HFD-fed mice. (F) Effect of apelin-13 treatment on expression of OXPHOS complex IV in hearts from HFD-
fed mice subjected to I/R. *, P < 0.05 versus S; #, P < 0.05 versus I/R; §, P < 0.05 versus ND.
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(Alfarano et al., 2014). The rat embryonic cardiomyoblastic
cell line H9C2 was cultured in MEM (Gibco 41090-028,
ThermoFischer Scientific, Waltham, MA, USA) supplemented
with 10% FBS and 1% penicillin-streptomycin in a 37°C, 5%
CO, incubator. siRNA transfection was performed with
Lipofectamine RNAIMAX (Life Technologies) according to
manufacturer’s instructions. Cells were pretreated for
15 min with apelin (10~7-10"° mol-L ") and then subjected
to normoxia (5% CO; 21% O, balance N,) or hypoxia for
2 h in a hypoxic chamber (5% CO,, 1% O,, balance N,). To
measure cell apoptosis induced by hypoxia, the cells were left
for 16 h in hypoxic conditions.

Hydrogen peroxyde and superoxide production

Global ROS production in cells was assessed as described pre-
viously (Bianchi et al., 2005; Pchejetski et al., 2007) using the

Figure 3

oxidation of H,DCFDA (Life Technologies) to DCF
(dichlorodihydrofluorescein). Mitochondrial O, and H,O, pro-
duction in cells was measured by MitoSOX (Life Technologies)
and MitoPY1 (Sigma-Aldrich, St Louis, MO, USA) at 1 pM (on
HIC2 cells) or 5 uM (on cardiomyocytes) for 30 min following
live-cell imaging on a confocal microscope equipped with an incu-
bation chamber with temperature control and CO, enrichment.

Western blotting

Immunoblot analyses were carried out on clarified lysates of
cardiac tissues or cells quantified using the BCA (bicinchoninic
acid) protein assay (Thermo Scientific; Thermo Fisher Scientific
Waltham, MA, USA) and denaturated in Laemmli sample
buffer (Sigma-Aldrich, St Louis, MO, USA). Proteins were sepa-
rated by SDS-PAGE, before western blotting on nitrocellulose
membranes using the Trans-Blot Turbo Transfer System

Apelin-dependent myocardial FoxO1 activation in cardiac tissue from obese mice subjected to cardiac I/R. (A) Myocardial phosphorylation pat-
tern of FoxO1 in ND- and HFD-fed mice. (B) Representative images for nuclear and cytoplasmic localization of FoxO1 in ND- and HFD-fed mice.
(C) Whole-tissue quantification of nuclear and cytoplasmic distribution of FoxO1 in ND- and HFD-fed mice. (D) Effect of apelin-13 treatment on
FoxO1 phosphorylationin cardiac tissue from HFD-fed mice subjected to I/R. (E) Effect of apelin-13 treatment on subcellular localization of FoxO1
in cardiac sections from HFD-fed mice treated with vehicle or apelin-13, A, after 24 h of sham, S, or I/R operations. (F) Quantification of FoxO1
nuclear translocation was carried out by measuring the mean fluorescence intensity of nuclear FoxO1 in HFD-fed mice. (G) FoxO1 immunostain-
ing (in green) on heart sections from HFD-fed WT or apelin KO mice. Nuclei were stained with DAPI (in blue). Bar is 20 um. Arrows point to
nuclei devoid of FoxO1, whereas arrowheads point to nuclear staining. (H) FoxO1 protein expression levels in hearts from WT or apelin KO
mice. *, P < 0.05 versus S; £, P < 0.05 versus ND; #, P < 0.05 versus IR; §, P < 0.05 versus WT.
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(Bio-Rad, Hercules, CA, USA). Immunoreactive bands were de-
tected by chemiluminescence with the Clarity Western ECL Sub-
strate (Bio-Rad) on a ChemiDoc MP Acquisition System (Bio-Rad).

Immunofluorescence

Immunofluorescence was performed essentially as previously
described (Boal et al., 2010). Briefly, cells grown on glass cov-
erslips were PFA(paraformaldehyde)-fixed and permeabilized
using TritonX-100 before incubation with primary and sec-
ondary antibodies, mounted in Mowiol and imaged using
confocal microscopy on a Zeiss LSM780 microscope. For nu-
clear FoxO quantification, the fluorescence intensity of
FoxO1 protein in the nucleus was quantified and normalized
against the fluorescence intensity within the total cell.

Real-time RT-PCR analysis

Total RNAs were isolated from cultured mouse cardiac fibro-
blasts using the RNeasy mini kit (Qiagen, Hilden, Germany).
Total RNAs (300 ng) were reverse transcribed using Super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA, USA)

Figure 4

in the presence of random hexamers. Real-time quantitative
PCR was performed as previously described (Alfarano et al.,
2014). The expression levels of Bax and Bcl2 were normal-
ized to GAPDH mRNA expression. The sequences of the
primers used are as follow and given in the 5-3’ orientation:
FoxO1, sense GCGGGCTGGAAGAATTCAAT, antisense
GTTCCTTCATTCTGCACTCGAATAA; GAPDH, sense TGCA
CCACCAACTGCTTAGC, antisense GGCATGGACTGTGG
TCATGAG; Bax, sense CGGCGAATTGGAGATGAACT, antisense
GTCCACGTCAGCAATCATCCT; Bcl-2, sense TCCCGATTCATT
GCAAGTTGTA, antisense GCAACCACACCATCGATCTTC. For
mitochondrial DNA (mtDNA) analysis, the content of mtDNA
was calculated using real-time quantitative PCR by measuring
the threshold cycle ratio of a mitochondrial-encoded gene
(COX1) and a nuclear-encoded gene (cyclophilin A) as previ-
ously described (Attane et al., 2012).

Statistical analysis
Data are expressed as mean + SEM. Comparison between two
groups was performed by Student’s f-test, while comparison

FoxOT1 activity is regulated by apelin in H9C2 cardiomyoblasts. (A) Dose-dependent effect of apelin-13 on FoxO1 expression levels was assessed
by quantitative RT-PCR in H9C2 cardiomyoblasts treated or not with apelin (1-100 nM) for 24 h. (B) H9C2 cells were treated with apelin (A,
100 nM), and cell lysates were probed with anti-FoxO1 and anti-f actin antibodies. FoxO1 protein expression levels were quantified by densitom-
etry and normalized against p actin. (C) Representative confocal images of H9C2 cells pretreated or not with apelin for 15 min (A, 100 nM), sub-
mitted to hypoxia, H, or normoxia, N, for 2 h and stained for FoxO1 antibody. FoxO1 proteins are shown in green; nuclei were stained with DAPI
(in blue). Bar is 10 um. (D) Quantification of FoxO1 nuclear translocation is expressed as the fluorescence intensity in the nucleus normalized to
the total fluorescence intensity in the cell. *, P < 0.05 versus N; #, P < 0.05 versus H; §, P < 0.05 versus C.
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of multiple groups was performed by one-way ANOVA
followed by a Bonferroni’s post hoc test using GraphPad PRISM
version 5.00 (GraphPad Software, Inc, La Jolla, CA, USA.).
Statistical significance was defined as P < 0.05. The data and
statistical analysis comply with the recommendations on experi-
mental design and analysis in pharmacology (Curtis et al., 2015).

Results

Protection of cardiac tissue by apelin-13
against apoptosis and mitochondrial injury in
acute phase of myocardial 1/R in obese state

To evaluate the impact of obesity on cardiometabolic param-
eters, male C57BL/6] mice were fed a ND (4% fat) or HFD
(45% fat) for 6 months. As shown in Table 1, in comparison
with ND-fed mice, HFD-fed animals had increased body

Figure 5

weight, plasma glucose and insulin levels. Echocardiographic
analysis revealed an increased interventricular septum, LV
posterior wall and decreased EF and FS in HFD-fed mice as
compared with ND-fed animals, suggesting that chronic ex-
posure to a HFD induces cardiac dysfunction.

We next examined the effect of obesity on myocardial ap-
optosis in cardiac tissue stained using the TUNEL assay. As
shown in Figure 1A and B, no differences were observed in
the number of apoptotic nuclei between ND- and HFD-fed
mice. However, cardiac I/R resulted in increased apoptosis, ac-
tivation of caspase-3 and deregulation of pro-apoptotic pro-
teins in HFD-fed mice (Figure 1C-F). Importantly, apelin-13
administration at 5 min of reperfusion significantly reduced
the number of TUNEL positive cells, myocardial caspase-3 ac-
tivity and expression of Bax as compared with vehicle-treated
mice after 24 h I/R (Figure 1 C-F). In contrast, Bcl-2 expres-
sion level, an anti-apoptotic protein, was increased in
apelin-treated I/R hearts from HFD-fed mice (Figure 1G).

Apelin-dependent regulation of FoxOT1 activity in cardiomyocytes isolated from HFD-fed mice under hypoxia. (A) Representative western blot im-
ages of FoxO1 phosphorylation pattern in cardiomyocytes isolated from ND- and HFD-fed mice. (B) Quantification of FoxO1 phosphorylation in
cardiomyocytes isolated from ND- and HFD-fed mice and treated with apelin. *, P < 0.05 versus C (ND); &, P < 0.05 versus C (HFD). (C) Repre-
sentative confocal images of cardiomyocytes isolated from HFD-fed mice stimulated with apelin for 15 min (A, 100 nM) under hypoxia, H, or
normoxia, N,. Nuclei were stained with DAPI (in blue) and FoxO1 (in green). Bar is 20 um. (D) Quantification of FoxO1 nuclear translocation is
expressed as the fluorescence intensity in the nucleus normalized against the total fluorescence intensity in the cell. (E) Effect of apelin on FoxO1
protein expression levels was assessed by western blot analysis in cardiomyocytes treated with apelin (100 nM) for 24 h. FoxO1 protein expression
levels were quantified by densitometry. *, P < 0.05 versus C; #, P < 0.05 versus N; $, P < 0.05 versus H.
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Apelin-dependent prevention of apoptosis in HFD-fed mice
after I/R was accompanied by a reduction in infarct size as
compared with vehicle-treated animals (Figure 1H and I).
Electron microscopy examination of cardiac tissue from ND-
and HFD-fed mice revealed the presence of numerous lipid

Figure 6

droplets with a higher proportion of smaller mitochondria
(Figure 2A) without changes in mtDNA content (Figure 2B)
in obese mice. As shown in Figure 2C, myocardial I/R in
HFD-fed mice induced mitochondrial damage, including
swelling and structural disruption. Administration of apelin-

Apelin-13 treatment attenuates hypoxia-induced apoptosis and ROS overproduction in cardiomyocytes isolated from HFD-fed mice. Primary
cardiomyocytes isolated from HFD-fed mice were treated with apelin (A, 100 nM) for 15 min. Representative images and quantification of intra-
cellular ROS (A and B), mitochondrial O3 (C and D) and H,O, (E and F) levels measured by the fluorescent probes DCFDA, MitoSOX Red or
MitoPY1 respectively. (G) Apoptosis was measured by TUNEL. Arrowheads highlight TUNEL-positive cells. Bar is 20 um. (H) Quantification of %
of apoptotic TUNEL-positive cells.*, P < 0.05 versus N; #, P < 0.05 versus H.
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13 prevented I/R-induced mitochondrial damage (Figure 2C)
and stimulated mtDNA content (Figure 2D) as compared with
vehicle-treated HFD-fed mice. In addition, we found that
chronic HFD consumption resulted in a decrease in OXPHOS
complex IV, the terminal enzyme in the mitochondrial respi-
ratory chain (Figure 2E), and treatment of HFD-fed mice with
apelin significantly increased cytochrome c oxidase expres-
sion in response to cardiac I/R (Figure 2F).

Attenuation of FoxO1 nuclear translocation by
apelin-13 in relation to HFD status

Given the importance of FoxO1 transcription factor for
governing apoptosis, mitochondrial activity and metabo-
lism, we next examined the effect of apelin on the myocar-
dial activation status of FoxO1 in response to obesity and
I/R injury. Activation of FoxOl was examined by

Figure 7

monitoring the phosphorylation of FoxO1 proteins at
Ser”*® and nucleocytoplasmic distribution in cardiac tissue.
Compared with the control ND group, HFD-fed mice
exhibited decreased levels of FoxO1 phosphorylation in
whole heart tissue extracts (3a) and increased nuclear local-
ization of FoxO1 (Figure 3B and C). In response to I/R
injury, apelin stimulated FoxO1 phosporylation in whole
cell extracts from HFD-fed mouse hearts (Figure 3D) and
prevented its nuclear translocation in cardiac tissue
(Figure 3E and F). To confirm the role of apelin in FoxO1
dynamics in cardiac tissue, we finally examined its localiza-
tion in left ventricles from apelin KO obese mice. As shown
in Figure 3G, apelin-deficient mice displayed a FoxOl1
nuclear targeting phenotype, as compared with wild-type
(WT) mice. Analysis of the confocal images revealed a
significant decrease in the fluorescence intensity of FoxO1
(Figure 3G) in apelin KO mice as compared with WT

Apelin-13 treatment regulates cell apoptosis and mitochondrial ROS production through a FoxO1 pathway. (A and B) Quantification of FoxO1
protein expression levels in H9C2 transfected with scramble control siRNA (siRNA Control) or FoxO1siRNA; £, P < 0.05 versus si RNA Control.
(Cand D) Representative images and quantification of transfected H9C2 cells treated or not, C, with apelin (A, 100 nM for 15 min) under hypoxia,
H, or normoxia, N, for 2 h. Mitochondrial ROS production was measured by MitoSOX Red fluorescence (in red). (E and F) Analysis of
TUNEL-positive H9C2 cells transfected with siRNA Control or FoxO1siRNA and treated as in (C-D) Bar is 20 um. *, P < 0.05 versus N; #,

P < 0.001 versus H; §, P < 0.05 between indicated conditions.
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animals. In addition, myocardial FoxO1 expression level, as
assessed by Western blot, was down-regulated in apelin KO
mice as compared with WT (Figure 3H).

Cardiac cell expression and trafficking of
FoxO1 are regulated by apelin-13
The regulation of expression and trafficking of FoxO factors
are critical for the transcriptional control of cell death and
mitochondrial function in response to cellular stress (Ullman
et al., 1997; Wang et al., 2014). We next examined whether
apelin-13 can regulate FoxO1 in cardiac cells under normoxia
and hypoxia. As shown in Figure 4A, treatment of H9C2
cardiomyoblast cells with apelin induced a dose-dependent
increase in FoxO1 mRNA levels under normoxia as detected
by quantitative RT-PCR. Western blot analysis confirmed
the increased expression of FoxO1 proteins induced by apelin
in H9C2 cells (Figure 4B). As shown in Figure 4C and D,
exposure of H9C2 cells to hypoxia (1% O,) for 2 h resulted
in noticeable nuclear translocation of FoxO1, as compared
with the wuniform cytosolic distribution in normoxic
cardiomyoblasts. Quantitative analysis of FoxO1 subcellular
localization in H9C2 cells revealed that apelin not only main-
tained FoxO1l in the cytoplasm but also significantly
prevented its hypoxia-induced nuclear retention (Figure 4D).
Examination of phosphorylation pattern of FoxO1l ex-
pression in cardiomyocytes isolated from ND- and HFD-fed
mice indicated that apelin increased FoxO1 phosphorylation
in both obese and non-obese conditions (Figure 5A and B).
Analysis of subcellular localization of FoxO1 in isolated
cardiomyocytes from HFD-fed mice demonstrated that in
response to hypoxia, FoxO1 translocated massively in the
nuclei, as demonstrated in Figure 5C and quantified in
Figure SD. Treatment of cardiomyocytes with apelin-13
inhibited hypoxia-induced nuclear translocation of FoxO1
(Figure SC and D). As shown in Figure SE, cardiomyocyte pro-
tein levels of FoxO1 were decreased under hypoxia, whereas
treatment of cells with apelin significantly increased FoxO1
protein expression in response to hypoxia.

Apelin-13 reduces hypoxia-induced
mitochondrial ROS and apoptosis through a
FoxO1 pathway

FoxO1 coordinates the transcriptional programme of cardio-
myocyte survival upon induction of oxidative stress (Wang Y
et al., 2014). We next examined whether FoxO1 is involved in
apelin-dependent effects on mitochondrial ROS generation
and apoptosis. Analysis of mitochondria-specific ROS genera-
tion in response to hypoxia in cardiomyocytes isolated from
HFD-fed mice demonstrated that apelin treatment attenuated
hypoxia-induced intracellular ROS production (Figure 6A and
B) measured by DCFDA. At the level of mitochondria, we found
that apelin significantly reduced superoxide (O,) (Figure 6C
and D) and H,0O, (Figure 6E and F) levels, measured by
MitoSOX and MitoPY1 respectively. Moreover, the apoptosis
of cardiomyocytes induced by hypoxia was markedly decreased
by apelin treatment (Figure 6G and H).

In order to elucidate the molecular mechanisms underly-
ing apelin-mediated protection of cells from apoptosis and
ROS overproduction, we transfected H9C2 cells with FoxO1
siRNA. As shown in Figure 7A and B, siRNA knockdown of
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FoxO1 specifically inhibited its expression by 85% in H9C2
cells. Importantly, we found that silencing of FoxOl1
abolished the ability of apelin to attenuate hypoxia-induced
mitochondrial O, production (Figure 7C and D). In addi-
tion, FoxO1 knockdown drastically inhibited apelin-
mediated anti-apoptotic activity in response to hypoxia
(Figure 7E and F). Taken together, these data suggest that
FoxOl1 is a crucial target for apelin in the control of oxidative
stress and cardiac cell apoptosis.

Discussion and conclusions

The FoxO1 transcription factor orchestrates a number of
cellular processes involved in cell fate decisions in a cell
type- and environment-specific manner, including cell resis-
tance to apoptosis and oxidative stress (Medema et al., 2000;
Kops et al., 2002). The present study provides evidence for a
novel regulatory mechanism of FoxO1 activation in cardiac
cells. The main finding of this work is that apelin-13
regulates myocardial FoxO1 phosphorylation status and
nucleocytoplasmic shuttling at the acute phase of cardiac
I/R injury in obese mice. Moreover, we demonstrated that
apelin promotes cardiomyocyte survival and counteracts ex-
cessive mitochondria-derived ROS formation through the
FoxO1 pathway. Using a mouse model combining obesity
and I/R injury, we showed that a reduction in apoptosis and
mitochondrial damage by apelin-13 post-reperfusion treat-
ment is associated with increased levels of phosphorylated
FoxO1 protein and the prevention of FoxO1 nuclear translo-
cation in injured cardiac tissue. Finally, we showed that
apelin gene-deficient mice exposed to HFD display impaired
FoxO1 expression and trafficking with nuclear translocation
in cardiac tissue. These results point to a novel mechanism
of FoxO1l-shuttling system in cardiac cells and provide
in vitro and in vivo evidence for the therapeutic potential of
apelin-13 to limit I/R-induced myocardial apoptosis and mi-
tochondrial damage in obese subjects.

There is accumulating evidence that subcellular localiza-
tion of FoxO transcription factors is critical for various cellu-
lar functions (Kowluru and Matti, 2012; Ponugoti et al.,
2012). The translocation of FoxO transcriptional factors is
regulated by multiple mechanisms, including the inhibition
of nuclear import and promotion of nuclear export (Wang
et al., 2014). The shuttling of proteins between the nucleus
and cytoplasm is a highly regulated process and requires ac-
cessory factors (Ullman et al., 1997). At present, the molecular
mechanisms of FoxO1 regulation in cardiac cells remain ob-
scure. In the present study, we demonstrated that subcellular
distribution of FoxOl may be modulated by apelin in
cardiomyocytes. Analysis of cardiac cells by confocal laser
scanning microscopy showed that obesity promoted the
translocation of FoxO1 into the nucleus in cardiomyocytes.
Phosphorylation modification is a critical mechanism to reg-
ulate the nuclear/cytoplasmic shuttling of FoxOs and their
transcriptional activity (Zhao et al., 2011). Here, we demon-
strated a significant decrease in FoxO1 phosphorylation at
Ser®® in cardiac tissue from HFD-fed mice. These data are in
line with a recent report showing FoxO1 dephosphorylation
in whole cell extracts from HFD-fed mouse hearts (Battiprolu
et al.,, 2012). In response to hypoxia, we observed FoxO1
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translocation into the nucleus in cardiomyocytes isolated
from HFD-fed mice. Our findings are consistent with results
reported by recent studies showing that FoxO1 is mainly
localized in the nucleus under hypoxic conditions in a variety
of cell lines (Battiprolu et al., 2012; Awad et al., 2014).
Analysis of subcellular localization of FoxO1 revealed that
apelin-13 promotes the retention of FoxO1 in the cytoplasm
by preventing its nuclear translocation in response to oxygen
deprivation. Furthermore, we found that apelin prevents
hypoxia-induced FoxO1l dephosphorylation in cardiac
myocytes. In a mouse model of cardiac injury induced by
I/R, we showed that an injection of apelin at the early phase
of reperfusion stimulates the phosphorylation of FoxO1
proteins and inhibits its nuclear import confirming apelin-
dependent regulation of myocardial FoxO1 status.
Consistent with these data, we revealed cardiac nuclear trans-
location of FoxO1 in apelin KO mice, providing strong
evidence for a key role of apelin in the control of
nucleocytoplasmic distribution of FoxO1 in the heart.

FoxO transcription factors sense cellular stress and govern
fundamental processes including cell death and ROS produc-
tion. Because the heart is constantly adapting to different
stresses, FoxOs appear to play an extremely important role
in cardiac physiology and pathophysiology. In mice, FoxO1
deficiency specifically in cardiomyocytes results in increased
myocardial cell death, reduced cardiac performance and in-
creased scar formation following myocardial ischaemia
(Sengupta et al., 2011). Increased cardiac I/R injury in mice
with cardiac FoxO deficiency is accompanied by reduced
expression of antioxidants, DNA repair enzymes and
anti-apoptotic genes (Sengupta et al., 2011). In our study, we
demonstrated for the first time that activation of FoxO1 by
apelin prevents hypoxia-induced mitochondrial O, and
H,0O, generation in cultured cardiomyoblasts exposed to
hypoxia. Given the importance of the FoxO family in the
regulation of oxidative stress, FoxO1 may be an important
indicator of mitochondrial oxidative stress in cardiac cells.
This notion is corroborated by the recent study demonstrat-
ing that FoxO3 is an early biomarker of oxidative stress in
conditions of metabolic stress (Raju ef al., 2013). However,
ROS might play a dual role acting as secondary messengers
in intracellular signalling cascades and as highly reactive
molecules causing irreversible oxidative damage to mtDNA,
proteins and lipids (Braunersreuther et al. 2012). Excessive
mitochondrial ROS production triggers activation of cellular
apoptotic programmes leading to cell death (Wang, 2001).
Limiting mitochondrial ROS production by apelin may be
particularly important in cardiac protection against I/R dam-
age. Indeed, we showed that apelin-dependent reduction in
hypoxia-induced ROS production is associated with inhibi-
tion of apoptotic cell death in response to oxygen depriva-
tion. Importantly, silencing of FoxO1 by siRNA in
cardiomyoblasts attenuated apelin-mediated anti-apoptotic
and mitochondrial ROS reduction activities, suggesting that
apelin may control cell fate decisions through FoxO1 path-
ways. One of the major limitations of our in vitro models is
their inability to fully mimic the in vivo conditions. In order
to adopt the in vivo experiments and protocol treatment that
more closely approximate the clinical situation, we have ex-
amined the effects of apelin-13 post-treatment on myocardial
damage and oxidative stress in HFD-fed mice subjected to I/R.

Our results suggest that apelin administration after 5 min of
reperfusion reduced myocardial apoptosis and oxidative
stress in conditions combining obesity and cardiac I/R injury.
Moreover, apelin-13 post-treatment decreased myocardial ex-
pression of pro-apototic protein Bax and increased the level
of anti-apoptotic Bcl-2 leading to reduced myocardial cell
death. In addition, we found apelin-dependent attenuation
of I/R-induced mitochondrial damage and increased mtDNA
content in the myocardium, suggesting an accelerated mito-
chondrial biogenesis in the context of a well-preserved
mitochondrial ultrastructure after apelin administration.
Regulators of mitochondrial activity play an important role
in coordinating cellular adaptation to stress (Ferber et al.,
2011). Further studies are required to determine whether the
protection provided by apelin on acute I/R injury could im-
prove cardiac function in the late phase of the reperfusion pe-
riod. Together, these studies reveal a major role for apelin in
the regulation of myocardial FoxO1 activation and offer a
new treatment option for cardiac I/R injury in obese subjects.
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. The increasing incidence of obesity accentuates the importance of identifying mechanisms and

. optimal therapeutic strategies for patients with heart failure (HF) in relation to obesity status. Here,

. we investigated the association between plasma level of apelin, an adipocyte-derived factor, and
clinicopathological features of obese and non-obese patients with HF. We further explored potential
regulatory mechanisms of cardiac cell fate responses in conditions combining myocardial injury
and obesity. In a prospective, cross-sectional study involving patients with HF we show that obese
patients (BMI >30kg/m?) have higher left ventricular ejection fraction (LVEF) and greater levels of
plasma apelin (p < 0.005) than non-obese patients (< 30 kg/m?), independently of ischemic etiology.
In a mouse model combining ischemia-reperfusion (I/R) injury and high-fat diet (HFD)-induced
obesity, we identify apelin as a novel regulator of FoxO3 trafficking in cardiomyocytes. Confocal
microscopy analysis of cardiac cells revealed that apelin prevents nuclear translocation of FoxO3 in
response to oxygen deprivation through a PI3K pathway. These findings uncover apelin as a novel
regulator of FoxO3 nucleocytoplasmic trafficking in cardiac cells in response to stress and provide
insight into its potential clinical relevance in obese patients with HF.

Cardiovascular disease and obesity are common, interrelated health problems in industrialized societies.
In the general population, obesity is considered to be a risk factor in the development of heart failure and
- is traditionally regarded to impact negatively on the outcome of myocardial ischemia. However, despite
. the evidence for a higher prevalence of obesity in myocardial ischemia patients, a number of recent
: publications suggested that obesity in humans with ischemic heart disease is associated with reduced
. morbidity and mortality, the so-called “obesity paradox” . The mechanism underlying this paradox is
complex and remains unclear.

Many lines of evidence suggest that mitochondrial dysfunction, including mitochondrial loss and
the production of reactive oxygen species (ROS) may be important in the development and progression
of heart failure*®. Excessive generation of ROS in the heart can directly lead to increased necrosis and

. apoptosis of cardiomyocytes which subsequently induce cardiac dysfunction®’. The mitochondria are
* both the primary sources of ROS and the primary targets of ROS damage under pathological conditions
. including myocardial ischemia/reperfusion (I/R)%. The central role of mitochondria-derived ROS in the
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obesity-related processes and cardiac I/R-induced damage has been shown recently>!?. However, the
mechanisms through which mitochondrial ROS may regulate cell fate decisions in response to stress
remain poorly defined.

The forkhead box O (FoxO) family of transcription factors plays a fundamental role in the regulation
of mitochondrial activity and cellular responses to oxidative stress. In mammals, the FoxO family com-
prises four isoforms (FoxO1, FoxO3, FoxO4, and FoxO6) characterized by an overlapping expression
during development and in adulthood. FoxO acts as transcriptional activators governing a variety of vital
cellular processes including cell survival, apoptosis, metabolism, DNA repair and resistance to oxidative
stress. A number of studies point toward a role for FoxO3 in maintaining cardiovascular and metabolic
homeostasis'"'2. Although the existing data are controversial, there is some evidence that FoxO3 reg-
ulates life/death decisions in response to cellular stressors. In cardiac microvascular endothelial cells
FoxO3 leads to ROS accumulation, and in parallel, induces the disturbance of Bcl-2 family proteins
which results in activation of apoptosis’®. In contrast, in cardiomyocytes, knockdown of endogenous
FoxO3 sensitizes cells to undergo apoptosis, whereas enforced expression of FoxO3 inhibits apopto-
sis'*. Additional work in animal models of age-dependent oxidative stress responses demonstrated that
up-regulation of FoxO3 in the heart and adipose tissue is associated with activation of cellular anti-
oxidant systems'®. Trafficking of FoxO between the nucleus and the cytoplasm plays a decisive role in
stress-related regulation of cell death/cell survival. Shuttling in and out of the nucleus not only provides
a mechanism to control signal-dependent access of proteins to nuclear targets, but also contributes to
regulate the activity of proteins in the cytoplasm'®. Given the fundamental role of FoxO3 in cardiovas-
cular and metabolic homeostasis, the function and fine-tuned regulation of its subcellular distribution
is critical for the future development of specific and effective cardioprotective therapeutics in clinical
situations combining obesity and myocardial damage.

The adipose tissue acts as an endocrine organ, and plays a substantial role in the pathogenesis of
cardiovascular and metabolic diseases'”. Altered levels of adipocyte-derived factors or “adipokines”, may
be particularly related with heart disease!”!8. We have previously demonstrated that apelin, a recently
described adipokine, plays an important role in the regulation of cardiovascular and metabolic homeo-
stasis'®?. Apelin, an endogenous ligand for the G-protein-coupled receptor APJ, exerts strong inotropic
activity and increases coronary blood flow by vascular dilation®'. In response to pathological stress,
apelin-AP]J axis regulates myocardial remodeling and cardiac function?>?2. The loss of apelin impairs I/R
remodeling and exacerbates myocardial I/R injury ex vivo and in vivo®. Apelin-deficient mice develop
age-related progressive cardiac dysfunction which is prevented by apelin infusion®, suggesting an impor-
tant role of apelinergic system in maintaining cardiac performance. In humans, circulating and cardiac
levels of apelin are reduced in patients with acute myocardial infarction and established coronary artery
disease’>?’. In explanted human hearts, the primary ischemic injury is associated with the loss of apelin
in various compartments confirming an important role of apelin in human heart failure*. By contrast, in
obese subjects, plasma apelin concentrations are increased*®?. However, the role of apelin in conditions
combining myocardial infarction and obesity remains to be determined.

Materials and Methods

Reagents and antibodies. Antibodies used in this study are: anti-FoxO3 (75D8) from Cell Signalling
Laboratories, anti-tubulin from SantaCruz Biotechnologies; anti-beta-actin from Sigma (A1978).
Fluorescent Alexa-coupled secondary antibodies were from Life Technologies and HRP-coupled sec-
ondary antibodies from Cell Signaling Technologies. DAPI was from Life Technologies. Apelin-13 was
purchased from Bachem and was referred to as apelin throughout this study. All other chemicals were
from Sigma unless otherwise stated. siRNA against FoxO3 were from Eurogentec and were as follows:
5-GGAUAAGGGCGACAGCAAC-3’" and 5-GUUGCUGUCGCCCUUAUCC-3'. The dominant-neg-
ative mutant FoxO3-TM plasmid was kindly provided by Dr A. Dejean (Physiopathology Center of
Toulouse-Purpan, Toulouse, France) and was as described®.

Primary mice cardiomyocytes preparation, cell culture, transfection and treatments. Adult
mice ventricular cardiomyocytes were isolated from adult obese mice and maintained as described®..
The rat embryonic cardiomyoblastic cell line H9C2 was cultured in MEM medium (Gibco 41090-028)
supplemented with 10% FBS and 1% penicillin-streptomycin in a 37°C, 5% CO, incubator. siRNA trans-
fection was performed with Lipofectamine RNAIMAX (Life Technologies) according to manufacturer’s
instructions. HIC2 cells were transfected using JetPrime (Polyplus Transfection) according to manufac-
turer’s instructions. For transfection studies, FoxO3-TM was co-transfected with peGFP-C1 at a ratio of
80:20 to identify transfected cells. Cells were pretreated for 15 minutes with apelin (10~’M) and then
subjected to normoxia (5% CO,; 21% O,, balance N,) or hypoxia for 2hours in a hypoxic chamber (5%
CO,, 1% O,, balance N,). The dose of apelin was chosen on the basis of our previous in vitro studies****.
To measure cell apoptosis induced by hypoxia, the cells were left for 16 hours in hypoxic conditions.

Evaluation of apoptosis. Apoptosis level both in vivo and in vitro was assessed using the DeadEnd
Fluorometric TUNEL system according to manufacturer’s instructions (Promega) as described before®.
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ND HFD
Body weight (g) 28.5+0.6 47.540.4%%%
Fat mass (%) 14.1£0.9 38.8+ 1.2%%*
Glycemia (mM) 8.0+0.2 10.9 £ 0.8%%*
Insulinemia (pg/ml) 1545.74+293.2 3753.3£591.8**

Table 1. Metabolic parameters of mice under ND or HFD feeding. Male C57BL/6] mice were fed ND or
HEFD for 20 weeks. Body weight, fat mass, and plasma parameters were measured at the end of week 4. Data
are means £ sem; n = 8 per group. **p < 0.01 and **p < 0.001 vs ND-fed group.

Hydrogen peroxyde and superoxide production. Mitochondrial O, and H,0, production in cells
was measured by MitoSOX (Life Technologies) and MitoPY1 (Sigma-Aldrich) at 1pM (on H9C2 cells)
or 5uM (on cardiomyocytes) for 30 min following live-cell imaging on a confocal microscope equipped
with an incubation chamber with temperature control and CO, enrichment. H,0O, level in hearts were
measured by amperometry as described®? and LPO (lipid hydroperoxyde) quantification was done as
described before?.

Caspase-3, plasmatic troponin | and metabolic measurements. Caspase-3 activity was assessed
with EnzChek Caspase-3 Assay Kit #1 (Life Technologies) according to the manufacturer’s instructions.
Plasmatic Troponin-I (Life Diagnostics) were quantified using specific ELISA kits according to the man-
ufacturers’ instructions. Insulinemia (Mercodia) and glycemia (Accu-check, Roche Diagnostics) were
measured in fasted state. Body fat mass composition was determined as described before®’.

Animal studies. The investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985) and was per-
formed in accordance with the recommendations of the French Accreditation of the Laboratory Animal
Care (approved by the local Centre National de la Recherche Scientifique ethics committee). Wild-type
male C57BL6/] mice purchased from Janvier Labs or apelin-KO mice (generated as described®') were
fed a high fat diet (HFD, 45% fat) for 20 weeks, corresponding to the acquisition of an obese and insulin
resistant phenotype®*2. The metabolic profile of HFD-fed mice is summarized in Table 1. Apelin KO
mice were as described before®.

Experimental protocol. A mouse model of ischemia-reperfusion (I/R) was used as previously
described®. In brief, the mice were intubated and placed under mechanical ventilation after undergoing
general anesthesia with an intraperitoneal injection of ketamine HCI (35mg/kg) and xylazine (5 mg/kg).
A left parasternotomy was performed to expose hearts, and a 7-0 silk suture (Softsilk) was placed around
the left anterior descending coronary artery. A snare was placed on the suture, and regional myocardial
ischemia was produced by tightening the snare. After 45 minutes of ischemia, the occlusive snare was
released to initiate reperfusion up to 24 hours. Sham-operated control mice underwent the same surgical
procedures except that the snare was not tightened. Animals were randomly divided into four groups:
(I) sham vehicle (n=6), (II) ischemia-reperfusion (I/R) vehicle (n=7), (III) sham apelin (n=7), and
(IV) ischemia-reperfusion apelin (n = 7). Mice received intravenously apelin (0.1 g/kg) or vehicle (PBS)
at 5min of reperfusion in a final volume of 100pl. The dose of apelin was selected on the basis of our
preliminary animal studies.

Determination of area at risk and infarct size. Determination of area at risk and infarct size was
done as described before®. Briefly, at the end of the infarction protocol, in some animals of each group,
the left coronary artery was reoccluded, and 1mL of 1.5% Evans blue dye was injected into the left ven-
tricular cavity to measure the myocardial ischemic area at risk. The animals were euthanized immedi-
ately, and the heart was removed and cut from apex to base in 4 to 5 transverse sections. After incubation
in 1% triphenyltetrazolium chloride (TTC) solution in isotonic pH 7.4 phosphate buffer at 37°C for 20
minutes, the slices were subsequently fixed in 10% formalin solution for 6hours to assess myocardial
tissue viability and determine myocardial infarct size. Evans blue stained area represents non-ischemic
tissues, TCC stained zone (red) indicates ischemic but viable tissues while white unstained area repre-
sents the necrotic/ischemic tissues. Infarct size was expressed as a percentage of the ischemic risk area.

Immunofluorescence. Immunofluorescence was performed essentially as previously described®.
Briefly, cells grown on glass coverslips were PFA-fixed and permeabilized using TritonX-100 before
incubation with primary and secondary antibodies, mounted in Mowiol and imaged using confocal
microscopy on a Zeiss LSM780 microscope. For nuclear FoxO3 quantification, the fluorescence intensity
of FoxO3 proteins in the nucleus was quantified and normalized against the fluorescence intensity within
the total cell.
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Immunolabeling of heart sections. Paraformaldehyde-fixed (4%) and paraffin embedded heart sec-
tions were deparaffinized and rehydrated, antigen retrieval was performed using a sodium citrate treat-
ment. Alternatively, serial cryosections (10 um) immobilized on Superfrost Plus slides (Thermoscientific)
were rehydrated in PBS, fixed in 4% PFA for 10 min. Permeabilization of cardiac tissues was performed
with 0.2% Triton X-100 for 20 min. After blocking of non specific sites with 1% BSA, the primary anti-
bodies were incubated o/n at 4°C. After labeling with appropriate secondary antibodies, the sections
were mounted in Vectashield mounting medium including DAPI (Vector Laboratories) and imaged by
confocal microscopy.

Morphology. Ultrastructural studies of cardiac tissues by electron microscopy were done as before’'.
Briefly, cardiac tissues were fixed in cold 2.5% glutaraldehyde/1% paraformaldehyde, post-fixed in 2%
osmium tetroxide, embedded in resin, and sectioned. Cardiac mitochondrial number relative to the
section area was determined from electron micrographs as described previously®.

Real-time RT-PCR analysis. Total RNAs were isolated from cultured mouse cardiac fibroblasts
using the RNeasy mini kit (Qiagen). Total RNAs (300ng) were reverse transcribed using Superscript II
reverse transcriptase (Invitrogen) in the presence of a random hexamers. Real-time quantitative PCR was
performed as previously described®'. The expression of target mRNA was normalized to GAPDH mRNA
expression. The sequences of the primers used are as follow and given in the 5-3' orientation:

FoxO3, sense GCAAAGCAGACCCTCAAACTG, antisense TGAGAGCAGATTTGGCAAAGG; GAP
DH, sense TGCACCACCAACTGCTTAGC, antisense GGCATGGACTGTGGTCATGAG; Bax, sense
CGGCGAATTGGAGATGAACT, antisense GTCCACGTCAGCAATCATCCT; Bcl-2,sense TCCCGATTC
ATTGCAAGTTGTA, antisense GCAACCACACCATCGATCTTC; ANP, sense AGAGTGGGCAGAGA
CAGCAAA, antisense AAGGCCAAGACGAGGAAGAAG; IL-6, sense GCCCACCAAGAACGATA
GTCA, antisense CAAGAAGGCAACTGGATGGAA. The content of mitochondrial DNA (mtDNA) was
calculated using real-time quantitative PCR by measuring the threshold cycle ratio of a mitochondrial
encoded gene (COX1) and a nuclear-encoded gene (cyclophilin A) as previously described®.

Population and plasma samples collection. Forty patients, aged 43 to 82 years, with heart failure
(HF) were included in this observational study. Patients were recruited from the cardiology department
at the Toulouse-Rangueil University hospital, France from May 2013 to January 2014. CHF patients had
known stable HF with more than 3 months without any decompensation episodes, irrespective of clinical
severity (stage II to IV of NYHA classification) and etiology. Diagnosis of heart failure had been formally
established by a cardiologist from clinical observations, heart disease follow-up, transthoracic echocardi-
ography (TTE) for all patients and BNP monitoring. These patients were included during their regular
scheduled visit at the hospital. The study was approved by a local ethics committee and included only
patients who provided written informed consent. The research protocol conforms to the ethical guide-
lines of the 1975 Declaration of Helsinki. Patients were stratified according to their obesity status (obesity
defined by a BMI > 30kg/m?). Thus, 13 were enrolled in the obese group and 27 were enrolled in the
non-obese group. Peripheral venous blood from the cohort subjects was collected into EDTA tubes. After
centrifugation at 1500g at 4°C for 10 min, plasma was separated and stored at —80°C until assayed.

Statistical analysis. Data are expressed as mean + SEM. Comparison between two groups was per-
formed by Student’s t-test while comparison of multiple groups was performed by one-way ANOVA
followed by a Bonferroni’s post hoc test using GraphPad Prism version 5.00 (GraphPad Software, Inc).
Statistical significance was defined as p < 0.05 unless otherwise stated in figure legends.

For clinical studies, data were presented as mean values = SD or when the data failed the
D’Agostino-Pearson test for normal distribution as median with 95% confident interval (CI) for contin-
uous variables and as percentage for categorical variables. For categorical variables, a Pearson Chi-square
test was used to determine the statistical significance of the association between the variable and obe-
sity status. For continuous variables, a Student’s t-test or Mann-Whitney rank sum test when normal-
ity test failed was used to determine the statistical significance of the association between the variable
and obesity status with a 2-tailed P value determination. Plasma apeline concentrations were analyzed
by two-way ANOVA followed by Bonferroni’s post-hoc analysis using GraphPad Prism (version 5.0)
software (GraphPad Software, San Diego, CA, USA). P < 0.05 was considered statistically significant.
Logistic regression analysis was performed using Statistical R (version 3.0.1; http://www.r-project.org,
MASS package version 7.3.37) to analyze the relationship between obesity or ischemic heart failure sta-
tus and apelin. Two methods were used to select independent variables in the model: enter method, all
variables were included without checking; stepwise method, variables were sequentially included, check
and possibly remove variables that became non-significant after entering a variable (enter if P <0.1
remove if P> 0.2).

Results

Plasma apelin levels and cardiac functions in obese and non-obese patients with HF.  Apelin
plasma levels are increased in obese individuals?®?’, whereas circulating apelin levels are reduced in
patients with HF?*-%’. In order to evaluate whether plasma levels of apelin differ among patients with
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Age, y 64+9 63+ 10 66+7 0.305
Sex, Female, % (F/M) 12 (5/35) 15 (4/23) 8 (1/12) 0.653
BMI 27.6+£5.1 248 £ 2.6 33.2+4.6. <0.001
Cardiovascular risk factors
Hypertensive, % (n) 40 (16) 41 (11) 39 (5) 1.000
T2-Diabetes, % (n) 35 (14) 22 (6) 61 (8) 0.031
Dyslipedemia, % (n) 45 (18) 37 (10) 61 (8) 0.185
Smoking, % (n) 10 (4) 11 (3) 8 (1) 1.000
Heart failure etiology
Ischemic CM, % (n) 60 (24) 56 (15) 69 (9) 0.503
Valvular CM, % (n) 5(2) 7 (2) 0 (0) 0.550
Dilated CM, % (n) 35 (14) 37 (10) 31(4) 0.740
Medication
ACEIs, % (n) 72 (29) 74 (20) 69 (9) 1.000
ARBs, % (n) 15 (6) 11 (3) 23 (3) 0.370
Beta-blockers, % (n) 90 (36) 92 (25) 85 (11) 0.583
Diuretics, % (n) 67 (27) 74 (20) 53 (7) 0.100
Vitamin K antagonists, % (n) 45 (18) 52 (14) 31 (4) 0.312
Antiplatelet agents, % (n) 67 (27) 63 (17) 77 (10) 0.484
Statines, % (n) 65 (26) 59 (16) 77 (10) 0.316
Admission labs
BNP, pmol/ml 450 [245-957] 614 [326-1487) 214 [127-774] 0.073
Creatinine, pmol/l 101 [96-124] 103 [93-134] 100 [82-143] 0.817
C reactive protein, mg/1 7.8 [3.5-11.6] 8.1 [2.7-13.6] 7.8 [3.3-14.7] 0.858
Na™ mM 138+3 138+3 138+3 0.523
ALT, U/ml 29 [25-36] 26 [19-38] 32 [26-48] 0.311
Admission vitals
Mean Blood Pressure, mmHg 86+ 12 83+11 91+12 0.035
Heart rate, Bpm 73+ 16 75+16 70+17 0.449
Echocardiography
LVEE % 31+13 27+10 39+13 0.003
LVEF < 30%, % (n) 42 (17) 52 (14) 23 (3) 0.103
NYHA class
1L, % (n) 60 (24) 55 (15) 69 (9) 0.503
111, % (n) 35 (14) 37 (10) 31(4) 0.740
1V, % (n) 5(2) 4(1) 8 (1) 1.000

Table 2. Characteristics of the patients with HF. CHF, cardiac heart failure; BMI, body mass index; CM,
cardiomyopathy; ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor blockers;
BNP, B-type natriuretic peptide concentration; ALT, alanine aminotransferase; LVEE, left ventricular ejection
fraction; NYHA class, New York Heart Association functional classification.

HF in relation to obesity status, patients were divided into 2 categories based on BMI: non-obese and
obese patients. Demographic and clinical data of these patients are shown in Table 2. The ischemic car-
diomyopathy constituted 60% of all causes of HE. The mean apelin concentration was 401+ 172 pg/ml
in the cohort. Plasma levels of apelin were significantly higher in obese than in non-obese HF patients
(503 £ 202 and 352+ 134 pg/ml, p < 0.005, respectively). Plasma apelin level measured in obese patients
was independent of the ischemic status (Fig. 1A). Indeed, the multivariate analysis of the association of
apelin including sex, age, LVEE, T2-diabetes and ischemic HF with obesity gave odds ratio (OR) of 3.95
(95% CI, 1.31-11.94), p=0.015 and 2.82 (95% ClI, 1.23-6.47) per 100 pg/ml, p =014 by using enter and
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Figure 1. Apelin plasmatic levels and LVEF in patients with HE. (A) Plasma apelin concentrations in
obese and non-obese patients. Data are presented as mean = SEM. ***p < 0.005, two way Anova/Bonferroni’s
post-test for pair-wise comparison of obese and non-obese patients. p=0.946, two way Anova/Bonferroni’s
post-test for pair-wise comparison of non-ischemic vs ischemic cardiomyopathy. (B) Left ventricular ejection
fraction (LVEF) values in obese and non-obese patients. Data are presented as mean = SEM. ***p < 0.005,
two way Anova/Bonferroni’s post-test for pair-wise comparison of obese and non-obese patients. p=0.562,
two way Anova /Bonferroni’s post-test for pair-wise comparison of non-ischemic vs ischemic HE

stepwise computing method, respectively whereas association of apelin with ischemic heart failure status
remained not significant, p=0.566 (Table 3). Mean LVEF value was significantly higher in obese patients
(Fig. 1B). The higher mean LVEF value measured in obese patients was independent of the ischemic
heart disease status (Table 3).

Effect of apelin on cardiac apoptosis, infarct size and inflammation in a mouse model com-
bining I/R injury and obesity. Myocardial infarction is the most frequent cause of heart failure.
We next examined physiopathological features and effects of post-treatment with apelin in a mouse
model combining I/R injury and HFD-induced obesity. In cardiac tissue from HFD-fed mice subjected
to 24h I/R, TUNEL assay revealed a significant increase in apoptotic cells as compared to sham-operated
animals (Fig. 2A,B). Myocardial apoptosis was further confirmed by analysis of caspase-3 activation
and apoptosis-related proteins. Apelin post-reperfusion treatment of I/R mice reduced caspase-3 activity
(Fig. 2C) and expression of Bax (Fig. 2D) as compared to vehicle-treated mice after I/R. Conversely, Bcl-2
expression level, an anti-apoptotic protein, was increased in apelin-treated I/R hearts (Fig. 2E). As com-
pared to vehicle-treated HFD-fed I/R mice, the infarct area was significantly reduced in apelin-treated
animals compared to vehicle I/R animals as shown visually and quantitatively in Fig. 2E,G, respectively.
Apelin-dependent cardiac protection was accompanied by a reduction in troponin I, a specific indicator
of cardiac damage (Fig. 2H), and in ANP level (Fig. 2I). We also evaluated the cardiac expression of
inflammatory factors in mice subjected to sham or I/R. Apelin-treated mice had significantly decreased
levels of MPO activity (Fig. 2J) and IL-6 level (Fig. 2K) compared with vehicle-treated I/R mice.

Apelin post-treatment prevents mitochondrial damage after I/R injury in HFD-induced
obesity. Given the central role for mitochondria in ROS production and cell fate decisions, we next
examined mitochondrial ultrastructure, density and DNA content in HFD-fed mice after 24h I/R.
Electron microscopy analysis revealed I/R-induced mitochondrial damage including swelling and struc-
tural alterations, as compared with sham-operated mice (Fig. 3A). As shown in Fig. 3B, tissue sections
from HFD-fed hearts subjected to I/R exhibited a 39% decrease in mitochondrial density as compared
to control sham mice. There were no differences in mtDNA content between HFD-fed sham and I/R
mice (Fig. 3C). Importantly, plasma concentration of LPO, a marker of oxidative stress (Fig. 3D), and
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| or | eswar | P | or | eswa | P
Association with Obesity

Apelin per 100 pg/ml 3.95 1.31-11.94 0.015 2.82 1.23-6.47 0.014
Sex, Female=1 17.20 0.21-1394 0.205 E
Age per 10 years 1.87 0.54-6.42 0.322 E
LVEF per 5% 2.46 1.20-5.08 0.014 2.26 1.20-5.08 0.015
Ischemic HF =1 1.71 0.10-29.54 0.710 E
T2-Diabetes =1 32.00 1.60-635 0.024 13.23 1.38-126 0.025

Association with Ischemic HF®

Apelin per 100 pg/ml 1.15 0.71-1.86 0.566 E
Sex, Female=1 0.18 0.20-10.79 0.179 E
Age per 10 years 1.74 0.79-3.81 0.166 E
LVEF per 5% 0.95 0.68-1.32 0.766 E
Obese =1 1.47 0.20-10.79 0.706 E
T2-Diabetes =1 0.68 0.13-3.46 0.645 E

Table 3. Multivariate analysis association between plasma apelin level, obesity and ischemic HF. OR,
odds ratio; CI, confident interval, LVEF, left ventricular ejection fraction. *enter method: all variables where
included without checking. P < 0.0005 for the association with obesity; p=0.3414 for the association with
Ischemic HE. Pstepwise method: variables were sequentially included in the model, variable with p > 0.2 were
excluded (E). “population was dichotomized according the cardiovascular artery disease status (Ischemic HF,
n = 24; without ischemic HF, n= 16 patient).

cardiac H,0O, level (Fig. 3E) were markedly increased after I/R in HFD-fed mice as compared to control
group. Remarkably, apelin post-reperfusion treatment significantly prevented mitochondrial ultrastruc-
tural damage (Fig. 3A,B), increased mtDNA content (Fig. 3C) and reduced myocardial LPO (Fig. 3D)
and H,0, (Fig. 3E) levels in HFD conditions after I/R.

Apelin reduces hypoxia-induced mitochondrial ROS and apoptosis through the FoxO3
pathways. In order to evaluate mitochondrial ROS production in conditions combining cardiomy-
ocytes damage and obesity, we measured mitochondria-specific superoxide (O,) and H,O, generation
by MitoSOX and MitoPY1 probes, respectively, in cardiomyocytes isolated from HFD-fed mice under
hypoxia. Analysis of mitochondria-specific ROS formation after 2h of hypoxic stress demonstrated that
apelin treatment attenuated hypoxia-induced mitochondria-specific O, (Fig. 4A,B) and H,O, generation
(Fig. 4C,D). Moreover, in cardiomyocytes derived from HFD-fed mice, hypoxia-induced apoptosis was
significantly reduced by apelin treatment (Fig. 4E,F).

FoxO3 is known to be critical for the regulation of oxidative stress and apoptosis in cells'®. Therefore, we
investigated if apelin’s ability to reduce cell death and oxidative stress in cardiac cells was FoxO3-dependent.
Silencing of FoxO3 by siRNA abolished the ability of apelin to attenuate hypoxia-induced mitochon-
drial O, production in cardiomyoblasts (Fig. 4G,H). In addition, FoxO3 knockdown drastically blocked
apelin-mediated anti-apoptotic activity in response to hypoxia (Fig. 41,]).

In order to confirm the implication of FoxO3 in apelin’s ability to reduce mitochondrial ROS produc-
tion, we overexpressed the constitutively active FoxO3-TM mutant. As shown in Fig. 5A,B overexpres-
sion of FoxO3-TM in H9C2 cells did not result in significant increase in mitochondrial O, as compared
with non-transfected cells (Fig. 5A,B). Strikingly, overexpression of FoxO3-TM abolished the ability of
apelin to reduce mitochondrial O, generation in response to hypoxia (Fig. 5A,B).

FoxO3 nucleocytoplasmic shuttling is regulated by apelin in cardiac cells in response to oxi-
dative stress through a PI3K pathway. The subcellular trafficking of FoxO factors is one of the key
aspects to control cell fate decisions®*’. We next examined the nucleocytoplasmic dynamics of FoxO3 in
cardiomyocytes isolated from HFD-fed mice in response to hypoxia. Positive staining with anti-FoxO3
antibodies was identified in cardiomyocytes isolated from HFD-fed mice (Fig. 6A), where FoxO3 was
found in the cytoplasm in normoxia (21% O,). Exposure of cardiomyocytes to hypoxia (1% O,) for 2h
resulted in predominant nuclear translocation of FoxO3 as demonstrated by the strong colocalization
with DAPI (Fig. 6A). Strikingly, apelin treatment completely prevented hypoxia-induced nuclear trans-
location of FoxO3 (Fig. 6A,B) suggesting that apelin coordinates FoxO3nucleocytoplasmic trafficking in
response to stress.

To elucidate the potential mechanisms of FoxO3 trafficking in response to oxidative stress, we exam-
ined whether PI3K/Akt or p38/MAPK are involved in hypoxia-dependent FoxO3 nuclear translocation.
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Figure 2. Apelin reduces cell death, infarct size and inflammation in obese mice hearts after I/R surgery.
(A) TUNEL staining of heart sections from obese mice treated or not with apelin (A) and sham-operated
(S) or subjected to I/R. Apoptotic cells are labeled in green, nuclei are stained in red. (B) Quantification of
apoptosis from (A). The percentage of apoptotic cells was quantified for each condition. (C-E) Caspase-3
activity (C), Bax (D) and Blc-2 (E) expression levels in hearts from obese mice treated as indicated.

*p < 0.05 compared with S; *p < 0.05 as compared with I/R. (F) Cross-sections of hearts treated as indicated
were stained with Evans blue and TTC. (G) Quantification of infarct size expressed as percentage of area

at risk. *p < 0.05 as compared with I/R. (H-K) Troponin I plasmatic levels (H), ANP expression level (I),
MPO activity (J) and IL-6 expression level (K) in hearts of obese mice treated as indicated. ***p < 0.001 vs
S; *p<0.05 vs S; *p < 0.05 vs I/R.

As shown in Fig. 6C in HIC2 cells, we observed the same profile of FoxO3 nuclear translocation as in iso-
lated cardiomyocytes. Inhibition of the PI3K pathway by LY294002 in normoxic HOC2 cells resulted in a
selective FoxO3 nuclear accumulation (Fig. 6C and quantified in Fig. 6D). Strikingly, LY294002 treatment
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Figure 3. Apelin-treatment protects from mitochondrial damage, H202 production and lipid
peroxidation in obese heart. (A) Typical electron micrographs from sham (S), apelin-treated (A) or
animals subjected to I/R are shown at original magnifications x1500 and x10000. (B) Quantitative analysis
of mitochondrial density in heart tissues. (C) qRT-PCR analysis of mtDNA content. (D,E), Plasmatic LPO

(D) and H,0, levels in cardiac tissues (E) from obese mice treated as indicated. *p < 0.05; ***p < 0.001 vs S;
*p<0.05 vs I/R.

completely abolished apelin effect on hypoxia-induced FoxO3 nuclear localization (Fig. 6C,D). However,
inhibition of the p38/MAPK pathway by SB203580 did not abrogate the effect of apelin (Fig. 6C,D). In
order to confirm the implication of PI3K/Akt pathway in apelin-dependent FoxO3 nuclear translocation,
we resorted to the use of the non-phosphorylatable FoxO3-TM mutant. As shown in Fig. 7, this mutant
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Figure 4. Apelin treatment reduces hypoxia-induced ROS production and apoptosis in cardiomyocytes
through the FoxO3 pathway. Primary cardiomyocytes isolated from HFD-fed mice were treated with
apelin for 15 minutes and submitted to hypoxia for 2h. (A-F) Mitochondrial O, (A,B) and H,0, (C,D)
production were followed using the fluorescent probes MitoSOX Red and MitoPY1 respectively. Apoptosis
was measured by TUNEL labeling (E,F). Arrowheads highlight TUNEL-positive cells. Bar is 20pm in all
panels. (G,H) H9C2 cardiomyoblasts were transfected with siRNA targeting FoxO3 or with scramble control
siRNA, treated or not (C) with apelin (A, 10~’M for 15 minutes) and subjected to hypoxia (H) or normoxia
(N) for 2hours. Mitochondrial ROS production was measured by MitoSOX Red fluorescence (in red). (L))
H9C2 cells were treated as in (G) and apoptotic cells were labeled with TUNEL staining. Bar is 20p.m.

*p < 0.05vs N; ***p<0.001 vs N; *p < 0.001vs H; p < 0.05 between indicated conditions.
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Figure 5. Abbrogation of anti-oxidant effect of apelin by overexpression of FoxO3-TM in H9C2 cells.
(A) H9C2 cells were transfected to express GFP (in green) and the dominant negative mutant FoxO3-TM.
Cells were submitted to hypoxic conditions (H) or kept in normoxia (N) in the presence or not of apelin
(A). Mitochondrial O?~ production was measured by confocal microscopy using MitoSOX (in red) in
transfected cells and in non-transfected cells (NT) as a control. Bar is 10pm. (B) Quantification of MitSOX
fluorescence per cells from (A). %p < 0.001vs N from transfected cells; **p < 0.001vs H from NT cells; ns,
non significant.

is constitutively localized in the nuclei in H9C2 cells in basal condition. Strikingly, apelin was not able to
induce the nuclear exclusion of FoxO3-TM both in normoxia and hypoxia (Fig. 7A,B), confirming that
apelin prevents hypoxia-induced FoxO3 nuclear translocation through a PI3K/Akt dependent pathway.
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Figure 6. Apelin treatment reverses FoxO3 nuclear translocation induced by hypoxia in cardiac cells
through a PI3-K dependent pathway. (A) Representative confocal images of cardiomyocytes isolated

from HFD-fed mice stimulated or not by apelin for 15 minutes (A, 10-’M), submitted to hypoxic (H) or
normoxic (N) conditions for 2hours, and stained in green for FoxO3. Nuclei were stained with DAPI (in
blue). Bar is 20pm. (B) Quantification of FoxO3 nuclear translocation from (A,C) H9C2 cells treated with
the PI3-K inhibitor LY294002 (LY) or with the p38/MAPK SB203580 (SB) in the presence (A) or absence
of apelin, and then submitted to hypoxic conditions (H) or left in normoxia (N) for 2h. Cells were fixed
and stained with an anti-FoxO3 antibody (in green), nuclei were stained with DAPI (in blue). Bar is 10 pm.
(D) Quantification of FoxO3 nuclear translocation was done as in (B). *p < 0.05vs N; ***p < 0.001 vs N;
*p<0.001 vs H; 5p < 0.001vs H+A.
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Figure 7. Apelin is not able to induce the nuclear exclusion of FoxO3-TM in H9C2 cells. (A) HOC2
cells overepressing the dominant negative mutant FoxO3-TM were submitted to hypoxic conditions

(H) or kept in normoxia (N) in the presence or not of apelin (A), fixed and stained with an anti-FoxO3
antibody (in red). Nuclei were stained with DAPI (in blue). Imaging parameters were set to easily identify
cells overexpressing FoxO3-TM (highlighted by stars in merge pictures). Bar is 10pm. (B) Quantification
of FoxO3 nuclear accumulation in both untransfected cells (NT) and cells expressing FoxO3-TM.

***p < 0.001vs N from non-transfected cells (NT, endogenous FoxO3); **p < 0.001vs H from NT cells.

Attenuation of FoxO3 nuclear translocation by apelin in response to I/R injury in obese con-
ditions in mice. Consistent with the in vitro results, analysis by confocal microscopy of cardiac tissue
from HFD-fed mice subjected to I/R showed an increased nuclear staining for FoxO3 compared to
sham-operated mice (Fig. 8A and quantified in Fig. 8B). Strikingly, apelin post-reperfusion treatment
prevented FoxO3 nuclear translocation after I/R injury (Fig. 8A,B). To confirm the role of apelin in
cardiac FoxO3 regulation, we examined its subcellular localization in left ventricles from apelin KO
HFD-fed mice. As shown in Fig. 8C, apelin deficient mice displayed a FoxO3 nuclear targeting pheno-
type, as compared to WT mice.
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Figure 8. FoxO3 nuclear translocation in mice hearts subjected to I/R is abrogated by post-reperfusion
injection of apelin. (A) Heart sections from HFD-fed mice treated or not with apelin (A) and sham-
operated (S) or submitted to I/R were immunostained for FoxO3 (in green). Nuclei were stained with
DAPI (in blue). Bar is 20 pm. (B) Quantification of FoxO3 nuclear translocation from (A). *p<0.05 vs S
***p < 0.001 vs S; *p < 0.05 vs I/R. (C) Immunostaining of FoxO3 (in green) on heart sections from HFD-
fed WT or apelin KO mice. Nuclei were stained with DAPI (in blue). Arrows point to nuclei devoid of
FoxO3, whereas arrowheads point to nuclear staining.

Discussion

In the present work, we provide the first line of evidence that in obese patients with HF greater apelin
levels are associated with the higher LVEF independently of ischemic etiology. In addition, using in
vitro and in vivo approaches, we identify apelin as a novel regulator of FoxO3 nucleocytosolic trafficking
in cardiomyocytes in conditions combining myocardial injury and obesity. In many cell types, FoxO3
translocates to the nucleus in response to stress where it activates genes directly involved in cell-fate
decisions such as apoptosis, survival and oxidative stress status®. Our results suggest that prevention of
I/R-induced FoxO3 nuclear translocation by apelin is associated with activation of survival pathways and
cardioprotection in obese mice after ischemic injury.

FoxO3 transcription factor orchestrates a number of vital processes involving cell survival, apoptosis,
metabolism and stress responses***’. The evidences that subcellular localization of FoxO transcription fac-
tors is critical for fundamental cellular functions have been extensively reported in non-myocyte cells!®4..
However, in cardiomyocytes FoxO3 trafficking and regulation remain to be elucidated. In the present
study we revealed that FoxO3 translocation is regulated by apelin through a PI3K-dependent mechanism
in cardiac cells. Indeed, pharmacological inhibition of PI3K and expression of the non-phosphorylatable
FoxO3 mutant resulted in the loss of apelin’s ability to control FoxO3 translocation. Analysis of car-
diomyocytes isolated from HFD-fed mice demonstrated that hypoxic stress triggers FoxO3 nuclear
translocation. These data are consistent with the results reported in recent studies showing that FoxO3
is sensitive to hypoxia, and is mainly localized in the nucleus under conditions of cellular stress in
non-myocyte cells***3. Consistent with the in vitro results, nuclear FoxO3 localization was observed in
cardiac tissue from I/R mice under HFD conditions. Most importantly, our in vitro and in vivo results
suggest that apelin promotes the retention of FoxO3 in the cytoplasm by preventing its nuclear translo-
cation in response to stress. Indeed, in cardiac cells and mice exposed to stress apelin was able to inhibit
nuclear accumulation of Foxo3. Furthermore, we show that in apelin KO mice cardiac FoxO3 is mainly
nuclear, suggesting that apelin plays an important role in FoxO3 nucleocytoplasmic distribution in the
heart. Together, these data demonstrate that subcellular localization of FoxO3 is animportant indicator of
cell fate decisions in response to stress. Indeed, FoxO3 nuclear accumulation is associated with activation
of cell death cascades and ROS overproduction, whereas, cytoplasmic retention of FoxO3 may reflect
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activation of survival-promoting pathways. In mice, FoxO1/FoxO3 deficiency in cardiomyocytes results
in increased myocardial cell death, reduced cardiac performance and increased scar formation following
myocardial infarction'?. Cardiac I/R injury in mice with cardiac FoxO deficiency is accompanied by
reduced expression of antioxidants, DNA repair enzymes and antiapoptotic genes'?. In our study we
demonstrated for the first time that inhibition of hypoxia-induced FoxO3 nuclear translocation by apelin
is associated with reduced mitochondrial O, and H,O, generation in vitro and in vivo models. Given
the importance of FoxO family in the regulation of redox status, FoxO3 subcellular localization may be
an important indicator of mitochondrial oxidative stress in cardiac cells. This notion is corroborated
by a recent study demonstrating that FoxO3 is an early biomarker of oxidative stress in conditions of
metabolic stress*. In our in vitro experiments we showed that silencing of endogenous FoxO3 or over-
expression of FoxO3-TM did not induce ROS production in basal condition. This is in line with a recent
report showing that in neonatal cardiomyocytes constitutive activation of FoxO3 did not alter basal level
of ROS and apoptosis'2. Importantly, epigenetic inhibition of FoxO3 or expression of the mutant FoxO3
abolished apelin-dependent cell protection from excessive mitochondrial ROS production, suggesting
that the apelinergic system plays an important role in cell resistance to stress.

Mitochondrial ROS are highly reactive and can cause irreversible oxidative damage to the mtDNA,
proteins and lipids, but are also involved in signaling from the mitochondria to the cytoplasm. Excessive
mitochondrial ROS production triggers activation of cellular apoptotic programs leading to cell death®.
Limiting mitochondrial ROS production by apelin may be particularly important in cardioprotection
against I/R damage. Indeed, we show that apelin-dependent reduction in oxidative stress is associated
with reduced infarct size, inhibition of apoptotic cell death and inflammation in HFD-fed mice subjected
to I/R. Perhaps the most significant finding from our study is that post-treatment with apelin preserves
mitochondrial ultrastructural integrity and increases mtDNA content in conditions combining I/R injury
and obesity. Structural defects of mitochondria in cardiac tissue is a major determinant of myocardial
injury in chronic heart failure and obesity*>*!. Since mitochondria are major sources for ROS production
and energy generation, any structural and functional alterations of mitochondria may lead to impaired
mitochondrial biogenesis and oxidative stress. Recently, we have demonstrated that the perturbations
in myocardial energy metabolism play a central role in cardiac performance during the transition from
adaptation to maladaptation of the heart in obese state*’ High-energy requiring cells, such as cardio-
myocyte, require large quantities of ATP and maintain high mtDNA content®. Our data suggest that
regulation of mtDNA content and mitochondrial integrity by apelin may play an important role for
maintaining cellular bioenergetics and mitochondrial redox processes in response to myocardial I/R.

Regulation of mitochondrial function is an important role of FoxO factors in coordinating cellu-
lar adaptation to hypoxia®. Moreover, apelin decreased myocardial expression of pro-apototic protein
Bax and increased expression of anti-apoptotic Bcl-2. Interestingly, inhibition of apoptotic signaling was
associated with reduced myocardial markers of oxidative stress suggesting that apelin activates survival
pathways conditions combining cardiac I/R injury and obesity. In accordance with in vivo evidence,
we found that higher levels of plasma apelin are associated with a higher LVEF in obese patients with
HF as compared to non-obese patients with HE Our data are in line with previously reported clinical
data demonstrating that obese patients with established cardiovascular disease might have better short-
and long-term prognosis, suggesting an “obesity paradox™”*. In chronic HE, convincing evidence has
accumulated from studies including > 30 000 patients over a broad spectrum of disease severity, that
being overweight is associated with decreased mortality*>*°. Similarly, in patients with acutely decom-
pensated heart failure, higher BMI is associated with lower in-hospital mortality®'. Our data suggest
that high plasma concentrations of apelin in obese patients with HF are associated with better cardiac
performance. However, the sample size of our study is relatively small which may impact on our power
to detect more subtle differences between obese and non-obese phenotype. Future studies with larger
sample sizes would needed to confirm our findings.

Taken together, these results unravel a novel function of apelin in the regulation of FoxO3 nucleocy-
toplasmic trafficking and may provide new insights into the mechanistic basis of obesity paradox.
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